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Inspired by the observations of T%(2900)° and 7% (2900)*" by LHCb Collaboration, we perform a
systematical investigation of the charmed-strange pentaquark system by using the resonance group method
in the quark delocalization color screening model. The present estimations indicate the existence of two
bound states with /(J) to be $(37) and 3 (37), and the masses are predicted to be 3392 and 3307 MeV,
respectively. Moreover, three resonance states are also predicted in the present work. The £ _K* resonance
with 7(J?) =1 (37) could be observed in the ND;, A K* and X.K channels, the mass and width are
estimated to be (3342-3346) MeV and 25.5 MeV, respectively. The £.K* resonance with /(J*) =1(37) is
available only in the X7 K channel, and the resonance parameters are evaluated to be my = 3333 MeV and
I'x = 3.3 MeV. We also find a very narrow AD; resonance state in the XK channel with /(J) =3 (17)
and myp = 3343 MeV. These predictions of the charmed-strange pentaquark may be accessible by further
experimental measurements in Belle II and LHCb Collaborations, and the corresponding experimental
measurements can in turn be a good test of present estimations.
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I. INTRODUCTION

The concept of multiquark states was proposed at the
inception of the quark model [1,2]. With the improvement
of experimental equipment and techniques, an increasing
number of new hadron states have been observed exper-
imentally since the observation of X(3872) in 2003 [3].
Among these new hadron states, the charged charmonium-
like states are particular interesting, such as the first
confirmed charged charmoniumlike state Z.(3900) [4,5],
which certainly could not be conventional hadrons. These
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experimental observations provide us with an excellent
opportunity to search for multiquark states and some
progress has been made [6—12].

Besides the charmoniumlike states, an increasing number
of charmed-strange-mesonlike states have also been
observed in the recent two decades. As early as the year
of 2003, the BABAR Collaboration reported a narrow peak,
D?,(2317), in the D{x invariant mass spectrum [13,14].
Later, the CLEO Collaboration [15] confirmed the existence
of this state and further reported another state D, (2460) in
the Dz invariant mass distribution. Moreover, the existence
of the D},(2317) and Dy, (2460) had also been confirmed by
the Belle [16,17] and BABAR Collaborations [18,19]. In
addition, in the year 2018, the BESIII Collaboration detected
D*,(2317) by the observation of the process ete™ —
D;*tD%,(2317) +c.c. [20]. Noted that the masses of
D*,(2317) and D;(2460) are far below the theoretical
predictions of the masses of charmed-strange mesons with
JP = 0% and JP = 17, this inconsistency between the quark
model expectations and experimental measurements makes
these two states unlike to be conventional charmed-strange
mesons. In this case, some exotic interpretations have
been proposed, such as the tetraquark states [21-26], the
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molecular interpretations, where the D7,(2317) and
D,,(2460) were assigned as DK and D*K molecular
states [27-36], respectively, and the mixture of charmed
strange mesons and tetraquark states [37,38].

The search for exotic states with charmness and strange-
ness still goes on. In the year 2020, the LHCb Collaboration
reported two fully open-flavor tetraquark candidates,
X0(2900) and X;(2900), in the invariant mass distribution
of DK™ of the process B¥ — D*D~K* [39,40]. Since
they are observed in the DK™ spectrum, their minimal
quark components are udcs. To reveal the nature of
X(2900) and X(2900), some different theoretical explan-
ations have been proposed, such as the hadronic molecule
states composed of D*K* or D;K [41-44], compact
tetraquark states [45-54], threshold effects [55,56] and
SO on.

Very recently, the LHCb Collaboration reported their
observation of two new tetraquark candidates, 7% (2900)°
and T9,(2900)**," in the B —» DDz~ and B' —
D™D x* decays [58,59]. From the observed channels,
the least quark contents of these two states were csnii,
n = (u,d), which are similar to those of X,(2900) and
X1(2900). The properties of such kinds of open flavor
states have been researched in the literature [42,50,60-64]
before the experimental observations, and after the discov-
ery of T%,(2900), the mass [65-69], and decay properties
have been further investigated [70-73].

The observations of 7%.,(2900), together with D*,(2317),
D,;(2460) and X, ;(2900) make the exotic candidates
around the thresholds of a charmed meson and a strange
meson abundant. Similar to the meson-meson case, there
may also exist exotic candidates around the threshold of a
charmed baryon and a strange meson, which could be csnnn
pentaquark states. Some investigations of csnnn pentaquark
states have been presented in the literature, for example, in
Ref. [67], the A K ) and z.K ) interactions were inves-
tigated by one-boson-exchange effective potentials and four
possible charmed strange molecular pentaquark states were
predicted. In Ref. [74], a systematic estimation of csnnn
pentaquark states had been performed and the authors
suggested searching such kind of pentaquark states in the
bottom hadron decays.

In the present work, we systematically investigate the
csnnn system in a quark delocalization color screening
model (QDCSM), where the effective potential between
two hadrons with different quantum numbers are evaluated,
and then we attempt to find possible bound states by
performing the bound calculations with coupled channel
effects. Moreover, based on the conservation of the
quantum numbers and the limitation of the phase space,
we also check the possible strong decay channels of the

'Here, the LHCb naming scheme is employed [57], which has
not been officially accepted.

charmed-strange pentaquark system and evaluate the exist-
ence of resonance states.

This work is organized as follows. In Sec. 11, the detail of
the QDCSM is presented. The numerical results for the
effective potential, possible bound states, and resonances
are given in Sec. III, and the last section is devoted to the
summary.

