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Prediction of P, states in a quark model

Ye Yan,'* Hongxia Huang®,"" Xinmei Zhu,>" and Jialun Ping"*
'School of Physics and Technology, Nanjing Normal University,
Nanjing 210097, People’s Republic of China
2Department of Physics, Yangzhou University, Yangzhou 225009, People’s Republic of China

® (Received 10 December 2023; accepted 7 February 2024; published 29 February 2024)

Inspired by the observation of hidden-charm pentaquark P, and P, states by the LHCb Collaboration,
we explore the gqccc (¢ = u or d) pentaquark systems in the quark delocalization color screening
model. The interaction between baryons and mesons and the influence of channel coupling are studied in
this work. Three compact ggccc pentaquark states are obtained, whose masses are 5259 MeV with
I1(JP) =0(1/27), 5396 MeV with I(JF) = 1(1/27), and 5465 MeV with I(J) =1(3/27). Two
molecular states are obtained, which are I(J”)=0(1/27)A.J/w with 5367 MeV and I(J") =
0(5/27) E:.D* with 5690 MeV. These predicted states may provide important information for future

—cc

experimental search.
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I. INTRODUCTION

In recent years, regarding the exotic hadron studies, one
of the most noteworthy experimental progresses is the
observation of the hidden-charm pentaquark states, which
brings great interest in pentaquark investigations. In 2015,
the LHCb Collaboration reported two states P,.(4380) and
P.(4450) in the J/wp invariant mass spectrum of A9 —
J/wK~p [1]. Subsequently, the LHCb Collaboration
updated their results in 2019, a new state P.(4312) was
proposed, and the P.(4450) was split to P.(4440) and
P.(4457) [2].

Before the LHCb collaboration’s observations, several
theoretical works have predicted the existence of the
hidden-charm pentaquark states [3-6]. After the experi-
mental report, a wide range of theoretical researches on
these P, states were initiated [7-75]. These states have
been investigated using the quantum chromodynamics
(QCD) sum rules [7-17], light-cone QCD sum rules [18],
effective Lagrangian approach [19-26], chiral Lagrangian
approach [27,28], chiral perturbation theory [29], quasi-
potential Bethe—Saltpeter approach [30,31], chiral unitary
approach [32], effective field theory [33,34], heavy quark

*Corresponding author: hxhuang @njnu.edu.cn
TCorresponding author: xmzhu@yzu.edu.cn
£221001005 @njnu.edu.cn

$jlping @njnu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2024/109(3)/034036(14)

034036-1

spin symmetry [35-38], triangle singularity [39-42],
Giirsey-Radicati inspired mass formula [43], constituent
quark model [44-52], one-boson exchange model [53-56],
color flux-tube model [57], topological soliton model [58],
color-magnetic interaction model [59,60], molecular
models [61-65], and various other models [66-68]. In
addition, the production mechanism of these states is also
investigated in Refs. [69-72]. Given the near-threshold
nature of the P, states, most of the theoretical works
interpret them as molecular states. For instance, in
Ref. [55], the authors performed a direct calculation using
the one-boson exchange model and explicitly demonstrated
that the P.(4312), P.(4440), and P.(4457) correspond to
the loosely bound £.D with (I = 1/2, J¥ =1/27), £.D*
with (I =1/2, JF =1/27), and X.D* with (I =1/2,
JP =3/27), respectively. More detailed reviews on the
P, states can also be found in Refs. [76-78].

In 2020, the LHCb collaboration reported a 3¢ hidden-
charm strange pentaquark structure P (4459) in the 5, —
J/wAK~ decay [79]. In 2022, the LHCb Collaboration
reported their results about the B~ — J/wAp decay, which
indicates the existence of a new hidden-charm strange
pentaquark state P.,(4338) [80]. Given that the mass of
the P.(4459) and P, (4338) is close to the threshold of
E.D* and 2D, respectively, it has led to various theoretical
studies on the P, states [81-119]. These states have
been investigated in the framework of the QCD sum rules
[81-86], light-cone QCD sum rules [87-89], effective field
theory [90-93], effective Lagrangian approach [94-97],
quasipotential Bethe-Salpeter equation approach [98,99],
triangle singularity [100], heavy quark spin symmetry [101],
coupled channel unitary approach [102], constituent quark
model [103-106], one-boson exchange model [107-110],
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the color-magnetic interaction model [111], color flux-tube
model [112], zero-range model and the Flatté model [113],
and other models [114—118]. One of the focuses of these
theoretical works is to determine the structure of the P,
states. For the P, (4459), conclusion of molecular con-
figuration is supported in Refs. [81,84,90,93-96,98,101,
102,104,106—-109], while there are also theoretical works
that interpret the P.,(4459) as a compact pentaquark
[82,83,111,112]. For the P,_(4338), molecular configura-
tion is preferred in Refs. [85,86,93,99,101,104,109,114].
However, it can be interpreted as udscc compact penta-
quark state according to Ref. [111]. Determining the
structure of different states in the same theoretical frame-
work is a meaningful subject. According to the QCD sum
rules results of Refs. [83,86], the compact pentaquark
nature of diquark-diquark-antiquark form with J* = 1/2~
is favored for the P, (4459) state, and the Z.D molecular
nature with J* = 1/2~ is favored for the P, (4338) state.

