
 

Heavy flavor pentaquarks with four heavy quarks
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In this work, we carry out the study of heavy flavor pentaquarks with four heavy quarks, which have
typical QQQQq̄ configuration. Within the chromomagnetic interaction model, the mass spectrum of these
discussed QQQQq̄ pentaquarks is given. In addition to the mass spectrum analysis, we also illustrate their
two-body strong decay behavior by estimating some ratios of decay channels. By these efforts, we suggest
that a future experiment should pay attention to this kind of pentaquark.
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I. INTRODUCTION

OnMarch 3, 2021, LHC announced that 59 new hadrons
were reported over the past decade [1]. The present
situation of hadronic states is far beyond what Gell-
Mann and Zweig thought possible [2–4]. Among these
observed states, these Pc states existing in the Λb →
J=ψK−p decay are good candidates of exotic molecular
pentaquark [5–15]. The name pentaquark was first pro-
posed in Refs. [16,17], and there were many theoretical
explorations of pentaquark [18–22].
In 2003, LEPS announced the observation of Θþð1540Þ

with strangeness S ¼ þ1 [23], which has the uudds̄ com-
ponent. Of course,Θþð1540Þ stimulated extensive studies of
pentaquark [24–27]. However, some high precision experi-
ments such as BES [28], BABAR [29], Belle [30], and CDF
[31] did not confirm the existence of Θþð1540Þ. Facing this
situation, one realized again that our understanding of
nonperturbative behavior of quantum chromodynamics is
still absent, which is a lesson of Θþð1540Þ.
Obviously, it is not the end of the exploration of exotic

hadronic matter. With the accumulation of experimental

data, more and more charmoniumlike XYZ states have been
discovered since 2013, which again inspired a theorist’s
extensive interest in investigating exotic hadronic states
[32–39]. Especially, in 2015, the LHCb Collaboration
measured the Λ0

b → J=ψK−p decay and observed two
hidden-charm pentaquarklike resonances Pcð4380Þ and
Pcð4450Þ in the J=ψp invariant mass spectrum, which
indicates that they have a minimal quark content of uudcc̄
[5,6]. In 2019, LHCb found three narrow Pc structures in
the J=ψp invariant mass spectrum of Λb → J=ψK−p [7],
where this new measurement shows that Pcð4450Þ is
actually composed of two substructures, Pcð4440Þ and
Pcð4457Þ with 5.4σ significance. The characteristic mass
spectrum of Pc provides a strong evidence for existence of
hidden-charm molecular pentaquarks [11–15].
At present, searching for exotic hadronic states is still

full of challenge and opportunity. As theorists, we should
provide valuable prediction, which requires us to continue
to find some crucial hint for exotic hadronic states.
We may borrow some idea of proposing stable tetraquark

state with QQq̄q̄ configuration. Stimulated by the observa-
tion of double charm baryon Ξþþ

cc ð3620Þ [40], Refs. [41–43]
studied the possible stable tetraquark state with the QQq̄q̄
configuration. Here, the QQq̄q̄ configuration can be
obtained by replacing light quark q of double heavy baryon
QQqwith q̄q̄ pair since the color structure ofq and q̄q̄ can be
the same. Along this line, we may continue to replace q̄ of
QQq̄q̄ with a QQ pair and get the QQQQq̄ configuration,
which is a typical pentaquark configuration (see Fig. 1).
As a new type of pentaquark, the QQQQq̄ pentaquark

draws our attention to explore its mass spectrum and decay
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behavior. This information is valuable to future experi-
mental search for theQQQQq̄ pentaquark. In this work, we
systematically present the mass spectrum of the S-wave
QQQQq̄ system within the framework of chromomagnetic
interaction (CMI) model [44], which has been widely
adopted to study the mass spectra of multiquark systems
[41,45–62]. Moreover, in this work, we estimate the ratios
of the possible decays of the QQQQq̄ pentaquarks, which
are crucial for hunting this kind of pentaquark.
This paper is organized as follows. After introduction,

the adopted CMI model will be introduced in in Sec. II. In
Sec. III, we present the mass spectra of S-wave QQQQq̄
pentaquarks and estimate the ratios of possible strong decay
widths. Finally, a short summary is followed in Sec. IV.

II. THE CHROMOMAGNETIC
INTERACTION MODEL

The effective Hamiltonian involved in the estimated
mass spectrum of these discussed pentaquarks

H ¼
X
i

mi þHCMI

¼
X
i

mi −
X
i<j

Cijλ⃗i · λ⃗jσ⃗i · σ⃗j; ð1Þ

where mi denotes the effective mass of the ith constituent
quark when considering these effects from kinetic energy,
color confinement, and so on. HCMI, as the chromomag-
netic interaction Hamiltonian, is composed of Pauli matri-
ces σi and Gell-Mann matrices λi. Here, λi should be
replaced by −λ�i for antiquark, and Cij denotes the effective
coupling constant between the ith quark and jth quark,
which depends on the quark masses and the ground
particle’s spatial wave function. As input, Cij is fixed by
the involved hadron masses.
Usually, there exists overestimate to the predicted hadron

masses by Eq. (1) [41,45–55]. Additionally, the effective
mass mi in Eq. (1) does not incorporate attraction suffi-
ciently. The mass of the pentaquark state reads as

M ¼ Mref − hHCMIiref þ hHCMIi; ð2Þ

whereMref , hHCMIiref , and hHCMIi are the physical mass of
the reference system, the corresponding CMI eigenvalue,
and the CMI eigenvalue for the discussed multiquark
state, respectively. For Mref, we can use the threshold of

a reference baryon-meson system whose quark content is
the same as the considered pentaquark states. For example,
for the nnccc̄ system, we can use ðMΞcc

þMDÞ −
ðhHCMIiΞcc

þ hHCMIiDÞ þ hHCMIinnccc̄ or ðMΣc
þMJ=ψ Þ −

ðhHCMIiΣc
þ hHCMIiJ=ψ Þ þ hHCMIinnccc̄ to obtain the

mass spectra. All possible used Mref values are shown in
Table I.1 With this treatment, the dynamical effects that are
not incorporated in the original approach can be compen-
sated [50]. This approach of determining the masses
of pentaquark states is named as the reference mass scheme
here.
Alternatively, a color-electric term can be introduced

here [27,57–61],

HCEI ¼ −
X
i<j

Aijλ⃗i · λ⃗j: ð3Þ

With deduction

X
i<j

ðm0
i þm0

jÞλ⃗i · λ⃗j

¼ 1

2

X
i;j

ðm0
i þm0

jÞλ⃗i · λ⃗j −
X
i

m0
i ðλ⃗iÞ2

¼
�X

i

m0
i λ⃗i

�
·

�X
i

λ⃗i

�
−
16

3

X
i

m0
i ; ð4Þ

where the color operator
P

i λ⃗i nullifies any colorless
physical state, we have the Hamiltonian of the modified
CMI model

FIG. 1. Evolution of the QQQQq̄ pentaquark from double
heavy tetraquark and baryon.

TABLE I. The adopted masses of conventional hadrons for
determining parameters (in units of MeV) [59,63].