II. THE QUARK DELOCALIZATION COLOR
SCREENING MODEL

The QDCSM is an extension of the native quark cluster
model [75-78] and was developed with the aim of addressing
multiquark systems (More detail of QDCSM can be found in
the Refs. [79-83]). In the QDCSM, the general form of the
Hamiltonian for the pentaquark system is,

5 2 5
pi
i=1 t

j>i=1

where the center-of-mass kinetic energy, 7'y, is subtracted
without losing generality since we mainly focus on the
internal relative motions of the multiquark system. The two
body potentials include the color-confining potential, V oy,
one-gluon exchange potential, Vg, and Goldstone-boson
exchange potential, V., respectively, i.e.,

V(rij) = VCON<rij) + VOGE(rij) + V;((rij)' (2)

Noted herein that the potentials include the central, spin-
spin, spin-orbit, and tensor contributions, respectively.
Since the current calculation is based on S-wave, only
the first two kinds of potentials will be considered attending
the goal of the present calculation and for clarity in our
discussion. In particular, the one-gluon-exchange potential,
Voce(ri;), reads,

1

1 = 1 1 4o;-0;
—Z5(r: ) —+— t
- L’j 2 (rlj)(m2+m.%+3mim'>]’ G)

i J

1 o
Voce(7ij) :Zaij/'l" A

where m; is the quark mass, 6 and A are the Pauli matrices
and SU(3) color matrices, respectively. The QCD-inspired
effective scale-dependent strong coupling constant, a;;,
offers a consistent description of mesons and baryons from
the light to the heavy quark sectors. Their values are
associated with the quark flavor and determined by the
mass difference of the hadrons. It is worth mentioning that a
conventional meson contains only one quark and one
antiquark, while a baryon has three quarks, which suggests
the existence of three-body interactions in the baryon
system. Therefore, when using a simple two-body inter-
action to reproduce the meson and baryon spectrum in a
nonrelativistic quark model with OGE potential, the
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parameter values a,, and a,;, which are determined
individually by the baryon and meson spectrum individu-
ally, are not the same.

In the QDCSM, the confining interaction Vo (

be expressed as

r;j) can

Veon(rij) = —acA; - A5[f (rij) + Vo, ], 4)

where a,. represents the strength of the confinement
potential and Vo, refers to the zero-point potential. In

the case of quark-quark interactions, the value of Vo, is

determined based on the differences between theoretical
estimations and experimental measurements of baryon
masses. This value is the same for quarks with different
flavors. On the other hand, for quark-antiquark interactions,
the value of Vo, is determined by reproducing the mass

differences between theoretical estimations and experimen-
tal measurements of the meson masses, which is also
flavor-independent. Moreover, in the quark delocalization
color screening model, the quarks in the considered
pentaquark state csnnn are first divide into two clusters,
which are baryon cluster composed of three quarks, and
meson cluster composed of one quark and one antiquark.
And then the five-body problem can be simplified as a two-
body problem the f(r;;) is,
2

rij if i, j occur in the same cluster,

f(rij) = l_e—m,-r,?, o L (5)
m if i, j occur in different cluster,
where the color screening parameter y;; is determined by
fitting the deuteron properties, nucleon-nucleon, and
nucleon-hyperon scattering phase shifts [81,84], with
Upn = 0.45 fm™2, p,. = 0.19 fm™2 and u,, = 0.08 fm~2,
satisfying the relation u2; = p,,1ss, Where n represents u
or d quark. From this relation, a fact can be found that the
heavier the quark, the smaller the parameter y;;. When
extending to the heavy-quark case, there is no experimental
data available, so we take it as an adjustable parameter. In

Ref. [85], we investigate the mass spectrum of P} with s,
varying from 10~* to 1072 fm~2, and our estimation indi-
cated that the dependence of the parameter y... is not very
signiﬁcant.2 In the present work, we take y,. = 0.01 fm=2.
Then p,, and p,,. are obtained by the relations u2. = pi .,
and p2. = p,nH.. respectively. It should be noted that y; jare
phenomenal model parameters, their values are determined
by reproducing the relevant mass spectra and phase shifts of
the scattering processes. In Ref. [81], the authors found that
with the relation y%s = Jqqhss» the masses of the ground state
baryons composed of light quarks could be well reproduced.
Later on, such relations have been successfully applied to
investigate the states with heavy quarks [85-87].

The Goldstone-boson exchange interactions between
light quarks appear because of the dynamical breaking
of chiral symmetry. The following z, K, and  exchange
terms work between the chiral quark-(anti)quark pair,
which read,

3

V,(rij) = v (ri) > 4024 + vf( ,])Z/I“/l”—l—v i)

a=1

X [(AF - 2%) cos Op — (A7 - 29) sin Op], (8)

with

B = gch m% A2
Yo Am 12mim; Ag — mj

«{(o1-0p) [ Ylmar) - B viumy| ). 0

5 Mp

with B = (7, K,n) and Y(x) = ¢™/x to be the standard
Yukawa function. A4 is the SU(3) flavor Gell-Mann matrix.
The masses of the #, K, and # meson are taken from the
experimental value [88]. By matching the pion exchange
diagram of the NN elastic scattering process at the quark
level and at the hadron level, one can relate the zgq
coupling with the one of zZNN, which is [89,90],

The typical size of the multiquark system should be several femtometres, for example, if the size of the multiquark system to be 2 fm,
then one can find p..1? & (1074=1072), pey7? = \/Heckpn?? < (10721071 and p,,r? = \fliccfiyyr* & (1072=107"), thus the value of
the p;; r? is rather small when at least one charm quark included, and in this case, the exponential function can be approximated to be,

e /‘:1 i =1 _ﬂzjr + O(ﬂzz]r?]) (6)

Accordingly, the confinement potential between two clusters is approximated to be,

Veon(rij) = —achf ljc( y
ij

2
1 —eHi%

+ V(),-/> ~ —aclc lc(r + V() ) (7)

which is the same as the expression of two quarks in the same cluster. Thus, when the value of the u,.. is very small, the screened
confinement will return to the quadratic form, which is why the results are insensitive to the value of ...
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TABLE I. The values of the model parameters. The masses of
mesons take their experimental values.

