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Motivated by the successful interpretation of these observed P, and P, states under the meson-baryon
molecular picture, we systematically investigate the possible hidden-charm molecular pentaquark states

with triple strangeness which is due to the ol D interactions. We perform a dynamical calculation of the
possible hidden-charm molecular pentaquarks with triple strangeness by the one-boson-exchange model,
where the S-D wave mixing effect and the coupled channel effect are taken into account in our calculation.
Our results suggest that the Q.D? state with J© = 3/2~ and the Q:D; state with J© = 5/2~ can be
recommended as the candidates of the hidden-charm molecular pentaquark with triple strangeness.
Furthermore, we discuss the two-body hidden-charm strong decay behaviors of these possible hidden-
charm molecular pentaquarks with triple strangeness by adopting the quark-interchange model. These
predictions are expected to be tested at the LHCb, which can be a potential research issue with more

accumulated experimental data in near future.
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I. INTRODUCTION

As is well known, the study of the matter spectrum is an
important way to explore the relevant matter structures
and the involved interaction properties. In the hadron
physics, since the discovery of the X(3872) by the Belle
Collaboration [1], a series of exotic states has been observed
benefiting from the accumulation of more and more experi-
mental data with high precision, and the exotic hadrons have
stimulated extensive studies in the past two decades (see the
review articles [2-8] for learning the relevant processes).
Exploring these exotic hadronic states not only gives new
insights for revealing the hadron structures, but also pro-
vides useful hints to deepening our understanding of the
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nonperturbative behavior of the quantum chromodynamics
(QCD) in the low energy regions.

In fact, investigating the pentaquark states has been a
long history, which can be tracked back to the birth of the
quark model [9,10]. Among exotic hadronic states, the
hidden-charm molecular pentaquarks have attracted much
attention as early as 2010 [11-17], and become a hot topic
with the discovery of the P.(4380) and P.(4450) in the
Ay = J/wpK process by the LHCb Collaboration [18].
In 2019, there was a new progress about the observation
of three narrow structures [P.(4312), P.(4440), and
P_.(4457)] by revisiting the process A, — J/wpK based
on more collected data [19], and they are just below the
corresponding thresholds of the S-wave charmed baryon
and S-wave anticharmed meson. This provides strong
evidence to support the existence of the hidden-charm
meson-baryon molecular states. More recently, the LHCb
Collaboration reported a possible hidden-charm pentaquark
with strangeness P.;(4459) [20], and this structure can be
assigned as the Z.D* molecular state [21-38].

Facing the present status of exploring the hidden-charm
molecular pentaquarks [2-5], we naturally propose a
meaningful question: why are we interested in the hidden-
charm molecular pentaquark states? The hidden-charm
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pentaquark states are relatively easy to produce via the
bottom baryon weak decays in the experimental facilities
[19,20], and the hidden-charm quantum number is a crucial
condition for the existence of the hadronic molecules
[15,17]. In addition, it is worth indicating that the heavy
hadrons are more likely to generate the bound states due to
the relatively small kinetic terms, and the interactions
between the charmed baryon and the anticharmed meson
may be mediated by exchanging a series of allowed light
mesons [2,3]. Indeed, these announced hidden-charm
pentaquark states have a (cc) pair [2-5].

Based on the present research progress on the hidden-
charm pentaquarks [2-5], the theorists should pay more
attention to making the reliable prediction of various types
of the hidden-charm molecular pentaquarks and give more
abundant suggestions to searching for the hidden-charm
molecular pentaquarks accessible at the forthcoming
experiment. Generally speaking, there are two important
approaches to construct the family of the hidden-charm
molecular pentaquark states which is very special in the
hadron spectroscopy. Firstly, we propose that there may
exist a series of hidden-charm molecular pentaquarks with
the different strangeness. Secondly, we also have enough
reason to believe that there may exist more hidden-charm
molecular pentaquark states with higher mass. In fact, we
already studied the = ”(/ ) ) systems w1th double strange—

ness [39] and the Bc T systems with Bc =A./ EL. and
T =D,/D5 [40], and predicted a series of possible
candidates of the hidden-charm molecular pentaquarks.
In fact, the triple-strangeness hidden-charm pentaquarks
may be regarded as systems that can be used to reveal the
binding mechanism and the importance of the scalar-meson
exchange as they are not expected to exist in the treatment
of Ref. [38]. Thus, we investigate the possible hidden-
charm molecular pentaquarks with triple strangeness from

the Q''D') interactions, which will be a main task of the
present work.

In the present work, we perform a dynamical calculation
with the possible hidden-charm molecular pentaquark
states with triple strangeness by adopting the one-boson-
exchange (OBE) model [2,3], which involves the inter-
actions between an S-wave charmed baryon Qﬁ*) and an
S-wave anticharmed-strange meson D£*>. In concrete cal-
culation, the S-D wave mixing effect and the coupled
channel effect are taken into account. Furthermore, we
study the two-body hidden-charm strong decay behaviors
of these possible hidden-charm molecular pentaquarks.
Here, we adopt the quark-interchange model to estimate
the transition amplitudes for the decay widths [41-43],
which is widely used to give the decay information of the
exotic hadronic states during the last few decades [44—48].
We hope that the present investigation is a key step
to complement the family of the hidden-charm molecular
pentaquark state and may provide crucial information
of searching for possible hidden-charm molecular

pentaquarks with triple strangeness. With higher statistic
data accumulation at Run III of the LHC and after High-
Luminosity-LHC upgrade [49], it is highly probable that
these possible hidden-charm molecular pentaquarks with
triple strangeness can be detected at the LHCb Collaboration
in the near future, which will be full of opportunities and
challenges.

