
Manifestly exotic pentaquarks with a single heavy quark

Hong-Tao An,1,2,‡ Kan Chen ,1,2,3,4,† and Xiang Liu 1,2,5,*

1School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China
2Research Center for Hadron and CSR Physics,

Lanzhou University and Institute of Modern Physics of CAS, Lanzhou 730000, China
3Center of High Energy Physics, Peking University, Beijing 100871, China

4School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University,
Beijing 100871, China

5Lanzhou Center for Theoretical Physics, Key Laboratory of Theoretical Physics of Gansu Province,
and Frontier Science Center for Rare Isotopes, Lanzhou University, Lanzhou, Gansu 730000, China

(Received 19 October 2021; accepted 31 January 2022; published 18 February 2022)

Inspired by the observed Xð2900Þ, we study systematically the mass spectra of the ground
pentaquark states with the qqqqQ̄ (Q ¼ c, b; q ¼ n, s; n ¼ u, d) configuration in the framework of
the Chromomagnetic Interaction model. We present a detailed analysis of their stabilities and
decay behaviors. Our results indicate that there may exist narrow states or even stable states. We hope
that the present study may inspire experimentalist’s interest in searching for such a type of the exotic
pentaquark state.
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I. INTRODUCTION

Since the 1960s, the observations of different types of
hadronic states at least have stimulated three important
stages of the development of hadron physics. Facing more
than one hundred light hadrons, the classification of
hadrons based on SU(3) symmetry was discovered by
Gell-Mann [1] and Zweig [2,3]. After the observation of
J=ψ [4,5], a dozen of charmonia, which construct the
main body of charmonium family collected by Particle
Data Group (PDG), were found [6]. It provides a good
chance to construct the Cornell model [7] which makes a
quantitative depiction of hadron spectroscopy become
possible [8–10]. At present, we are experiencing a new
stage with the accumulation of these charmoniumlike
XYZ states and Pc states [11] announced in experiments.
Searching for and identifying exotic hadrons have formed
a hot issue (see reviews [12–20] for learning the recent
progress). Interestingly, the exotic hadronic states includ-
ing glueball, hybrid, and multiquark states can provide
crucial clues to understanding how the quarks and gluons

are bounded together to form different kinds of exotic
states, which are involved in the nonperturbative problem
of quantum chromodynamics (QCD).
However, identifying a genuine exotic hadronic state is

not an easy task which is full of challenge, especially, when
mass spectrum of exotic hadronic states overlaps with that
of conventional hadrons. A typical example is that the
correlation of a neutral charmoniumlike XYZ state and
charmonium makes establishing a neutral charmoniumlike
XYZ state as an exotic hadronic state become ambiguous.
Thus, hunting for manifestly exotic hadronic states acces-
sible in experiment is an optimistic option when construct-
ing an exotic hadron family.
In 2020, the LHCb Collaboration performed a model-

independent analysis of the Bþ → DþD−Kþ process and
they also presented the amplitude analysis in the same
decay channel [21,22]. They found one or more charm-
strange resonance structures existing in theD−Kþ invariant
mass spectrum, which have masses around 2.9 GeV. Here,
the observed charm-strange resonances are referred to the
Xð2900Þ, which obviously meets the criterion of a man-
ifestly exotic hadronic state since the minimal quark
content of the Xð2900Þ is c̄s̄du and can be fully distin-
guished from the conventional meson.
Inspired by the observed Xð2900Þ, we notice an inter-

esting phenomenon. When replacing the s̄ antiquark inside
the Xð2900Þ by an ss pair, we obtain a manifestly exotic
pentaquark system, which has the c̄ssnn content. Here, we
can extend our study to whole qqqqQ̄ ðQ ¼ c; b; q ¼
n; s; n ¼ u; dÞ pentaquark state system within the frame-
work of the chromomagnetic interaction model (see Fig. 1).
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We notice that the qqqqQ̄ pentaquark states were
investigated in some former work. Genovese et al.
systemically discussed the stabilities of the qqqqQ̄
pentaquark states in the chiral constituent quark model
and found that the qqqqQ̄ pentaquark states cannot be
bound [23]. However, assuming that the strength of the
chromomagnetic term is the same as that of the conven-
tional baryon, the authors of Ref. [24] indicated that the
qqqqQ̄ pentaquark state can exist and lie about 150 MeV
below the Q̄qþ qqq meson-baryon threshold in the
mQ → ∞ limit. The weak decay properties for the stable
states of the qqqqQ̄ pentaquark system were discussed in
Ref. [25]. In addition, Sarac et al. presented a QCD sum
rule analysis of the anticharmed pentaquark state (Θc)
[26]. Lee et al. explored the possibility of observing the
anticharmed pentaquark state in the Bþ → Θcn̄πþ process
[27]. Experimentally, this possible pentaquark state was
studied in the Fermilab experiment [28,29], but no
evidence was found. The signal for the Θ0

c ðuuddc̄Þ was
only observed in the DIS experiment by the H1
Collaboration [30]. In the distribution ofMD�p ¼ MKππp −
MKππ þMD� with opposite-charge combinations, a peak
was observed at 3099� 3� 5 MeVwith aGaussian width
of 12� 3 MeV. However, this resonance was not con-
firmed by other experiments [31–34]. Moreover, the
LHCb Collaboration tried to find the pentaquark signal
in the Pþ

B0p
ðuuddb̄Þ → J=ψKþπ−p weak decay mode via

the b → cc̄s transition, while no evidence for such state
was found [35]. Recently, the LHCb Collaboration [36]
reported the observation of the Λ0

b → DpK− channel,
where the invariant mass spectrum of Dp was measured,
however, more detailed analysis is still needed to identify
the structures existing in the Dp invariant mass spectrum.
In conclusion, whether there exists the qqqqQ̄ pentaquark
state is still an open question.
This paper is organized as follows. After the

Introduction, in Sec. II, we introduce the chromomagnetic
interaction model and construct the flavor ⊗ color ⊗
spin wave functions of the qqqqQ̄ pentaquark states. In

Sec. III, we present the mass spectra, possible strong decay
channels, relative partial decay widths, and discuss the
stabilities of the discussed states. The discussion and
conclusion are given in Sec. IV. Finally, we will present
some useful expressions in the Appendix.

II. THE CHROMOMAGNETIC INTERACTION
MODEL AND DETERMINATION OF

PARAMETERS

We adopt an extended chromomagnetic interaction
(CMI) model [37–43] to describe the mass of the ground
hadron state. The effective Hamiltonian is

H ¼
X
i

m0
i þHCEI þHCMI

¼
X
i

m0
i −
X
i<j

Aijλ⃗i · λ⃗j −
X
i<j

vijλ⃗i · λ⃗jσ⃗i · σ⃗j;

¼ −
3

4

X
i<j

mijVC
ij −

X
i<j

vijVCMI
ij ; ð1Þ

where VC
ij ¼ λ⃗i · λ⃗j and VCMI

ij ¼ λ⃗i · λ⃗jσ⃗i · σ⃗j are the chro-
moelectric and chromomagnetic interaction between
quarks, respectively. σi denotes the Pauli matrices and λi
is the Gell-Mann matrices. For the antiquark, λi is replaced
by −λ�i . The vij is the effective coupling constant of the
interaction between the i-th quark and j-th quark, which
depends on the quark masses and the spatial wave function
of the ground state. Meanwhile, mij is the mass parameter
of quark pair, i.e.,

mij ¼
1

4
ðm0

i þm0
jÞ þ

4

3
Aij; ð2Þ

which contains the effective quark mass mi (mj) and the
color interaction strength Aij. The parameters mij and vij
are determined by the observed hadron masses [44]. Here,
we collect these adopted coupling parameters in Table I.
The interested readers may further refer to Refs. [20,37–41]
for more details.
In principle, the values of mij and vij should be different

for different systems. However, it is difficult to take this
way to carry out a realistic study. Thus, we take an
approximation, i.e., we extract these coupling parameters
by reproducing the masses of these conventional hadrons if

TABLE I. Coupling parameters of the qq and qq̄ pairs (in units
of MeV).

mnn mns mss mnc̄ msc̄ mnb̄ msb̄

181.2 226.7 262.3 493.3 519.0 1328.3 1350.8

vnn vns vss vnc̄ vsc̄ vnb̄ vsb̄

19.1 13.3 12.2 6.6 6.7 2.1 2.3

Exotic
pentaquark

FIG. 1. Evolution of the qqqqQ̄ ðQ ¼ c; b; q ¼ n; s; n ¼ u; dÞ
pentaquark state from the Xð2900Þ.
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assuming that the quark-(anti)quark interactions are the
same for all the hadron systems. Of course, this treatment
results in the uncertainty on the mass estimate of the
multiquark state. Note that the size of a multiquark state is
expected to be larger than that of a conventional hadron.
Correspondingly, the distance between different quark
(antiquark) components in a multiquark state should be
larger than that in a conventional hadron. Thus, the
attractive forces of different quark (antiquark) components
in a multiquark state are expected to be weaker than that in
a conventional hadron. Thus, if such a multiquark state
exists, its mass calculated by our model should be slightly
smaller than its realistic masses.
In order to calculate the mass spectrum of the discussed

qqqqQ̄ pentaquark state, we need to construct the corre-
sponding total wave functions, which are the direct product
of the spatial, flavor, color, and spin wave functions:

