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The LHCb collaboration reported a fully charmed tetraquark state X(6900) in the invariant mass
spectrum of J=ψ pairs in 2020. This discovery inspires us to further study the fully heavy pentaquark
system. In this work, we investigate systematically all possible configurations for ground fully heavy
pentaquark system via the variational method in the constituent quark model. According to our
calculations, we further analyze the relative lengths between quarks and the contributions to the pentaquark
masses from different terms of the Hamiltonian. We think no stable states exist in fully heavy pentaquark
system. We hope that our study will be helpful to explore for fully heavy pentaquark states.

DOI: 10.1103/PhysRevD.105.074032

I. INTRODUCTION

After the birth of the quark model for baryons and
mesons, people naturally propose the multiquark states
beyond the traditional hadrons [1–3]. Since 2003 many
experimental discoveries support the possible existence of
multiquark configurations. For example, a series of char-
moniumlike XYZ states have been observed in experiment
[4–10]. d�ð2380Þ was measured by CELSIUS/WASA [11]
and WASA-at-COSY Collaborations [12,13], and it is
expected to be a six-quark configuration only composed
of u,d quarks. The LHCb Collaboration has reported Pc
states which can be the hidden-charm molecular penta-
quark states [14–16]. Recently, a narrow doubly charmed
tetraquark state named as the Tcc state was observed at
LHC [17,18], and it is an explicitly exotic hadron.
Moreover, the LHCb collaboration noticed a narrow

structure in J=ψ-pair invariant mass of approximately
6.9 GeV with significance greater than 5σ [19]. This
structure is expected to be a ccc̄ c̄ configuration. The
relevant properties of the fully heavy tetraquark state have

been studied, such as the decay behavior [20], inner
configuration [21–23], mass spectra [24–34], and the
production mechanism [35–43]. The discovery of a fully
heavy tetraquark state naturally makes us speculate that the
fully heavy pentaquark state may also exist.
If one replaces the J=ψ meson with the Ωccc baryon,

we can obtain a fully heavy charmed pentaquark configu-
ration. Inspired by these, we study systematically all
possible fully heavy pentaquark configurations in the
constituent quark model.
For the constituent quark model, various versions of

nonrelativistic and relativistic models were proposed and
widely applied in studying the hadron properties. Almost
all of them incorporate both the short-range one-gluon-
exchange (OGE) force and the term representing the color
confinement in either the coordinate or momentum space.
Bhaduri et al. used phenomenological nonrelativistic
potentials to fit the low-lying charmonium spectra [44].
The qqQ̄Q̄ states have been investigated via the variational
method based on simple Gaussian trial function [45], and a
good stable candidate, the lowest IðJPÞ ¼ 0ð1þÞ udb̄b̄
state, was predicated and supported by other works [46–
53]. Park et al. improved the potential terms in the
constituent model and systemically calculated the Pc states,
the doubly heavy tetraquark states, and many dibaryons
with different configurations [54–59]. It is interesting to
extend the constituent quark model to fully heavy penta-
quark states.
The fully heavy pentaquarks have been studied in

various models. In the framework of the modified chro-
momagnetic interaction (CMI) model, the mass spectra for
the ground fully heavy pentaquarks QQQQQ̄ has been
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systematically investigated [60], and a JP ¼ 3=2− ccbbb̄
state is considered as a good stable candidate which cannot
decay through the strong interaction. In the framework of
the chiral quark model and quark delocalization color
screening model, Yan et al. systematically investigate the
ccccc̄ and bbbbb̄ states and obtain three bound fully heavy
pentaquarks [61]. However, it still needs to be further
confirmed by solving accurately the five-body problem for
the configurations as pointed out in Ref. [62]. Richard et al.
have used a potential model to investigate QQQ̄Q̄ tetra-
quarks [63] andQQQQQQ dibaryons [64]. Based on these
studies, they infer that a serious solution of the potential
model does not lead to a proliferation of stable multiquarks.
On the other hand, they also think that the part of
the spectrum above the threshold is also extremely
instructive [62].
Moreover, the fully heavy QQQQQ̄ pentaquark states

was calculated with the QCD sum rule [65], and the mass
spectrums are predicted to be 7.41 GeV for the ccccc̄ state,
and 21.6 GeV for the bbbbb̄ state, respectively. If the fully
heavy pentaquark states are the diquark-diquark-antiquark
type, QCD sum rules give that Mccccc̄ ¼ 7.93� 0.15 GeV
and Mbbbbb̄ ¼ 23.91� 0.15 GeV [66].
This paper is organized as follows. Firstly, we introduce

the Hamiltonian and construct the wave functions of the
constituent quark model in Sec. II. Then we show the
numerical results and discussion for the masses of the fully
heavy pentaquarks obtained from the variational method in
Sec. III. Finally, we give a short summary in Sec. IV.