The remainder of this paper is organized as follows. In
Sec. II, we introduce how to deduce the effective potentials
and present the bound state properties of these investigated

QE*)Dg*) systems. We present the quark-interchange model
and the two-body strong decay behaviors of these possible
molecular pentaquarks in Sec. III. Finally, a short summary
follows in Sec. IV.

II. THE Q"D INTERACTIONS
A. OBE effective potentials

In the present work, we study the interactions between an

(%)

S-wave charmed baryon Q. and an S-wave anticharmed-

strange meson D§*>. Here, we adopt the OBE model [2,3],
and consider the effective potentials from the f,(980), 7
and ¢ exchanges. In particular, we need to emphasize that
the light scalar meson f,(980) exchange provides effective
interaction for these investigated systems, and we do not
consider the ¢ and a((980) exchanges in our calculation,
since the o is usually considered as a meson with only up
and down quarks and the a((980) is the light isovector
scalar meson. In this subsection, we construct the relevant
wave functions and effective Lagrangians, and deduce the
OBE effective potentials in the coordinate space for all of
the investigated systems.

Firstly, we introduce the flavor and spin-orbital wave
functions involved in our calculation. For the Q. Dy
systems, the flavor wave function |/, I5) is quite simple and
0,0) = \Qg*)ODg*)_>, where I and I; are the
isospin and its third component of the discussed system.
In addition, the spin-orbital wave functions |>*!L;) for

these investigated QL D"

systems are explicitly written as

|QCDS(2S+1L1)> = C_m LmL)(—m|YL mL>

m,my,
QD (35F1L,)) Zcfmﬁﬁm Dy, [Y 1, ),
m,my,
= S
m,m’ ,mg,my,

* Yk S.m
|QCDS (25+]LJ)> - Z G, m 1gm Cénlz Lqu)gmef; |YL,mL>'

m,m' ;mg,m;

(2.1)

In the above expressions, S, L, and J denote the spin, orbit
angular momentum, and total angular momentum for the

discussed system, respectively. The constant Cj ., is the
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Clebsch-Gordan coefficient, and |Y; ,, ) is the spherical
harmonics function. In the static limit, the polarization vector
em(m = 0,£1) with the spin-1 field can be expressed as
e = (0,0,0,—1) and ¢, = (0,+£1,7,0)/v/2. yy,, stands for
the spin wave function of the charmed baryon with spin
S =1/2, and the polarization tensor <I>%m of the charmed

baryon with spin quantum number § = 3/2 can be written in
a general form, i.e.,

2m
—m sz] 1m ml my - (2'2)
my.ny

In order to write out the relevant scattering amplitudes
quantitatively, we usually adopt the effective Lagrangian
approach. To be conyenient, we construct two types of
superfields S, and H E, ) via the heavy quark limit [50]. The
superfield S, is expressed as a combination of the charmed
baryons By with JP =1/2" and B; with J¥ =3/2% in the
6 flavor representation [51], and the superfield HS,Q>
includes the anticharmed-strange vector meson D! with
JP =1 and the pseudoscalar meson D, with JP 0~
[52]. The general expressions of the superﬁelds S, and

HEIQ) can be given by

1
S/l = \/;(}/ﬂ +v )}/ 66 +Bﬁﬂ’
1 —»
2

H = (D y, - Dys) (2.3)
Here, v, = (1,0) is the four velocity under the nonrela-
tivistic approximation.

With the above preparation, we construct the relevant
effective Lagranglans to descrlbe the interactions among
the heavy hadrons B / D' and the light scalar, pseudo-

scalar, or vector mesons as [51,52]

_ 3 _
56? = 1(S,foS") — 5918””/1'(”,«(3;4«4”50
+ ifs(S, v, (V —Pa)5”> + A5(S, F* (p)S,).
Ly = 95<H2Q)foH£zQ)> + i9< a VﬂAﬂbYSH )>

— M pH)
aﬂuFﬂD(p)abHéQ)>’

- lﬂ<H£1Q) Vu (Vﬂ

+ir(HP (2.4)
which satisfy the requirement of the heavy quark symmetry,
the chiral symmetry, and the hidden local symmetry [53-57].
The axial current A, and the vector current }V,, can be defined
as A, = (£'9,6 - £0,8")/2 and V, = (£'0,¢ + £0,£7)/2,
respectively. Here, the pseudo-Goldstone field can be written
as & = exp(iP/f,), where f, is the pion decay constant. In
the above formulas, the vector meson field p, and its strength

lgV\/ /\/_ and F/w(p) = 6/4,01/_
\/ﬂ, and P are the

tensor F, (p) are p, =
O,p, + [pﬂ, p,], respectively. Here, 6’6 ),

matrices of the charmed baryon in the 6 flavor representa-
tion, light vector meson, and light pseudoscalar meson,
which can be written as

s+ 2 gl
¢ V2 V2
(%) . 2‘.?” (+)0 EE’.*)O
86 - \/E zc \/5 ’
=0 B G0
2 V2 Qe
wrE oo K
—_— p— 0 *!
Vs P - % +75 K o
K*— I_(*O ¢
"
2 + +
Bt T K
- Y S 0
p=| © -~Ht% K (2.5)
K- K° —\/%17
respectively. By expanding the compact effective