ψ tot ¼ ψ space ⊗ ψ flavor ⊗ ψ color ⊗ ψ spin: ð3Þ

Since we only consider these low-lying S-wave pentaquark
states, the constraint from the symmetry to the spatial wave
functions of pentaquark becomes trivial. In detail, the
ψ flavor ⊗ ψ color ⊗ ψ spin wave functions of the discussed
pentaquark system should be fully antisymmetric when
exchanging identical quarks. In Table II, we list these
possible flavor combinations for the qqqqQ̄ pentaquark
system. According to their symmetry properties, the
qqqqQ̄ pentaquark systems can be categorized into three
groups which are shown in Table II. Thus, we need to
construct the corresponding ψ flavor ⊗ ψ color ⊗ ψ spin wave
functions with the f12gf34g, f1234g, and f123g sym-
metries. Here, we use the notation f1234g to label that the
quarks 1, 2, 3, and 4 have the antisymmetry property.
Additionally, the Young tableaus, which represent the

irreducible bases of the permutation group, enable us to
easily identify the pentaquark configuration with the
concrete symmetry. Thus, we may use the Young tableaus
and the Young-Yamanouchi bases to describe the wave
functions of these discussed pentaquark states. The pro-
cedure of constructing the qqqqQ̄ pentaquark wave func-
tions has been illustrated in Refs. [45,46]. Here, we only list
the values of the multiplicities (the numbers of physical
allowed ψ flavor ⊗ ψ color ⊗ ψ spin bases) for the qqqqQ̄
pentaquark subsystems with the different light quark
components in Table III.

In Table IV, we present the explicit expressions of the
CMI Hamiltonian for the nnnnQ̄ (I ¼ 2, 1, 0) states.
Besides, the expressions of the CMI Hamiltonian for the
nnnsQ̄ (I ¼ 3=2; 1=2), nnssQ̄ (I ¼ 1, 0) states are listed in
Table XII of the Appendix.
The explicit forms of the CMI Hamiltonian for

the ssssQ̄ and sssnQ̄ pentaquark subsystems are the
same as those of the nnnnQ̄ (I ¼ 2) and nnnsQ̄
(I ¼ 3=2) pentaquark subsystems, respectively, after
appropriately replacing the corresponding vij constants.
For example, to obtain the expressions of the CMI
Hamiltonian for the ssssQ̄ pentaquark subsystem, we
should replace vnn and vnQ̄ in the explicit form of the
CMI Hamiltonian for the nnnnQ̄ (I ¼ 2) pentaquark
subsystem with the effective constants vss and vsQ̄,

TABLE II. All possible flavor combinations for the qqqqQ̄
pentaquark system. Here, q ¼ n, s (n ¼ u, d) and Q ¼ c, b.

System Flavor combinations

qqqqQ̄ nnssc̄ nnssb̄
nnnnc̄ nnnnb̄ ssssc̄ ssssb̄
nnnsc̄ nnnsb̄ sssnc̄ sssnb̄

TABLE III. The multiplicity for the studied qqqqQ̄ pentaquark
system. M denotes the multiplicity of the pentaquark state with
the ψ flavor ⊗ ψ color ⊗ ψ spin wave function.

Flavor state Isospin Spin M Flavor state Isospin Spin M

nnnnQ̄ 2 5=2 0 nnnsQ̄ 3=2 5=2 1
3=2 1 3=2 3
1=2 1 1=2 3

1 5=2 1 1=2 5=2 1
3=2 2 3=2 4
1=2 2 1=2 5

0 5=2 0 nnssQ̄ 1 5=2 1
3=2 1 3=2 4
1=2 1 1=2 4

sssnQ̄ 1/2 5=2 1 0 5=2 1
3=2 3 3=2 3
1=2 3 1=2 4

ssssQ̄ 0 5=2 0
3=2 1
1=2 1

TABLE IV. The CMI Hamiltonian of nnnnQ̄ with I ¼ 2, 1, 0
(n ¼ u, d; Q ¼ c, d). Here, IðJÞ represents the isospin(spin) of
the pentaquark states.

IðJPÞ The CMI Hamiltonian

2ð3
2
−Þ 56

3
vnn − 16

3
vnQ̄

2ð1
2
−Þ 56

3
vnn þ 32

3
vnQ̄

1ð5
2
−Þ 8vnn þ 16

3
vnQ̄

1ð3
2
−Þ

�
8vnn − 8vnQ̄ 4

ffiffiffiffiffi
10

p
vnQ̄

4
ffiffiffiffiffi
10

p
vnQ̄

8
3
vnn − 4

3
vnQ̄

�

1ð1
2
−Þ

�
8
3
vnn þ 8

3
vnQ̄ 8vnQ̄

8vnQ̄ 0

�

0ð3
2
−Þ − 16

3
vnn þ 20

3
vnQ̄

0ð1
2
−Þ − 16

3
vnn − 40

3
vnQ̄
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respectively. Similar treatment is also applied to the
calculation of the sssnQ̄ subsystem.

III. MASS SPECTRA, STABILITIES, AND DECAY
BEHAVIORS

A. The mass spectrum of pentaquark

Assigning the value to these parameters in the expres-
sions of the CMI Hamiltonian for these discussed qqqqQ̄
pentaquark subsystems, we obtain the corresponding mass
spectrum as shown in Fig. 2. Meanwhile, we also list the
baryon-meson thresholds relevant to the allowed decay
channels of the corresponding pentaquark states. For these
rearranged decay channels, we label the spin (isospin)
of the baryon-meson states with superscript (subscript).
When the spin (isospin) of an initial pentaquark state is equal
to the number in the superscript (subscript) of a baryon-
meson state, this pentaquarkmay decay into the correspond-
ing baryon-meson channel via the S-wave interaction. In
addition, we define the “stable” pentaquark state if the state
is below the lowest baryon-meson threshold, which is
marked by “⋄” in Tables VII, XIII, XIV, and Figs. 2, 3.
For simplicity, we use Pcontent (Mass, I, JP) [Tcontent (Mass, I,
JP)] to label a particular pentaquark [tetraquark] state.

B. Stability of pentaquark

We further explore the stabilities of the pentaquark states
in the qqqqQ̄ system. The authors in Refs. [47–51]
proposed a method to check the evolution of effective
interaction between two quarks by varying the correspond-
ing effective coupling strengths, by which we can roughly
test whether the involved multiquark states are stable. In
this work, we also adopt the same approach to discussing
the stabilities of the qqqqQ̄ pentaquark states.
Due to the complicated couplings among different color-

spin structures, the properties of the interaction between
quark pairs become ambiguous. Here, we need to further
introduce a new quantity, by which we can determine
whether the effective interaction is attractive or repulsive.
To find it, we may study the effects induced by the artificial
change of the coupling strengths in the Hamiltonian. The
mass may increase or decrease when reducing the coupling
strength. If the effective interaction between the considered
components is attractive (repulsive), the mass would be
shifted upward (downward) and vice versa [51]. To
illustrate this effect, we define a dimensionless variable

Kij ¼
Δm
Δvij

→
∂M
∂vij ; ð4Þ

where Δvij (Δm) is the variation of the coupling strength
(the eigenvalue of the CMI Hamiltonian) in Eq. (1). When
Δvij is small enough, Kij tends to be a constant ∂M=∂vij.
In fact, the value of the Kij mainly depends on the matrix

element of λ⃗i · λ⃗jσ⃗i · σ⃗j. Besides, in a n × n CMI
Hamiltonian, the contributions from other diagonal com-
ponents and off-diagonal components would give small
corrections to the Kij values, but these corrections can
hardly affect the sign of Kij.
We decrease one relevant coupling strength vij to 99% of

its original value and keep other coupling parameters
unchanged, then the corresponding Kij value can be
determined. For the discussed qqqqQ̄ pentaquark states,
the Kij values are presented in Table VII. For a tetraquark
state (qqq̄q̄), one can easily understand that a relatively
stable state is favored if the effective qq and q̄q̄ interactions
are all attractive.
However, the situation becomes complicated for a

pentaquark state since more types of quark pairs and
interactions may exist. In fact, it is hard to judge whether
a pentaquark state is stable or not just from the signs of Kij.
At present, the defined Kij is expected to be a characteristic
quantity to describe the stability of the multiquark state
before an actual dynamical calculation is performed.
Later, we will give some further discussions on the

stabilities of the nns̄c̄ and qqqqQ̄ pentaquark states.