II. HAMILTONIAN AND WAVE FUNCTIONS

We choose a nonrelativistic Hamiltonian of the following
form [57]:

H ¼
X5
i¼1

�
mi þ

p2
i

2mi

�
−
3

4

X5
i<j

λci
2
:
λcj
2
ðVCON

ij þ VSS
ij Þ; ð1Þ

where mi is the i-th (anti)quark mass, the color operator
λci =2 is the Gell-Mann matrix for the i-th quark and
replaced with −λc�i for antiquark. The VCON

ij is the confine-
ment potential between i-th quark and j-th quark and
composed of the linearizing term and the Coulomb poten-
tial term while the VSS

ij is the hyperfine potential

VCON
ij ¼ −

κ

rij
þ rij

a20
−D; ð2Þ

VSS
ij ¼ κ0

mimjc4
1

r0ijrij
e−r

2
ij=r

2
0ijσi:σj; ð3Þ

where mi (mj) is the mass of the i-th (j-th) quark, and rij is
distance between i-th and j-th quark. For r0ij and κ0, we
have

r0ij ¼ 1=

�
αþ β

mimj

mi þmj

�
;

κ0 ¼ κ0

�
1þ γ

mimj

mi þmj

�
: ð4Þ

The parameters in Eqs. (2)–(4) are chosen from Ref. [57]
and given in Table I. Here, κ and κ0 are the couplings of the
Coulomb and hyperfine potentials, respectively, and they
are proportional to the running coupling constant αsðrÞ of
QCD. The Coulomb and hyperfine interaction can be
deduced from the one-gluon-exchange model. 1=a20 repre-
sents the strength of linear potential. r0ij is the Gaussian-
smearing parameter. Further, we introduce κ0 and γ in κ0 to
provide better descriptions for the interaction between
different quark pairs.
Now we construct the wave function satisfied with Pauli

principle for fully heavy pentaquark states. The specific
wave functions include the flavor, spatial, and color-
spin parts.

A. Flavor part

According to flavor symmetry, we can divide the fully
heavy pentaquark system into the following three groups:
(1) the first four quarks are identical: the ccccc̄, ccccb̄,
bbbbc̄, and bbbbb̄ systems; (2) the first three quarks are
identical: the cccbc̄, cccbb̄, bbbcc̄, and bbbcb̄ systems;
(3) the two pairs of quarks are identical: the ccbbc̄ and
ccbbb̄ systems. We use the notation f1234g ([1234]) to
label that the quarks 1, 2, 3, and 4 are fully antisymmetric
(symmetric), and the notations such as f34g and [123] are
similar.

TABLE I. Parameters of the Hamiltonian.

Parameter κ a0 D

Value 120.0 MeV fm 0.0318119 ðMeV−1 fmÞ1=2 983 MeV

Parameter α β mc
Value 1.0499 fm−1 0.0008314 ðMeV fmÞ−1 1918 MeV

Parameter κ0 γ mb
Value 194.144 MeV 0.00088 MeV−1 5343 MeV
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B. Jacobian coordinates and spatial part

We construct the wave function for the spatial part in a
simple Gaussian form. In the center-of-mass frame of the
pentaquark system, the number of Jacobian coordinates of
the system is reduced to 4. In the case where the constituent
quark masses are all different, the Jacobian coordinates are
as follows [56]:

x1¼
ffiffiffi
1

2

r
ðr1− r2Þ;

x2¼
ffiffiffi
2

3

r �
r3−

�
m1r1þm2r2
m1þm2

��
;

x3¼
ffiffiffi
1

2

r
ðr4− r5Þ;

x4¼
ffiffiffi
6

5

r ��
m1r1þm2r2þm3r3

m1þm2þm3

�
−
�
m4r4þm5r5
m4þm5

��
:

ð5Þ

The Jacobian coordinates in Eq. (5) can be used for the
ccbbc̄ and ccbbb̄ states if the masses are arranged as
follows:

m1 ¼m2 ¼mc; m3¼mc̄; m4 ¼m5 ¼mb for ccbbc̄;

m1 ¼m2 ¼mb; m3¼mb̄; m4¼m5¼mc for ccbbb̄:

ð6Þ

Then a single Gaussian form can accommodate the required
symmetry property:

R ¼ exp½−C11x2
1 − C22x2

2 − C33x2
3 − C44x2

4�; ð7Þ

whereC11, C22, C33, and C44 are the variational parameters.
In this work we only consider the S-wave pentaquarks.
Then spatial function in Eq. (7) is symmetric between 1 and
2, and at the same time symmetric between 4 and 5. We
will denote this symmetry property of spatial function by
[12]3[45].
For the cccbc̄, cccbb̄, bbbcc̄, and bbbcb̄ states, we set

the specific masses in the Jacobian coordinates of Eq. (5) as

m1 ¼m2 ¼m3 ¼mc; m4¼mb; m5¼mc̄ for cccbc̄;

m1 ¼m2 ¼m3 ¼mc; m4¼mb; m5¼mb̄ for cccbb̄;

m1 ¼m2 ¼m3 ¼mb; m4¼mc; m5¼mc̄ for bbbcc̄;

m1 ¼m2 ¼m3 ¼mb; m4¼mc; m5¼mb̄ for bbbcb̄:

ð8Þ
Similarly, we also give a single Gaussian form of cccbc̄,
cccbb̄, bbbcc̄, and bbbcb̄ states by

R ¼ exp½−C11ðx2
1 þ x2

2Þ − C22x2
3 − C33x2

4�; ð9Þ
where C11, C22, and C33 are the variational parameters. The
spatial function in Eq. (9) is symmetric among 1, 2, and 3.
We can denote this symmetry property of spatial function
by [123]45.
For ccccc̄, ccccb̄, bbbbc̄, and bbbbb̄ states, their spatial

wave function needs to have the [1234]5 property.
According to discussion in Ref. [59], the four Jacobian
coordinates can be

x1 ¼
1

2
ðr1 − r2 þ r3 − r4Þ;

x2 ¼
1

2
ðr1 − r2 − r3 þ r4Þ;

x3 ¼
1

2
ðr1 þ r2 − r3 − r4Þ;

x4 ¼
1

2
ffiffiffi
5

p ðr1 þ r2 þ r3 þ r4 − 4r5Þ; ð10Þ

and the spatial wave function is

R ¼ exp½−ðC11ðx2
1 þ x2

2 þ x2
3Þ − C22ðx4Þ2Þ�; ð11Þ

where C11 and C22 are variational parameters.
At the same time, it is useful to introduce the kinetic term

in the center-of-mass frame

Tc ¼
X5
i¼1

p2
i

2mi
¼ p2

x1

2m0
1

þ p2
x2

2m0
2

þ p2
x3

2m0
3

þ p2
x4

2m0
4

; ð12Þ

where different states have different reduced massesm0
i and

we show them in Table II.

TABLE II. The value of reduced mass m0
i in Eq. (12) for different states.

States m0
1 m0

2 m0
3 m0

4 States m0
1 m0

2 m0
3 m0

4

ccccc̄ mc mc mc mc cccbc̄ mc mc
2mcmb
mcþmb

5mcðmcþmbÞ
2ð4mcþmbÞ

bbbbb̄ mb mb mb mb bbbcb̄ mb mb
2mcmb
mcþmb

5mbðmcþmbÞ
2ð4mbþmcÞ

ccccb̄ mc mc mc
5mcmb
4mcþmb

cccbb̄ mc mc mb
5mcmb

3mcþ2mb

bbbbc̄ mb mb mb
5mbmc
4mbþmc

bbbcc̄ mb mb mc
5mcmb

3mbþ2mc

cccbb̄ mc mc mb
5mcmb

3mcþ2mb
bbbcc̄ mb mb mc

5mcmb
3mbþ2mc
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C. Color-spin part

Because the spatial and flavor parts are exchange
symmetric, we need to require the color ⊗ spin part to
be exchange antisymmetric due to Pauli principle. Further,
according to these three groups of Sec. II A, we need to
construct the color ⊗ spin part, which satisfies f1234g5,
f123g45, and f12gf34g5 symmetries, respectively. We
consider symmetry properties without the particle 5
because the particle 5 is an antiquark.
The Young tableau, which represents the irreducible

bases of the permutation group, enables us to easily identify
the multiquark configuration with certain symmetry proper-
ties [56]. In this part, we use the Young tableau, Young
diagram, and Young-Yamanouchi basis vector to describe
the symmetry of a state. We first start by separately
discussing the color and spin wave functions, and then
provide the color ⊗ spin wave functions.
For the possible color states, we only consider the color

singlets because of color confinement. Here, the color part
is based on the SU(3) symmetry. We can construct three
color singlets and use the corresponding Young tableau to
represent them:

ð13Þ

According to these three Young tableaux, we can obtain the
corresponding Young diagram without particle 5:

ð14Þ

The spin part is based on the SU(2) symmetry. For
ground QQQQQ̄ system, all possible total spins are
J ¼ 5=2, 3=2, and 1=2, respectively. Here, we show
corresponding Young tableaux for different spin states:

ð15Þ

According to these ten Young tableaux, we can obtain three
Young diagrams without particle 5:

ð16Þ

By using the Clebsch-Gordan (CG) coefficient of the
permutation group Sn, one obtains the coupling scheme
designed to construct the color⊗ spin wave functions. The
detailed procedure can be found in Ref. [60]. As an
example, we show the two corresponding Young-
Yamanouchi basis vectors with f1234g5 symmetry:

ð17Þ

with which the color-spin wave functions can be easily
written [60].

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we substitute the wave function and
perform variational analysis to determine the masses of

ground pentaquark states, corresponding variational
parameters, and the relative lengths between quarks in
Eqs. (5) or (11).
Before that we first check the consistence between the

experimental masses and the obtained masses of some
traditional hadrons using the variational method based on
the Hamiltonian in Eq. (1) and the parameters in Table I.
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We show the results in Table III. We can see that our values
are relatively reliable since the deviations for most states
are less than 10 MeV.
Here, we define the binding energy according to

Ref. [57]:

BT ¼ Mpentaquark −Mbaryon −Mmeson; ð18Þ

where Mpentaquark is the mass of ground pentaquark states;
Mbaryon and Mmeson are the masses of corresponding
baryons and mesons in the lowest threshold with the same
quantum numbers as the pentaquark, respectively. For the
JP ¼ 1=2− pentaquark states, they are octet baryons þ
pseudoscalar mesons or decuplet baryonsþ vector mesons.
While for the JP ¼ 3=2− pentaquark states, they are decuplet
baryons þ pseudoscalar mesons or octet baryons þ vector
mesons.
According to the obtained variational parameters, we

have the wave functions and thus can further calculate the
internal contributions to the ground pentaquark states and
their lowest meson-baryon thresholds, including quark
masses part, kinetic energy part, confinement potential
part, and hyperfine potential part. Moreover, in order to
understand the composition of the total energy of the
pentaquark states in comparison to the lowest meson-
baryon threshold, it is important to understand the relative
lengths between quarks for the pentaquark states. These
determine the magnitude of the various kinetic energies and
the potential energies between quarks [57].
Here, we also define the VC: the sum of Coulomb

potential and linear potential. In most of the multiquark
configurations, the contributions to the bound state from
the parts of VC and kinetic energy are repulsive, and
therefore the contribution from the color spin interaction
becomes important in these circumstances [57]. However,

the hyperfine potential is far smaller compared to other
contributions in the fully heavy pentaquark system from
corresponding tables because the hyperfine potential part is
inversely proportional to the quark masses.
Based on these internal contributions, we compare

the compositions of the masses from the constituent
quark model and from the Chromomagnetic Interaction
(CMI) model for fully heavy pentaquark states. In the
CMI model, as discussed in Ref. [60], the mass of a
hadron is typically composed of the sum of the effective
quark mass term (including the color interaction term)
and the color-spin interaction term. We want to identify
the origin of the effective quark mass term and the
color-spin interaction term used in the CMI model from
our calculation. Then, we investigate whether it is
sensible to extrapolate these concepts to higher multi-
quark configurations.
In the following subsections, we discuss systematically

the configurations of fully heavy pentaquark states group
by group.