Lagrangians to the leading order of the pseudo-Goldstone
field £ we can further obtain the concrete effective

Lagrangians. The effective Lagrangians for Bé*) and the
light mesons are expressed as
Lyogerg, = Is(BsfoBe) + Ls(Bg,.foBBg")
~ Bl + ) B Mo (20
Lyogiop = izg—‘”e"”"(vdl?wm@yﬂj’&)
e B, 0,P )
+ i%vke"”’(<l§zﬂayﬂj’mysl’>’6) +H.c., (2.7)

Psgv 7
L:Bé*)B(;)\/ = - \/§ <66’l) : \/B(,>

Asgv
i (B (MY — PV B
13\/—< 67047( ) 6>

ISV B o (4 0y B)

—IS9Y Be (09— V) (7, + 1,)1 B

T @<Bﬁﬂ(aﬂv O"VH)BL,) + Hee.,

Y (2.8)
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and the effective Lagrangians to describe the S-wave

anticharmed-strange mesons Dé*)

pseudoscalar, or vector mesons are

and the light scalar,

Lipery, = =29sDaDlfo + 29503, D" fo,  (2.9)
2ig wut =
Lpopip = > €D DY P,
29 Sal D
+—=(Dd"'D, + DiD})0, P, (2.10)

T

Lpopey = V2BgyDaDjv -V, — \@ﬁgvDZ,,DZ’”v “Vap
—2V2ilgy D" D} (9,V, = d,V,),,
- 2\/5/19‘/”/181”&[;([)2”1.[)1, + DZD;”)@“\/Z).
(2.11)

In the above effective Lagrangians, the coupling constants
can be either extracted from the experimental data or
calculated by the theoretical models, and the signs of these
coupling constants are fixed via the quark model [58]. The
values of these coupling constants are [y = 6.20, gg = 0.76,"
g1 =094,9g=0.59, f, = 132 MeV, fsgy = 10.14, fgy =
—5.25, Aggy = 19.2 GeV~!, and Agy = —3.27 GeV~! [59],
which are widely used to discuss the hadronic molecular
states [39,40,51,59—62]. In particular, we need to emphasize
that these input coupling constants can well reproduce the
masses of the P.(4312), P.(4440), and P.(4457) [19] under
the meson-baryon molecular picture when adopting the OBE
model [59,60].

We follow the standard strategy to deduce the effective
potentials in the coordinate space in Refs. [40,63,64],
which is a lengthy and tedious calculation. In Fig. 1, we
present the relevant Feynman diagram for the QE*)D§*> -
QE.*)D@ scattering processes.

At the hadronic level, we firstly write out the scattering
amplitude M (h;h, — h3hy) of the scattering process
hihy, — hyh, by considering the effective Lagrangian
approach. And, then, the effective potential in momentum
space V'=hshi(g) can be related to the scattering ampli-
tude M(h hy, — hshy) with the help of the Breit approxi-
mation [65,66] and the nonrelativistic normalization, i.e.,

M(h1h2 - h3h4)

\ /HiZminme

n this work, we consider the contribution from light scalar
meson f((980) exchange. Here, the corresponding coupling
constant involved in effective Lagrangians [Eq. (2.6) and
Eq. (2.9)] is approximately taken as the same as that for the
case of light scalar o.

Vi g) = - (2.12)

o) o
1
' fo/n/e
D(£*>/\ DL
FIG. 1. Relevant Feynman diagram for the QD! —
QD scattering processes.

where m; and m are the masses of the initial states (4, h;)
and final states (hs, hy), respectively. By performing the
Fourier transformation, the effective potential in the coor-
dinate space Vh2=hshi(r) can be deduced

d’q
hyhy—hshy N
V) = [

VT () P (g mp).
(2.13)

In order to reflect the finite size effect of the discussed
hadrons and compensate the off-shell effect of the
exchanged light mesons [64], we need to introduce the
monopole form factor F (¢, m2%) = (A> —m%)/(A* — ¢?)
in the interaction vertex [67,68]. Here, A, m, and ¢ are the
cutoff parameter, the mass, and the four momentum of the
exchanged light meson, respectively.

In addition, we also need a series of normalization
relations for the heavy hadrons Dy, D}, Q., and Q}, i.e.,

(0|Dg|c5(07)) = /M (2.14)
(0|D3*|c5(17)) = \/Mp:-€*, (2.15)

01Q,|ess(1/21)) = /2M P\ 26
Q. N\ Adm> D) MQ(_ X im ’ .
3/2,m;+m,
Z Cl?Z,m,;l,mz V 2MQZ

my,my

c-p r
X <)(lm, 2M )(lml> elrlnz' (217)

(0|Q"[css(3/27))

With the above preparation, we can deduce the OBE
effective potentials in the coordinate space for all of the
investigated processes, which are collected in the Appendix.