C. Relative decay widths of pentaquarks

Besides the studies of the mass spectra and stabilities, we
also discuss the two-body strong decays of the qqqqQ̄
pentaquark states based on the obtained eigenvectors [38–
41,45,46,52–55]. The overlap between the pentaquark and
a specific baryon ⊗ meson state can be calculated by
transforming the eigenvectors of the pentaquark state into
the baryon ⊗ meson configuration. The baryon and meson
components inside the pentaquark can be either the 1 ⊗ 1
component or 8 ⊗ 8 component. The 1 ⊗ 1 component
can be easily dissociated into an S-wave baryon and an
S-wave meson, which is denoted as the Okubo-Zweig-
Iizuka (OZI)-superallowed decay process, while the 8 ⊗ 8
component cannot fall apart without the gluon exchange
force. In our work, we only focus on the OZI-superallowed
decay process. Thus, we present these possible overlaps
between a pentaquark state and its meson ⊗ baryon
component corresponding to the 1 ⊗ 1 dissociation in
Table XIII. Here, the overlaps are proportional to the 1 ⊗
1 components in the pentaquark states. Although the
relative signs may affect the shapes of the wave function
for the corresponding pentaquark states, the relative decay
widths will not be affected because they depend on the
square of the overlaps.
As shown in Table XIII, the Pn3sc̄ð3352; 3=2; 5=2−Þ state

completely couples to the ΔD̄�
s system, which can be

written as the direct product of a Δ baryon and a D̄�
s

meson in the nnnsc̄ pentaquark subsystem. Meanwhile,
the Pn3sc̄ð3343; 3=2; 3=2−Þ, Pn3sc̄ð3177; 3=2; 3=2−Þ, and
Pn3sc̄ð3022; 1=2; 3=2−Þ states couple almost completely to
the ΔD̄�

s , ΔD̄s, and ND̄�
s baryon-meson systems,
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FIG. 2. Relative positions (units: MeV) for the nnnnc̄, nnnnb̄, ssssc̄, ssssb̄, nnnsc̄, nnnsb̄, sssnc̄, sssnb̄, nnssc̄, and nnssb̄
pentaquark states labeled with solid lines. In the nnnnc̄ (nnnnb̄) and nnssc̄ (nnssb̄) subsystems, the green, red, and black lines represent
the pentaquark states with I ¼ 2, I ¼ 1, and I ¼ 0, respectively. In the nnnsc̄ (nnnsb̄) subsystem, the red and black lines denote the
pentaquark states with I ¼ 3=2 and I ¼ 1=2, respectively. The dotted lines denote various S-wave baryon-meson thresholds, and the
superscripts (subscript) of the labels, e.g., ðΔD̄�Þ5=2;3=2;1=22;1 , represent the possible total angular momenta (isospin) of the channels. Since
the ssssc̄ (ssssb̄) and sssnc̄ (sssnb̄) pentaquark states have the same isospin quantum number, we do not label the isospin quantum
number of their baryon-meson thresholds. We mark these “stable” pentaquarks, which cannot decay into baryon-meson final states via
the S-wave interaction, with “⋄” after their masses. We mark the pentaquark whose wave function overlaps with that of one special
baryon-meson state more than 90% with “⋆” after their masses.
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respectively. This kind of pentaquark state behaves sim-
ilarly to the ordinary scattering state that is composed of a
baryon and a meson if its inner interaction is not strong
enough. However, we still cannot exclude the possibility of
it as the resonance or the bound state dynamically gen-
erated from the strong interaction. These kinds of penta-
quarks deserve a more careful study with some hadron-
hadron interaction models in the future. We label these
states with “⋆” in Tables VII, XIII, XIV, and Fig. 2. For the
Pn3sc̄ð3022; 1=2; 3=2−Þ state, its mass mainly comes from
the 97.8% ND�

s (1 ⊗ 1) component, while other 8 ⊗ 8
components and the contributions from the off-diagonal
matrix elements in the Hamiltonian give small corrections
to the mass of the Pn3sc̄ð3022; 1=2; 3=2−Þ state. It results
in that this state should lie below the ND̄�

s threshold.
Since the Pn3sc̄ð3022; 1=2; 3=2−Þ state is below the ND̄�

s
threshold and its strong decay channels are kinematically
forbidden, Pn3sc̄ð3022; 1=2; 3=2−Þ could be a good candi-
date of the molecular state. Besides, D�

s can decay into the
Dsγ channel or the isospin breaking channel Dsπ; the
Pn3sc̄ð3022; 1=2; 3=2−Þ state is expected to be a nar-
row state.
Moreover, we find that the Pn3sc̄ð3000; 1=2; 3=2−Þ

state has 87.9% of the ND̄�
s component, and the

Pn3sc̄ð2831; 1=2; 1=2−Þ state also has more than 85% of
the ND̄s component. For such states, we still cannot rule
out the possibilities of assigning them as genuine penta-
quark states. Thus, except for the states labeled with “⋆”,
other states are safely regarded as the genuine pentaquark
states in the qqqqQ̄ systems.
Note that the qqqqQ̄ pentaquark states have no con-

stituent light antiquarks and have four valance light quarks.
If such a state could be observed in its two-body strong
decay pattern, this state must be a qqqqQ̄ pentaquark state.
However, since we do not consider any kinetic effects in the

CMI model, it is still difficult to estimate the total width and
line shape of a pentaquark state. Thus, based on the CMI
model, we mainly focus on the relative decay widths of the
discussed pentaquark states, and provide an effective
approach to identifying the configurations of multiquark
states via their relative decay widths.
For the L-wave two-body decay, its partial wave decay

width reads as [38–41,45,46]

Γi ¼ γiα
k2Lþ1

m2L jcij2: ð5Þ

Here, m is the mass of initial state and k is the momentum
of the final state in the rest frame of the initial state. Since
ðk=mÞ2 is of the Oð10−2Þ order or even smaller, the
contribution from higher partial wave decays would be
suppressed. Thus, we only need to consider the S-wave
decays. α is an effective coupling constant and ci is the
overlap between the pentaquark and a specific baryon ⊗
meson state, which is given in Tables VIII and XIII.
The parameter γi depends on the spatial wave functions

of the initial and final states. In the quark model, the spatial
wave functions of the ground scalar mesons are the same as
those of the ground vector mesons [39]. Thus, we adopt the
approximation to ignore the differences of spatial wave
functions of the Σ� (Ξ�) and Σ (Ξ), where the approximated
relations for γi are collected in Table V. Note that the spatial
wave function of the Λ baryon is different from those of the
Σ and Σ� baryons, and thus we can not directly calculate the
ratios of relative partial decay widths between the decay
channels with Λ and Σ (Σ�) in the final states.
Based on Eq. (5), we present the value of kjcij2 for each

decay process in Tables IX and XIV. From Tables IX and
XIV, one can roughly estimate the ratios of decay widths
for related decay channels if neglecting the differences of γi

2968

2869

2630

2980

2879

2697

2401

2856

3046

* * 2,1,0
1,0( )K D

2793

2546

* 1
1,0( )K D

* 1
1,0( )KD

0+ 1+ 2+
2221

0
1,0( )KD

FIG. 3. Relative positions (units: MeV) for the nns̄ c̄ states.
Here, the red (black) lines represent the nns̄ c̄ states with
I ¼ 1ð0Þ. The dotted lines denote various S-wave meson-meson
thresholds, and the superscripts (subscript) of the labels, e.g.,
ðK�D�Þ2;1;02;1 , represent the possible total angular momenta (iso-
spin) of the channels. Moreover, we mark these “stable” states,
which cannot decay into meson-meson final states via S-wave
interaction, with “⋄” after their masses.

TABLE V. The approximate relation about γi for the qqqqQ̄
system.

Subsystem γi

nnnnc̄ γΔD̄ ¼ γΔD̄� γND̄ ¼ γND̄�

nnnnb̄ γΔB ¼ γΔB� γNB ¼ γNB�

ssssc̄ γΩD̄s
¼ γΩD̄�

s

ssssb̄ γΩBs
¼ γΩB�

s

nnnsc̄ γΔD̄s
¼ γΔD̄�

s
γNDs

¼ γND̄�
s

γΣ�D̄ ¼ γΣ�D̄� ≈ γΣD̄� ¼ γΣD̄ γΛD̄ ¼ γΛD̄�

nnnsb̄ γΔBs
¼ γΔB�

s
γNBs

¼ γNBs

γΣ�B ¼ γΣ�B� ≈ γΣB� ¼ γΣB γΛB� ¼ γΛB
sssnc̄ γΞ�D̄s

¼ γΞ�D̄�
s
≈ γΞD̄�

s
¼ γΞD̄s

γΩD̄ ¼ γΩD̄�

sssnb̄ γΞ�Bs
¼ γΞ�B�

s
≈ γΞB�

s
¼ γΞBs

γΩB ¼ γΩB�

nnssc̄ γΣ�D̄�
s
¼ γΣ�D̄s

≈ γΣD̄�
s
¼ γΣD̄s

γΛD̄s
¼ γΛD̄�

s

γΞ�D̄� ¼ γΞ�D̄ ≈ γΞD̄� ¼ γΞD̄
nnssb̄ γΣ�B�

s
¼ γΣ�Bs

≈ γΣB�
s
¼ γΣBs

γΛBs
¼ γΛB�

s

γΞ�B� ¼ γΞ�B ≈ γΞB� ¼ γΞB
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parameters. Such an approximation was also adopted in
Refs. [48,49]. In the following, we specifically discuss the
mass spectra, stability, and strong decay properties accord-
ing to the results in Table II.