A. ccccc̄, bbbbb̄, ccccb̄, and bbbbc̄ systems

Firstly we investigate the ccccc̄, bbbbb̄, ccccb̄, and
bbbbc̄ systems. These four systems need to satisfy the
f1234g5 symmetry. There are only JP ¼ 3=2− and a JP ¼
1=2− states in every system. We show their masses,
variational parameters, the internal contribution, the rela-
tive lengths between quarks, and their lowest baryon-
meson threshold in Tables IV–VII, respectively.
Among four systems, it is JP ¼ 1=2− bbbbc̄ state that is

most likely to be stable against the strong decay according
to the Tables IV–VII. However, even this state is still much
above the corresponding lowest baryon-meson threshold,
and its binding energy BT ¼ þ253.4 MeV. Thus there are
no bound states in these four systems, and they all are

TABLE III. Masses of some mesons and baryons obtained from the variational method. The masses and corresponding errors are in
units of MeV. The variational parameters “a” and “b” are similar to Cii in Eq. (7) and they are in units of fm−2.

Meson J=ψ ηc ϒ ηb Bc B�
c

Theoretical 3092.2 2998.5 9468.9 9389.0 6287.9 6350.5
Parameters a ¼ 12.5 a ¼ 15.0 a ¼ 49.7 a ¼ 57.4 a ¼ 22.9 a ¼ 20.2
Experimental 3096.9 2983.9 9460.3 9399.0 6274.9
Error −4.7 14.6 8.6 10.0 13.0

Baryon Ωccc Ωbbb Ω�
ccb Ωccb Ω�

bbc Ωbbc

Theoretical 4801.4 14421.6 8063.8 8029.5 11273.2 11234.2
Parameters

a ¼ 9.3 a ¼ 32.5
a ¼ 10.4 a ¼ 10.8 a ¼ 26.0 a ¼ 26.8
b ¼ 15.1 b ¼ 16.1 b ¼ 14.2 b ¼ 15.2

Baryon Ξcc Σc Σ�
c Λc Λ Σ

Theoretical 3612 2445 2518 2283 1110 1188

Parameters a ¼ 8.0 a ¼ 2.1 a ¼ 2.0 a ¼ 2.8 a ¼ 2.7 a ¼ 2.1
b ¼ 3.2 b ¼ 3.7 b ¼ 3.4 b ¼ 3.7 b ¼ 2.7 b ¼ 3.1

Experimental 3621 2454 2518 2287 1116 1189
Error −9.0 −9.0 0.0 −4.0 −6.0 −1.0
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TABLE IV. The masses, variational parameters, the internal contribution, and the relative lengths between quarks for ccccc̄ system
and their lowest baryon-meson thresholds. Here, ði; jÞ denotes the contribution from the i-th and j-th quarks. The number is given as
i ¼ 1; 2; 3; 4 for the quarks, and 5 for the antiquark. The masses and corresponding contributions are in units of MeV, and the relative
lengths (variational parameters) are in units of fm (fm−2).
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TABLE V. The masses, variational parameters, the internal contribution, and the relative lengths between quarks for ccccb̄ system and
their lowest baryon-meson threshold. The notations are same as those of Table IV.
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TABLE VI. The masses, variational parameters, the internal contribution, and the relative lengths between quarks for bbbbc̄ system
and their lowest baryon-meson threshold. The notations are same as those of Table IV.

AN, LUO, LIU, and LIU PHYS. REV. D 105, 074032 (2022)

074032-8



TABLE VII. The masses, variational parameters, the internal contributions, and the relative lengths between quarks for bbbbb̄ system
and their lowest baryon-meson threshold. The notations are same as those of Table IV.
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unstable states which can decay into a baryon and a meson
through the strong interaction.

1. Internal contributions

Here, we take the ccccc̄ system as an example.
According to Table IV, the masses of JP ¼ 3=2− and JP ¼
1=2− ccccc̄ states are 8144.6 MeV and 8193.2 MeV,
respectively. Meanwhile, their binding energy BT are
þ344.6 MeV and þ299.6 MeV, respectively. Thus, they
are both obviously higher than the corresponding rear-
rangement baryon-meson thresholds.
For internal contributions, the quark contents of the