B. Finding bound state solutions for discussed systems

Now, we attempt to find the loosely bound state solutions
of these discussed Qﬁ*)DE*) systems by solving the coupled
channel Schrédinger equation, i.e.,
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1 (o, C(6+1) B
3 (P Ve =B, 21

with V2 = 12 r2 2 where y = 21" jg the reduced mass
or or my+m,

for the discussed system. The bound state solutions include
the binding energy E, the root-mean-square radius rgys,
and the probability of the individual channel P;, which
provides us with valuable information to analyze whether
the loosely bound state exists. In this work, we are
interested in the S-wave Q') D{*) systems since there exists
the repulsive centrifugal potential for the higher partial
wave states £ > 1.

In our calculation, the masses of these involved
hadrons are m;, = 990.00 MeV, m, = 547.85 MeV, my =
1019.46 MeV, m, =1968. 34MeV mp: = 2112.20 MeV,
mq, = 2695.20 MeV, and mq. = 2765.90 MeV, which are
taken from the Particle Data Group (PDG) [69]. As the
remaining phenomenological parameter, we take the cutoff
value from 1.00 to 4.00 GeV. Usually, a loosely bound state
with the cutoff parameter closed to 1.00 GeV can be
suggested as the possible hadronic molecular candidate
according to the experience of the deuteron [40,67,68,70].
For an ideal hadronic molecular candidate, the reasonable
binding energy should be at most tens of MeV, and the typical
size should be larger than the size of all the included
component hadrons [51].

In addition, the S-D wave mixing effect is considered in
this work, which plays an important role to modify the
bound state properties of the deuteron [40]. The relevant
channels |>*!L,) are summarized in Table 1.

Before performing numerical calculation, we analyze the
OBE effective potentials for these discussed Qﬁ*)DE”
systems as below:

(i) For the Q D, and Q}D; systems, only the f, and ¢
exchange interactions are allowed. Meanwhile, the
tensor force from the S-D wave mixing effect
disappears in the effective potentials, and thus the
contribution of the S-D wave mixing effect does not
affect the bound state properties of the Q.D; and
QD systems.

(ii) For the Q.D} and Q:D} systems, in addition to the
fo and ¢ exchange interactions, the # exchange
interaction and the S-D wave mixing effect need to
be taken into account.

TABLE 1. The relevant channels |**!L;) involved in our
calculation. Here, “...” means that the S-wave component for
the corresponding channel does not exist.

J» b, Db, QD Q: D

1/27 Sy ) 1*S12)/1'D12) |2§|/2>/|46[D1/2>
3/27 'S3/2)/ \D%/2> 'S3/0) /% D3)2) *S32)/1#4%D32)
5/2° - [°Ss/2) /[*+%Ds))

TABLEII. Bound state solutions of the S-wave QD state with
= 1/27 by performing coupled channel analysis. Here, the

cutoff parameter A, binding energy E, and root-mean-square

radius rpyg are in units of GeV, MeV, and fm, respectively.

A E 'rRMS P(QLD:/Q(D:F/QtDj)
2.92 -3.71 1.26 92.92/4.77/2.31
2.93 —12.65 0.64 90.11/6.66/3.23
TABLE III. Bound state solutions of the S-wave Q:D, state

with J¥ = 3/2~ when the coupled channel effect is introduced.
The units are the same as Table II.

A E FrRMS (

1.78 —6.15 0.33
1.79 —-17.41 0.32

D,/Q.D;:/QiD;)

0.01/86.64/13.36
0.01/86.37/13.63

1. The Q.D, and Q;D, systems

For the S-wave Q.D, state with J* = 1/2~ and the S-
wave QD state with J¥ = 3/2~, we fail to find their
bound state solutions by varying the cutoff parameter in the
range of 1.00—4.00 GeV with the single channel analysis.
Nevertheless, we can further take into account the coupled
channel effect. In the coupled channel analysis, the binding
energy of the bound state is determined by the lowest mass
threshold among various investigated channels [51].

For the S-wave Q_D, state with J* = 1/2~, we consider
the coupled channel effect from the Q.D,, Q.D?, and QD
channels. In Table II, we present the obtained bound state
solutions by performing the coupled channel analysis.
When we set the cutoff parameter A around 2.92 GeV,
the loosely bound state solutions can be obtained, and the
Q.D; channel is dominant with almost 90% probabilities.
Since the cutoff parameter A is obviously different from
1.00 GeV [67,68], the S-wave Q,.D, state with J© = 1/2~
is not priority for recommending the hadronic molecular
candidate.

In Table III, we list the bound state solutions of the S-
wave QD state with J¥ = 3/2~ with the coupled channel
analysis. Our numerical results show that the bound state
solutions can be obtained by choosing the cutoff parameter
A around 1.78 GeV or even larger, and the Q.D} system is
the dominant channel with the probabilities over 80%.
However, we find the size (rgms ~ 0.33 fm) of this bound
state is too small,2 which is not consistent with a loosely
molecular state picture [51]. Thus, we tentatively exclude
the possibility of the existence of the S-wave QD
molecular state with J = 3/2.