D. The X0ð2900Þ and its partner states

As mentioned in the Introduction, there are some
similarities between the nns̄ c̄ and nnssc̄ systems.
Before discussing the properties of these involved penta-
quarks, we should firstly study the nns̄ c̄ tetraquark relevant
to the Xð2900Þ [21,22].
In 2020, the LHCb Collaboration reported an enhance-

ment on the D−Kþ invariant mass distribution in the decay
channel of Bþ → DþD−Kþ [21,22]. The best fit requires
spin-0 and spin-1 states, and their resonance parameters
were determined to be

X0ð2900Þ∶M ¼ 2.866� 0.007� 0.002 GeV;

Γ ¼ 57� 12� 4 MeV;

X1ð2900Þ∶M ¼ 2.904� 0.005� 0.001 GeV;

Γ ¼ 110� 11� 4 MeV:

The D−Kþ decay channel indicates that their quark
components should be nns̄c̄. In the following, we present
a brief discussion on the possible tetraquark spectrum with
the nns̄ c̄ configuration. The nns̄ c̄ tetraquarks can be
grouped into isoscalar and isovector systems since the
isospin of two nn quarks can couple to either I ¼ 1 or
I ¼ 0. The results for the nns̄ c̄ tetraquark states are listed
in Table VI, including their masses, Kij values, overlaps,
and relative decay widths. According to the overlaps shown
in Table VI, all of nns̄ c̄ states could be safely regarded as
the genuine tetraquark states, and we also plot the mass
spectrum and the corresponding meson-meson thresholds

relevant to the allowed decay channels in Fig. 3. These
nns̄ c̄ states only have the ns̄ − nc̄ rearrangement decay
mode. Thus, their rearrangement decay channels include
K�D�, K�D, KD�, and KD.
From Fig. 3, we notice that these lowest isoscalar

tetraquark states with IðJPÞ ¼ 0ð2þÞ; 0ð1þÞ, and 0ð0þÞ are
below the thresholds of all allowed strong decay channels.
Thus, they are considered as the stable tetraquark states.
Next, we specify the nns̄ c̄ subsystem with other IðJPÞ

quantum numbers. There is only one tetraquark state
Tn2 s̄ c̄ð2968; 1; 2þÞ with quantum number IðJPÞ ¼ 1ð2þÞ.
We notice these values of Knn, Ks̄ c̄, Kns̄, and Knc̄
are all positive. Thus, it is difficult to form a bound
tetraquark state since the interactions between different
quark components are all repulsive. There are three tetraquark
states Tn2 s̄ c̄ð2980; 1; 1þÞ, Tn2 s̄ c̄ð2879; 1; 1þÞ, and
Tn2 s̄ c̄ð2630; 1; 1þÞ with the quantum number IðJPÞ ¼
1ð1þÞ. The lowest IðJPÞ ¼ 1ð1þÞ state Tn2 s̄ c̄ð2630; 1; 1þÞ
can only decay into the KD� final states. Meanwhile, the
Tn2 s̄ c̄ð2630; 1; 1þÞ state can decay into the KD� and K�D
final states. For the Tn2 s̄ c̄ð2980; 1; 1þÞ state, its mass is larger
than the corresponding allowed decay channels, and we have

ΓK�D�∶ΓK�D ¼ 9∶1; ð6Þ

which shows that its dominant decay mode is K�D�.
Corresponding to the quantum number IðJPÞ ¼ 1ð0þÞ,

there are two tetraquark states: Tn2 s̄ c̄ð3046; 1; 0þÞ and
Tn2 s̄ c̄ð2546; 1; 0þÞ. For the Tn2 s̄ c̄ð3046; 1; 0þÞ state, it can
only decay into theKD final states. This state is expected to
be broad due to large phase space of this decay mode.
Similarly, the Tn2 s̄ c̄ð2546; 1; 0þÞ state can also decay into the
KD final states but with a relatively small phase space.
We can use the similar way to analyze the property of

these higher tetraquark states with I ¼ 0. Focusing on the

TABLE VI. The mass spectra, Kij, overlaps, and relative widths of the nns̄ c̄ states. The masses are all in units of MeV.

nns̄ c̄ Kij Overlaps Relative widths Uncertainties

IðJPÞ Mass nn s̄ c̄ nc̄ ns̄ K�D� K�D KD� KD K�D� K�D KD� KD þ2.6%mij

1ð2þÞ 2968.1 2.67 2.67 2.67 2.67 0.577 96 3041.9
1ð1þÞ 2980.0 3.29 −4.29 3.82 6.54 0.677 −0.176 −0.016 144 16 0.2 3052.5

2879.4 2.71 0.09 −8.62 2.67 0.088 0.564 0.136 × 122 11 2953.1
2630.1 3.33 −2.47 2.13 −11.88 0.185 0.259 0.631 × × 131 2702.5

1ð0þÞ 3045.6 3.41 3.41 7.38 7.38 0.721 −0.026 223 0.6 3117.8
2546.4 3.25 3.25 −12.71 −12.71 0.253 0.645 × 166 2619.0

0ð2þÞ 2869.4 −1.33 −1.33 6.67 6.67 −0.816 × 2940.5
0ð1þÞ 2855.9 −4.08 3.42 5.17 5.82 0.703 0.171 −0.082 × 10 4 2928.1

2697.2 −3.79 1.19 −17.86 5.97 0.008 0.737 0.024 × × 0.2 2769.3
2400.6 −2.80 0.72 6.02 −18.46 0.079 −0.105 −0.759 × × × 2472.3

0ð0þÞ 2793.0 −6.34 −6.33 5.15 5.15 −0.637 0.103 × 7 2866.1
2220.7⋆−3.00 −3.00 −18.49 −18.49 −0.104 0.757 × × 2293.4
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X0ð2900Þ, we find that it is suitable to assign the X0ð2900Þ
as an S-wave tetraquark state with IðJPÞ ¼ 0ð0þÞ since the
mass of the X0ð2900Þ can be reproduced, where we can
obtain the measured mass of the Tn2 s̄ c̄ð2793; 0; 0þÞ state
corresponding to the X0ð2900Þ when the value of the
parameters mij is increased by 2.6%.
We further use the mass of the X0ð2900Þ as input to

recalculate the masses of nns̄ c̄ subsystems and present
them in the last row of Table VI. In this case, there is only
one stable state Tn2 s̄ c̄ð2293.4; 0; 0þÞ, which is still below
all allowed thresholds. However, the lowest 0ð2þÞ and
0ð1þÞ nns̄ c̄ states become unstable, which can decay into
K�D� and KD�, respectively.

E. The nnssQ̄ pentaquark states

In the following, we discuss the nnssc̄ and nnssb̄
pentaquark subsystems. For the nnssc̄ ðnnssb̄Þ pentaquark
subsystem, the isospin of the first two light quarks can
couple to I¼ 0, 1. When checking Fig. 2(i)–(j), we find
that the lowest IðJPÞ¼ 0ð1=2−Þ and IðJPÞ¼ 0ð3=2−Þ
nnssQ̄ pentaquark states, i.e., the Pn2s2 c̄ð3026; 0; 1=2−Þ,
Pn2s2 c̄ð3216; 0; 3=2−Þ, Pn2s2b̄ð6527; 0; 3=2−Þ, and
Pn2s2b̄ð6455; 0; 1=2−Þ states are below the corresponding
thresholds of the lowest strong decay channels in the
nnssQ̄ pentaquark subsystem. Thus, they can be consid-
ered as the stable pentaquark states.
On the contrary, for the IðJPÞ ¼ 1ð5=2−Þ nnssQ̄ state,

the values of Knn, Kns, Knc̄, and Ksc̄ are all positive as
shown in Table VII. In our opinion, it seems difficult to
form a bound state for the IðJPÞ ¼ 1ð5=2−Þ nnssQ̄ system
since the interactions between different quark components
are all repulsive. One can perform similar analysis to the
other nnssQ̄ states based on the information given in
Table VII.
Next, we discuss their decay behaviors. For convenience,

we mainly focus on the nnssc̄ pentaquark states according
to Table XIV. One can perform similar discussion on the
nnssb̄ pentaquark system correspondingly. For the nnssc̄
pentaquark states with I ¼ 1, if the obtained bound state
Pn2s2 c̄ð3520; 1; 5=2−Þ exists, this state should lie below the
Ξ�D̄�

s threshold, and can only decay into the Σ�D̄�
s final

states due to the requirement of the angular momentum
conservation.
The lowest IðJPÞ ¼ 1ð3=2−Þ state Pn2s2 c̄ð3325; 1; 3=2−Þ

can only decay into the ΣD̄�
s final states. Since its negative

values of Kns, Knc̄, and Ksc̄ lead to a small decay phase
space, this pentaquark is expected to be a narrow state.
Moreover, note that Pn2s2 c̄ð3325; 1; 3=2−Þ is slightly above
the threshold of the ΣD̄�

s channel. Considering the uncer-
tainty of parameters introduced in the CMI model, we still
cannot rule out the possibility of the Pn2s2 c̄ð3325; 1; 3=2−Þ
as a stable state.
For the other IðJPÞ ¼ 1ð3=2−Þ nnssc̄ pentaquark states,

the Pn2s2 c̄ð3614; 1; 3=2−Þ has

ΓΣ�D̄�
s
∶ΓΣ�D̄s

∶ΓΣD̄�
s
¼ 20.9∶35.0∶1; ð7Þ

and

ΓΞ�D̄�∶ΓΞ�D̄∶ΓΞD̄� ¼ 11.4∶7.6∶1: ð8Þ

Thus, the dominant decay channels for the
Pn2s2 c̄ð3614; 1; 3=2−Þ are the Σ�D̄s and Σ�D̄�

s in the
nns − sc̄ decay mode. Similarly, in the nss − nc̄
decay mode, the dominant decay channels are the Ξ�D̄�

and Ξ�D̄ channels. In addition, the Pn2s2 c̄ð3505; 1; 3=2−Þ
and Pn2s2 c̄ð3367; 1; 3=2−Þ have various two-body strong
decay channels, and they are expected to be broad states.
For the IðJPÞ ¼ 1ð1=2−Þ nnssc̄ pentaquark states, they

all have several two-body strong decay channels.
Specifically, the Pn2s2 c̄ð3716; 1; 1=2−Þ has two dominant
decay channels, i.e., the Σ�D̄�

s and Ξ�D̄� decays, which
have partial decay widths much larger than those of the
ΣD̄s, ΣD̄s, ΞD̄�, and ΞD̄ channels.
For the nnssc̄ pentaquark states with I ¼ 0,

the Pn2s2 c̄ð3555; 0; 5=2−Þ can only decay into the Ξ�D̄�
s

channel via S-wave. The angular momentum conservation
results in the suppression of the decay rate of the
Pn2s2 c̄ð3555; 0; 5=2−Þ state via higher partial waves. This
state only has the nns − sc̄ decay mode. For the states with
IðJPÞ ¼ 0ð3=2−Þ, they can only decay into the ΛD̄s
channel in the nns − sc̄ mode. In the ssn − nc̄ decay
mode, we have