Hadrons IðJPÞ Mass Hadrons IðJPÞ Mass

D 1=2ð0−Þ 1869.6 D� 1=2ð1−Þ 2010.3
Ds 0ð0−Þ 1968.3 D�

s 0ð1−Þ 2112.2
B 1=2ð0−Þ 5279.3 B� 1=2ð1−Þ 5324.7
Bs 0ð0−Þ 5366.8 B�

s 0ð1−Þ 5415.4
Ξcc 1=2ð1=2þÞ 3621.4 Ξ�

cc 1=2ð3=2þÞ (3696.1)
Ωcc 0ð1=2þÞ (3731.8) Ω�

cc 0ð3=2þÞ (3802.4)
Ξcb 1=2ð1=2þÞ (6922.3) Ωcb 0ð1=2þÞ (7010.7)
Ξ0
cb 1=2ð1=2þÞ (6947.9) Ω0

cb 0ð1=2þÞ (7047.0)
Ξ�
cb 1=2ð3=2þÞ (6973.2) Ω�

cb 0ð3=2þÞ (7065.7)
Ξbb 1=2ð1=2þÞ (10168.9) Ξ�

bb 1=2ð3=2þÞ (10188.8)
Ωbb 0ð1=2þÞ (10259.0) Ω�

bb 0ð3=2þÞ (10267.5)
Ωccc 0ð3=2þÞ (4785.6) Ωbbb 0ð3=2þÞ (14309.7)
Ωccb 0ð1=2þÞ (7990.3) Ω�

ccb 0ð3=2þÞ (8021.8)
Ωbbc 0ð1=2þÞ (11165.0) Ω�

bbc 0ð3=2þÞ (11196.4)

1Since some of the heavy flavor baryons are not yet observed,
we adopt the theoretical results in Ref. [59] as input.
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H¼
X
i

m0
i þHCEIþHCMI

¼
X
i

m0
i −
X
i<j

Aijλ⃗i · λ⃗j−
X
i<j

vijλ⃗i · λ⃗jσ⃗i · σ⃗j;

¼−
3

4

�
−
4

3

X
i

m0
i

�
−
X
i<j

Aijλ⃗i · λ⃗j−
X
i<j

vijλ⃗i · λ⃗jσ⃗i · σ⃗j;

¼−
3

4

X
i<j

�
1

4
ðm0

i þm0
jÞþ

4

3
Aij

�
λ⃗i · λ⃗j−

X
i<j

vijλ⃗i · λ⃗jσ⃗i · σ⃗j;

¼−
3

4

X
i<j

mijVC
ij−
X
i<j

vijVCMI
ij : ð5Þ

In the above expression, VC
ij ¼ λ⃗i · λ⃗j and VCMI

ij ¼ λ⃗i · λ⃗jσ⃗i ·
σ⃗j denote the color and color-magnetic interactions
between quarks, respectively. A new mass parameter of
quark pair should be defined, i.e.,

mij ¼
1

4
ðm0

i þm0
jÞ þ

4

3
Aij: ð6Þ

By these conventional hadron masses (see Table I), we may
fix the parameters mij and vij (see Table II). Interested
readers can refer to Refs. [27,59–61] for more details. With
this modified CMI model scheme, we can give mass
spectrum of the QQQQq̄ pentaquarks.
When calculating the mass of the pentaquark states, we

need the information of the total wave function, which is
composedof space, flavor, color, and spinwave functions, i.e.,

ψ tot ¼ ψ space ⊗ ψ flavor ⊗ ψ color ⊗ ψ spin: ð7Þ

Since we only focus on the low-lying S-wave pentaquark
states, the symmetrical constraint from spatial pentaquark
wave function is trivial. For the discussed QQQQq̄
pentaquarks, their ψ flavor ⊗ ψ color ⊗ ψ spin wave functions
of pentaquark states should be fully antisymmetric when
exchanging identical quarks. All the possible flavor com-
binations for the QQQQq̄ pentaquark system are shown in
Table III, by which we further determine ψ flavor ⊗ ψ color ⊗

ψ spin wave functions, which satisfy f1234g, f123g, and
f12gf34g symmetry. Here, we use the notation f1234g to
label that the first, second, third, and fourth quarks have
antisymmetry property, which will be applied in the
following discussions. For identifying the pentaquark
configuration with certain exchanging symmetry, we use
the approach of Young diagram and Young tableau, which
represents the irreducible bases of the permutation group.
The color wave functions for QQQQq̄ pentaquark

system are expressed as a direct product

½3c ⊗ 3c ⊗ 3c ⊗ 3c� ⊗ 3̄c: ð8Þ

Due to the requirement of color confinement, the color
wave function must be a singlet. Therefore, the four heavy
quarks should be in the color triplet states, and the
corresponding partition [211] reads as

ð9Þ

Here, the subscript labels the irreducible representation of
SU(3). Then, by combining the antitriplet from light
antiquark with the deduced three color triplets in
Eq. (9), we obtain the following three color singlets for
all the studied pentquark systems:

ð10Þ

TABLE II. Coupling parameters for the schemes in units of
MeV. Here, q ¼ n, s (n ¼ u, d), and Q ¼ c, b.

The reference mass scheme

Ccc Cbb Ccb Ccn̄ Ccs̄ Cbn̄ Cbs̄

3.3 1.8 2.0 6.6 6.7 2.1 2.3

The modified model CMI scheme

mcc mbb mcb mcn̄ mcs̄ mbn̄ mbs̄

792.9 2382.4 1604.0 493.3 519.0 1328.3 1350.8
vcc vbb vcb vcn̄ vcs̄ vbn̄ vbs̄
3.5 1.9 2.0 6.6 6.7 2.1 2.3

TABLE III. All possible flavor combinations for the QQQQq̄
pentaquark system with q ¼ n, s (n ¼ u, d), and Q ¼ c, b.

System Flavor combinations

QQQQq̄ ccccn̄ cccbn̄ ccbbn̄ bbbcn̄ bbbbn̄
ccccs̄ cccbs̄ ccbbs̄ bbbcs̄ bbbbs̄

HEAVY FLAVOR PENTAQUARKS WITH FOUR HEAVY QUARKS PHYS. REV. D 103, 114027 (2021)

114027-3



ð11Þ

and

ð12Þ

Next, we discuss the spinwave function in spin space. For
theQQQQq̄ pentaquark systemwith total spin J ¼ 5=2, the
spin state can be represented by partition [5], i.e.,

ð13Þ

The spin wave functions for the QQQQq̄ pentaquark with
J ¼ 3=2 are represented in partition [41] as

ð14Þ

With the similar method, one obtains the spin wave
functions for the QQQQq̄ pentaquark states with
J ¼ 1=2, which can be represented in partition [32] as

ð15Þ

Since particle 5 corresponds to a light antiquark, we can
isolate this antiquark and discuss the symmetry property of

the first four heavy quarks 1, 2, 3, and 4 in ψ color ⊗ ψ spin

space.
When the antiquark 5 is separated from the spin wave

functions, the spin states represented in Young tableaux
without the antiquark 5 can be directly obtained from
Eqs. (13)–(15) as