*We notice that the obtained values of rrus are too small,
which is due to the fact that this system is dominated by the Q_.Dj}
channel as shown in the last column of Table III.
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TABLE IV. Bound state solutions of the S-wave Q D% system. The units are the same as Table II.

Effect Single channel S-D wave mixing effect Coupled channel

J? A E TRMS A E revs  P(*S:/°Dy/'Dy) A E reus  P(Q.D;/Q:D})

3/2° 196 -0.19 4.76 196 -033 414  9994/0.01/0.05 1.67 -1.36 2.27 95.84/4.16
198 =536 1.09 198 571 .06 99.92/0.02/0.06  1.69 —8.38 0.90 92.17/7.83
1.99 -944 082 199 984 0.8l 99.93/0.02/0.05 1.70  —13.35 0.72 91.00/9.00

2. The Q.D; and Q;:D; systems

For the S-wave Q.D system, the relevant numerical
results are collected in Table IV. For J* = 1/27, there do
not exist bound states until we increase the cutoff parameter
to be around 4.00 GeV, even if we consider the coupled
channel effect. Thus, we conclude that our quantitative
analysis does not support the existence of the S-wave Q.D}
molecular state with J = 1/2".

For the S-wave Q D’ state with J© = 3/2~, we notice
that the effective potentials from the f, 7, and ¢ exchanges
provide the attractive forces, and there exist the bound state
solutions with the cutoff parameter around 1.96 GeV by
performing the single channel analysis. More interestingly,
the bound state properties will change accordingly after
including the coupled channels Q D’ and Q! D}, where we
can obtain the loosely bound state solutions when the cutoff
parameter A around 1.67 GeV. Moreover, this bound state
is mainly composed of the Q.D} channel with the prob-
abilities over 90%. Based on our numerical results, the S-
wave Q_D? state with J¥ = 3/2~ can be recommended as a
good candidate of the hidden-charm molecular pentaquark
with triple strangeness.

Comparing the numerical results, it is obvious that the D-
wave probabilities are less than 1% and the S-D mixing
effect can be ignored in forming the S-wave Q.D* bound
states, but the coupled channel effect is obvious in gen-
erating the S-wave Q_D? bound states, especially for the S-
wave Q.D? molecular candidate with J* = 3/2.

For the S-wave Q! D} system, the bound state properties
are collected in Table V. Here, we still scan the A parameter
range from 1.00 GeV to 4.00 GeV. For J¥ = 1/27, the
binding energy is a few MeV and the root-mean-square

radii are around 1.00 fm with the cutoff parameter A larger
than 3.59 GeV when only considering the S-wave channel,
and we can also obtain the bound state solutions when the
cutoff value A is lowered down 3.51 GeV after adding the
contribution of the D-wave channels. Because the obtained
cutoff parameter A is far away from 1.00 GeV [67,68], our
numerical results disfavor the existence of the molecular
candidate for the S-wave Q}D? state with J© = 1/2~. For
JP =3/27, there do not exist the bound state solutions
when the cutoff parameter varies from 1.00 GeV to
4.00 GeV. This situation does not change when the S-D
wave mixing effect is considered. Thus, we can exclude the
S-wave QiD: state with J® =3/27 as the hadronic
molecular candidate. For J* = 5/2~, we notice that the
total effective potentials due to the f, , and ¢ exchanges
are attractive. We can obtain the loosely bound state
solutions by taking the cutoff value around 1.64 GeV
when only considering the contribution of the S-wave
channel, and the bound state solutions also can be found with
the cutoff parameter around 1.64 GeV after considering the
S-D wave mixing effect. As a result, the S-wave Q:D} state
with J¥ =35/27 can be regarded as the hidden-charm
molecular pentaquark candidate with triple strangeness.

To summarize, we predict two types of hidden-charm
molecular pentaquark states with triple strangeness, i.e., the
S-wave Q.D? molecular state with J” = 3/2~ and the S-
wave Q7 D} molecular state with J* = 5/2~. Here, we want
to indicate that the effective potentials from the ¢ and 7
exchanges are attractive for the Q.D? system with J¥ =
3/2~ and the Q:D? system with J¥ = 5/2~, which is due to
the contributions from the > terms in the deduced effective
potentials. In fact, this issue has been discussed in Ref. [38].

TABLE V. Bound state solutions of the S-wave Qi D? system. The units are the same as Table II.

Effect Single channel S-D wave mixing effect

JP A E FrRMS A E FrMS P(ZS%/4DL/6D%)

1/2- 3.59 -0.27 4.96 3.51 -0.29 4.89 99.97/0.02/0.01
3.80 -1.18 2.96 3.76 -1.74 2.52 99.92/0.05/0.03
4.00 -2.63 2.11 4.00 —4.35 1.72 99.87/0.08/0.05

JP A E TRMS A E TRMS P(f’S%/z[D%/“Dg/"D%)

5/2- 1.64 -0.31 4.27 1.64 -0.80 297 99.81/0.02/0.01/0.15
1.66 —4.93 1.19 1.66 —5.81 1.11 99.76/0.03/0.01/0.20
1.68 -13.13 0.74 1.67 -9.55 0.87 99.77/0.03/0.01/0.19
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III. DECAY BEHAVIORS OF THESE POSSIBLE
0!”D: MOLECULAR STATES

In order to further reveal the inner structures and
properties of the possible hidden-charm molecular penta-
quarks with triple strangeness, we calculate the strong
decay behaviors of these possible molecular candidates.
In this work, we discuss the hidden-charm decay mode,
the corresponding final states including the #.(15)Q and
J/wQ. Different with the binding of the possible hidden-
charm molecular pentaquarks with triple strangeness, the
interactions in the very short range distance contribute to
the hidden-charm decay processes. Thus, the quark-inter-
change model [41,42] can be as a reasonable theoretical
framework.