ΓΞ�D̄�∶ΓΞ�D̄∶ΓΞD̄� ¼ 0∶7.5∶1; ð9Þ

for the Pn2s2 c̄ð3524; 0; 3=2−Þ state. It suggests that the
relative partial decay width of the Ξ�D̄ channel is much
larger than that of the ΞD̄� channel. The Pn2s2 c̄ð3351; 0;
3=2−Þ state can decay into the Σ�D̄�

s and ΞD̄� channels for
the ssn − nc̄ and snn − sc̄ decay modes, respectively. For
the Pn2s2 c̄ð3312; 0; 1=2−Þ state, we find that

ΓΛD̄�
s
∶ΓΛD̄s

¼ 1∶3.2; ð10Þ

and for the Pn2s2 c̄ð3451; 0; 1=2−Þ state, we have

ΓΛD̄�
s
∶ΓΛD̄s

¼ 1∶0.2; ΓΞD̄�∶ΓΞD̄ ¼ 1∶0.2: ð11Þ

F. The nnnnQ̄ and ssssQ̄ pentaquark states

For the nnnnc̄ ðnnnnb̄Þ pentaquark subsystem, the first
four quarks inside this system can be described by the
SU(2) isospin group. The isospin quantum numbers for
such pentaquark subsystem are I ¼ 2, 1, and 0. Because of
the constraint from the Pauli Principle, the ground nnnnQ̄
pentaquark states with quantum number IðJPÞ ¼ 2ð5=2−Þ,
0ð5=2−Þ do not exist. Finally, there exist six ground nnnnc̄
ðnnnnb̄Þ pentaquark states. Meanwhile, for the ssssc̄
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ðssssb̄Þ subsystem, the first four strange quarks inside this
system are identical, and are regarded as the flavor singlet.
Similarly, there are only two ground ssssc̄ ðssssb̄Þ penta-
quark states, while the states with quantum number JP ¼
5=2− do not exist.
From Fig. 2(a)–(b), we can see that in the nnnnc̄

ðnnnnb̄Þ subsystem, the pentaquark states with the smallest
and largest masses both have the assignment JP ¼ 1=2−.
Besides, we can easily find that the I ¼ 0 states have lower
masses than those of the I ¼ 1 nnnnc̄ ðnnnnb̄Þ pentaquark
states. Meanwhile, the masses of I ¼ 1 pentaquark states
are lower than those of the I ¼ 2 pentaquark states. Our
results indicate that the nnnnc̄ ðnnnnb̄Þ states with a lower
isospin quantum number are expected to form more
compact nnnnc̄ ðnnnnb̄Þ pentaquarks and thus have lower
masses.
Now we discuss the possible decay patterns for the

nnnnc̄ ðnnnnb̄Þ and ssssc̄ ðssssb̄Þ pentaquark states.
Possible reference meson-baryon systems for the nnnnc̄
ðnnnnb̄Þ and ssssc̄ ðssssb̄Þ pentaquark states can be
obtained by rearranging their constituent quarks and
regrouping them into meson-baryon systems. As shown
in Fig. 2(a)–(d), the reference meson-baryon systems for
the nnnnc̄ ðnnnnb̄Þ pentaquark states are the ΔD̄� ðΔB�Þ,
ΔD̄ ðΔBÞ, ND̄� ðNB�Þ, and ND̄ ðNBÞ, while the reference
meson-baryon systems for the ssssc̄ ðssssb̄Þ pentaquark
states are the ΩD̄�

s ðΩB�
sÞ and ΩD̄s ðΩBsÞ.

If we only consider the pentaquark decay through these
S-wave strong decay channels, we can see that all the
nnnnQ̄ and ssssQ̄ pentaquark states are higher than the
lowest thresholds of the corresponding strong decay

channels, which suggests that there exists no stable
pentaquark state with the nnnnQ̄ and ssssQ̄ configura-
tions. According to Table VII, we notice that many states
have a repulsiveKnc̄ (Knb̄) interaction, and thus these states
could hardly exist. However, for the IðJPÞ ¼ 0ð1=2−Þ
nnnnc̄ (nnnnb̄) state, the Knn and Knc̄ interactions are
both attractive and its width should be narrower compared
to that of the other nnnnc̄ ðnnnnb̄Þ pentaquark states.
Indeed, the stabilities of the nnnnQ̄ pentaquark states

have been discussed for a long time. Especially, in
Ref. [56], Jaffe and Wilczek found that the Θþ [57] could
be a bound state with two spin-0ud diquarks in P-wave
attached with an s̄ antiquark. Thus, they made a simple
mass estimate and suggested that the states analog to the
Θþð1540Þ, in which the s̄ is replaced by a heavy antiquark,
may also be bound. They denoted the states with flavour
structures ðudÞðudÞc̄ and ðudÞðudÞb̄ as Θc and Θb states,
respectively. They predicted their masses as mΘc

⋍
2710 MeV and mΘb

⋍ 6050 MeV, lying 100 MeV and
165 MeV below the strong decay thresholds of pD− and
nBþ, respectively. Based on the conclusion of Ref. [56],
Leibovich et al. suggested that the P-wave IðJPÞ ¼
0ð3=2þÞ Θ�

Q could also be stable with respect to strong
interaction and can decay into the ΘQγ final state [58].
Similarly, Oh et al. investigated the pentaquark (P) exotic
baryons as soliton-antiflavored heavy mesons bound states
by considering the chiral symmetry and heavy quark
symmetry. Their results support the existence of the loosely
bound nonstrange P-baryon(s) (nnnnc̄ and nnnnb̄) [59].
Moreover, for these subsystems, Park et al. presented
systemically the results of the corresponding binding

TABLE VIII. The overlaps of wave functions between a nnnnQ̄ (ssssQ̄) pentaquark state and a particular baryon⊗ meson state. The
masses are all in units of MeV. See the caption of Fig. 2 for the meanings of “⋄” and “⋆”.
Subsystem nnnnc̄ nnn ⊗ nc̄ nnnnb̄ nnn ⊗ nb̄

IðJPÞ Mass ΔD̄� ΔD̄ ND̄� ND̄ Mass ΔB� ΔB NB� NB

2ð3
2
−Þ 3381.4 0.456 −0.354 6745.6 0.456 −0.354

2ð1
2
−Þ 3487.4 −0.577 6779.5 −0.577

1ð5
2
−Þ 3248.5 0.707 6564.6 0.707

1ð3
2
−Þ 3212.0 −0.618 −0.450 0.168 6543.9 −0.540 −0.442 −0.078

3042.7 −0.099 0.613 0.235 6441.2 −0.322 0.492 0.278
1ð1

2
−Þ 3157.9 0.507 0.334 0.100 6461.9 0.556 0.255 0.174

3031.7 0.276 0.311 −0.339 6395.9 0.154 0.379 −0.308
0ð3

2
−Þ 3002.9 0.577 6313.0 0.577

0ð1
2
−Þ 2870.4 −0.289 −0.500 6270.6 −0.289 −0.500

ssssc̄ sss ⊗ sc̄ ssssb̄ sss ⊗ sb̄

Subsystem Mass ΩD̄�
s ΩD̄s Mass ΔB�

s ΔBs

0ð3
2
−Þ 3842.1 0.456 −0.354 7193.0 0.456 −0.354

0ð1
2
−Þ 3949.9 −0.577 7229.4 −0.577
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energies (defined as the difference between the hyperfine
interaction of the pentaquark against its lowest threshold
values) in Table IVof Ref. [60]. Until now, this topic is still
an open issue. In the following, we discuss the possible
decay behaviors of the nnnnQ̄ and ssssQ̄ pentaquark states
in the framework of the modified CMI model. Here, we
mainly discuss the decay behaviors of the nnnnc̄ penta-
quark states; one can perform very similar discussions on
the decay behaviors of the nnnnb̄, ssssc̄, and ssssb̄
pentaquark states according to Tables VIII and IX.
From Table IX and Fig. 2(a), we find that the

Pn4 c̄ð3487; 2; 1=2−Þ state can only decay into the ΔD̄�
final states, while the Pn4 c̄ð3381; 2; 3=2−Þ state has two
decay channels, i.e., decaying into the ΔD̄� and ΔD̄ final
states. The ratio of relative decay widths between the ΔD̄�

and ΔD̄ mode is

ΓΔD̄�∶ΓΔD̄ ¼ 1∶0.9; ð12Þ

where both the ΔD̄� and ΔD̄ channels are the dominant
decay modes for the Pn4 c̄ð3381; 2; 3=2−Þ pentaquark state.
Due to the conservation of angular momentum, the

Pn4 c̄ð3249; 1; 5=2−Þ state can decay into the ΔD̄� channel
via S-wave. The Pn4 c̄ð3220; 1; 3=2−Þ state can decay into
the ΔD̄ and ND̄� final states. As presented in Tables VIII
and IX, although the ΔD̄� has the largest eigenvector
component, this mode is kinematically forbidden. The
Pn4 c̄ð3043; 1; 3=2−Þ state can only decay into the ND̄�
channel. Due to small eigenvector component, this state is
expected to be a narrow state.