Given the existence of the P. (gqqcc) and P, (ggscc)
states, one may wonder if there are other types of
pentaquark states that contain a pair of cc. If the strange
quark in the P, state is replaced by the charm quark, it is
interesting to explore if there exists the P, state (ggccc).
Additionally, according to Ref. [120], P,.. state can also be
named P$C and P,,z,c based on the isospin. Several theoretical
studies have been carried out concerning the (gggqcc)
system [121-125]. In Refs. [122,124], the E..D, E..D*,
E..D;, and E..Dj interactions are studied from molecular
picture by using the one-boson exchange model, and
several possible states were found, which are Z..D* with
1(JP) =0(1/27), B, D, with I(J?) = 0(1/2%,3/2%), and
E..D; with I1(J?) =0(3/2%,5/2"). In Ref. [123], the
scalar-diquark-scalar-diquark-antiquark type current is con-
structed to interpolate the P..z,, pentaquark states with
JP = 1/2%. In Ref. [125], in the framework of the color-
magnetic interaction model, the ggccc (¢ = u, d) with
I(JP) = 0(5/27) is determined to be a possible stable state.

The quark delocalization color screening model
(QDCSM) was developed with the aim of explaining the
similarities between nuclear and molecular forces [126].
This model gives a good description of the NN and YN
interactions and the properties of deuteron [127-130]. It is
also employed to calculate the baryon-baryon and baryon-
meson scattering phase shifts, and the exotic hadronic states
are also studied in this model [131]. Studies show that
color screening is an effective description of the hidden-
color channel coupling [132,133]. When the LHCb col-
laboration reported the P. states for the first time, the
QDCSM is employed to study this system and seven states
are obtained [50,51]. Three of them can be used to explain
the updated results of P, states reported by the LHCb
collaboration in 2019. Therefore, it is feasible and mean-
ingful to extend this model to investigate the ggccc
pentaquark system.

In this work, we systematically investigate the ggccc
pentaquark systems in order to find the possible states.
First, the effective potential is studied to understand the
interaction between baryon and meson. The five-body
system is calculated by means of the resonating group
method to search for bound states. The influence of channel
coupling is discussed based on the current results. In
addition, we calculate the scattering phase shift to examine
the possible resonance states.

This paper is organized as follows. After introduction,
the details of QDCSM are presented in Sec. II. The effec-
tive potential, the bound-state calculation, and the scatter-
ing process are presented in Sec. III, along with the
discussion and analysis of the results. Finally, the paper
ends with a summary in Sec. IV.

II. QUARK DELOCALIZATION COLOR
SCREENING MODEL (QDCSM)

The QDCSM is an extension of the native quark cluster
model [134-137]. It has been developed to study the
multiquark systems, e.g., udsc [138], sscgq [139], and
AA dibaryon [140]. The detail of the QDCSM can be found
in Refs. [126-130,132,133,141,142]. In this section, we
mainly introduce the salient features of this model. The
general form of the pentaquark Hamiltonian is given by

5 2 5
D;
H=Y" (ml- +2m,) T+ 3 V), (1)
i=1 t

Jj>i=1

where m; is the quark mass, p; is the momentum of the
quark, and 7', is the center-of-mass kinetic energy. The
dynamics of the pentaquark system is driven by a two-body
potential

V("ij) = VCON(rij) + VOGE(rij) + V)((rij)' (2)

The most relevant features of QCD at its low energy
regime—color confinement (V qy), perturbative one-gluon
exchange interaction (Vogg), and dynamical chiral sym-
metry breaking (V,)—have been taken into consideration.

Here, a phenomenological color screening confinement
potential (Vo) is used as

Veon(rij) = —achf - A5[f(ri;) + Vol

2

I i, joccur in the same cluster,

flrij) =

l_e_"‘liqu%j .o . .
=¢——_ i, joccur in different cluster,

(3)

where a, V, and u,, g, are model parameters, and A¢ stands

for the SU(3) color Gell-Mann matrices. Among them, the
color screening parameter /i, 4 is determined by fitting the

Hajqj
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deuteron properties, nucleon-nucleon scattering phase
shifts, and hyperon-nucleon scattering phase shifts, respec-
tively, with p,, = 0.45, p e = 0.19, and pz; = 0.08 fm=2,
satisfying the relation—,ués = fqqhss [143]. Additionally,
we found that the heavier the quark, the smaller this para-
meter fy, g . When extending to the heavy-quark system, the
hidden-charm pentaquark system, we took .. as an
adjustable parameter from 0.01 to 0.001 fm~2, and found
that the results were insensitive to the value of pu.. [50].
Moreover, the P, states were well predicted in the work
of Refs. [50,51]. So here we take u.. = 0.01 and p,. =
0.067 fm~2, also satisfying the relation—,uét, = Hgqhge-
In the present work, we mainly focus on the low-lying
negative parity gqccc pentaquark states of the S-wave,
so the spin-orbit and tensor interactions are not included.
The one-gluon exchange potential (Vogg), which includes
Coulomb and chromomagnetic interactions, is written as

1 e
Voer(rij) = Zasq[qj}ﬁ " A

1 = 1 1 4o, - 0 ;
—=Z8r ) =+—=+—"L)|, 4

1

where o is the Pauli matrices and a, is the quark-gluon
]

coupling constant.

However, the quark-gluon coupling constant between
quark and antiquark, which offers a consistent description
of mesons from light to heavy-quark sector, is determined by
the mass differences between pseudoscalar mesons (spin-
parity J¥ = 07) and vector (spin-parity J* = 17), respec-
tively. For example, from the model Hamiltonian, the mass
difference between D and D* is determined by the chro-
momagnetic interaction in Eq. (5), so the parameter a;_ is
determined by fitting the mass difference between D and D*.