ð16Þ

In Eq. (16), the spin states can be identified with the
Young-Yamanouchi basis vectors for partitions [4], [31],
and [22].
For constructing the ψ flavor ⊗ ψ color ⊗ ψ spin wave func-

tions of QQQQq̄ pentaquark system, we should combine
the partition [211] of the color singlets in Eq. (9) with
partitions [4], [31], [22] of the spin states in Eq. (16) by
the inner product of the permutation group. Thus, the
ψ color ⊗ ψ spin wave functions with a certain symmetry can
be constructed. We get the corresponding Young diagram
representations of ψ color ⊗ ψ spin bases [64–66],

ð17Þ

By using the Clebsch-Gordan (CG) coefficient of the
permutation group Sn, one obtains the coupling scheme
designed to construct the ψ color ⊗ ψ spin states. Here, any
CG coefficient of Sn can be factorized into an isoscalar
factor, called the K matrix, and the CG coefficient of Sn−1
[65]. The expression of CG coefficient of Sn reads as

Sð½f0�p0q0y0½f00�p00q00y00j½f�pqyÞ
¼Kð½f0�p0½f00�p00j½f�pÞSð½f0p0 �q0y0½f00p00 �q00y00j½fp�qyÞ: ð18Þ
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Here, S in the left-hand (right-hand) side denotes a CG
coefficient of Sn (Sn−1) and [f] (½fp�) is a Young tableau of
Sn (Sn−1) with ½f�pqy as a specific Young-Yamanouchi
basis vector. And, p (q) is the row of the n (n − 1)th particle
in the Young-Yamanouchi basis vector, while y is the
distribution of the n − 2 remaining particles. In fact, a
similar application is also used in Refs. [66–70]. According
to the isoscalar factors for S3 and S4 in Tables 6.2 and 6.3 of
Ref. [65], the corresponding CG coefficient of S4 can be
obtained. The corresponding Young-Yamanouchi basis
vector obtained from the ψ color ⊗ ψ spin coupling [see
Eq. (17)] is collected in Eq. (A1) of Appendix.
We can combine the flavor wave functions with the

ψ color ⊗ ψ spin wave functions [see Eq. (A1)] of QQQQq̄
pentaquark states to deduce the symmetry allowed ψ flavor ⊗
ψ color ⊗ ψ spin pentaquark wave functions. In Table VII in
the Appendix, all the symmetrically allowed Young-
Yamanouchi basis vectors for the different flavor wave
functions are listed.
By constructing all the possible ψ flavor ⊗ ψ color ⊗ ψ spin

bases satisfied for f1234g, f123g, and f12gf34g sym-
metry, we can calculate the CMI matrices for the studied
pentaquark states. Here, we only present the expressions of
CMI Hamiltonians for the ccccn̄, cccbn̄, and ccbbn̄
pentaquark subsystems in Table VIII in the Appendix.
According to their similar symmetry properties, the expres-
sions of CMI matrices for other pentaquark subsystems can
be deduced for those of the ccccc̄, cccbc̄, and ccbbc̄
pentaquark subsystems.

III. MASS SPECTRA AND DECAY BEHAVIORS

As shown in Table III, according to symmetry properties,
we can divide the QQQQq̄ pentaquark system into the
following three groups:
(a) The ccccq̄ and bbbbq̄ pentaquark subsystems.
(b) The cccbq̄ and bbbcq̄ pentaquark subsystems.
(c) The ccbbq̄ pentaquark subsystem.
For the ccccq̄ and bbbbq̄ subsystems, the wave func-
tions should be antisymmetric for the exchange between
the 12, 13, 14, 23, 24, or 34 particles. The cccbq̄ and
bbbcq̄ wave functions are antisymmetric when exchanging
the 12, 13, or 23 particles. However, for the ccbbq̄
subsystem, the antisymmetry is considered only for
exchanging the 12 or 34 particles. The fewer restrictions
lead to more allowed wave functions. Therefore, the
number of basis states in Table VII increases from
ccccn̄ to cccbn̄ and next to ccbbn̄ due to the Pauli
principle. In the following, we will discuss the mass spectra
and strong decay properties ofQQQQq̄ pentaquark system
group by group. All of them are explicitly exotic states. If
such pentaquark states could be observed in an experiment,
its pentaquark state nature could be easily identified. For
simplicity, we use Pcontentðmass; I; JPÞ to label a particular
pentaquark state.

A. The ccccq̄ and bbbbq̄ pentaquark states

Here, we first discuss the ccccq̄ and bbbbq̄ pentaquark
subsystems. Because of the symmetrical constraint from
Pauli principle, i.e., fully antisymmetric among the first
four charm quarks, the ground JP ¼ 5=2− pentaquark state
with ccccq̄ and bbbbq̄ cannot exist. We only find two
ground states: a JP ¼ 3=2− state and a JP ¼ 1=2− state for
these subsystems.
Diagonalizing the Hamiltonians in Table VIII with the

corresponding parameters in Table II, we can obtain the
corresponding mass spectra for ccccq̄ and bbbbq̄ penta-
quark subsystems and present them in Table IV. For the
reference mass scheme, the only combination of meson-
baryon reference systems are ðΩcccÞ þ ðDÞ, ðΩcccÞ þ ðDsÞ,
ðΩbbbÞ þ ðB̄Þ, and ðΩbbbÞ þ ðB̄sÞ for the ccccn̄, ccccs̄,
bbbbn̄, and bbbbs̄ subsystems, respectively.
The modified CMI model scheme takes the chromo-

electric interaction explicitly compared to the reference
mass scheme, and therefore we use the results in this
scheme for the following analysis. Based on the results
calculated from the modified CMI model scheme, we plot
the mass spectra of the ccccn̄, ccccs̄, bbbbn̄, and bbbbs̄
subsystems in Figs. 2(a)–2(d), respectively. Moreover,
we also plot all the baryon-meson thresholds which can
decay to through quark rearrangement in Figs. 2(a)–2(d).
Meanwhile, we label the spin of the baryon-meson states
with superscript. When the spin of an initial pentaquark
state is equal to the number in the superscript of a baryon-
meson state, it may decay into that baryon-meson channel
through an S wave. Here, we define the relatively “stable”
pentaquark states as those which cannot decay into the S
wave baryon-meson states. Meanwhile, we label these
stable pentaquark states with ⋄ in the relevant figure and
tables.
Based on the obtained ccccq̄ and bbbbq̄ pentaquark

spectra, we can discuss the possible decay patterns by
considering different rearrangement of quarks in the corre-
sponding pentaquark states. The discussion of possible
decay patterns for these pentaquark states would be helpful
for the observation in experiments. FromFigs. 2(a)–2(d), we
can easily find that the JP ¼ 3=2− state generally has smaller
masses than that of the JP ¼ 1=2− state in the ccccq̄ and
bbbbq̄ pentaquark subsystems. We also find that all the
ccccq̄ and bbbbq̄ pentaquark states have strong decay
channels, which indicates that in the modified CMI model,
no stable ccccq̄ and bbbbq̄ pentaquark exists.
In addition to the mass spectra, the eigenvectors of

pentaquark states will also provide important information
about the two-body strong decay of multiquark states
[60–62,71–73]. The overlap for the pentaquark with a
specific baryon ⊗ meson state can be calculated by trans-
forming the eigenvectors of the pentaquark states into the
baryon ⊗ meson configuration. In the QQQ ⊗ Qq̄ con-
figuration, the color wave function of the pentaquark falls
into two categories: the color-singlet jðQQQÞ1cðQq̄Þ1ci and
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the color-octet jðQQQÞ8cðQq̄Þ8ci. The former one can easily
dissociate into an S-wave baryon and meson [the so-called
Okubo-Zweig-Iizuka (OZI)-superallowed decays], while
the latter one cannot fall apart without the gluon exchange
force. In this work, we only focus on the OZI-superallowed
pentaquark decay process. It means that only the C3 color
part in Eq. (12) is considered in the color space.