pentaquark state are the same as the corresponding rear-
rangement decay threshold. Thus, the quark mass term
need not be considered. Moreover, the contribution from
the hyperfine potential term is negligible relative to the
contributions from other terms. As for the kinetic energy,
the JP ¼ 3=2− (JP ¼ 1=2−) pentaquark state has 942.4
(905.4) MeV, which can be understood as the sum of three
internal kinetic energies: kinetic energies of the three
internal c − c between ðcccÞ, the c − c̄, and the ðcccÞ −
ðcc̄Þ pairs. Accordingly, the sum of the internal kinetic
energies of Ωcccηc or ΩcccJ=ψ states comes from the three
internal c − c between ðcccÞ and c − c̄. Therefore, ccccc̄
system has an additional kinetic energy needed to bring the
Ωcccηc or ΩcccJ=ψ into a compact configuration. The
actual kinetic energies of the c − c of ðcccÞ and c − c̄ in
the pentaquark state are smaller than those inside theΩcccηc
and ΩcccJ=ψ system. Meanwhile, even if considering the
additional kinetic energy between the ðcccÞ − ðcc̄Þ pairs,
the total kinetic energies in the ccccc̄ states are still smaller
than that of the lowest baryon-meson threshold. The
relative length between the pair c − c (c − c̄) are longer
in the pentaquark. Thus the contributions from VC are
thought to be attractive but much smaller than the con-
tribution from the meson-baryon threshold, which is the
main reason why these pentaquark states all have positive
binding energies BT . The ccccc̄ states cannot bind into a
compact configuration.
Compared to the ccccc̄ states, the VC between the heavy

quarks seems to be more attractive in the bbbbb̄ states,
which is also consistent with Refs. [46,57]. The reason
comes from the smaller relative length between the pair
b − b (b − b̄) which is 0.55 times that of c − c (c − c̄) in
pentaquark states. These show that the relative heavy quark
pairs (bb and bb̄) are much more compact than the relative
light quark pairs (cc and cc̄). However, the quark-antiquark
distances are still longer than those of ϒ and ηb, and this
leads to a smaller attraction in the bbbbb̄ states. Thus, the
bbbbb̄ states still have a large positive binding energy.

2. The comparison with CMI model

Let us compare the masses of three states calculated from
the constituent quark model and from the CMI model [60].

Here, we take the bbbbc̄ system as an example. In the CMI
model, the masses of JP ¼ 3=2− and 1=2− states are
constructed as the following formulas:

MJP¼3=2− ¼ 3

2
mbb þmbc̄ þ

7

6
vbb −

1

3
vbc̄;

MJP¼1=2− ¼ 3

2
mbb þmbc̄ þ

7

6
vbb þ

2

3
vbc̄; ð19Þ

where mbb and mbc̄ are the parameters which combined
effective quark masses and color interaction between two
quarks, and vbb and vbc̄ are the parameters for the color-
spin interaction. These parameters are determined from the
traditional hadron masses. We can divide the internal
contributions from constituent quark model and CMI
model into the b effective quark mass, c̄ effective quark
mass, and the color-spin interaction term, and then compare
with them in Table VI.
In our opinion, the effective quark mass term (including

the color interaction term) of the CMI model absorbs the
quark mass term, confinement potential term, and kinetic
term of the constituent quark model. Here, we give some
explanations of the division of the effective quark mass. For
the −D term and the VC term, it is divided into each quark
by multiplying a factor of 1=2 [57]. For the kinetic term, it
is divided according to their relative contribution depend-
ing on the mass of the single quark. Similarly, the division
of the mbc̄ in the CMI model is also dependent on the mass
of the single quark.
Now, we compare the values from the constituent quark

model and the CMI model in Tables IV–VII. Note that
these parameters of both different models are determined
from the traditional hadron masses and can describe the
traditional hadron mass spectrum well. These two different
models used in the fully heavy pentaquark system have
some existing differences.
On the whole, the effective quark masses from the

constituent quark model are systematically larger than
those from the CMI model according to Tables IV–VII.
For example, the b effective quark masses are
19433.4 MeV in the consistent quark model and about
400 MeV larger than that of the CMI model in the bbbbb̄
state with JP ¼ 3=2−. Meanwhile, we have noticed similar
situations for the qqQ̄ Q̄ system according to the CMI
model [67] and the constituent quark model [57]. It seems
that the effective quark masses should have different values
in the meson, the baryon, the tetraquark states, and the
pentaquark states.
On the contrary, the color-spin terms from two different

models have much similarity. Thus the mass gaps of the
CMI model are relatively reliable.