The dynamical breaking of chiral symmetry results in the
SU3) Goldstone boson exchange interactions appear
between constituent light quarks u, d, and s. Hence, the
chiral interaction is expressed as

V)((rij)

Among them

=V, (rij) + Vi(ry) +V,(r;). (5)

2
9 myz
( ij) =ch

4z 12m;m; Az—m

-2y a0 o) - (©)

a=1

5 My [Y

gch m%( A2
4z 12m; m; A

Vg(r;;) = 5 Mg [Y(mKl‘ij)

_mK

3 7
—’[;—g;Y(AKrij)] (6;-6/)> (Ar-29). (7)

a=4

Gon_ My Ny A
Vﬂ(rij) = H lzmlmj A% — m% m,] Y(mnrij)— m_;J; Y(Anri/’)

x (6;-6;)[cos0, (A -A%)—sind,(A)-A9)].  (8)

where Y (x) = e¢™*/x is the standard Yukawa function. The
physical 7 meson is considered by introducing the angle 6,
instead of the octet one. The A* are the SU(3) flavor Gell-
Mann matrices. The values of m,, mg, and m, are the
masses of the SU(3) Goldstone bosons, which adopt the
experimental values [144]. The chiral coupling constant g,
is determined from the zNN coupling constant through

@ _ E 2972[NN mg,d (9)
4z 5 4 mjzv'

Assuming that flavor SU(3) is an exact symmetry, it will
only be broken by the different mass of the strange quark.
The other symbols in the above expressions have their
usual meanings. All the parameters shown in Table I are
fixed by masses of the ground-state baryons and mesons.
Table II shows the masses of the baryons and mesons
used in this work. Since it is very difficult to fit well all
ground-state hadrons with limited parameters, we give
priority to fitting lighter baryons and mesons when setting
parameters. As a result, the mass gaps between theoretical
and experimental values of heavier baryons and mesons
are larger.

In the QDCSM, quark delocalization was introduced to
enlarge the model variational space to take into account the
mutual distortion or the internal excitations of nucleons in
the course of interaction. It is realized by specifying the
single-particle orbital wave function of the QDCSM as a
linear combination of left and right Gaussians, the single-
particle orbital wave functions used in the ordinary quark
cluster model

W{I(Si’ 6) = (¢(1(Si) + €¢(l(_si))/N(€)’
wp(=Si.€) = (pp(=Si) + es(Si))/N(e),
N(S;€) = V1 + € + 2ee~5/4*, (10)
TABLE I. Model parameters used in this work: m, = 0.7,

mg =251, m, =277, A, =42, Ag =52, A, =52 fm",
2,/ (4m) = 0.54.

Vo

mq me Voqq 94 ac
b(fm) MeV) MeV) (fm2) (fm™2) ( MeVfm™2)
0.518 313 1788 —1.288 0.207 58.03
as;q as,—(. Sqq as,,, as,.,
1.970 2.357 0.524 0.467 0.213
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TABLE II. The masses (in MeV) of the baryons and mesons.
Experimental values are taken from the Particle Data
Group [144].

Hadron 1(J%) MEx® MTheo
D 1/2(07) 1869 1869
D* 1/2(17) 2007 2007
N, 0(07) 2984 2984
J/w 0(17) 3097 3013
N 1/2(1/2%) 939 939
A 3/2(3/2%) 1232 1232
A, 0(1/2%) 2286 2286
z. 1(1/2%) 2455 2465
z 1(3/2%) 2490 2518
Eee 1/2(1/2%) 3621 3766
B 1/2(3/27) 3791

It is worth noting that the mixing parameter € is not an
adjusted one but determined variationally by the dynamics
of the multiquark system itself. In this way, the multiquark
system chooses its favorable configuration in the interact-
ing process. This mechanism has been used to explain the
crossover transition between the hadron phase and quark-
gluon plasma phase [145].

In addition, the dynamical calculation is carried out
using the resonating group method and the generating
coordinates method. The details of the two methods are
presented in the Appendix, and the way of constructing
wave functions can be seen in Ref. [146].

III. RESULTS AND DISCUSSIONS

In the present calculation, we systematically investigate
the S-wave gqccc (¢ = u or d) pentaquark systems in the
framework of the QDCSM. The quantum numbers / = 0
and 1, JP =1/27,3/27, and 5/2~ are considered. First,
we study the effective potential of each channel, which is
presented in the Figs. 1 and 2. Moreover, to find out if
there exists any bound state, we carry out a dynamic bound-
state calculation of both single-channel and channel cou-
pling. The root mean square (rms) of cluster spacing of
the obtained state is calculated to determine the spatial
configuration. Additionally, the scattering process is also
studied to search for the resonance state, and the detail of
this process is introduced in the Appendix. In addition, we
further investigate the influence of different interaction
terms in the effective potential and their contribution to the
binding energy, to explore the nature of the obtained states.
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FIG. 1. The effective potential of ggccc system with I = 0.
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FIG. 2. The effective potential of ggccc system with 1 = 1.
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A. Effective potential

Since an attractive potential is necessary for forming a
bound state, we first calculate the effective potential. It is
defined as V(S;) = E(S;) — E(o0), where S; stands for the
distance between two clusters. E(S;) and E(oco) are the
energies of the system at the generator coordinate S;
and at a sufficient large distance, respectively. E(S;) is
obtained as:

(s, (Si)|H|Ws,(S;))
(Wsq(Si)|¥sy(S:)

E(S,) = (1)

where Ws,(S;) represents the wave function of a certain
channel, (Ws,(S;)[H|¥s,(S;)) and (¥s,(S:)[¥s,(S;)) are
the diagonal matrix element of the Hamiltonian and the
overlap of the system. In order to investigate the interaction
between baryons and mesons, the effective potential of
each channel with different quantum numbers is presented
in Figs. 1 and 2. In addition, after channel coupling, the
lowest energies are chosen to draw the effective potential of
the coupled-channel.