Parameter Value
Quark masses m, (MeV) 313
mg; (MeV) 573
m,. (MeV) 1788
Confinement a, MeV fm=2) 58.03
Vo, (fm?) —1.2883
Vo, (fm?) —0.7432
OGE Ay 0.5652
Qs 0.5239
Ay 0.4673
Ays 1.4275
Az 1.1901
Goldstone boson m, (fm™!) 0.7
my (fm™) 2.51
m, (fm=") 2.77
A, (fm™1) 4.2
A,k (fm™") 5.2
Wave function b (fm) 0.518

TABLEIIL. The masses of the ground baryons and mesons in the
unit of MeV. Experimental values are taken from the Particle Data
Group (PDG) [88].

[1]

N A A z x* =)

Model 939 1232 1122 1237 1360 1374 1496
Expt. 939 1232 1116 1189 1385 1318 1533

A, p) ¥ K K* D, D

Model 2286 2464 2489 495 815 2018 2064
Expt. 2286 2455 2520 495 895 1968 2112

c

ﬁ — (é) 2 Ganw mi,d (10)

4 \5) 4n m%’

which assumes that the flavor SU(3) is an exact symmetry,
and only broken by the masses of the strange quark. As for
the coupling g,yy, it was determined by the NN elastic
scattering [90]. Besides, with the MINUIT program, we can
determine a set of optimized parameters by fitting the
masses of the ground state mesons and baryons in QDCSM.
The model parameters are shown in Table I and the
reproduced masses of the mesons and baryons are listed
in Table IL.

In QDCSM, the quark delocalization is realized by
specifying the single-particle orbital wave function as a
linear combination of left and right Gaussian basis, the
single- particle orbital wave functions used in the ordinary
quark cluster model reads,

Wa(sis€) = (Da(s;) + e@p(s;))/N(e),
wp(si€) = (Py(s;) + €Dy(s:))/N(e),

N(e) = V1 + €+ 2ee—/4,

1 \i g2y
Palss) = <7tb2)46 el i) )
1 \i L (rptds,)?

d)ﬂ(—sl-) = ﬁ e w > s (11)

with s;, i = (1,2, ...,n), to be the generating coordinates,
which are introduced to expand the relative motion wave
function [91-93]. The parameter b indicates the size of the
baryon and meson clusters, which is determined by fitting the
radius of the baryon and meson by the variational method
[94]. In addition, The mixing parameter e(s;) is not an
adjusted one but is determined variationally by the dynamics
of the multiquark system itself. This assumption allows the
multiquark system to choose its favorable configuration in
the interacting process. It has been used to explain the cross-
over transition between the hadron phase’ and the quark-
gluon plasma phase [80,83,95]. Due to the effect of the
mixing parameter €(s;), there is a certain probability for
the quarks between the two clusters to run, which leads to the
existence of color octet states for the two clusters. Therefore,
this model also includes the hidden color channel effect,
which is confirmed by Refs. [96,97].

III. RESULTS AND DISCUSSIONS

In this work, we perform a systematical investigation of
the low-lying charmed-strange pentaquark systems within
the QDCSM. In the single channel calculations, if there is a
strong attraction between two involved hadrons, a bound
state or a resonance state is likely formed. Going to the
multichannel coupling calculations, a bound state is shown
if the energy of the state is below the threshold of the lowest
channel and the thresholds of multibody decay channels,
such as the deuteron in the two-channel coupling calcu-
lation of NN and AA with I(JP) = 0(1") [83]. A reso-
nance state is one that is a bound state in the single-channel
calculation, but its energy is higher than the thresholds of
some open channels. When the state is coupled to these
open channels, it will decay strongly to these open channels
and turn to a resonance state. In the scattering calculation of
the open channel incorporating the resonance state, the
phase shifts will be a structure in the region of the

The phase shift of NN interaction could be described with the
formalisms with hadrons only. After including the pseudoscalar,
vector, and scalar meson, especially the ¢ meson, the NN
interaction has been well described. In Ref. [80], the authors
concluded that the o-meson exchange can be replaced by quark
delocalization and color screening mechanism introduced by
QDCSM by comparing the NN scattering and deuteron properties
obtained by chiral quark model and QDCSM.
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TABLE III.  The relevant channels for all possible states with different J” quantum numbers.
1= 1=3
S = % ND; ND; A K AK* AD; K z.K* X K*
>.K >.K* XiK*
S = % ND; AK* >.K* XK AD, AD; z.K* ZIK
XiK* ZiK*
S = % XiK* AD} ziK*

resonance energy, such as d*(2380) in the two-channel
calculation of D-wave NN and AA with I(J¥) = 0(3%) [98].

For the csnnn, n = (u, d), pentaquark system, we only
consider the S—wave channels with the spin § = 1/2,3/2
and 5/2, respectively. In the present work, we mainly focus
on the pentaquark states in the molecular scenario, where
the pentaquark states are composed of a baryon cluster and
a meson cluster. Considering the color structure of these
two clusters, both the color singlet-singlet (1. ® 1.) and
the color octet-octet (8, ® 8,.) channels should be involved
in principle. However, as indicated in Ref. [83], the color
screening confinement in Eq. (5) could be considered as an
effective description of the color octet-octet channels (also
known as the hidden color channels). Thus, only the color
singlet-singlet channels are taken into consideration in the
present estimations, and all the possible channels involved
are collected in Table III.

A. The effective potentials

To search the possible bound states and resonance states
composed of the hadron pair listed in Table III, we estimate
the effective potentials between these hadron pairs for the
first step. Here the definition of potential can be written as

o <lp5q(Sm)|H|lP5q(Sm)>
ESn) = g (8 sy (S

where §,, stand for the distance between two clusters.
s, (S,,) represents the wave function of a certain channel.
Besides, <lp5q (Sm) ‘H|qj5q(Sm)> and <q‘5q(Sm)|‘P5q(Sm)>
are the Hamiltonian matrix and the overlap of the states.
So the effective potential between two colorless clusters is
defined as,

(12)

V(Su) = E(Sn) — E(), (13)

where E(o0) stand for at a sufficient large distance of two
clusters. The estimated potentials for / = 1/2 and I = 3/2
are presented in Figs. 1 and 2, respectively.