B. cccbc̄, bbbcb̄, cccbb̄, and bbbcc̄ systems

The cccbc̄, bbbcb̄, cccbb̄, and bbbcc̄ systems need to
satisfy the f123g45 exchange antisymmetry. There is one
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JP ¼ 5=2− state, three JP ¼ 3=2− states, and three JP ¼
1=2− states in every system.
Here we take the cccbc̄ system as an example. For a

JP ¼ 5=2− state, its mass is 11151.9 MeV, which is very
close to the sum of the masses of the Ωccc and B�

c.
Moreover, its variational parameters are C11 ¼ 9.3 fm−2,
C22 ¼ 20.2 fm−2, and C33 ∼ 0 fm−2, respectively. The first
and the second parameters are relevant to the size of the
baryon and meson clusters, respectively, while the last
parameter reflects that the distance between the baryon and
meson clusters approaches infinity. Thus we regard these
states as a scattering state of Ωccc and B�

c. Similarly, the
lowest two JP ¼ 3=2− states and the lowest JP ¼ 1=2−

state have similar situations, in which the variational
parameters C33 all trend to be 0. In conclusion, only the
highest JP ¼ 3=2− state and two higher JP ¼ 1=2− states
are genuine pentaquark states in these four systems.
Here, we show the mass, corresponding variational

parameters, the internal contribution from each term, and
the relative lengths between quarks in Tables VIII–XI for
lowest genuine states, respectively.
According to Tables VIII–XI, we find that among the

four systems, the JP ¼ 1=2− bbbcc̄ state is most likely to
be stable against the strong decay. However, even for this
state, its binding energy BT ¼ þ370.0 MeV. Thus all
pentaquarks are considered as unstable states in these four
systems.
For the kinetic energy part, the lowest JP ¼ 1=2− bbbcc̄

state obtains 998.2 MeV, which is smaller than that of the
baryon-meson threshold Ω�

ccbηc. The potential parts of
pentaquark state are far smaller than those of the
baryon-meson threshold.
For the potential part, we notice that the VC for most of

pentaquarks is attractive according to Tables VIII–XI.
Because the internal distances of pentaquark states are
bigger than the lowest corresponding baryon-meson thresh-
olds, the VC contributions in the pentaquarks are much
smaller. For example, in Table XI the quark distance of the
(1,2) pair is 0.256 fm in the pentaquark state while it is
0.197 fm in Ωbbb.
The VC value of (4,5) is repulsive in the JP ¼

3=2− bbbcc̄ state; thus this state seems to decay to
ΩbbcB�

c easily, and the Ωbbbηc decay process may be
suppressed.
There is a slight difference between the binding energy

BT and the difference of the total contributions in
Tables VIII–XIII. This is because the eigenstate jψeigeni
of the Hamiltonian is the superposition of the color-spin
states with special exchange symmetry, jψ eigeni ¼
c1jψ cs;sym

1 i þ c2jψ cs;sym
2 i þ… and we approximately use

jψ cs;sym
1 i to calculate the matrix elements of the interaction

since jc1j > 90% mostly in this work.
In Tables VIII–XI, we also give the comparisons for its

mass according to the constituent quark model and the CMI
model. Here, we take bbbcc̄ system as an example, and we

also absorb the quark mass term, the color potential term,
and kinetic energy term of constituent quark model into the
effective quark masses b, c, and c̄ in Table XI. Here, we
notice that the effective quark mass c, c̄ and color-spin
interaction term have less differences. The main differences
come from the effective b quark mass, which leads to the
pentaquark masses in the constituent quark model being
about 300MeV larger than those in the CMI model directly.

C. ccbbc̄ and bbccb̄ systems

The ccbbc̄ and ccbbb̄ systems need to satisfy the
f12gf34g5 symmetry. There is one JP ¼ 5=2− state, four
JP ¼ 3=2− states, and four JP ¼ 1=2− states in these two
systems. Meanwhile, we think all of these states are
genuine pentaquark states.
For JP ¼ 5=2− ccbbc̄ and ccbbb̄ states, their masses

are 14637.5 MeV and 17851.7 MeV, respectively.
Accordingly, their blind energies BT are þ272.1 MeV
and þ319.0 MeV, respectively. Relative to other lowest
states, we find that the JP ¼ 5=2− ccbbc̄ state is most
likely to be stable against the strong decay. However, even
this state can still decay into a baryon and a meson through
strong interaction.
Here, we show the masses, corresponding variational

parameters, the internal contribution from each term, and
the relative lengths between quarks for the JP ¼ 3=2− and
JP ¼ 1=2− ccbbc̄ (ccbbb̄) states in Table XII (XIII).
Based on Tables XII and XIII, we find the ccbbc̄ and
ccbbb̄ systems have similar situations as previously dis-
cussed systems. One notes that the VC of ccbbc̄ system is
much more attractive than that of bbccb̄ system.
In Tables XII and XIII, we also give the comparisons