For the I(J¥) = 0(1/27) system, in Fig. 1, there are five
physical channels: the Ay, AJ/y, E..D, E..D*, and
E:.D*. One can see that the effective potentials of the A7,
and Z:.D* channels are purely repulsive. Therefore, the
A, and E!.D* cannot form bound state in the single
channel calculation due to the lack of attraction. Addi-
tionally, the effective potentials of the Z..D and Z..D*
show weakly attraction at about 1.2 fm, but have relatively
large repulsion at close range. Quantum mechanics tells us
that the distance between two clusters is probabilistic from
close range to large range, so both interactions at close
range and medium range play a role in the formation of
state. In this case, the Z..D and E..D* are difficult to form
bound state. As for the A.J/y, the effective potential at
medium range is attractive and there is no repulsion at close
range. It is likely for the A.J/y to form a bound state and a
dynamic calculation is carried out in the next subsection.
After channel coupling, there is a strong attraction, indicat-
ing that the coupled-channel is likely to be bound.

For the I(J7) = 0(3/27) system, the 2..D*, Z:.D, and
=:.D* show very weak attraction, which is not enough
to form a bound state. The effective potentials of the A7,
and coupled-channel are all purely repulsive. Besides, one
might wonder why the effective potential of the coupled-
channel is not the lowest one. This is because effective
potential is obtained as V(S;) =E(S;) — E(c0), where E(oo)
of different channel is different. Although the E(S;) of the
coupled-channel the lower than that of every single
channel, the E(co) of the coupled-channel is also the
lowest one. Therefore, sometimes the effective potential
of the coupled-channel is not the lowest one. Moreover, for
the 1(JP) = 0(3/27) system, the main composition of the
coupled-channel is the A.J/y. Compared with the A_.J /y,

the repulsion of the coupled-channel is not as strong, but it
still cannot form a bound state.

Since our current calculation is based on the S-wave
system (L = 0), there is only E!.D* can be coupled to a
system with 7(J”) = 0(5/27). And there is no need for
channel coupling. One can find that the effective potential
is attractive at medium range, indicating that it is possible to
form a bound state.

For the 1(J”) = 1(1/27) system, there are six channels,
which are the .., .J/y, Z:J/y, B..D, E.D*, and
E:.D*. Only the Z:J/w shows a weak attraction, and the
repulsion at close range is also very weak, making it still
possible to be a bound state. After channel coupling, the
attraction of coupled-channel is deepened and there is
almost no repulsive interaction. It is likely for the ggccc
with I(J*) = 1(1/27) to form bound state.

For the I(J¥) = 1(3/27) system, the effective potential
of all single-channels are repulsive. However, the coupled-
channel show an obvious attraction, which may result in a
bound state. As for the I(J¥) = 1(5/27) system, there are
two channels the X:J/y and E!.D*. The two channels
together with the coupled-channel are all purely repulsive.
Therefore, the ggcce with 1(J¥) = 1(5/27) cannot form
any bound state.

B. Bound-state calculation

In order to confirm whether any state with attractive
interaction can form a bound state, a dynamic calculation is
carried out in this part. The numerical results of penta-
quark systems with different quantum numbers are listed
in Table III. The first column headed with I(J¥) is the
quantum number of each system. The second column
headed with “Channel,” gives the physical channels
involved in the present work. The third column headed
with Ey, refers to the theoretical value of noninteracting
baryon-meson threshold. The fourth column headed with
E . shows the energy of each single channel. The values of
binding energy Ep = E . — EI'® are listed in the fifth
column only if Eg < 0 MeV. Otherwise there will be “Ub,”
which represents that the system is unbound. The exper-

imental threshold Eﬁ:‘p, which is the sum of the exper-
imental masses of the corresponding baryon and meson,

and the corrected mass E' = Eﬁfp + Eg are given in the
sixth and seventh columns, respectively. After channel
coupling, the lowest energy of coupled-channel E_.. and
the corresponding binding energy Ep is listed in the eighth
column. Finally, the corrected mass of coupled-channel E,
is given in the last column. The definitions of £, and Fy in
channel coupling calculation are similar to that in single-
channel calculation. When we deal with the mass correc-
tion of the coupled-channel, a modified formula [147,148]
is used—El = Eq + 30, palESP(n) — ET¥(n)], where
pn is the proportion of nth physical channel. In addition,
the experimental value of =7, has not been measured so far.
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TABLE IIl. The energies of single-channels and coupled-channels (in MeV).
1(J") Channel Ejheo E,. Eg Eﬁl"p El, E../Eg El.
0(1/27) A, 5232 5234 5270 5272 5183/-49 5259
AJy 5261 5246 —15 5383 5368
Z..D 5644 5646 5490 5492
=..D* 5782 5783 5628 5629
=.D* 5807 5809 5693 5695
0(3/27) AJ gy 5261 5363 5383 5385 5863/Ub 5385
=..D* 5782 5784 5628 5630
=D 5669 5670 5555 5556
= .D* 5807 5809 5693 5695
0(5/27) = .D* 5807 5804 5693 5690 5804/-3 5690
1(1/27) DI 5411 5413 5439 5441 5341/-170 5396
2 J/w 5439 5442 5552 5555
iy 5464 5463 5617 5616
E..D 5644 5647 5490 5493
=..D* 5782 5785 5628 5631
= .D* 5807 5809 5693 5695
1(3/27) 2 J )y 5439 5442 5552 5555 5357/-178 5465
2. 5435 5437 5504 5506
iy 5464 5466 5617 5619
Z..D* 5782 5785 5628 5631
=:.D 5669 5671 5555 5557
= D* 5807 5809 5693 5695
1(5/27) iy 5464 5466 5617 5619 5466/Ub 5619
= D* 5807 5809 5693 5695