For the two IðJPÞ ¼ 1ð1=2−Þ states: Pn4 c̄ð3158; 1; 1=2−Þ
and Pn4 c̄ð3032; 1; 1=2−Þ, we obtain the following relative
ratios of decay widths:

ΓND̄�∶ΓND̄ ¼ 1∶0.1; ð13Þ

and

ΓND̄�∶ΓND̄ ¼ 1∶2.0; ð14Þ

respectively. The dominant decay mode for the Pn4 c̄ð3003;
1; 1=2−Þ state is the ND̄�. Besides, the IðJPÞ ¼ 0ð3=2−Þ
states Pn4 c̄ð3003; 0; 3=2−Þ and the IðJPÞ ¼ 0ð1=2−Þ state
Pn4 c̄ð2870; 0; 1=2−Þ can only decay into the ND̄� and ND̄
channels, respectively.
In addition, for the nnnnc̄ subsystem, the H1

Collaboration find the Θ0
c signal at 3099 MeV in the ep →

eD�−pX reaction [30]. However, this resonance was not
observed in any other experiment including ZEUS [31],
FOCUS [32], BABAR [33], ALEPH [61], and CDF [62].
According to Fig. 2(a), we suggest that the future experi-
ment could check the pentaquark signal existing in the
2800–3050 MeV mass range. For the nnnnb̄ subsystem,
the LHCb Collaboration tried to find the pentaquark signal
in the Pþ

B0pðuuddb̄Þ → J=ψKþπ−p weak decay mode via

the b → cc̄s transition. They search for the nnnnb̄ penta-
quark in the energy range 4668–6220 MeV. However,
no evidence for such a state is found [35]. According to
Fig. 2(b), our results suggest that the LHCb Collaboration

TABLE IX. The values of k · jcij2 for the nnnnQ̄ and ssssQ̄ pentaquark states. The masses are all in units of MeV. The kinetically
forbidden decay channel is marked with “×”. See the caption of Fig. 2 for the meanings of “⋄” and “⋆”. One can roughly estimate the
relative decay widths between different decay processes of different initial pentaquark states with this table if neglecting the γi
differences.

nnnnc̄ nnn ⊗ nc̄ nnnnb̄ nnn ⊗ nb̄

IðJPÞ Mass ΔD̄� ΔD̄ ND̄� ND̄ Mass ΔB� ΔB NB� NB

2ð3
2
−Þ 3381 97 83 6746 131 88

2ð1
2
−Þ 3487 208 6780 229

1ð5
2
−Þ 3249 49 6565 63

1ð3
2
−Þ 3212 × 83 17 6544 × 50 4

3043 × × 19 6441 × × 43
1ð1

2
−Þ 3158 × 59 7 6462 × 31 20

3032 × 32 63 6396 × 68 52
0ð3

2
−Þ 3003 88 6313 95

0ð1
2
−Þ 2870 × 70 6271 9 73

ssssc̄ sss ⊗ sc̄ ssssb̄ sss ⊗ sb̄

Mass ΩD̄�
s ΩD̄s Mass ΔB�

s ΔBs

0ð3
2
−Þ 3842 68 77 7193 109 80

0ð1
2
−Þ 3950 187 7229 203
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may check the nnnnb̄ pentaquark signal in the 6200–
6900 MeV energy window.

G. The nnnsQ̄ and sssnQ̄ pentaquark states

Lastly, we discuss the nnnsc̄ ðnnnsb̄Þ and sssnc̄ ðsssnb̄Þ
pentaquark subsystems. With the less constraint from the
Pauli principle, the corresponding mass spectra are more
complicated. For the nnnsc̄ ðnnnsb̄Þ pentaquark subsys-
tem, the isospin of the first three light quarks can couple to
I ¼ 3=2, 1=2.
Similar to the previous discussion, in the following, we

firstly distinguish the scattering states from the calculated
nnnsQ̄ and sssnQ̄ subsystems, the remaining states can be
regarded as the genuine pentaquark states. Then we discuss
the strong decay properties of these genuine pentaquarks.
In Fig. 2, we find that the lowest IðJPÞ ¼ 1=2ð1=2−Þ and

IðJPÞ ¼ 1=2ð3=2−Þ nnnsQ̄ states are all below the lowest
allowed strong decay channels. However, from Table XIII,
we find that the lowest IðJPÞ ¼ 1=2ð3=2−Þ nnnsc̄ ðnnnsb̄Þ
state has quite large fraction of the ND̄�

s (NB�
s) component.

Thus, it is more reasonable to take this state as a scattering
state. For the lowest IðJPÞ ¼ 1=2ð1=2−Þ nnnsc̄ ðnnnsb̄Þ
state, we consider it as a stable state, although it also has
relatively large fraction of the meson-baryon color-singlet
component. From Table VII, we also find that the Knn, Kns,
Knc̄ (Knb̄), and Ksc̄ (Ksb̄) interactions for the lowest
IðJPÞ ¼ 1=2ð1=2−Þ nnnsc̄ ðnnnsb̄Þ state are all attractive,
thus the width of this state is suppressed by its small decay
phase space. Extending to the entire nnnsc̄ (nnnsb̄)
subsystem, our results also suggest that the states with
the lowest isospin quantum number can form bound states
easily due to the attractive Kij interactions from their
quark pairs.
There are some theoretical discussions on the existence

of the qqqsQ̄ pentaquark states. Gignoux et al. found that
the states P0 ¼ c̄uuds and P− ¼ c̄ddus with spin 1=2 and
their beauty analogs are very likely to be stable multiquarks
[63]. Similarly, possible stable pentaquark configurations
Q̄sqqq were also proposed in Ref. [64]. In addition, the
mass of Tsðnnnsc̄; I ¼ 1=2Þ was estimated to be mTs

≃
2580 MeV in Ref. [25]. For the Ts → Dsp decay process,
the sum of the masses of Ds and proton is 2910 MeV, i.e.,
the state is below the lowest meson-baryon threshold about
330 MeV. For the Rsðnnnsb̄; I ¼ 1=2Þ, they have the
prediction mRs

≃ 5920 MeV, which is 390 MeV less than
the threshold of Bsp. Meanwhile, they find that there is no
stable pentaquark in the sssnQ̄ pentaquark subsystem.
Moreover, the K̄ D̄ N three-body system with I ¼ 1=2 has
the minimal quark component with uudsc̄ or uddsc̄. In
Ref. [65], they found that such three-body systemmay form
a bound state and acts like an explicit “uudsc̄” pentaquark.
Next, we focus on the decay behaviors of the nnnsc̄

pentaquark states, and one can perform very similar
discussions on the decay behaviors of the nnnsb̄, sssnc̄,

and sssnb̄ pentaquark subsystems according to Tables XIII
and XIV.
For the IðJPÞ¼1=2ð5=2−Þ state, the Pn3sc̄ð3405; 1=2;

5=2−Þ can dominantly decay into Σ�
cD̄� final states via

S-wave. The decay widths for the Pn3sc̄ð3405; 1=2; 5=2−Þ
into other higher partial wave channels are suppressed.
The other Pn3sc̄ pentaquark states all have two types of

decay mode, i.e., the nnn − sc̄ and nns − nc̄modes. As the
only genuine pentaquark state with the quantum number
IðJPÞ ¼ 3=2ð3=2−Þ, the Pn3sc̄ð3500; 3=2; 3=2−Þ has two
nnn − sc̄ decay channels, namely the ΔD̄s and ΔD̄�

s .
The corresponding ratio of partial decay widths is

ΓΔD̄�
s
∶ΓΔD̄s

¼ 1∶1.9: ð15Þ

On the other hand, as shown in Table XIV, the
Pn3sc̄ð3500; 3=2; 3=2−Þ state also has three nns − nc̄ decay
modes. The ratio of their partial decay widths is

ΓΣ�D̄�∶ΓΣ�D̄∶ΓΣD̄� ¼ 20.5∶15.6∶1: ð16Þ

Our results suggest that the Σ�D̄ and Σ�D̄� channels are the
dominant decay modes for the Pn3sc̄ð3500; 3=2; 3=2−Þ state.
Moreover, for the nnn − sc̄ decay mode, three genuine