for the masses according to the constituent quark model
and the CMI model. According to Table XIII, we notice
that the effective c quark mass of the constituent quark
model is slightly larger than that from the CMI model.
For color spin interaction term, the differences between
each other are negligible. The main difference between
the constituent quark model and the CMI model comes
from the effective quark masses b and b̄, which lead to
the ccbbb̄ masses in the constituent quark model being
about 250 MeV larger than those in the CMI model
directly. This seems to suggest that the effective quark
mass increases as the number of hadronic quarks
increases.
As for the color spin interaction term, we find that the

JP ¼ 3=2− ccbbc̄ (ccbbb̄) state has similar values while
the JP ¼ 1=2− ccbbc̄ (ccbbb̄) state has a small differ-
ence between the constituent quark model and the CMI
model. However, the small differences are still negli-
gible. In summary, the color spin interaction of quark
and antiquark results in the mass gaps of corresponding
mesons, and thus the mass gaps in the two quark models
are consistent.
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TABLE VIII. The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for cccbc̄ system and their baryon-meson thresholds. The notations are same as those of Table IV.
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TABLE IX. The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for bbbcb̄ system and their baryon-meson thresholds. The notations are same as those of Table IV.
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TABLE X. The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for cccbb̄ system and their baryon-meson thresholds. The notations are same as those of Table IV.
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TABLE XI. The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for bbbcc̄ system and their baryon-meson thresholds. The notations are same as those of Table IV.
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TABLE XII. The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for ccbbb̄ system and their baryon-meson thresholds. The notations are same as those of Table IV.
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TABLE XIII. The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for ccbbc̄ system and their baryon-meson thresholds. The notations are same as those of Table IV.
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IV. SUMMARY

The discovery of fully charmed tetraquark state give us
strong confidence to find the fully heavy pentaquark state.
Furthermore, all of the fully heavy pentaquarks are flavor
exotic. In this work, we use the variational method with the
spatial wave function in the a simple Gaussian form to
systematically investigate the masses of fully heavy penta-
quark states within the constituent quark model. Moreover,
we also give the corresponding internal contributions,
relative lengths, and the comparisons with the CMI model.
We repeat to calculate the masses of traditional hadrons

including the Ξcc with the variational method and the same
set of parameters in order to check the reliability. We
construct the spatial wave functions in a simple Gaussian
form and the wave functions in the color ⊗ spin space
based on the permutation group property. Based on these
wave functions, we obtain the masses for the lowest states
with different JP quantum numbers. Then we also give the
contributions from the quark mass term, kinetic energy
part, confinement potential part, and color spin interaction
part. Meanwhile, we also calculate the length between
quarks to explain the magnitude of confinement potential
part. Correspondingly, we also provide the numerical
results for lowest baryon-meson threshold.
There is only a JP ¼ 3=2− and a JP ¼ 1=2− state in each

of the ccccc̄, bbbbb̄, ccccb̄, and bbbbc̄ systems due to the
f1234g5 symmetry, and the VC of two bbbbb̄ states seems
to be more attractive relative to other systems. For the
cccbc̄, bbbcb̄, cccbb̄, and bbbcc̄ systems, there is only
one JP ¼ 3=2− and two JP ¼ 1=2− genuine states in every
system. The reason is that other states are considered as
scattering states whose variational parameter C33 ∼ 0
meaning the distance between the baryon and the meson

approaches infinity. For the ccbbc̄ and bbccb̄ systems,
there is one JP ¼ 5=2−, four JP ¼ 1=2−, and four JP ¼
1=2− genuine states in every system.
In summary, we find that all of the lowest states have a

large positive binding energy BT. Hence, we conclude that
there are no stable fully heavy pentaquark states, which
means that all of them can decay into a baryon and a meson
through the strong interaction. This conclusion is same with
Ref. [62] in which it is pointed out that no bound multi-
quark state is found that contains solely heavy quarks c or b
within standard quark models.
As for the comparison with the CMI model, we have

found that the masses calculated in constituent model are
generally larger than the results in the CMI model. The
main differences come from the effective quark mass. On
the contrary, the contribution from the color spin terms
from two different models are similar, and thus the mass
gaps in the two quark models are consistent. All in all, we
hope our work will stimulate the interest in the fully heavy
pentaquark system.
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