Here we use the calculated value of =7, in Ref. [149] for
mass correction.

It is worth noting that, only the lowest energy of each
channel is presented in the table, because whether the
system can form bound state depends on whether the lowest
energy is below the threshold. First of all, from Table III, an
intuitive analysis can be based on the results of the single-
channel calculation. For the I(J¥) = 0(1/27) system, only
the A.J/y forms bound state in the single-channel calcu-
lation, and other four channels are all scattering states. The
binding energy of the A.J/y is about —15 MeV. However,
after channel coupling, the value of the binding energy may
be changed, and the bound state A.J/y itself may even be
destroyed. If the A.J/y survives after channel coupling,
it can decay to A5, through strong interaction. In order to
determine whether the A.J/y can be a resonance state, the
scattering phase shift of this process is studied in the next
part. Although the Z,..D and Z..D* have attractive effective
potentials, it turns out that the weak attractions are not
enough to form any bound state. According to the effective
potential of coupled-channel, the interaction between
baryon and meson is attractive. The numerical results also
show that the channel coupling forms a bound state which
is 49 MeV below the lowest threshold of the I(JF) =
0(1/27) system. The main composition of this state is the

A and A.J/y according to the numerical calculation.
Since in the current work we only consider S-wave
systems, this bound state cannot decay to other channels.
Moreover, we carry out the mass correction and the rms
calculation of this bound state. The corrected mass of the
obtained state is 5259 MeV and the rms is 1.0 fm. On the
basis of its relatively small rms, it is a compact penta-
quark state.

For the I(J*) =0(3/27) system, the energy of each
single-channel is above the corresponding threshold.
Therefore, the four single-channels are all scattering states
and cannot be resonance states. After channel-coupling, the
lowest energy of coupled-channel is still higher than the
threshold of the lowest channel A_.J/y. Based on this, there
is no stable state in the I(J¥) = 0(3/27) system, which is
consistent with the behavior of the corresponding effective
potential.

For the 1(J*) = 0(5/27) system, a bound state = D*
with binding energy of —3 MeV is obtained. The bound
state Z%.D* can still decay to some D-wave channels, such
as the A.J/y, through the tensor force coupling. However,
we focus on the S-wave systems in this work, thus the
tensor force coupling is not yet considered. The D-wave
decay will be the next step of our research in the future.
According to our previous research [150], the decay width
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of D-wave decay is usually very narrow. The corrected
mass and the rms of this E.D* state is 5690 MeV and
1.9 fm, indicating that it is a molecular state. Herein, an
I1(J?) = 0(5/27) molecular state E;.D* with energy of
5690 MeV is predicted.

For the I(J*) = 1(1/27) system, the £:J/y forms a
bound state with binding energy of —2 MeV in the single-
channel calculation. The other five channels turn out to be
scattering states. After channel coupling, the energy of the
coupled-channel is 70 MeV lower than the lowest thresh-
old, indicating the formation of a bound state. Additionally,
this state is dominated by the X 7. According to the further
calculation, the corrected mass of this state is 5396 MeV
and the rms is 0.9 fm. Therefore, there is a possible compact
pentaquark ggccc with 1(JP) = 1(1/27), whose mass is
5396 MeV.

For the I(JP) = 1(3/27) system, consistent with the
behavior of effective potential, none of the single-channels
is bound. However, the effective potential shows that there
is a strong attraction after channel coupling and the
numerical result also confirms this. The coupled-channel
forms a deeply bound state, whose binding energy is
—78 MeV. This state is mainly composed of the X.J/y
and X!7,. and its corrected mass is 5465 MeV. As for the
spatial configuration, it is determined to be a compact
pentaquark state, based on its rms of 0.9 fm.

All energies of single-channels and coupled-channel of
1(J*) = 1(5/27) system are higher than the corresponding
thresholds. In other words, no stable state is found in this
system. The complete repulsion in the effective potential is
also consistent with the numerical result.