IðJPÞ ¼ 1=2ð3=2−Þ pentaquark states have the only
one allowed decay channel ND̄�

s . While for the nns − nc̄
decay mode, the three IðJPÞ ¼ 1=2ð3=2−Þ pentaquark
states can decay freely to the ΛD̄� final states. For the
Pn3sc̄ð3209; 1=2; 3=2−Þ and Pn3sc̄ð3199; 1=2; 3=2−Þ states,
they have the same quantum numbers and similar masses,
but we can distinguish them from their decay behaviors. As
presented in Table XIV, the Pn3sc̄ð3209; 1=2; 3=2−Þ can
decay into the ΣD̄�, while this channel is forbidden for the
Pn3sc̄ð3199; 1=2; 3=2−Þ. Besides, the relative partial decay
width ratio of the Σ�

cD̄ and ΣcD̄� channels for the
Pn3sc̄ð3376; 1=2; 3=2−Þ is

ΓΣ�D̄∶ΓΣD̄� ¼ 10.1∶1: ð17Þ

Thus, the dominant decay channel for the Pn3sc̄ð3376;
1=2; 3=2−Þ is the Σ�D̄ channel in nns − nc̄ decay mode.
For the five IðJPÞ ¼ 1=2ð1=2−Þ pentaquark states, all of

them can be considered as genuine pentaquark states. The
lowest state Pn3sc̄ð2831; 1=2; 1=2−Þ is expected to be a
stable pentaquark state. For the Pn3sc̄ð3309; 1=2; 1=2−Þ
state, we find

ΓND̄�
s
∶ΓND̄s

¼ 1∶0.1; ð18Þ

and

ΓΣD̄�∶ΓΣD̄ ¼ 1∶0.1; ΓΛD̄�∶ΓΛD̄ ¼ 1∶0.2: ð19Þ

Similarly, for thePn3sc̄ð3172; 1=2; 1=2−Þ andPn3sc̄ð3081.9;
1=2; 1=2−Þ states, we have:
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ΓND̄�
s
∶ΓND̄s

¼ 1∶2.3; ΓΛD̄�∶ΓΛD̄ ¼ 1∶2.0; ð20Þ

and

ΓND̄�
s
∶ΓND̄s

¼ 1∶4.3; ð21Þ

respectively. Meanwhile, they can decay into the ΣD̄ channel
in the nns − nc̄ decay mode. These two pentaquark states
may have broad widths since they can decay freely to many
strong decay channels.

1. The uncertainties from CMI model

In this subsection, we take the IðJPÞ ¼ 1=2ð1=2−Þ
nnnsc̄ states and the obtained six stable states to discuss
the uncertainties of the CMI model.
The uncertainties we encountered are mainly from the

parameters mij and vij, and their uncertainties will mainly
affect the position of whole pentaquark mass spectra and
the mass gaps between the pentaquark states in the same
multiplet, respectively.
Firstly, we have discussed the uncertainties about mij in

the nns̄ c̄ subsystem, and we obtained an uncertainty of
2.6% for the parameters mij based on the mass of the
X0ð2900Þ by assuming that X0ð2900Þ is an IðJPÞ ¼ 0ð0þÞ
S-wave tetraquark state. To further discuss the uncertainties
of the IðJPÞ ¼ 1=2ð1=2−Þ nnnsc̄ states, we assume that the
mij and vij have at most 5% and 10% deviations from their
physical values, respectively. The corresponding results are
shown in Table X.
According to Table X, the whole nnnsc̄ pentaquark mass

spectra moves up (down) relative to the baryon-meson

thresholds as mij increases (decreases). On the other hand,
since the parameters vij are suppressed by 1=mQ, thus, they
mainly affect the mass gaps between different nnnsc̄
pentaquark states in the same multiplet.
Moreover, if the IðJPÞ ¼ 1=2ð1=2−Þ nnnsc̄ states also

haveþ2.6% correction as that of the nns̄ c̄ subsystem, then
the whole nnnsc̄ mass spectra would shift up by about
80 MeV. In this case, the lowest state lies slightly above the
lowest threshold and is no longer a stable state.
Next, we discuss the uncertainties of the obtained six

stable pentaquark states. We also assume that the mij and
vij have at most 5% and 10% deviations from their
physical values, respectively. Then we present how their
masses vary with the coupling parameters mij and vij in
Table XI.
From Table XI, we find that when we set mij at 0.95 and

vij at 1.1vij, respectively, the obtained pentaquark states are
deeply bound. On the contrary, as we increase the mij and
decrease vij, the absolute values of binding energies
become small, and some of the stable states disappear.
Thus, further exploration on such type of pentaquark states
are crucial to narrow the uncertainties encountered in
our model.

IV. DISCUSSION AND CONCLUSION

Exotic multiquark candidates are constantly discovered
experimentally. The lessons from the study of tetraquark
candidates Xð2900Þ [21,22] and the observation of the
Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ states achieved by the
LHCb Collaboration [11] give us strong confidence to
explore the qqqqQ̄ pentaquark system.

TABLE X. The discussion of uncertainty of the mij and vij values for the nnnsc̄ states with IðJPÞ ¼ 1=2ð1=2−Þ.
The IðJPÞ ¼ 1=2ð1=2−Þ nnnsc̄ states.

mij þ5.0%mij þ3.0%mij þ2.6%mij mij −2.6%mij −3.0%mij −5.0%mij

þ10.0%vij
0
BBB@

3478

3328

3228

3141

2955

1
CCCA

0
BBB@

3413

3263

3163

3077

2891

1
CCCA

0
BBB@

3400

3250

3150

3064

2878

1
CCCA

0
BBB@

3315

3166

3066

2982

2795

1
CCCA

0
BBB@

3231

3082

2982

2899

2713

1
CCCA

0
BBB@

3218

3069

2969

2886

2700

1
CCCA

0
BBB@

3153

3004

2904

2823

2636

1
CCCA

vij
0
BBB@

3471

3334

3244

3159

2990

1
CCCA

0
BBB@

3406

3269

3179

3095

2926

1
CCCA

0
BBB@

3393

3256

3166

3082

2914

1
CCCA

0
BBB@

3309
3172
3082
3000
2831

1
CCCA

0
BBB@

3224

3088

2998

2917

2748

1
CCCA

0
BBB@

3211

3075

2985

2904

2735

1
CCCA

0
BBB@

3146

3010

2920

2841

2672

1
CCCA

−10.0%vij
0
BBB@

3464

3340

3260

3177

3025

1
CCCA

0
BBB@

3399

3276

3195

3113

2962

1
CCCA

0
BBB@

3386

3263

3182

3100

2949

1
CCCA

0
BBB@

3302

3179

3098

3017

2866

1
CCCA

0
BBB@

3218

3094

3013

2935

2783

1
CCCA

0
BBB@

3205

3081

3001

2922

2771

1
CCCA

0
BBB@

3140

3017

2936

2859

2707

1
CCCA
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In this work, we firstly construct the ψ flavor ⊗ ψ color ⊗
ψ spin wave functions of the qqqqQ̄ pentaquark states and
extract the effective coupling constants from the conven-
tional hadrons. Then we systematically calculate the
chromomagnetic Hamiltonian matrices and obtain the
corresponding mass spectra. Besides the mass spectra,
we also provide the eigenvectors to extract useful infor-
mation about the decay properties from the possible quark
rearrangement decay channels, and calculate the Kij values
to discuss the stabilities and decay phase spaces of the
obtained qqqqQ̄ pentaquark states.
For the qqqqQ̄ pentaquark system, due to the constraint

from symmetry, there are no ground IðJPÞ ¼ 0ð5=2−Þ,
IðJPÞ ¼ 2ð5=2−Þ nnnnQ̄ states and IðJPÞ ¼ 0ð5=2−Þ
ssssQ̄ state. Meanwhile, for the IðJPÞ ¼ 3=2ð5=2−Þ
nnnsQ̄ and IðJPÞ ¼ 1=2ð5=2−Þ sssnQ̄ states, all of them
are scattering state since they only have the 1 ⊗ 1 compo-
nent. Besides, in the framework of CMI model, our results
suggest that there exist no stable nnnnQ̄, ssssQ̄, and
sssnQ̄ pentaquark states. This conclusion is consistent with
that in Ref. [60]. Moreover, our results indicate that the
pentaquark states with a lower isospin quantum number are

expected to form more compact pentaquark structures and
thus have smaller masses.
According to our results for the nnnnb̄ subsystem, we

suggest that the LHCb Collaboration could change the
search window from 4600–6220 MeV to 6200–6800 MeV
to search for the nnnnb̄ (I ¼ 0) pentaquark states in the
NB� final states. As for nnnsb̄ subsystem, the lowest
IðJPÞ ¼ 1=2ð1=2−Þ state is stable, and thus we suggest that
the LHCb Collaboration could change the search window
from 4600–6220 MeV to 6200–6900 MeV to search for the
nnnsb̄ ðI ¼ 1=2Þ via the b → cc̄s transition in the J=ψϕp
[35] final states. In the nnnsQ̄ subsystem, we find that the
lowest IðJPÞ ¼ 1=2ð1=2−Þ nnnsQ̄ pentaquark state is
below all the allowed strong decay channels and are good
stable pentaquark candidates. This conclusion has already
been proposed in Refs. [60,63,64]. In the nnssQ̄ subsys-
tem, although our results are larger than the predictions
from Ref. [25], our results still suggest that the lowest
IðJPÞ ¼ 0ð1=2−Þ and IðJPÞ ¼ 0ð3=2−Þ nnssQ̄ states are
stable states. In addition, the Knn, Kss, Kns, Knb̄, and Ksb̄
values are all negative for the lowest IðJPÞ ¼ 0ð1=2−Þ
nnssb̄ state Pn2s2b̄ð6455; 0; 1=2−Þ. Thus, its inner

TABLE XI. The change of the six stable states by varying themij and vij couplings. Here, the binding energy is the difference between
the mass of the pentaquark state and the lowest threshold. The masses of pentaquark states, the masses of lowest threshold, and the
binding energies are all in units of MeV.