For the two body decay via L-wave process, the
expression describing partial decay width can be para-
metrized as [60,61]

Γi ¼ γiα
k2Lþ1

m2L · jcij2; ð19Þ

TABLE IV. The estimated masses for the QQQQq̄ ðQ ¼ c; b; q ¼ n; s; n ¼ u; dÞ system in units of MeV. The eigenvalues of HCMI
matrix are listed in the second column. The corresponding masses in the reference mass scheme are listed in the third and/or fourth
column. The masses with the modified CMI model scheme are presented in the last column.

Reference
mass scheme

Modified CMI
model scheme

Reference
mass scheme

Modified CMI
model scheme

ccccn̄ ccccs̄

JP Eigenvalue (DΩccc) Mass JP Eigenvalue ðDsΩcccÞ Mass
3
2
− 26.4 6761 6761 3

2
− 25.9 6861 6864

1
2
− 132.0 6867 6867 1

2
− 133.1 6968 6972

bbbbn̄ bbbbs̄
JP Eigenvalue (BΩbbb) Mass JP Eigenvalue ðBsΩbbbÞ Mass

3
2
− 22.4 19631 19647 3

2
− 21.3 19720 19736

1
2
− 56.0 19664 19681 1

2
− 58.1 19757 19773

cccbn̄ cccbs̄
JP Eigenvalue (BΩccc) (DΩccb) Mass JP Eigenvalue ðBsΩcccÞ ðDsΩccbÞ Mass

5
2
− 37.6 10110 9816 10110 5

2
− 38.7 10202 9917 10201

3
2
−  

65.3
22.0
−40.6

!  
10138

10094

10032

!  
9843

9800

9738

!  
10118

10078

9961

! 3
2
−  

65.9
21.3
−43.1

!  
10229

10184

10120

!  
9944

9900

9835

!  
10210

10168

10062

!

1
2
−  

110.4
68.0
−41.3

!  
10183

10140

10031

!  
9889

9846

9737

!  
10134

10062

9946

! 1
2
−  

111.6
69.1
−41.7

!  
10275

10232

10121

!  
9990

9948

9837

!  
10228

10166

10047

!

bbbcn̄ bbbcs̄
JP Eigenvalue (DΩbbb) (BΩbbc) Mass JP Eigenvalue ðDsΩbbbÞ ðBsΩbbcÞ Mass

5
2
− 49.6 16320 16544 16318 5

2
− 50.1 16421 16635 16422

3
2
−  

49.6
16.6
−94.5

!  
16320

16287

16176

!  
16544

16511

16400

!  
16538

16318

16176

! 3
2
−  

50.2
16.1
−94.4

!  
16421

16387

16274

!  
16636

16601

16489

!  
16626

16422

16277

!

1
2
−  

72.2
30.3
−7.5

!  
16343

16301

16263

!  
16567

16525

16487

!  
16574

16523

16315

! 1
2
−  

74.0
31.8
−8.7

!  
16445

16403

16362

!  
16659

16617

16577

!  
16663

16611

16418

!

ccbbn̄ ccbbs̄
JP Eigenvalue (BΩccb) (DΩbbc) Mass JP Eigenvalue ðBsΩccbÞ ðDsΩbbcÞ Mass

5
2
− 42.1 13358 13199 13244 5

2
− 42.9 13450 13300 13341

3
2
− 0

B@
61.2
24.3
11.3
−70.4

1
CA

0
B@

13377

13340

13327

13246

1
CA

0
B@

13218

13181

13168

13086

1
CA

0
B@

13383

13231

13221

13100

1
CA

3
2
− 0

B@
61.7
24.1
12.0
−72.6

1
CA

0
B@

13468

13431

13419

13334

1
CA

0
B@

13319

13281

13269

13185

1
CA

0
B@

13470

13329

13319

13200

1
CA

1
2
− 0

B@
90.3
44.8
−5.4
−84.4

1
CA

0
B@

13406

13361

13311

13232

1
CA

0
B@

13247

13202

13151

13072

1
CA

0
B@

13414

13242

13212

13086

1
CA

1
2
− 0

B@
91.7
46.3
−7.3
−85.6

1
CA

0
B@

13498

13453

13399

13321

1
CA

0
B@

13349

13303

13250

13172

1
CA

0
B@

13502

13343

13307

13187

1
CA
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FIG. 2. Relative positions (unit: MeV) for the ccccn̄, ccccs̄, bbbbn̄, bbbbs̄, cccbn̄, cccbs̄, bbbcn̄, bbbcs̄, ccbbn̄, and ccbbs̄
pentaquark states labeled with solid lines. The dotted lines denote various S-wave baryon-meson thresholds, and the superscripts of the
labels, e.g., ðΩcccD�Þ5=2;3=2;1=2, represent the possible total angular momenta of the channels. We mark the relatively stable pentaquarks,
unable to decay into the S-wave baryon-meson states, 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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where α is an effective coupling constant, m is the mass of
the initial state, k is the momentum of the final states in the
rest frame, and ci is the overlap between the pentaquark
wave function and the mesonþ baryon wave function.
Take Pc4n̄ð6761; 1=2; 3=2−Þ → ΩcccD� as an example,

ci ≡ hΩccc ⊗ D�
����Pc4n̄

�
6761;

1

2
;
3

2

−
��

ð20Þ

¼ hðcccÞ1cS¼1=2 ⊗ ðcn̄Þ1cS¼1

����Pc4n̄

�
6761;

1

2
;
3

2

−
��

¼ 0.456:

ð21Þ

We show all possible overlaps between a pentaquark state
and its possible jðQQQÞ1cðQq̄Þ1ci and jðQQQÞ1cðQq̄Þ1ci
components in Table V. For the decay processes that we are
interested in, ðk=mÞ2 is of Oð10−2Þ or even smaller. Thus,
we only consider the S-wave decays.
As for the γi, it depends on the spatial wave functions of

initial and final states, and may not be the same for different
decay processes. In the quark model, the spatial wave
functions of the ground state scalar and vector meson are
the same [61]. As a rough estimation, we introduce the
following approximations to calculate the relative partial
decay widths of the ccccq̄ and bbbbq̄ pentaquark states:

γΩcccD� ¼ γΩcccD; γΩcccD�
s
¼ γΩcccDs

;