Further, one can find that none of the single-channels
with I(J¥) = 1(3/27) are bound, but the coupled-channel
is bound. In order to figure out what causes this to happen,
we investigate the effective potential of each interaction
term. The effective potential of each interaction term of the
single-channel 277, which is the lowest energy threshold,
and the coupled-channel is shown in Fig. 3. As we can
see, the effect of 7 exchange potential term (V) and 7
exchange potential term (V) is very weak both before and
after channel coupling. The kinetic energy term always
provides a large repulsive effect at the close range.
However, the repulsive effect is weakened after channel
coupling. The confinement potential term (Vo) and
one-gluon exchange (Vogg) potential term are repulsive
before channel coupling, but become obviously attractive
after coupling. Therefore, the mechanism of binding state
formation is that channel coupling can weaken the repul-
sion of kinetic energy term, while confinement potential
term and one-gluon exchange potential term provide strong
attraction under the effect of channel coupling. A similar
situation also occurs in the ggcéc systems with 1(JF) =
0(1/27) and I(J*) = 1(1/27). Additionally, the contribu-
tion of each interaction term to the binding energy is
calculated and listed in Table IV. For the ggccc systems
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FIG. 3. The effective potential of each interaction term of the
gqctc system with I(JP) = 1(3/27), where (a) Zi#. and
(b) coupling are the results of the single-channel and coupled-
channel, respectively.

with 1(J?) =0(1/27), I(JP)=1(1/27), and I(JF) =
1(3/27), the repulsive contribution of kinetic energy term
and the attractive contribution of Vcon and Vogg are
consistent with the result of effective potential.

Another factor that plays an important role in channel
coupling is the delocalization effect of the model. This is
one of the features of our model, which allows quarks
to run between baryon and meson. The delocalization
parameter e is determined variationally by the dynamics
of the system itself. Thus, the pentaquark system chooses
its favorable configuration in the interacting process.
According to this, the variational space of the system is
expanded and the strength of interaction between two
clusters (the baryon cluster and meson cluster) can be
reflected by the delocalization parameter e. Here we
continue to take the I(J*) = 1(3/27) system as an exam-
ple, the delocalization parameter ¢ of each channel is shown
in Fig. 4(a). First, at extremely close range (S; < 0.1 fm),
the delocalization parameter ¢ approaches 1 because the
baryon and meson can no longer be divided into two
clusters when they are very close. However, based on the
value of ¢, the role of delocalization effect in the I(J¥) =
1(3/27) system is still evident at close range (0.1 <
S; < 0.6 fm). The increase of the interaction strength
between baryon and meson caused by the delocalization

TABLE IV. The contribution of each interaction term to the
binding energy after channel coupling (in MeV).

1(J7) Mass Kinetic  Veon  Voge Vi,  Total
0(1/27) 0 +64.1 -71.8 —414 +40.0 -49.1
1(1/27) 0 +75.1 -1264 =203 +1.5 =700
1(3/27) 0 +65.5 -92.1 -528 +1.0 -78.4
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(b)
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FIG. 4. The variation of delocalization parameter ¢ of each
channel with (a) 1(J*) = 1(3/27) and (b) I(J*) = 0(5/27).

effect also leads to the enhancement of the channel
coupling effect. Therefore, the repulsion of effective
potential of single-channel becomes attractive after channel
coupling at close range.

On the other hand, the trend of change in the delocal-
ization parameter € can also indirectly reflect the possible
structure of the system. Due to the influence of delocal-
ization, there is mixing between the baryon and meson
clusters of the I(J¥)=1(3/27) system. Although the
composition calculation shows that the main components
of the I(J¥) = 1(3/27) system are X.J/w and X7, the
real components are not pure X.J/w and Xz, due to the
delocalization effect. The mixing between baryons and
mesons makes it more of a compact pentaquark state. This
conclusion is consistent with the small value of rms =
0.9 fm, which also shows the characteristic of a compact
structure. As a comparison, the delocalization effect in the
1(JP) =0(5/27) system is much smaller, which can be
seen in Fig. 4(b). The delocalization parameter has been
approaching 0 since 0.2 fm. In this case, this system retains
its molecular structure. The rms of this state is 1.9 fm,
confirming that it is a molecular state.

C. Scattering process and resonance states

As mentioned in the previous section, three quasibound
states are obtained in the single-channel calculation. In
order to verify whether these quasibound states form
resonance states after channel coupling, the scattering phase
shift calculation is performed. If a resonance exists in a
hadron-hadron scattering process with given I(J”), a quasi-
bound state with the same quantum numbers above the
hadron-hadron threshold usually corresponds to this reso-
nance. But the mass may be slightly modified considering
the effect of channel coupling. In this case, the information
about the decay and mass of a resonance state is obtained.

350
300
E
S a0t
=
4
[}
3
= 200f
150 —\J
0 20 40 60 80 100
E, . (MeV)
FIG. 5. The phase shift of the open channel A 5, with I(J*) =

0(37) channel coupling.

However, if no resonance is observed in the scattering
processes, we can further examine the series of energies
obtained after channel coupling. The energy of the quasi-
bound state may be pushed above its threshold due to the
effect of channel coupling. In this case, the quasibound
state turns into a scattering state rather than a resonance
state. Besides, if the energy of the quasibound state is stable
and below its threshold after channel coupling, further
consideration can be given to whether the coupling between
the quasibound state and the open channel is too weak,
making it difficult to be reflected in the scattering process.

In this work, three single-channel bound states are
obtained, which are A.J/y with I(JF) =0(1/27), E;.D*
with I(J*) = 0(5/27), and Z:J /w with I(J¥) = 1(1/27).
Among them, = .D* with I(J*) = 0(5/27) cannot decay
to other channels through S-wave. Further investigation is
required to determine whether A.J/y with I(JF) =
0(1/27) and X:J/w with I(JP)=1(1/27) can form
resonance states. The scattering phase shift of the A 7y,
with I(J¥) = 0(1/27) is presented in Fig. 5 to test whether
the A.J/y forms a resonance state. A resonance state can
usually be determined by the phase shift increased by 180°.
The phase shift of open channel A_7. shows 180° increase
around the resonance mass, indicating that the A.J/y forms
a resonance state. Additionally, the way of identifying the
mass and decay width of the resonance state through
scattering phase shift can be seen in the Appendix. The
resonance mass, corrected mass, decay width, and the value
of the rms of this resonance state are summarized as follows:

MT™e — 5245 MeV,
M’ = 5367 MeV,
I'=1MeV,

rms = 1.5 fm.
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FIG. 6. The phase shifts of the open channel (a) Z.,. and
(b) =.J/w with I(J?) = 1(}) channel coupling.