As shown in Fig. 1, for the case of I(J¥) =1 (37), the
potentials for the X K*, X .K*, ND,, and NDj} channels are
attractive, while the potentials for the A K, A.K* and £ K
channels are repulsive. In particular, the potentials for X} K*
and X.K* channels are deeper than those of ND and ND}
channels, which indicates that the X;K* and £_.K* are more

likely to form bound states or resonant states. For the case
of I(JP) =1(37), the potentials of the ¥ .K*, £:K* and
NDj7 channels are attractive, while the potentials for the
other two channels are repulsive. the attraction of . and K*
is much stronger than that of X3 K* and N D}, which implies
that it is possible for X,K* to form a bound or resonance

350

— Kt

el
B EEASIS)
™
=

V(S) (MeV)

M \e _ - i e o
0 1 2 30 1 2 30 1 2 3
Sm (fm) S (fm) S (fm)
FIG. 1. The effective potentials defined in Eq. (13) for different

channels of the charmed-strange pentaquark systems with [ =
1/2 in QDCSM.

—AD; —AD, — AD;
300(- e r AD SRR
° SER
o

N
S
3

V(S) (MeV)

P_1- [ o igp_ 3 P _
JU=z LT =3 JU=

NE]

o 1 2 3 0 1 2 e i P 3
S (fm) Sy (fm) S (fm)

FIG. 2. The effective potentials defined in Eq. (13) for different
channels of the charmed-strange pentaquark systems with [ =
3/2 in QDCSM.
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state. For the /(J?) = 1(37), the only possible channel is
X K*, and the potential is strongly attractive, which implies
the possible bound state or resonance state in this channel.

In Fig. 2, we present the potentials of the channels with
I = 3/2 but with different total angular momentum. For the
case of JP = %‘, one can find that the potentials are
attractive for the channels AD}, X .K* and X;K*. The
potential for X.K channel is repulsive, so no bound state or
resonance states can be formed in this channel. However,
the bound states or resonance states are possible for other
channels due to the attractive nature of these interactions
between the two clusters. Moreover, our estimations also
indicate that the attraction between A and D7 is greater than
the other channel, while, the potentials for X;K* and X .K*
channels are very similar. As for the case of J¥ = %‘, the
potentials for all the channels except X:K is attractive.
From the figure, one can find that the attraction between ..
and K* is much stronger than the other channels, while the
potentials for AD, and ADj} channels are very similar.
There are two channels for the case of J* = %‘, which are
ADj and Z7K*, respectively. Our estimations indicate that
the potential for the AD? channel is attractive, while the

potential for £:K* channel is repulsive.

B. Possible bound states

With the above potentials, we can search the csnnn
molecular states by the resonating group method (RGM)
[99,100], the details of which are present in the Appendix.
It should be noted that the number of the basis is limited in
the present estimation, thus, one can obtain a solution of
C; . even for a repulsive potential in the single channel
estimation. However, the obtained energy in this case
should not be the eigenenergy of the bound state since
the repulsive potential cannot form a bound state. In this
case, the obtained eigenenergies are all above the threshold

of the corresponding channels and the eigenenergies are
dependent on the basis. When the basis is large enough, the
eigenenergies will tend toward the thresholds. In order to
discuss the coupled channels effect in the present estima-
tions, we still list these energies in the tables. However, for
the bound state, i.e., the estimated eigenenergies are below
the threshold, are rather stable with the increasing of basis,
which have been further checked in our estimations.

The estimated results are listed in Tables IV and V, which
correspond to the states with /=1/2 and I=3/2,
respectively. In these tables, E,. and E.. are the eigene-
nergies of the csnnn molecular states by the single channel
estimations and the coupled channel estimations. EMod!

and E];;p stand for the theoretical estimations and exper-
imental measurements of the thresholds of the channels.
Ep = E,. — EM°®! ig the binding energy obtained by the
single channel estimations. It should be noticed that in the
present work, the relevant parameters were determined by
various aspects of the hadron properties. The inaccurate-
ness of the model parameters will lead to the uncertainty of
the model predictions. However, compared to the absolute
values of the eigenergies, the mass splittings, for example,
the E, should be more reliable. Additionally, in the present
estimations, we define the corrected eigenenergy of the
single channel estimations E’. by E]f;p + Eg. In a very
similar way, we take the lowest threshold of the involved
channels as a scale, we can obtain the corrected eigene-
nergy of the coupled channel estimations E.... In this way,
the model dependences of the corrected eigenenergy could
be evade to a certain extent.

In addition, it should be mentioned that we mainly search
for the possible bound states with the mass below the
lowest physical threshold in the present work. These bound
state cannot decay via strong interactions, i.e., they are
stable against strong decay. Compared to the results of

TABLE IV. The binding energies and the masses of every single channel and those of channel coupling for the
pentaquarks with 7 = 1/2. The values are provided in units of MeV.

1(JF) Channel E,. EModel ES® E.. E,./Epg E.,
1) ND; 2954 2957 +3 2907 2910 2784/43 2784
ND: 3006 3003 +3 3051 3054
AK 2785 2781 +4 2781 2785
AK* 3104 3100 +4 3178 3182
. K 2963 2959 +4 2950 2954
>.K* 3277 3278 —7 3347 3340
SIK* 3283 3303 -20 3412 3392
13) ND: 3006 3003 +3 3051 3054 2985/+1 3016
AK* 3104 3100 +4 3178 3182
. K* 3255 3278 -23 3347 3324
K 2989 2984 +5 3015 3020
SIK* 3305 3303 +2 3412 3414
1(5) SIK* 3283 3303 -20 3412 3392 3283/-20 3392
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TABLE V. The binding energies and the masses of every single channel and those of channel coupling for the
pentaquarks with 7 = 3/2. The values are provided in units of MeV.