γΩbbbB� ¼ γΩbbbB; γΩbbbB�
s
¼ γΩbbbBs

: ð22Þ

We present k · jcij2 for each decay process in Table VI.
From Table VI, one can roughly estimate the relative decay
widths between different decay processes of different initial
pentaquark states if neglecting the γi differences. Such
approximation have already been applied in Refs. [55,56].
We emphasized that we are only interested in its relative
partial decay widths between different decay modes for a
particular pentaquark state.
Based on Eqs. (19)–(22), we can calculate relative partial

decay widths for the ccccq̄ and bbbbq̄ pentaquark sub-
systems. For the JP ¼ 1=2− ccccn̄ pentaquark state, it
cannot decay into S-wave ΩcccD because of the constraint
of angular conservation law. This same situation also
happens in the ccccs̄, bbbbn̄, and bbbbs̄ subsystems.
Due to small phase spaces, the Pc4n̄ð6761; 1=2; 3=2−Þ

and Pc4 s̄ð6864; 0; 3=2−Þ can only decay into ΩcccD and
ΩcccDs final states, respectively. While for the two JP ¼
3=2− bbbbq̄ pentaquark states, the Pb4n̄ð19647; 1=2; 3=2−Þ
and Pb4 s̄ð19736; 0; 3=2−Þ, we find

Γ½Pðb4n̄Þð19647; 1=2; 3=2−Þ → ΩbbbB�
Γ½Pðb4n̄Þð19647; 1=2; 3=2−Þ → ΩbbbB�� ¼ 1.3 ð23Þ

and

Γ½Pðb4 s̄Þð19736; 0; 3=2−Þ → ΩbbbBs�
Γ½Pðb4 s̄Þð19736; 0; 3=2−Þ → ΩbbbB�

s �
¼ 1.4; ð24Þ

respectively. Thus, the widths of the two modes do no differ
very much.

B. The cccbq̄ and bbbcq̄ pentaquark states

Next, we consider the cccbq̄ and bbbcq̄ pentaquark
subsystems. The cccbq̄ and bbbcq̄ pentaquark subsystems
include three identical heavy quarks.
The masses of cccbq̄ and bbbcq̄ pentaquark states can

be determined in two schemes and shown in Table IV. In the
reference mass scheme, we can exhaust two types of
baryon-meson reference systems. Specifically, we can
use the Ωccc þ B (Bs) and Ωccb þD (Ds) as reference
systems to estimate the masses of the cccbn̄ ðcccbs̄Þ
pentaquark subsystem. Similarly, the meson-baryon refer-
ence systems Ωbbb þD (Ds) and Ωbbc þ B (Bs) are used to
calculate the masses of the bbbcn̄ ðbbbcs̄Þ pentaquark
subsystem. The obtained eigenvalues and masses of
cccbn̄ ðs̄Þ and bbbcn̄ ðs̄Þ pentaquark states calculated from
two types of reference systems are presented in the third and
fourth columns of Table IV, respectively. We easily find that
the mass spectra that come from two different reference
systems differs by more than 100 MeV for some studied
subsystems. The reason is that the dynamics and contribu-
tions from other terms in conventional meson and baryon
potential are not elaborately considered in this model [50].
However, the mass gaps under different reference systems
are still the same. Thus, if one pentaquark state were
observed, its partner states may be searched for with the
relative positions presented in Table IV.
Based on the results listed in the last column of Table IV,

we plot the mass spectra and relevant quark rearrangement
decay patterns for the cccbn̄, cccbs̄, bbbcn̄, and bbbcs̄
subsystems in Figs. 2(e)–2(h), respectively. Moreover,
according to the modified CMI model, we can obtain
the overlaps for cccbn̄ ðcccbs̄Þ and bbbcn̄ ðbbbcs̄Þ
pentaquark states with different baryon ⊗ meson bases,
and the results are shown in Table V.
From Table V, the Pc3bn̄ð10110; 1=2; 5=2−Þ state couples

completely to the ΩcccB̄� system, which can be written as a
direct product of a baryon Ωccc and a meson B̄�. Moreover,
for the Pc3bn̄ð10118; 1=2; 3=2−Þ, Pc3bn̄ð10078; 1=2; 3=2−Þ,
and Pc3bn̄ð10134; 1=2; 1=2−Þ states, they strongly couple to
the ΩcccB̄�, ΩcccB̄, and ΩcccB̄� bases, respectively. This
kind of pentaquark behaves similar to the ordinary scatter-
ing state made of a baryon and meson if the inner
interaction is not strong, but could also be a resonance
or bound state dynamically generated by the baryon and
meson with strong interaction. These kinds of pentaquarks
deserve a more careful study with some hadron-hadron
interaction models in future. Thus, we label them with ⋆
in Tables V, VI, and Fig. 2. Moreover, we find that the
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JP ¼ 5=2− QQQQ0q̄ pentaquark states all have only one
component ΩQQQB�

ðsÞ ðD�
ðsÞÞ. Therefore, the JP ¼ 5=2−

ground states are regarded as the states made of two
hadrons.

For cccbq̄ pentaquark states, they have two types of
decay modes: ccc − bq̄ and ccb − cq̄. Similarly, the bbbcq̄
pentaquark states also have two types of decay modes:
bbb − cq̄ and bbc − bq̄. In the heavy quark limit, Ω�

ccb

TABLE V. The eigenvectors of the ccccn̄, ccccs̄, bbbbn̄, bbbbs̄, cccbn̄, cccbs̄, bbbcn̄, bbbcs̄, ccbbn̄, and ccbbs̄ pentaquark
subsystems. The masses are all in units of MeV. See the caption of Fig. 2 for meanings of ⋄ and ⋆.

ccc ⊗ cn̄ ccc ⊗ cs̄ bbb ⊗ bn̄ bbb ⊗ bs̄

JP Mass ΩcccD� ΩcccD Mass ΩcccD�
s ΩcccDs Mass ΩbbbB� ΩbbbB Mass ΩbbbB�

s ΩbbbBs

3
2
− 6761 0.456 −0.354 6864 0.456 −0.354 19647 0.456 −0.354 19736 0.456 −0.354

1
2
− 6867 −0.577 6972 0.577 19681 −0.577 19773 0.577

ccc ⊗ bn̄ ccb ⊗ cn̄ ccc ⊗ bs̄ ccb ⊗ cs̄
JP Mass ΩcccB� ΩcccB Ω�

ccbD
� Ω�

ccbD ΩccbD� ΩccbD Mass ΩcccB�
s ΩcccBs Ω�

ccbD
�
s Ω�

ccbDs ΩccbD�
s ΩccbDs

5
2
− 10110⋆ 1.000 0.333 10201⋆ 1.000 0.333

3
2
− 10118⋆ 0.950 0.188 0.217 0.140 −0.255 10210⋆ 0.939 0.197 0.234 0.127 −0.258

10078⋆ −0.261 0.917 0.333 −0.019 0.174 10168 −0.289 0.895 0.345 −0.043 0.169
9961 0.172 0.352 0.372 −0.450 −0.230 10062 0.184 0.399 0.350 −0.452 −0.231

1
2
− 10134⋆ 0.914 −0.333 −0.201 −0.121 10228 0.891 −0.365 −0.188 −0.106

10062 −0.246 0.498 −0.415 −0.064 10166 −0.290 0.477 −0.430 −0.065
9946 0.323 0.220 0.397 −0.451 10048 0.349 0.217 0.387 −0.455

bbb ⊗ cn̄ bbc ⊗ bn̄ bbb ⊗ cs̄ bbc ⊗ bs̄
JP Mass ΩbbbD� ΩbbbD Ω�

bbcB
� Ω�

bbcB ΩbbcB� ΩbbcB Mass ΩbbbD�
s ΩbbbDs Ω�

bbcB
�
s Ω�

bbcBs ΩbbcB�
s ΩbbcBs

5
2
− 16318⋆⋄ 1.000 0.333 16422⋆⋄ 1.000 0.333

3
2
− 16538 −0.004 −0.052 0.508 −0.375 −0.213 16626 −0.009 −0.056 0.509 −0.373 −0.213