A. The quark-interchange model

When using the quark-interchange model to estimate the
transition amplitudes in calculating the decay widths, we
usually adopt the nonrelativistic quark model to describe the
quark-quark interaction [46,47], which is expressed as [71]

8ra,

; <4ﬂas 6rb

2 4

P
6_4228,»-8]), (31)
q q

3mim j
where 4;(4;), m;(m;), and s,(s ;) represent the color factor,
the mass, and the spin operator of the interacting quarks,

respectively. @, denotes the running coupling constant,
which reads as [71]

127
(32-2n,)In(A+2)

ay(Q?) = (3.2)

where Q? is the square of the invariant mass of the interacting
quarks, and the relevant parameters [71] in Egs. (3.1) and
(3.2) are collected in Table VI.

To get the transition amplitudes within the quark-
interchange model, we take the same convention as
the previous work [46—48]. The transition amplitude for
the process A(css) + B(s¢) = C(sss) + D(c¢) can be

TABLE VI. The parameters of the nonrelativistic quark model
[71] and the oscillating parameters of the Gaussian function [46].
Quark model b (GeV?) o (GeV) A
0.180 0.897 10
B (GeV) my (GeV) m. GeV)
0.310 0.575 1.776
Oscillating parameters  fSp: (GeV) B, (GeV) f;, (GeV)
0.562 0.838 0.729
o (GeV)  a,q (GeV)  ajq, (GeV)
0.466 0.407 0.583
apgr GCV) C(/{Q:ﬁ (GeV) apgzﬁ (GeV)
0.444 0.537 0.423

w W w

A AN AN
C@ >< Q C@ >< Os

QQ00Q0Q
Q00Q000N0

Cl-prior C2-prior
i@ /]i ii@ 0 :
e\ g >< V). e\ Z >< L) .
(= 0::0 f 0:
T1-prior T2-prior

FIG. 2. Quark-interchange diagrams for the process A(css) +
B(sc) — C(sss) + D(cc) in the hadronic molecular picture.

decomposed as four processes in the hadronic molecular
picture, which are illustrated in Fig. 2.

The Hamiltonian of the initial hidden-charm molecular

pentaquark state can be written as [46]

Hyniar = HY + Hy + V ap, (3.3)
where HY and HY, are the Hamiltonian of the free baryon A
and meson B, and V45 denotes the interaction between the
baryon A and the meson B.

Furthermore, we define the color wave function @,
the flavor wave function y,yr, the spin wave function y iy,
and the momentum space wave function ¢(p), respectively.
Thus, the total wave function can be expressed as

Yiotal = wcolor)(ﬂavor)(spin¢(p) . (34)
In this work, we take the Gaussian functions to approxi-
mate the momentum space wave functions for the baryon,
meson, and molecule. The more explicit forms of the
relevant Gaussian function can be found in Ref. [46], and
the oscillating parameters of the meson and baryon are
estimated by fitting their mass spectrum in the Godfrey-
Isgur model [72], which are listed in Table VI. For an
S-wave loosely bound state composed of two hadrons A
and B, the oscillating parameter f can be related to the mass

of the molecular state m, i.e., ff = \/3/4(mA + mg —m)

with p = 2456 [57374]. And then, the T-matrix 7'y

my+mpg
represents the relevant effective potential in the quark-
interchange diagrams, which can be factorized as
Tfi = Icolorlﬂavorlspinlspace’ (35)
where [; with the subscripts color, flavor, spin, and space
stand for the corresponding factors, and the calculation

details of these factors I; (i = color, flavor, spin, space) are
referred to in Ref. [46].
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For the two-body strong decay widths of these discussed
molecular candidates, they can be explicitly expressed as

|P¢| /
=< [ 40/M|.
32722m*(2J + 1) M

(3.6)
In the above expression, P., m, and M stand for the
momentum of the final state, the mass of the molecular
state, and the transition amplitude of the discussed process,
respectively. Here, we want to emphasize that there exists a
relation of the transition amplitude M and the T-matrix
Tfi? i.e.,

M = _(27[)%\/ 2m2EC2EDTf,~,

where E- and E}, are the energies of the final states C and
D, respectively. Through the above preparation, we can
calculate the two-body hidden-charm strong decay widths

of these proposed QE*)Dgf molecular states.

(3.7)

B. Two-body hidden-charm strong decay widths
of these proposed Qﬁ*)D;‘ molecular states

In the above section, our results suggest that the S-wave
Q. D; state with J® =3/27 and the S-wave Q!D} state
with J® =5/27 can be regarded as the hidden-charm
molecular pentaquark candidates with triple strangeness.
Thus, we will study the two-body strong decay property
of these possible hidden-charm molecular pentaquarks
with triple strangeness, which provides valuable informa-
tion to search for these proposed molecular candidates in
experiment.