1(J*) Channel E,, EModel Eg ES® E., E./Ep E.,
3(1) AD? 3288 3296 -8 3344 3336 2961/+2 2952
T K 2963 2959 +4 2950 2954
T K* 3281 3278 +3 3347 3350
TIK 3306 3303 +3 3412 3415
3(3) AD, 3249 3250 -1 3200 3199 2991/+2 3017
AD? 3289 3296 -7 3344 3337
T K* 3223 3278 -55 3347 3292
T K 2989 2984 +5 3015 3020
TIK 3307 3303 +4 3412 3416
1) AD? 3291 3296 -5 3344 3339 3259/-32 3307
SIK 3308 3303 +5 3412 3417

bound states estimations, the mass shift of every resonance
state is not very large, which indicates that the scattering
channel and bound-state channel coupling effect is not very
strong. The reason is that the mass difference between the
scattering channel and bound-state channel is large, about
100-300 MeV.

For the system with I(J”) =1 (1), the single channel
calculations indicate that £, K* and X K* can be bound
states with the binding energies to be 7 MeV and 20 MeYV,
respectively. From Fig. 1, one can find that the £.K* and
2%K* channels have strong attractive interactions, thus it is
not surprising to obtain the bound states in these two
channels and the RGM estimations are consistent with the
expectations of the effective potential analysis. In addition,
the estimations in Ref. [67] indicated that ¥ . K* with [(J*) =
1(37) could be a good candidate of charmed-strange
molecular state, which is consistent with our single channel
estimations. However, for the ND, and ND} channel, the
QDCSM estimations indicate that the attractions are rather
weak, and the eigenenergies obtained by single channel
estimations are above the threshold of ND; and NDj,
respectively. As for A K, A.K*, and X.K channels, the
potentials are repulsive, and thus the obtained eigenenergies
of these channels are all above the corresponding thresholds.
After considering the coupled channel effect, the obtained
energy for I(J”) =1(3) pentaquark state is 2784 MeV,
which is still above the threshold of the lowest physical
channel A.K, which indicates that there is no below-thresh-
old c¢snnn pentaquark state with 1(J*) =1 (37).

Furthermore, the potentials of the X.K* and X;K*
channels are attractive, and single-channel estimations also
indicate that there are bound states in these two channels
with their masses to be above the lowest threshold, thus,
these states can decay into the corresponding channels.
After including the coupled channel effect, these two bound
states may become the resonance states. To confirm this
possibility, we further investigate the scattering process of

the open channels to search the resonance states, which will
be discussed in the next subsection.

For the system with I(J")=1(3"), there are five
channels, which are NDj, A K*, £.K*, X;K and X;K*,
respectively. The single-channel estimations indicate that the
2.K* can be bounded with a binding energy of —23 MeV
due to the deep attractive interaction between X. and K*.
Nevertheless, we do not obtain a bound state in the N D} and
2iK* channel because their attractive interactions are not
strong enough. Noted that the eigenenergy of this system is
3016 MeV after including the coupled channel effects, which
is still higher than the threshold of the lowest channel £} K as
shown in Table IV. For the system with /(J*) =1(37), it
includes only one channel, which is 27 K*. From Fig. 1, one
can find the attractive interaction between X} and K* is very
strong, which leads to a bound state of £ K* with the binding
energy of —20 MeV.

For the system with /(J”) =3 (17), the strong attractive
interaction between A and D7 leads to a bound state of AD}
with the binding energy of 8 MeV, while in the other
channels, the single channel estimations indicate the penta-
quark states are all above the corresponding threshold. When
considering the coupled channel effect, the eigenenergy of
the csnnn pentaquark with 1(J¥) =3 (37) is 2952 MeV,
which is about 2 MeV above the threshold of the lowest
channel £ K. For the system with /(J*) =3 (37), there are
five channels as shown in Table V. The single-channel
calculations demonstrate that there are three bound states,
which are AD, AD? and £ .K*, and their binding energy are
—1, =7, and —55 MeV, respectively. This conclusion is
consistent with the behavior of the effective potential as
shown in Fig. 2. Besides, these three bound states can decay
into some open channels, and we can further check the nature
of these bound states in the scattering of these open channels,
which are presented in the next subsection. Moreover, the
coupled channel estimations indicate that the lowest energy

of c5nnn pentaquark states with /(J”) = 3 (37) is 3019 MeV,

3—
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FIG. 3. The transition potentials defined in Eq. (12) for different channels of the charmed-strange pentaquark systems with / = 1/2 in
QDCSM. (a) 1, 2, 3,4, 5, 6,and 7 stand for ND,, ND}, A K, Z:K*, A.K*, 2K, and Z.K*; (b) 1, 2, 3, 4, and 5 stand for ND}, A K*,
. K*, ZIK, and XK.
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FIG. 4. The transition potentials defined in Eq. (12) different channels of the charmed-strange pentaquark systems with 7 = 3/2 in
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which is higher than the threshold of the lowest physical
channel =} K. For the system with /(J¥) = 3 (37), the single-
channel calculations indicate that ADj} is a bound state with a
binding energy of —5 MeV, and the energy of X K" is
3417 MeV, which is 5 MeV higher than the corresponding
threshold. Furthermore, a bound state with the binding
energy of —37 MeV is obtained by the coupled channel
estimations.

As previously noted, channel coupling effects can
significantly impact the outcomes of a system. In the
present systems, the coupling between the calculated
S-wave channels occurs via central force. To better under-
stand the strength of channel coupling, we have computed
the transition potentials for these channels, as illustrated in
Figs. 3 and 4. For instance, we have taken the I(J*) =
%(%‘) system as an example. Figure 4(c) displays the
transition potentials for two channels, namely AD} and
2iK*. It is evident that the strong coupling among these
channels results in the binding of AD?.

In the above RGM calculations, we obtain two bound
states in the c3nnn pentaquark system with /(J*) =1(37)
and 3 (37), respectively. To further check the possibility of
those bound states, the low-energy scattering phase shifts of
these channels are investigated by the variational method.
The details of this method can be found in the Appendix.
The scattering length a, the effective range r(, and the
binding energy E); are calculated, which are presented in
Table VI. From Table VI, one can find the scattering length
of ZXK* and ADj are all positive, and the binding energy
obtained by the variational method, E%, of those two states
is close to the binding energy Ejp obtained by RGM
calculations, which further confirm the existence of bound
states. Moreover, from Fig. 5, it is obvious that the low-
energy phase shifts of the £;K* with 1(J*) =1(37) and
AD; with I(J*) =3(37) in the coupled channel estima-
tions can reach up to 180 degrees at E,. ,, ~ 0 and decreases
rapidly with E., increasing. Such behaviors also indicate

the existence of bound states.