16318⋆ 0.999 −0.001 0.053 0.217 −0.139 16422⋆⋄ 0.999 −0.001 0.051 0.218 −0.140
16176⋆⋄ 0.001 0.999 0.189 0.187 0.204 16277⋆⋄ 0.001 0.998 0.187 0.188 0.204

1
2
− 16574 −0.085 −0.634 0.135 0.146 16663 −0.092 −0.634 0.139 0.141

16523 −0.074 0.045 0.580 −0.323 16611 −0.086 0.052 0.580 −0.321
16315⋆⋄ 0.994 0.054 0.127 −0.130 16418⋆⋄ 0.992 0.049 0.121 0.315

bbc ⊗ cn̄ ccb ⊗ bn̄
JP Mass Ω�

bbcD
� Ω�

bbcD ΩbbcD� ΩbbcD Ω�
ccbB

� Ω�
ccbB ΩccbB� ΩccbB

5
2
− 13244 −0.577 −0.577

3
2
− 13383 −0.018 −0.052 −0.013 0.566 −0.372 0.452

13231 0.621 0.033 −0.072 −0.077 −0.454 −0.251
13221 −0.155 −0.167 −0.586 −0.319 −0.040 0.410
13100 0.250 −0.620 0.310 0.209 0.265 −0.096

1
2
− 13414 −0.099 0.053 0.024 −0.710 −0.222 −0.317

13242 0.641 0.220 −0.107 −0.124 0.385 0.180
13212 0.197 −0.535 0.052 −0.078 −0.271 0.510
13086 0.310 0.155 0.634 0.173 −0.301 −0.155

bbc ⊗ cs̄ ccb ⊗ bs̄
JP Mass Ω�

bbcD
�
s Ω�

bbcDs ΩbbcD�
s ΩbbcDs Ω�

ccbB
�
s Ω�

ccbBs ΩccbB�
s ΩccbBs

5
2
− 13341 −0.577 −0.577

3
2
− 13470 −0.025 −0.056 −0.013 0.569 −0.366 0.453

13329 0.647 0.041 0.051 −0.122 −0.448 −0.167
13319 −0.041 −0.142 −0.596 −0.292 0.052 0.448
13200 −0.226 0.626 −0.293 0.218 0.282 −0.104

1
2
− 13502 −0.109 0.057 0.025 −0.713 −0.220 −0.308

13343 0.648 0.232 −0.085 −0.108 0.380 0.172
13307 0.201 −0.531 0.055 −0.069 −0.265 0.515
13187 0.286 0.150 0.637 −0.177 0.313 0.164
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TABLE VI. The values of k · jcij2 for the ccccn̄, ccccs̄, bbbbn̄, bbbbs̄, cccbn̄, cccbs̄, bbbcn̄, bbbcs̄, ccbbn̄, and ccbbs̄ pentaquark
states. The masses are all in units of MeV. The decay channel is marked with “×” if kinetically forbidden. See the caption of Fig. 2 for
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.

ccc ⊗ cn̄ ccc ⊗ cs̄ bbb ⊗ bn̄ bbb ⊗ bs̄

JP Mass ΩcccD� ΩcccD Mass ΩcccD�
s ΩcccDs Mass ΩbbbB� ΩbbbB Mass ΩbbbB�

s ΩbbbBs

3
2
− 6761 × 67 6864 × 70 19647 66 84 19736 62 86

1
2
− 6867 151 6972 156 19681 201 19773 204

ccc ⊗ bn̄ ccb ⊗ cn̄ ccc ⊗ bs̄ ccb ⊗ cs̄
JP Mass ΩcccB� ΩcccB Ω�

ccbD
� Ω�

ccbD ΩccbD� ΩccbD Mass ΩcccB�
s ΩcccBs Ω�

ccbD
�
s Ω�

ccbDs ΩccbD�
s ΩccbDs

5
2
− 10110⋆ × 56 10201⋆ 13 53

3
2
− 10118⋆ 173 18 25 17 40 10210⋆ 184 21 28 14 40

10078⋆ × 217 43 0.3 15 10168 × 223 40 1 13
9961 × × × 94 × 10062 × × × 98 ×

1
2
− 10134⋆ 291 64 27 14 10228 296 75 23 11

10062 × 76 77 3 10166 × 75 86 3
9946 × × × 104 10048 × × × 111

bbb ⊗ cn̄ bbc ⊗ bn̄ bbb ⊗ cs̄ bbc ⊗ bs̄
JP Mass ΩbbbD� ΩbbbD Ω�

bbcB
� Ω�

bbcB ΩbbcB� ΩbbcB Mass ΩbbbD�
s ΩbbbDs Ω�

bbcB
�
s Ω�

bbcBs ΩbbcB�
s ΩbbcBs

5
2
− 16318⋆⋄ × × 16422⋆⋄ × ×

3
2
− 16538 0.02 3 89 94 27 16626 0.1 4 82 94 26

16318⋆ × 0.001 × × × 16422⋆⋄ × × × × ×
16176⋆⋄ × × × × × 16277⋆⋄ × × × × ×

1
2
− 16574 7 248 14 21 16663 8 247 15 20

16523 5 0.2 164 79 16611 6 × 160 78
16315⋆⋄ × × × × 16418⋆⋄ × × × ×

bbc ⊗ cn̄ ccb ⊗ bn̄
JP Mass Ω�

bbcD
� Ω�

bbcD ΩbbcD� ΩbbcD Ω�
ccbB

� Ω�
ccbB ΩccbB� ΩccbB

5
2
− 13244 119 ×

3
2
− 13383 0.3 3 0.2 154 100 135

13231 111 0.8 2 × × ×
13221 5 20 135 × × ×
13100 × 127 × × × ×

1
2
− 13414 8 3 0.7 332 39 96

13242 142 23 9 × × ×
13212 5 101 2 × × ×
13086 × × 164 × × ×

bbc ⊗ cs̄ ccb ⊗ bs̄
JP Mass Ω�

bbcD
�
s Ω�

bbcDs ΩbbcD�
s ΩbbcDs Ω�

ccbB
�
s Ω�

ccbBs ΩccbB�
s ΩccbBs

5
2
− 13341 113 ×

3
2
− 13470 8 3 0.7 332 39 96

13329 142 23 9 × × ×
13319 5 101 2 × × ×
13200 × × 164 × × ×

1
2
− 13502 10 3 0.7 328 38 92

13343 148 26 6 × × ×
13307 × 92 2 × × ×
13187 × × 173 × × ×
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(Ω�
bbc) and Ωccb (Ωbbc) have the same spatial wave

function. Thus, for a cccbq̄ or bbbcq̄ pentaquark state,
we use the following approximations:

γΩ�
ccbD

� ¼ γΩ�
ccbD

¼ γΩccbD� ¼ γΩccbD; γΩcccB� ¼ γΩcccB;