In this work, we focus on the two-body hidden-charm
strong decay channels for these predicted hidden-charm
molecular pentaquarks with triple strangeness. For the S-
wave Q. D* molecular state with J© = 3/27, it can decay
into the J/wQ and 7.Q channels through the S-wave
interaction. For the S-wave QD molecular state with
JP =5/27, we only take into account the J/wQ decay
channel via the S-wave coupling, while the #,.£2 channel is
suppressed since it is a D-wave decay [46].

In order to intuitively clarify the uncertainty of the
binding energies, we present the binding energies depend-
ence of the decay widths for the S-wave Q.D? molecular
state with J¥ = 3/2~ and the S-wave Q}D? molecular state
with J =5/27 in Fig. 3. As stressed in Sec. II, the
hadronic molecule is a loosely bound state [S1], so the
binding energies of these hidden-charm molecular penta-
quarks with triple strangeness change from —20 to —1 MeV
in calculating the decay widths. With increasing the
absolute values of the binding energy, the decay widths
become larger, which is consistent with other theoretical
calculations [51,75-86].

As illustrated in Fig. 3, when the binding energies are
taken as —15 MeV with typical values, the dominant decay

—_ % * 7y * P_ -
Q.D. JP= 312 Q*.D," JP=5/2

12 6
— = n(18)Q2 — Iy Q
=z osf —awe | Z,
= 2
. 0.4 — 2
0 0
-20 -15 -10 -5 -20 -15 -10 -5
E [MeV] E [MeV]
FIG. 3. The binding energies dependence of the decay widths

for the S-wave Q_D? molecular state with J” = 3/2~ and the S-
wave QD! molecular state with J* = 5/2".

channel is the J /wQ around one MeV for the S-wave Q_ D’
molecular state with J* = 3/27, and the decay width of
the J/wQ channel is predicted to be around several MeV
for the S-wave Q:D? molecule with J® =5/2~. Thus,
the J/w€ should be the promising channel to observe the
S-wave Q. D* molecular state with J” =3/2~ and the
S-wave QD molecular state with J¥ = 5/2~. Meanwhile,
it is interesting to note that the S-wave Q.D? molecular
state with J¥ = 3/2~ prefers to decay into the J/yQ
channel, but the decay width of the #.Q channel
is comparable to the J/ywQ channel, which indicates that
the S-wave Q.D: molecule with J” =3/2~ can be
detected in the #,.Q channel in future experiment.

In the heavy quark symmetry, the relative partial decay
branch ratio between the 1,.(15)Q and J/yQ for the Q D
state with J¥ = 3/2~ can be estimated as

I(Q.Dj - n.(15)Q)

s = 0.6,
I(Q.D — J/yQ)

Rugs = (3.8)

since the relative momentum in the #.(15)Q channel is
larger than that in the J/wQ channel, R(E) should be a
little larger than Ryqgs = 0.6, where E is the binding
energy. In our calculation, we obtain

R(=5 MeV) = R(=10 MeV) = 0.62,
R(—15 MeV) = 0.67.

Obviously, our results are consistent with the estimation in
the heavy quark limit.

IV. SUMMARY

Searching for exotic hadronic state is an interesting and
important research topic of hadron physics. With accumu-
lation of experimental data, the LHCb observed three
narrow P.(4312), P.(4440), and P.(4457) in 2019 [19],
and found the evidence of the P,;(4459) as a hidden-charm
pentaquark with strangeness [20]. These progresses make
us have reason to believe that there should exist a zoo
of the hidden-charm molecular pentaquark. At present, the
hidden-charm molecular pentaquark with triple strangeness
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is still missing, which inspires our interest in exploring how
to find these intriguing hidden-charm molecular pentaquark
states with triple strangeness.

Mass spectrum information is crucial to searching for
them. In this work, we perform the dynamical calculation
of the possible hidden-charm molecular pentaquark states
with triple strangeness from the Q" DY interactions,
where the effective potentials can be obtained by the
OBE model. By finding bound state solutions of these
discussed systems, we find that the most promising hidden-
charm molecular pentaquarks with triple strangeness are
the S-wave Q.D} state with J* =3/2~ and the S-wave
Q! D: state with J* = 5/27. Besides mass spectrum study,
we also discuss their two-body hidden-charm strong decay
behaviors within the quark-interchange model. In concrete
calculation, we mainly focus on the J/wQ and 7.Q
decay modes for the predicted S-wave Q.D} molecule
with JP =3/27 and the J/wQ decay channel for the
predicted S-wave Q¢D* molecule with J© = 5/2".