It is worth noting that, although the wave function of a
resonance state is nonintegrable, we can calculate the rms
of the main component of the resonance state, whose wave
function is integrable. According to the numerical result,
the rms of the resonance state A.J/y is 1.5 fm, indicating
that it is likely to be a molecular state. Thus, a narrow
resonance state A.J/w with molecular configuration,
whose corrected mass and decay width are 5367 and
1 MeV, is confirmed.

In Fig. 6, we study the scattering phase shifts of the open
channel X 7, and X.J/y to examine whether the X}J /y
can form a resonance state. However, the phase shifts of
open channels do not show a sharp increase around the
energies of the quasibound state X:J /. The result shows
that the X!J/y becomes scattering state rather than reso-
nance state. We further examine the eigenvalues obtained
after channel coupling and find that the lowest energy with
the main component of the X}J/y is above its threshold.
This indicates that the energy of the Z!J/y is elevated by
the .1, and £.J/y in channel coupling process, thus the
¥:J/w becomes scattering state. This can be understood
by the fact that the binding energy of the X!J/w in the
single-channel calculation is very small (<2 MeV). So it
can be easily pushed above the corresponding threshold
after the channel coupling and becomes a scattering state.
In addition, one can notice that in both Figs. 5 and 6, as the
incident energy approaches 0 MeV, the phase shifts of the
open channels A, 7, and .7, tend to 180°, which conforms
to the characteristics of bound states.

As for the gqccc systems with I(JP) =0(3/27),
1(3/27), and 1(5/2)7, no resonance state is found in the
current work. Figure 7 shows the phase shifts of open
channel A.J/y, E..D*, and Z:.D with 1(J*) = 0(3/27)
channel coupling. The ranges of incident energy for
different open channels are determined to fit the highest
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FIG. 7. The phase shifts of the open channel (a) A.J/v,
(b) E..D*, and (¢) E;.D with I(J”) = 0(37) channel coupling.

threshold in the system. As a result, the ranges of incident
energy for different open channels are different. As one can
see, no resonance is found in the scattering processes.
Moreover, as we examine the obtained energies after
channel coupling, all energies are higher than the thresh-
olds corresponding to their primary compositions. There-
fore, the ggccce systems with I(J¥) = 0(3/27) does not
form any resonance state. Similar situation also occurs in
the ggccce systems with 1(JF) =1(3/27) and 1(5/2)".

The obtained states in this work are summarized in
Table V. As one know, the Pc and Pcs states can be
observed in the decay process Ag — J/wK " p and E, —
J/wAK~ respectively [1,2,79]. Therefore, it is natural to
infer that the production of the P.. can occur through the
decay process E) . — J/wA.K~. Although the EY_ has not
been observed experimentally yet, it would be meaningful
to further search for the P, states once Egc is observed in
the future. Furthermore, we also obtain two P, states with
energies lower than the threshold of A.J/y, thus they
cannot be observed in the E), decay we mentioned above.
The main compositions of the two P, states are Ay, and
A J/y respectively. In this case, inspired by the study of
the proton-Q correlation function [151], investigating the
correlation function between A, and 7., as well as between
A, and J/y, could be a viable approach, and it requires
both experimental and theoretical efforts.

Additionally, there have been some theoretical studies on
the ggccc pentaquark states [122—125]. In Refs. [122,124],
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TABLE V. The states obtained in this work.

1(J7) Mass (in MeV) Configuration
0(1/27) 5259 Compact pentaquark
0(1/27) 5367 Molecular state
0(5/27) 5690 Molecular state
1(1/27) 5396 Compact pentaquark
1(3/27) 5465 Compact pentaquark

several possible molecular states are obtained, which are
the E.D* with I1(J?) =0(1/27), E.D; with I(JF) =
0(1/2%,3/2%), and E..D; with I(JP) =0(3/2%,5/27).
However, the composition of these possible states is not
the same as that studied in our present work. In Ref. [123],
the masses of the P,.;,, pentaquark states with J” = 1/2%
and J© = 1/27 are calculated, which are about 5610 and
5720 MeV. In addition, the structure of the two states is the
scalar-diquark-scalar-diquark-antiquark type. In Ref. [125],
a stable ggccc pentaquark state with 1(J*) = 0(5/27) is
obtained, whose mass is 5681 MeV. Our work also leads to
a similar conclusion that the ggcce with 1(J*) = 0(5/27)
can form a pentaquark state. Moreover, according to our
calculations, it has a molecular configuration.

IV. SUMMARY

In this work, we investigate the hidden-charm gqccc
systems in the framework of the QDCSM. The S-wave
pentaquark systems with / =0 and 1, J* = 1/27, 3/2,
and 5/2~ are considered. The effective potential is studied
to describe the interaction between baryons and mesons.
Both the single-channel and the coupled-channel dynamic
bound-state calculation is carried out to search for possible
states. Meanwhile, the study of the scattering process of the
open channels is carried out to confirm possible resonance
states. We also calculate the rms of cluster spacing to
further determine the structure of the obtained states.