γΩ�
ccbD

�
s
¼ γΩ�

ccbDs
¼ γΩccbD�

s
¼ γΩccbDs

; γΩcccB�
s
¼ γΩcccBs

;

γΩ�
bbcB

� ¼ γΩ�
bbcB

¼ γΩbbcB� ¼ γΩbbcB; γΩbbbD� ¼ γΩbbbD;

γΩ�
bbcB

�
s
¼ γΩ�

bbcBs
¼ γΩbbcB�

s
¼ γΩbbcBs

; γΩbbbD�
s
¼ γΩbbbDs

:

ð25Þ

Based on Table V, we obtain k · jcij2 for each cccbq̄ and
bbbcq̄ pentaquark state and present them in Table VI.
As an example, we only concentrate on the cccbn̄

pentaquark subsystem. According to Table VI, we can see
that the Pc3bn̄ð9961; 1=2; 3=2−Þ and Pc3bn̄ð9946; 1=2; 1=2−Þ
states only decay into Ω�

ccbD and ΩccbD final states,
respectively. For the Pc3bn̄ð10062; 1=2; 1=2−Þ state, we have
its relative partial decay width ratios as

ΓΩ�
ccbD

�∶ΓΩccbD�∶ΓΩccbD ¼ 24∶24∶1; ð26Þ

which suggests that the partial decay width of the Ω�
ccbD

�

channel is nearly equal to that of the ΩccbD� channel. Note
that if a statewould be observed in the decay patternΩ�

ccbD
�,

Ω�
ccbD,Ω�

ccbD
�, andΩccbD, it is a good candidate of a cccbn̄

pentaquark state.

C. The ccbbq̄ pentaquark states

The last group of the QQQQq̄ system is the pentaquark
states with the ccbbq̄ configuration. The ccbbq̄ pentaquark
states have two pairs of identical heavy quarks, the cc pair
and bb pair. When we construct the wave functions of
ccbbq̄ pentaquark states, the Pauli principle should be
satisfied simultaneously for these two pairs of heavy
quarks.
In the reference mass scheme, there are also two types of

meson-baryon reference systems for the ccbbn̄ (ccbbs̄)
pentaquark subsystem, i.e., the Ωccb þ B and Ωcbb þD
(Ωccb þ Bs and Ωcbb þDs).
Based on the results obtained from the modified CMI

model in Table IV, we plot the mass spectra and possible
decay patterns via rearrangement of constituent quarks in
ccbbn̄ and ccbbs̄ pentaquark states in Figs. 2(i) and 2(j).
According to Figs. 2(i) and 2(j), we find that all ccbbn̄ and
ccbbs̄ pentaquark states have strong decay channels. i.e.,
from the modified CMI model analysis, there is no stable
pentaquark state in ccbbn̄ and ccbbs̄ pentaquark
subsystems.
To calculate the strong decay widths of the ccbbn̄ and

ccbbs̄ pentaquark subsystems, we can use the following
approximations:

γΩ�
cbbD

� ¼ γΩ�
cbbD

¼ γΩcbbD� ¼ γΩcbbD;

γΩ�
ccbB

� ¼ γΩ�
ccbB

¼ γΩccbB� ¼ γΩccbB;

γΩ�
cbbD

�
s
¼ γΩ�

cbbDs
¼ γΩcbbD�

s
¼ γΩcbbDs

;

γΩ�
ccbB

�
s
¼ γΩ�

ccbBs
¼ γΩccbB�

s
¼ γΩccbBs

: ð27Þ

By introducing the above relations, k · jcij2 for ccbbn̄
(ccbbs̄) pentaquark states can be obtained and we present
them in Table VI.
To discuss the strong decay behaviors of the ccbbn̄ ðs̄Þ

pentaquark states, we mainly focus on the relative partial
decay widths of the ccbbn̄ subsystem, and the ccbbs̄
subsystem can be analyzed in a similar way.
From Table VI, JP ¼ 5=2−, the lowest JP ¼ 3=2−, and

the lowest JP ¼ 1=2− states can only decay into Ω�
cbbD

�,
Ω�

cbbD, andΩcbbD, respectively. The most important decay
channel for the Pc2b2n̄ð13383; 1=2; 3=2−Þ is Ω�

bbcD channel
in bbc − cn̄ decay mode. The highest JP ¼ 3=2− state
Pc2b2n̄ð13414; 1=2; 1=2−Þ has many different decay chan-
nels and this state is expected to be broad. For
Pc2b2n̄ð13383; 1=2; 3=2−Þ, we have

γΩ�
cbbD

�∶γΩ�
cbbD

∶γΩcbbD� ¼ 1.5∶15∶1 ð28Þ

and

γΩ�
ccbB

�∶γΩ�
ccbB

∶γΩccbB� ¼ 1.5∶1∶1.4: ð29Þ

For Pc2b2n̄ð13414; 1=2; 1=2−Þ, we have

γΩ�
cbbD

�∶γΩcbbD�∶γΩcbbD ¼ 12∶3.7∶1 ð30Þ

and

γΩ�
ccbB

�∶γΩccbB�∶γΩccbB ¼ 3.5∶0.4∶1: ð31Þ

Obviously, its dominant decay modes in cbb − cn̄ and
ccb − bn̄ sectors are Ω�

cbbD
� and Ω�

ccbB
� channels, respec-

tively. Other three JP ¼ 3=2− and three JP ¼ 1=2− states
only have cbb − cn̄ decay mode. The ccb − bn̄ decay
modes are strongly suppressed by the corresponding
phase space.

D. Comparison of other pentaquark systems

In 2020, the LHCb Collaboration studied the invariant
mass spectrum of J=ψ pairs, and they reported a narrow
structure around 6.9 GeV [74]. Taking this as an oppor-
tunity, the heavy flavored pentaquarks with four heavy
quarks (QQQQq̄) and fully heavy pentaquarks (QQQQQ̄)
are systematically discussed in this work and Ref. [57]
within the modify CMI model. Here we can compare the
differences between these two pentaquark systems.

HEAVY FLAVOR PENTAQUARKS WITH FOUR HEAVY QUARKS PHYS. REV. D 103, 114027 (2021)

114027-11



First, we discuss the mass differences among the ground
states of QQQQn̄, QQQQs̄, QQQQc̄, and QQQQb̄ with
the same JP. From Tables Vand IVof Ref. [57], the masses
of ccccn̄, ccccs̄, ccccc̄, and ccccb̄ ground states with
JP ¼ 3=2− are 6761, 6864, 7864, and 11130 MeV, respec-
tively. Moreover, relative to the JP ¼ 1=2− states, their
corresponding mass gaps are 106, 108, 85, and 47 MeV,
respectively. Other subsystems also have similar situations.
Thus, compared with the QQQQQ̄ system, the QQQQq̄
system has lighter masses and bigger mass gaps when
a heavy antiquark is replaced by a light antiquark
because vij ∝ 1=mimj.
Second, we study the relations between the pentaquark

and their corresponding baryon-meson channels. The fully
heavy pentaquarks QQQQQ̄ are more likely below all
possible strong decay channels and thus more stable
compared to the QQQQq̄ systems. We have found
two relatively stable states Pc2b2b̄ð17416; 0; 3=2−Þ and
Pc2b2b̄ð17477; 0; 5=2−Þ, which are below all allowed rear-
rangement decay channels in QQQQQ̄ system. However,
we do not find any stable state for the QQQQq̄ multiquark
systems. When both QQQQQ̄ and QQQQq̄ ground states
are above their corresponding baryon-meson channel, the
QQQQQ̄ mass would be closer to the threshold. For
example, the ccccn̄, ccccs̄, ccccc̄, and ccccb̄ states are
above the corresponding minimum threshold (Ωccc+
pseudoscalar meson) 106, 110, 94.5, and 69.5 MeV,
respectively.
Unlike fully pentaquark QQQQQ̄, all QQQQq̄ penta-

quark states can never mix with a triquark baryon and thus
are explicit exotic states. An accurate measurement in a
future experiment and the comparison may help us under-
stand the QQ̄ annihilation effects in the hadron spectrum.