C. Possible resonance states

As indicated above, some bound states can be obtained
in the single-channel calculation due to the attractive
interactions between hadron pairs. These states can decay
into the corresponding open channels, which may lead to
some resonance states. To further check the existence of the
resonance states, we studied the scattering phase shifts of

TABLE VI. The the scattering length a, the effective range r
and the binding energy E’; determined by the variation method.

Channel ro (fm)

ZiK* 2.06 0.98
AD; 2.00 1.00

ag (fm)

~
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~
3
~

Ely (MeV)

—23.8
=34.7

—~
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FIG. 5. The phase shifts of the ;K* with /(J*) =1(37) and

AD; with I(J?) =3 (37) in the coupled channel estimations.

all possible open channels in the QDCSM, which are
shown in Figs. 6 and 7. In addition, the mass and width of
the possible resonance states are also calculated and listed
in Table VII. The current calculation applies only to the
decay of S-wave open channels due to the negligible widths
of the higher partial waves.

For the I(J”) =1 (}7), our estimations demonstrate that
two bound states, X.K* and X7 K*, are available in the single
channel calculations. According to Table IV, the possible
decay channels of these two bound states are ND,, ND7},
A.K, A,K*, and £.K. So we analyze the scattering phase
shifts of three-channel coupling with two bound states and
one of the corresponding open channels. From Fig. 6(a), one
can find there is no resonance state in the scattering phase
shifts of ND and A.K channels, but the phase shifts of the
NDj;, A.K*, and Z.K channels indicate that there is one
resonance state, which means that there is a X .K* resonance
in these three channels. On the contrary, the X} K* bound state
vanishes due to the channel coupling effect pushing it above
the threshold. The resonance mass and decay width can be
obtained from the shape of the resonance. Here, in order to
minimize the theoretical errors and compare our predictions
with future experimental data, we shift the resonance mass by
mpr = M — Ey, + Eyp. The estimated masses and widths of
the resonances in different channels are listed in Table VII,
which is myp = (3342-3346) MeV and 'y = 25.5 MeV.
From Table VII, one can find that the mass shifts of the
resonance mass in the different channels are small, which
indicates that the scattering channel and bound state channel
coupling effect is not strong due to the large mass difference
between the scattering channel and bound state channel.

For the states with /(J7) =1 (37), the £.K* bound state
can decay into three open channels, which are NDj, A .K*,
and X} K, respectively. The scattering phase shifts of two-
channel coupling with a bound state channel and one of the
open channels are calculated, and the results are shown in
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FIG. 6. The phase shifts of the open channels with 7/ = 1/2 in QDCSM depending on the sum of the corresponding theoretical

threshold of the open channel and the incident energy.

Fig. 6(b). The X.K* resonance state can be found in the
scattering phase shifts of XK but not in scattering phase
shifts of other channels. From Table VII, the resonance
mass and decay widths are estimated to be 3333 and
3.3 MeV, respectively. For the state with 1(J") =1(37),
there is only one channel. From Fig. 6(c), one can find that
the phase shift is close to 180° as M ~ 0 MeV, which
implies that this state is a bound state rather than a resonant
state when we only consider the scattering process under

S-wave, which further confirmed the existence of X;K*
bound states with 1(J”) =1 (37).

For the c¢5qqq pentaquark states with [ = 3/2, the
behavior of the scattering phase shifts of the open channel
is presented in Fig. 7. There is only one bound state, AD5,
in the single-channel calculation with the binding energy of
—8 MeV for JP = 1/2 system. This bound state can decay
into the open channel X.K. From the analysis the scattering

phase shifts of J© = %‘ in Fig. 7(a), one can find a AD;
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FIG. 7. The phase shifts of the open channels with 7 = 3/2 in QDCSM depending on the sum of the corresponding theoretical
threshold of the open channel and the incident energy.
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TABLE VII. The masses and decay widths (in the unit of MeV)
of resonance states with the difference scattering process. mp
stands for the modified resonance mass. I" is the partial decay
width of the resonance state decaying to an open channel. 'y is
the total decay width of the resonance state.

Three channel coupling

G

z.K* ZiK*
Open channels mp r mpg r
ND, e .
ND; 3344 5.1
AK . .
AK* 3346 1.4
. K 3342 19
1—‘Total 255

Two channel coupling
1J7)=3() 1(J7) =3(3)

> .K* AD;
Open channels mpg r mpg r
ND}
AK* .
XK e 3343 0.01
XK 3333 3.3 : .
I rotal 3.3 0.01

resonance state in X£.K channel with a mass and width of
3343 and 0.01 MeV, respectively. For the J¥ = %‘ system,
the single channel estimations find three bound states,
which are ADg, AD? and X _.K*, respectively. These bound
states can only decay into the open channel 7K. So in the
present work, a four-channel coupling estimation is con-
sidered. From Fig. 7(b), no resonance states appear in the
scattering phase shifts of XK, which reveals that the bound
states AD,, AD} and X_.K* become scattering states
through the four-channel coupling. For the J* = %‘ system,
although the AD;] is a bound state in the single-channel
calculation, this channel cannot decay into ;K" due to the
kinematic limit. The phase shifts of ADj is presented in
Fig. 7(c), the behavior of which is similar to that of the
T:K* with I(JP) = 1 (37), which indicates the bound state
nature of ADj}.

It should be noted that A-baryon and K* meson are broad
resonances with widths on the order of 100 MeV and
approximately 50 MeV, respectively. The A baryon domi-
nantly decays into Nz, while the K* meson dominantly
decays into Kz, and accordingly the three body decays
should have significant contributions to the widths of the
resonance states. Thus, the resonance states predicted in the
present estimations should be much broader.