According to our numerical results, we obtain three
compact ggccc pentaquark states. The masses and the
quantum numbers of them are 5259 MeV with I(JF) =
0(1/27), 5396 MeV with I(J¥) = 1(1/27), and 5465 MeV
with I(J¥) = 1(3/27). In the decay channel A, 7., we find
an 1(J?) = 0(1/27) molecular state A.J/y and its mass
and decay width are 5367 and 1 MeV, respectively. Another
obtained molecular state is I(J*) = 0(5/27) E;.D*, whose
mass is 5690 MeV. All these states are worthy of further
experimental exploration. In addition, the present study
shows that the influence of channel coupling is necessary in
describing the multiquark system. Several obtained states in
this work result from the influence of channel coupling and
these states tend to have a compact configuration. Based on
this, we would like to emphasize the importance of channel
coupling in studying exotic hadron states.
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APPENDIX: RESONATING GROUP METHOD
FOR BOUND-STATE AND SCATTERING
PROCESS

The resonating group method (RGM) [152,153] and
generating coordinates method [154,155] are used to carry
out a dynamical calculation. The main feature of the RGM
for two-cluster systems is that it assumes that two clusters
are frozen inside, and only considers the relative motion
between the two clusters. So the conventional ansatz for the
two-cluster wave functions is

ws, = Allppdu]”"S @ x(R)]”, (A1)
where the symbol A is the antisymmetrization operator,
and A=1— Py — Py — P34. [0] = [222] gives the total
color symmetry and all other symbols have their usual
meanings. ¢z and ¢, are the ¢°> and gg cluster wave
functions, respectively. From the variational principle, after

variation with respect to the relative motion wave function
x(R) =>", x.(R), one obtains the RGM equation:

/ H(R,R')y(R')dR’ = E / N(R,R')z(R)dR’, (A2)

where H(R,R’) and N(R,R’) are Hamiltonian and norm
kernels. By solving the RGM equation, we can get the
energies £ and the wave functions. In fact, it is not
convenient to work with the RGM expressions. Then,
we expand the relative motion wave function y(R) by
using a set of Gaussians with different centers

= (2) Y

i.L.M

[0 |- @- 5| riuBians. @

where L is the orbital angular momentum between two
clusters, and S;, i = 1,2,...,n are the generator coordi-
nates, which are introduced to expand the relative motion
wave function. By including the center-of-mass motion:

5 \3/4 R
petee) - ()

Py (A4)
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the ansatz equation (A1) can be rewritten as

5

sy =AY C / FH% ﬂgqsﬂ(—s

a=1

: [U(Ils, (B)ZIZSZ(M)]ISYLM(SI')]J
: D(c(B) c(M)][G]v

where y; 5, and y;,, are the product of the flavor and spin
wave functions, and y, is the color wave function. These
will be shown in detail later. ¢,(S;) and ¢4(—S;) are the
single-particle orbital wave functions with different refer-
ence centers,

1 3/4 ! (ru__s)
¢(1(Si) = <@> e B s

3/4
sy () e

zb?

(AS)

(A6)

With the reformulated ansatz equation (AS), the RGM
equation (A2) becomes an algebraic eigenvalue equation:

J J

where H; ; and N, ; are the Hamiltonian matrix elements
and overlaps, respectively. By solving the generalized
eigenproblem, we can obtain the energy and the corre-
sponding wave functions of the pentaquark systems.

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

(A7)

i (R, S, N
)(L(R) - Zci%YL»M(R)’ (AS)
with
- (R S)_{(XiML(R,Si), RSRC
B2 I e R) — sih; (6. R)Rus. R > Re
(A9)
where
3/4
u (R.S;) = \/4”<?6b2> Re 52 RS0
. .6
cL (—ZWSI-)- (A10)

hi are the Lth spherical Hankel functions, k is the
momentum of the relative motion with k = \/2uFE;., y 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, Where E\,; denotes the
total energy, and E, represents the threshold of the open
channel. R is a cutoff radius beyond which all the strong
interaction can be disregarded. Additionally, a; and s; are
complex parameters that are determined by the smoothness
condition at R =R and C; satisfy ), C; = 1. After
performing the variational procedure, a Lth partial-wave
equation for the scattering problem can be deduced as

ZELC =MLi=0,1,...n=1), (All)
with
£Z-Lj :}CL Kh - IC(L)]+IC00,
MzL - ’Coo _’CiO’ (A12)
and
~ O R’S
<¢A¢B L )YLM(RI)lH E|
PN R.S;
A[@%%nmmb. (A13)

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

SL = ezi(sl“ = E C,-Sl-.
i

Resonances are unstable particles usually observed as
bell-shaped structures in scattering cross sections of their
open channels. For a simple narrow resonance, its funda-
mental properties correspond to the visible cross section
features: mass M is at the peak position, and decay width I
is the half-width of the bell shape. The cross section ¢; and
the scattering phase shifts §; have relations

(A14)

4r

7 (2L + 1) sin? 5.

o = (A15)

Therefore, resonances can also usually be observed in the
scattering phase shift, where the phase shift of the scatter-
ing channels rises through /2 at a resonance mass. We can
obtain a resonance mass at the position of the phase shift of
7/2. The decay width is the mass difference between the
phase shift of 3z/4 and z/4.
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