IV. SUMMARY

The observation of the Pcð4312Þ, Pcð4440Þ, and
Pcð4457Þ states achieved by the LHCb Collaboration and
the study of the possible stable QQq̄q̄ tetraquark states give
us strong confidence to study the mass spectra of the
QQQQq̄ pentaquark system within the framework of
CMI model. Similar to the fully heavy QQQ̄Q̄ tetraquark
system [74], the QQQQq̄ system consists of four heavy
quarks that are dominantly bounded by the gluon exchange
interaction and can hardly be considered as molecular states.
In this work, by including the flavor SU(3) breaking

effect, we first construct the ψ flavor ⊗ ψ color ⊗ ψ spin wave
functions based on the SU(2) and SU(3) symmetry and
Pauli principle. Then we extract the effective coupling
constants from the conventional hadrons. After that, we
systematically calculate the chromomagnetic interaction
Hamiltonian for the discussed pentaquark states and obtain
the corresponding mass spectra. As a modification to the
CMI model, the effect of chromoelectric interaction is

added in the modified CMI model. So, we mainly discussed
the results of mass spectra for the QQQQq̄ pentaquark
system obtained from the modified CMI model. The results
from the reference mass scheme are presented for com-
parison. In addition to the eigenvalues, we also provide the
eigenvectors to extract useful information about the decay
properties for the studied pentaquark systems. Finally, we
analyze the stability, possible quark rearrangement decay
channels, and relative partial decay widths for all the
QQQQq̄ pentaquark states.
Due to the constraint from Pauli principle, there is no

ground JP ¼ 5=2− ccccq̄ and bbbbq̄ pentaquark states.
From the obtained tables and figures for the QQQQq̄
pentaquark system, we find no stable candidate in the
modified CMI model. However, due to the uncertainty of
the modified CMI model, some of them may not truly be
unstable states, and further dynamical calculations may
help us to clarify their natures. Especially, for some
unstable states which are a little higher than the meson-
baryon thresholds of lowest strong decay channels, they
can be considered as narrow pentaquark states and have
opportunities to be found in a future experiment.
Meanwhile, the whole mass spectra have a slight shift or
down due to the mass deviation of constituent quarks.
While the mass gaps between different pentaquark states
are relatively stable, if one pentaquark state is observed in
the 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 QQQQq̄ pentaquark states
have been found. More detailed dynamical investigations
on these pentaquark systems are still needed. Producing a
QQQQq̄ pentaquark state seems to be a difficult task in
the experiment. Our systematical study may provide
theorists and experimentalists with some preliminary
understanding toward this pentaquark system. We hope
that the present study may inspire experimentalists and
theorists to pay attention to this kind of pentaquark
system.
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APPENDIX: SOME EXPRESSIONS IN DETAIL

The possible color⊗ spin Young-Yamanouchi basis vectors of the Young tableaux in Eq. (17) are presented in Eq. (A1).
We list the possible wave function satisfied by Pauli principle in Table VII and some CMI Hamiltonians in Table VIII.

ðA1Þ
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TABLE VII. All possible color⊗ spin Young-Yamanouchi basis vectors satisfied with Pauli principle for a specificQQQQq̄ [q ¼ n, s
(n ¼ u, d) and Q ¼ c, b] subsystem. J represents the spin of the pentaquark states.

Flavor waves J The color ⊗ spin Young-Yamanouchi basis vectors

ccccq̄
bbbbq̄

J ¼ 3=2

J ¼ 1=2

cccbq̄
bbbcq̄

J ¼ 5=2

J ¼ 3=2

, ,

J ¼ 1=2

, ,

ccbbq̄ J ¼ 5=2

J ¼ 3=2

, , , , ,

J ¼ 1=2

, , , , ,

TABLE VIII. The expressions of CMI Hamiltonians for ccccn̄, cccbn̄, and ccbbn̄ pentaquark subsystems. J represents the spin of the
pentaquark states.

J The expressions of CMI Hamiltonian for ccccn̄ subsystem

J ¼ 3=2 56
3
Ccc − 16

3
Ccn̄

J ¼ 1=2 56
3
Ccc þ 32

3
Ccn̄

J The expressions of CMI Hamiltonian for cccbn̄ subsystem
J ¼ 5=2 8Ccc þ 16

3
Cbn̄

J ¼ 3=2
0
BBBBB@

� 28
3
Ccc þ 28

3
Ccb

−4Ccn̄ − 4
3
Cbn̄

	
2
ffiffi
2

p
3

�−Ccc þ Ccb

þCcb̄ − Cbn̄

	
− 8

ffiffi
5

p
3
ðCcn̄ − Cbn̄Þ

2
ffiffi
2

p
3

�−Ccc þ Ccb

þCcb̄ − Cbn̄

	 � 26
3
Ccc − 6Ccb

þ 2
3
Ccb̄ − 2Cbn̄

	
4
ffiffiffiffi
10

p
3

ðCcn̄ þ 2Cbn̄Þ
− 8

ffiffi
5

p
3
ðCcn̄ − Cbn̄Þ 4

ffiffiffiffi
10

p
3

ðCcn̄ þ 2Cbn̄Þ 8ðCcc − Cbn̄Þ

1
CCCCCA

J ¼ 1=2
0
BBBBB@

� 28
3
Ccc þ 28

3
Ccb

þ8Ccn̄ þ 8
3
Cbn̄

	
2
ffiffi
2

p
3

� −Ccc þ Ccb

−2Ccn̄ þ 2Cbn̄

	
2
ffiffi
2

p
3
ðCcn̄ − Cbn̄Þ

2
ffiffi
2

p
3

� −Ccc þ Ccb

−2Ccn̄ þ 2Cbn̄

	 � 26
3
Ccc − 6Ccb

− 4
3
Ccn̄ þ 4Cbn̄

	
− 2

3
ð13Ccn̄ − Cbn̄Þ

2
ffiffi
2

p
3
ðCcn̄ − Cbn̄Þ − 2

3
ð13Ccn̄ − Cbn̄Þ 10ðCcc − CcbÞ

1
CCCCCA

J The expressions of CMI Hamiltonian for ccbbn̄ subsystem
J ¼ 5=2 8

3
ðCcc þ Cbb þ Ccb þ Ccb̄ þ Cbn̄Þ

(Table continued)
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