IV. SUMMARY

Recently, the LHCb Collaboration reported their obser-
vations of the 7%,(2900) "+ and T¢,(2900)° in the D{ z*
invariant mass spectrums. Inspired by these newly discov-
ered exotic states candidates, we investigate the charmed-
strange pentaquark states csnnn by using the RGM in the
framework of QDCSM. Herein, the effective potentials are
estimated to explore the interactions of individual channels
in different 7(J¥) quantum numbers systems. The single
channel and coupled channels calculations are carried out
to find the possible bound states. Our estimations show that
there are two bound states for the charmed-strange penta-
quark system with /(J*) quantum numbers to be § (3~) and
3(37), respectively. The masses are estimated to be

3392 MeV for the pentaquark state with 1(37) and
3307 MeV for the state with 3 (37).

Apart from the bound states, the scattering phase shifts
are also estimated to search for the possible resonance
states. The present estimations indicate that there are three
resonance states in the csnnn pentaquark system. The X . K*
resonance state with /(J¥) =1(37) can be found in the
scattering phase shifts of ND3, A.K* and £.K channels,
and the mass and width are (3342-3346) MeV and
25.5 MeV, respectively. The £.K* resonance state with
1(JP) = 4 (37) can be observed in the Z; K channel with the
mass and width to be 3333 and 3.3 MeV, respectively. In
addition, a AD* resonance state with /(J*) =3 (37) is also
visible in the scattering phase shift of the X.K channel, and
the mass and width of this resonance state are 3343 and

0.01 MeV, respectively.
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APPENDIX: RESONATING GROUP
METHOD FOR BOUND STATE AND
SCATTERING PROBLEMS

In the present work, We perform bound state calculations
as well as scattering calculations for the ND, system by
using the RGM in QDCSM. The issue of this approach is
how to deal with the two-body problem. In this method,
when dealing with the two-cluster system, one can only
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consider the relative motion between the clusters, while the
two clusters are frozen inside. So the wave function of the
baryon-meson system is

(A1)

Y= ZA[[Q%A@A’A'A)&B(.”BH[G]IS ® 1. (Ryp)].

where L stands for the orbital angular momentum and the
symbol A is the antisymmetry operator, which can be
defined as

A=1=Piy— Py — Py, (A2)

where 1, 2, and 3 stand for the quarks in the baryon cluster,
and 4 stands for the quark in the meson cluster. ¢, and ¢

are the internal cluster wave functions of the baryon A and
meson B:

~ 2 3/4 1 3/4 _pa 042
hn=(5ep) (o) <

N 1 \34 _m )
o5 = ) ¢ wnr,Spép,

where 7;, S, and & represent the flavor, spin, and internal
color terms of the cluster wave functions, respectively. p,
and A4 are the internal coordinates for the baryon cluster A
and pjp is the internal coordinate for the meson cluster B.
The Jacobi coordinates are defined as follows:

(A3)

(A4)

Pa =T1—T12, PB =T4 —Ts,
1
Ay 273—5(1'1 + 1),

1

1
RAzg("l‘H‘Z‘f"‘s)v RBZE("4+75)’
3 2
RAB - RA —RB, RG - gRA +§RB (AS)

From the variational principle, after variation with respect
to the relative motion wave function y(R) = >, y1(R),
one obtains the RGM equation,

[ HR R R)R) = E [ NRRZR)AR). (20

where H(R,R') and N(R,R’) are Hamiltonian and norm
kernels, respectively. The eigenenergy E and the wave
functions are obtained by solving the RGM equation.
Generally, one can introduce generator coordinates S, to
expand the Lth relative motion wave function y; (R) by,

“In the present estimation, only the S-wave bound state is
considered, i.e., L = 0.

w5 S,

x / exp{ 522 (R - sm)} YL(S,,)dS,,

1 R N

=3¢, B Sy (A7)
m=1
with
6 3/4 —3.(R-S,)
(R.S,)) \/4-_77,'(5”[92) Re 57

L . 6

x mbj, ZWSm , (A8)

where C,, is expansion coefficients, n is the number of the
Gaussian bases, which is determined by the stability of the
results, and j; is the Lth spherical Bessel function. Then
the relative motion wave function y(R) is

Z(R)Z\/%—ﬂz<%>3/4

« Zcm / B RSPYLS Va8, (A9)
After the inclusion of the center of mass motion,
5\34 _s
O;(Rg) = (—2) A (A10)
b

the total wave function in Eq. (A1) can be rewritten as,

3 5
Way =AY Co [ J%cha(sm) T[@s(=S,)

p=4

W E(A)E(B)F,  (AlT)

X [[WIASAﬂIBSB]ISYL(
where ®,(S,,) and ®4(-S,,) are the single-particle orbital
wave function with different reference centers, for which
the specific form can be seen in Eq. (11).

With the reformulated ansatz as shown in Eq. (A11), the
RGM equation becomes an algebraic eigenvalue equation,

D _CruHif = EY CNfy  (A12)
JL j

where N ZL; and H ﬁ}L/ are the overlap of the wave functions
and the matrix elements of the Hamiltonian, respectively.
By solving the generalized eigenvalue problem, we can
obtain the energies of the pentaquark E and the corre-
sponding expansion coefficient C;;. Finally, the relative
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motion wave function between two clusters can be obtained
by substituting the C;; into Eq. (A7).