In the following years, the LHCb Collaboration will
collect more experimental data at Run III and upgrade the
High-Luminosity-LHC [49]. Experimental searches for
these predicted hidden-charm molecular pentaquarks with
triple strangeness are an area full of opportunities and
challenges in future experiments.
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APPENDIX: RELEVANT SUBPOTENTIALS

Through the standard strategy [40,63,64], we can derive
the effective potentials in the coordinate space for these

investigated Q¥ pl systems, i.e.,
yab~eb, — _ay, Sy Al
=—AYy, =5 ¥y, (A1)
VDD, — _p Ay, —C Ay A2
s C=—AAY - o Ay, (A2)
Q. D' >0 D 2B
VDT = —AAY +j[~'430r +APJY,
C 2D
S Ay = A0, — APV, (A

B
VEDImAD = —AAsY 5, = A0, + AP]Y,

A5Y¢+ A0, — A7P,|Y,,  (A4)
VQD»QD‘:_A +—AY 10 A5
\/— 8 fol 2\/— 8L o1 ( )
5 5 2B
VADL=RDs = == [A9Or + AP Y 2
2D
+—[2A9(’) AP, Y s, (A6)
VRD DT — A0, + AP
3\/—[ 11 12P]Y,
24110, = AP, Y 43, A7
3\/—[ 11 2P Y43 (A7)
D
\/—[2-4130 - AuPlYp.  (A8)
o:p,~a:D; _ B
[t *:g[A150r+A1673r]Yn5
D
+§[2A150r_-’4167)r}y¢5’ (A9)
VQFD?QQ?D? = \/_A17Yf06+3\/—[A180 +A19P]
CA17 D
Y 46 2430, — AP,|Y
2\/* 3\/—[ 18 19 ] @6+
(A10)
Here, O, =522 2 and P, = r{ 12 Additionally, we
also define several variables, which include A = /g,

B = g19/f%, C=psfg’, and D = Aglg’. The function
Y, can be defined as

2 2
Y, = - AL —mi e,
4xr 87,

Here, m; = \/m>—q? and A; = /A’ —g?. Variables
qi(i=1,...,6) are defined as ¢; =0.04 GeV, ¢, =
0.06 GeV, g3 =0.02GeV, ¢, =0.10GeV, ¢5;=0.06GeV,
and g = 0.04 GeV.

In the above effective potentials, we also introduce
several operators, i.e.,

(Al1)
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TABLE VII. The numerical matrix elements (f|.A;|i)(k = 1,...,7) with the S-D wave mixing effect analysis.
Matrix elements J=1/2 J=3/2 J=5/2
(QiD,| A, QD) / diag(1,1) /
(Q,D;|A4,|Q.D3) diag(1.1) diag(1,1,1) /
(Q.D}|A;|Q, D7) diag(—2. 1) diag(1,-2,1) /
Vi -2 1o -1
2 -1 0
(Q:D?| As|Q:D?) diag(1,1,1) diag(1,1,1,1) diag(1,1,1,1)
(Q:D;|Aq|Q:D}) diag(3.5.-1) diag(3.3.%.—1) diag(-1,3.3,-1)
Q:D¥|A;|Q:D: _1 2 7 16 Nl 2 V1 _2/i4d
(QeDsl A [eD3) 0 Wi V5 0 3% ~15 “is 0 V5 53 5
-7l _1 19 -1 _ 2 2 0 N 4
%\/5 151 85 3V10 . 3v10 \/13_5 V15 3V5 V105
P 5oTEm 0w S S
-7 _2 @ __ 1 4
5 V35 Via 7 _zaﬂ _j% _% _%
_ Jatb dmtn ta; ib .a+b tr
A= Z Cza 10 C‘m,ln 3 (63 €Nt Ay = Zcza wX3T €4, ic X€ ))(1’
a,bm,n
A, = i e-}- .€ , 3at+b dmtn i b
2 omle el As= 30 e e - e x ey
As = 3o - (iey x €4)]x1, a.b,m,n
. + 3a+b 2m+n . b
Ay = 7iT(0.ie; x €)1 A=Y C?a 1 a3 T(eg. i€} x €3 ),
b,m,n
a+b 3 m4n b @0,
AS = Z Cza 1b 2m % Ta(el "€3 )(62 62)}(1’1’ 3.a+b Jra T
a,b,m,n A17:ZCa1b X3 O- €3 )(62'64))(1»
3a+b 3m+n b +
-A6 = Z Cza 1b C2 ){;a<€] 2 €l ) (62 X 64))(1"7 2a+b fa b T
a.bymn ZCI 1643 (6x€y) (€2 x €4)11,
b 3m+n b
A, = Cza+ C" AT (€ x €1l ey x €]y, b
S G T nelen il Sdet e e (an)
.a+b
Ay = 2O (e

Here, T(x,y) =3(#-x)(#-y)—x-y is the tensor force
operator. In Table VII, we collect the numerical matrix
elements (f|A.|i)(k = 1,...,7) with the S-D wave mixing
effect analysis. Of course, the relevant numerical matrix
elements (f|.A;]i)(k=38,...,19) will be involved in the
coupled channel analysis. For the coupled channel
analysis with J = 1/2, we have Ay =+/3, A;; = V2,
Aig =—+/2/3, and A, =0 (k=10, 12, 17, 19). And,
there exists A;3 =1, A5 =+/5/3, Ajg =—+/5/3, and
Ay =0 (k= 14, 16, 17, 19) for the coupled channel
analysis with J = 3/2.

Ay :)(3(0"64))(1,
Ao :Z:zT(O' €j1))(1,

2“+b T(l
An = g Clan”
A =3 AT} o x el!)
12 — alh 3 €4’16 €3 /}//la

.a+b T
Aiz = ZCZa 1b x3le

i (i x €)1,

(i x €b)|y¢
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