Mass Binding energy

States IðJPÞ 1.1vij vij 0.9vij Lowest threshold 1.1vij vij 0.9vij

nnnsc̄ 1=2ð1=2−Þ 1.05mij 2955 2990 3025 ND̄s (2907) 1.05mij 48 83 118
1.026mij 2878 2914 2949 1.026mij −28 7 42

mij 2795 2831 2866 mij −112 −76 −41
0.95mij 2636 2672 2707 0.95mij −271 −235 −200

nnnsb̄ 1=2ð1=2−Þ 1.05mij 6552 6578 6604 NBs (6305) 1.05mij 247 273 299
1.01mij 6292 6318 6344 1.01mij −13 13 39
mij 6227 6253 6278 mij −78 −52 −27

0.95mij 5901 5927 5953 0.95mij −404 −378 −353

nnssc̄ 0ð3=2−Þ 1.05mij 3368 3384 3401 ΛD̄�
s (3228) 1.1mij 140 156 173

mij 3199 3216 3232 mij −29 −12 4
0.95mij 3031 3047 3063 0.95mij −197 −181 −165

0ð1=2−Þ 1.05mij 3159 3195 3231 ΛD̄s (3084) 1.05mij 75 111 147
1.02mij 3058 3093 3129 1.02mij −26 9 45
mij 2990 3026 3062 mij −94 −58 −22

0.95mij 2821 2857 2892 0.95mij −263 −227 −192

nnssb̄ 0ð3=2−Þ 1.05mij 6843 6862 6881 ΛB�
s (6531) 1.1mij 312 331 350

mij 6507 6526 6545 mij −24 −5 14
0.95mij 6172 6191 6210 0.9mij −359 −340 −321

0ð1=2−Þ 1.05mij 6765 6790 6816 ΛBs (6483) 1.05mij 282 307 333
mij 6429 6455 6480 mij −54 −28 −3

0.95mij 6093 6119 6145 0.95mij −390 −364 −338
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interactions between quarks are all attractive, and its width
is suppressed by the small decay phase space.
We collect the obtained six stable candidates in Table XI.

However, due to the uncertainty of the CMI model, further
dynamical calculations are still needed to clarify their
natures. Specifically, some stable states are close to the
meson-baryon thresholds of the lowest strong decay
channels, if the mass deviations in the CMI model are
larger than the difference between the pentaquark states and
the corresponding meson-baryon thresholds, these states
can no longer be considered as stable pentaquark states. On
the contrary, some unstable states, which are a little higher
than the meson-baryon thresholds of lowest strong decay
channels, also have possibilities to becoming stable states.
Meanwhile, the whole mass spectra has a slight shift or
down due to the mass deviations of constituent quarks.
While the mass gaps between different pentaquark states
are relatively stable, if one pentaquark state is observed in
experiment, we can use these mass gaps to predict their
corresponding multiplets.
Among the studied qqqqQ̄ pentaquark states, all of them

are explicit exotic states. If such pentaquark states are
observed, their exotic nature can be easily identified.
However, up to now, none of them was found. Our
systematical study may provide theorists and experimen-
talists some preliminary hints toward these pentaquark
systems. More detailed dynamical investigations on these
pentaquark systems are still needed. Besides, we hope that

the present study may inspire the LHCb, BESIII, Belle II,
JLAB, PANDA, EIC, and other relevant experiments to
search for these exotic states.
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APPENDIX: SOME EXPRESSIONS AND
RESULTS IN DETAIL

The CMI Hamiltonian expressions of the nnnsQ̄
(I ¼ 3=2; 1=2) and nnssQ̄ (I ¼ 1, 0) pentaquark states
are shown in Table XII.
The overlaps of the nnnsQ̄ (I ¼ 3=2; 1=2) and nnssQ̄

(I ¼ 1, 0) pentaquark states are shown in Table XIII.
The values of k · jcij2 for the nnnsQ̄ (I ¼ 3=2; 1=2)

and nnssQ̄ (I ¼ 1, 0) pentaquark states are shown in
Table XIV.
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TABLE XIV. The values of k · jcij2 for the nnnsQ̄ and nnssQ̄ pentaquark states. The masses are all in units of MeV. The kinetically
forbidden decay channel is marked with “×”. See the caption of Fig. 2 for the meanings of “⋄” and “⋆”. One can roughly estimate the
relative decay widths between different decay processes of different initial pentaquark states with this table if neglecting the γi
differences.

nnnsc̄ nnn ⊗ sc̄ nns ⊗ nc̄ nnnsb̄ nnn ⊗ sb̄ nns ⊗ nb̄

IðJPÞ Mass ΔD̄�
s ΔD̄s Σ�D̄� Σ�D̄ ΣD̄� ΣD̄ ΛD̄� ΛD̄ IðJPÞ Mass ΔB�

s ΔBs Σ�B� Σ�B ΣB� ΣB ΛB� ΛB
3
2
ð5
2
−Þ 3352⋆ 111 × 3

2
ð5
2
−Þ 6655⋆ 126 ×

3
2
ð3
2
−Þ 3500 31 59 109 83 5 3

2
ð3
2
−Þ 6862 60 50 145 95 6

3343⋆ × 10 × 9 31 6642⋆ × 43 × × 19
3177⋆⋄ × × × × × 6579 × × × × 37

3
2
ð1
2
−Þ 3603 127 224 2 2 3

2
ð1
2
−Þ 6895 123 251 2 3

3353 39 × 154 1 6657 12 × 196 29
3246 × × 12 56 6601 × × 70 ×

ND̄�
s ND̄s NB�

s NBs
1
2
ð5
2
−Þ 3405 61 1

2
ð5
2
−Þ 6723 80

1
2
ð3
2
−Þ 3376 17 × 25 3 24 1

2
ð3
2
−Þ 6702 4 × 52 0.6 6

3209 8 × × 11 63 6600 27 × × 5 71
3199 32 × × × 0.4 6515 36 × × × 30
3022⋆⋄ × × × × × 6324⋆⋄ × × × × ×

1
2
ð1
2
−Þ 3309 60 9 × 11 1 63 15 1

2
ð1
2
−Þ 6618 29 18 × 6 3 41 39

3172 30 66 × × 5 28 73 6531 77 46 × 12 6 67 57
3082 10 42 × × 34 × 11 6473 1 36 × × 11 8 20
3000 × 15 × × × × 7 6308 × 5 × × × × ×
2831⋄ × × × × × × × 6253⋄ × × × × × × ×

sssnc̄ sss ⊗ nc̄ ssn ⊗ sc̄ sssnb̄ sss ⊗ nb̄ ssn ⊗ sb̄

IðJPÞ Mass ΩD̄� ΩD̄ Ξ�D̄�
s Ξ�D̄s ΞD̄�

s ΞD̄s IðJPÞ Mass ΩB� ΩB Ξ�B�
s Ξ�Bs ΞB�

s ΞBs

1
2
ð5
2
−Þ 3680⋆ × 28 1

2
ð5
2
−Þ 6996⋆ × 38

1
2
ð3
2
−Þ 3724 108 70 56 75 4 1

2
ð3
2
−Þ 7079 149 94 95 73 3

3655 × 71 20 0.9 32 6976 × 103 22 14 31
3483 × × × × 28 6878 × × × × 75

1
2
ð1
2
−Þ 3829 219 176 0.5 0.6 1

2
ð1
2
−Þ 7114 255 184 0.8 2

3601 × × 98 16 6899 × × 59 44
3465 × × 47 108 6813 × × 115 84

nnssc̄ nns ⊗ sc̄ ssn ⊗ nc̄ nnssb̄ nns ⊗ sb̄ ssn ⊗ nb̄

IðJPÞ Mass Σ�D̄�
s Σ�D̄s ΣD̄�

s ΣD̄s Ξ�D̄� Ξ�D̄ ΞD̄� ΞD̄ IðJPÞ Mass Σ�B�
s Σ�Bs ΣB�

s ΣBs Ξ�B� Ξ�B ΞB� ΞB

1ð5
2
−Þ 3520 67 × 1ð5

2
−Þ 6829 86 ×

1ð3
2
−Þ 3614 40 67 2 117 79 10 1ð3

2
−Þ 6972 74 60 2 156 98 10

3505 47 1 13 × 24 40 6813 50 22 5 × 8 21
3368 × 17 42 × × 90 6747 × × 5 × × 97
3325 × × 50 × × × 6650 × × 122 × × 29

1ð1
2
−Þ 3716 152 1 1 230 2 3 1ð1

2
−Þ 7005 151 1 1 264 2 6

3475 × 65 3 × 82 17 6772 × 35 4 × 63 52
3350 × 41 60 × 22 100 6707 × 99 49 × 65 79
3220 × × 89 × × 45 6609 × 4 99 × × 30

ΛD̄�
s ΛD̄s ΛB�

s ΛBs

0ð5
2
−Þ 3555 101 0ð5

2
−Þ 6875 69

0ð3
2
−Þ 3524 24 × 168 22 0ð3

2
−Þ 6854 5 × 89 5

3351 15 × × 33 6743 51 × × 95
3216⋄ × × × × 6527⋄ × × × ×

(Table continued)
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