For a scattering problem, the relative wave function is
expanded as

" (R )
:ZcmMYL(R), (A13)
m=1 R
with
~ (R S )7 {amuL(R’Sm)v RSRC
I I (6, R) = s,h; (K R)Ryp. R >R
(A14)

where u; is presented Eq. (A8), hy is the Lth spherical
Hankel functions, k is the momentum of the relative motion
with k = \/2ukFE;,, u is the reduced mass of two hadrons of
the open channel, E,, is the incident energy of the relevant
open channels, which can be written as E;, = E, — Ey,
with E,, and E,;, denote the total energy and the threshold
of open channel, respectively. R is a cutoff radius beyond
which all the strong interaction can be disregarded.
Besides, a,, and s, are complex parameters that are
determined by the smoothness condition at R = R- and
C,, satisfy X' | C,, = 1. After performing the variational
procedure, a Lth partial-wave equation for the scattering
problem can be deduced as,

> LEC,=MEHi=0.1....n=1), (AlS5)
m=1
with
Eth - ’CL ICtLO Kém + ’COO’ (A16)
ME = Ky = K. (A17)
and
~ (RS,
<¢A¢BMYL<R'>|H E o (AlS)
a0 ﬁL(R7Sm) L

By solving Eq. (Al5), we can obtain the expansion
coefficients C,,, then the S-matrix element S; and the phase
shifts §; are given by

Sy = 1Sp]e¥ =" Cpusy. (A20)

m=1

Finally, the cross section can be obtained from the scatter-
ing phase shifts by the formula,

Ar

oL =13 — (2L + 1)sin?5; . (A21)

Based on the single-channel scattering calculation dis-
cussed above, we can also to take into account the coupled
channels effect. First, we can write the total wave function
as

P =34 0,00 (R)).  c=(ap). (A22)

where y represents all two-body channels. The asymptotic

behavior of 4\ (R,) is,

R,>RY,
(A23)

;(ﬁc)(Ry):;A_)( Kys 7)5Y¢+SJ’C){§’ >(K7’Rr)

where S, means the S-matrix element of ¢ — y; ;(§i) can

be written as
(i) for the open channel

(£) R ) (c)
Xy (K},,R},) = ﬁhl‘V (K‘y,R},), R, > Ry s
(A24)
(i) for the close channel
+ + c
(6. R) =W (k,.R,). R,>Rf,  (A25)

where v, is the relative rate of motion, v, = hx,/u,, k,, and
#, stand for the momentum of the relative motion with y
channels and the reduced mass of the two hadrons. Besides,

the discussion of W(Ljy:)(K}, R,) can be found in Ref. [100].
Similar to the single channel scattering phase shift
approach, we first introduce the trial wave function ¥,

(c)
N+ Qe =(ap),

(A26)

where Q,, denotes the decay amplitude without the

forward term. ;(ict)(R},) is the trial wave function for the

relative motion orbit, which can be written as

R, >R
(A27)

BVR) =27 (k)R )8 e+ S,es (K, R,),

Here, )(5,,( R,) can be expanded with a series of known

wave functions:
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ny
HIR) = "CraR),  (c=ap)  (A28)
i=0
with
Prixi(R,), R, <Rj.
)(yi(Ry) = =) 4 ¢
Xy (K‘y,R},) + 5,0, (K},,Ry), R, > R;.
(A29)

Because y,;(R,) is a continuous wave function, the wave
function and the derivative of the wave function are also
continuous at R, = Ry,

P (RS) =217 (ky RE) + s, (i, RY). - (A30)
Dyi d;i )(yz( y)|R,:R;‘

mw>wwwww,wn

so p, and s, can be obtained. According to the

Eqgs. (A27)-(A29), we can obtain

ny
Z Ci? = e, (c=a.p) (A32)
i=0

and
ZC}’I Syi = Syeu-(¢ = @, p) (A33)

In the same way as when calculating the single channel, we
end up with two systems of linear equations

no
SN LisiC5 Ly bh = MY (A34)
5 j=1
noé ]
SN L5 Cy+ BL, b = MY (A35)
5 j=1

where L,; 5;, Ly; ,» L, 55, and L, ,, whose expressions can be
found in Ref. [100]. By solving the system of Eqs. (A34)
and (A35), C./
substituting into Eq. (A33), we can obtained the approxi-
mate S-matrix element S, ,. Finally based on the single
channel scattering approach, the S-matrix element Sg,
can be written as

and bic) can be obtained, and then

ny
Sﬂa,st = Sﬁa,t |:Z Z KﬂO J/lez + X KﬂO yb(a) s

(A36)

where Kp,; and Kp, can be found Ref. [100].

Next how to obtain the scattering phase shifts needs to be
discussed in different cases. Take two channels coupling as
an example, if one of these two channels is an open channel
and the other is a closed channel, then we study the
scattering phase shifts after this open channel is affected
by the closed channel, and we can use Eq. (A20) to get the
scattering phase shifts. For the better understanding, we
take ADj;+X.K channel coupling calculation with
I(JP) =3 (}7) as an example. Here AD; is the resonance
state and X_.K is the open channel. In the scattering phase
shifts calculation of X_.K without incorporating ADj}
channel, the phase shifts will be a a smooth curve, the
phase shift varies gently with the increasing incident
energy. However, as shown Fig. 7(a), the phase shifts of
2.K show a structure in the AD} + Z.K two-channel
coupling calculation, the phase shifts will rise rapidly at
some energies. the change will exceed 180°. The incident
energy corresponding to the phase shift at 90° is the energy
of the resonance state, and the difference between the two
incident energies corresponding to the 45° and 135° of the
phase shifts is the decay width.

If there are two open channels, we can use the above
method to calculate four matrix elements: S;;, S», S»;, and
S,,. These four elements can be arranged into a 2 x 2 matrix,
which can be diagonalized to obtain two eigenvalues,
representing the S-matrix elements of the two open channels.
These eigenvalues can be substituted into Eq. (A20) to obtain
the scattering phase shifts of the two channels.

In addition, based on Eq. (A20), we can obtain the
scattering length a, and the effective range r( at the low-
energy scattering phase shift by,

keotd, = -+ 1 rld + O(KY),  (A37)
[Z%) 2
where k = \/2uE,. ,,, u and E_,, are the reduced mass of
two hadrons and the incident energy, respectively.
According to above results, the wave number « can be
available by the relation [101],

2 1
ro=—(1—-——1.
a aag

Finally, the binding energy EY is calculated according to
the relation,

(A38)

(A39)
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