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The LHCb collaboration reported a fully charmed tetraquark state X(6900) in the invariant mass
spectrum of J/y 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.
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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*(2380) 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 P,
states which can be the hidden-charm molecular penta-
quark states [14—16]. Recently, a narrow doubly charmed
tetraquark state named as the 7'.. state was observed at
LHC [17,18], and it is an explicitly exotic hadron.

Moreover, the LHCb collaboration noticed a narrow
structure in J/wy-pair invariant mass of approximately
6.9 GeV with significance greater than 5¢ [19]. This
structure is expected to be a ccc¢ configuration. The
relevant properties of the fully heavy tetraquark state have
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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/w meson with the Q... 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 qqQQ states have been investigated via the variational
method based on simple Gaussian trial function [45], and a
good stable candidate, the lowest I(J¥) =0(1") udbb
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 P, 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 QQQQQ has been

Published by the American Physical Society
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TABLE I. Parameters of the Hamiltonian.
Parameter K a D
Value 120.0 MeV fm 0.0318119 (MeV~! fm)!/2 983 MeV
Parameter a p m,
Value 1.0499 fm™! 0.0008314 (MeV fm)~! 1918 MeV
Parameter Ko y my
Value 194.144 MeV 0.00088 MeV~! 5343 MeV
systematically investigated [60], and a J = 3/2~ ccbbb yeov — _ X L Ti_p (2)
state is considered as a good stable candidate which cannot Y Tij ag
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 VIS = K 1 el r(zjijai-ajy (3)

cccet and bbbbb 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 QQQQ tetra-
quarks [63] and QQQQQQ 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 QQQQQ pentaquark states
was calculated with the QCD sum rule [65], and the mass
spectrums are predicted to be 7.41 GeV for the ccccc state,
and 21.6 GeV for the bbbbb state, respectively. If the fully
heavy pentaquark states are the diquark-diquark-antiquark
type, QCD sum rules give that M,....; = 7.93 £ 0.15 GeV
and M5 = 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]:

5

H—Z(m,-—i—

_%zs:/{_lc ﬁ(vCON+VSS) (1)
- 442720 v

p;
2m; —
i<j

where m; is the i-th (anti)quark mass, the color operator
A5/2 is the Gell-Mann matrix for the i-th quark and
replaced with —A¢* for antiquark. The VN 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 V¥ is the hyperfine potential

4
m,-mjc I”Oijrl-j

where m; (m;) is the mass of the i-th (j-th) quark, and r;; is
distance between i-th and j-th quark. For r(;; and «/, we
have

m;m;
roij = 1/<a+ﬁm'i’_’;'>,
i J

ﬂ) ()

/

K K0<1 +ymi+mj
The parameters in Eqgs. (2)—(4) are chosen from Ref. [57]
and given in Table I. Here, x and «’ are the couplings of the
Coulomb and hyperfine potentials, respectively, and they
are proportional to the running coupling constant a(r) of
QCD. The Coulomb and hyperfine interaction can be
deduced from the one-gluon-exchange model. 1/a3 repre-
sents the strength of linear potential. ry;; is the Gaussian-
smearing parameter. Further, we introduce x, and y in «’ 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 ccccé, ccccb,
bbbbe, and bbbbb systems; (2) the first three quarks are
identical: the cccbe, ccebb, bbbcee, and bbbceb systems;
(3) the two pairs of quarks are identical: the ccbhbc and
ccbbb systems. We use the notation {1234} ([1234]) to
label that the quarks 1, 2, 3, and 4 are fully antisymmetric
(symmetric), and the notations such as {34} and [123] are
similar.

074032-2



FULLY HEAVY PENTAQUARK STATES IN CONSTITUENT ...

PHYS. REV. D 105, 074032 (2022)

TABLE II. The value of reduced mass m! in Eq. (12) for different states.
! ! !/ ! ! !/ ! !/
States m) ny my my States m my my my
cecect m,. m, m, m, ccebe m, m, 2mem, Sme(metmy)
me+my, 2(4m.+my,)
bbbbb m, m, m, m, bbbcb m, m, 2y Smy (me+my)
me-+ny, 2(4mp+m,.)
CCCCB m. me m. Sy, CCCbB m,. m, my, Sm.my,
4m.+my, 3m.+2my,
bbbbt my, my, my, Sy, bbbce my my, m. Smemy,
4my+m,. 3my+2m,
A Sm.m e Sm.m
m, m, m My bbbcc m m m, My
ceebb ¢ ¢ b 3m.+2my, b b ¢ 3my+2m,

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]:

1

X) = 5(1'1 -1);

\/5{ (mlrl +m2r2>}
=z \—— ||’
3 m1+m2
1
X3—\/;(1'4—1'5)’
< — 6{<m1r] —|—m2r2+m3r3) _ <m4r4+m5r5)]
+ 5 my +my +ms my +ms '
(5)

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

my=my,=m,, m3=mz my=ms=m, forccbbc,

my=ms=m, forccbbb.

(6)

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

mp =my=my, ms3=myg,

R = exp[—Cllx% - C22X% - C33X§ - C44xﬁ], (7)

where Cyy, Cy,, Cs3, and Cy, 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 cccbé, ccebb, bbbcet, and bbbcb states, we set
the specific masses in the Jacobian coordinates of Eq. (5) as

my=my,=my=m,, my=my, ms=m; forcccht,
my=my=my=m,, my=m,, ms=ms forccchb,
my=my=my=my, MmMy=m,, ms=m; forbbbcc,
my=my=m3=my,, my=m, ms=my forbbbcbh.

(8)
Similarly, we also give a single Gaussian form of cccbe,
ccebb, bbbce, and bbbcb states by

R = exp[-Cy;(x] +x3) — C33x3), 9)

where Cy, C,,, and Cs; 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 cccce, ccceb, bbbbe, and bbbbb states, their spatial
wave function needs to have the [1234]5 property.
According to discussion in Ref. [59], the four Jacobian
coordinates can be

2
- C22X3

1
X1 :E(rl —r2+r3 —r4);
1
X» —§<r1 —rz_r3+r4);
1
X3 = E(ﬁ + 1, —13 —1y);
X ry+r, +r;+ry—4rs), 10
4= 2\/—( 1 2 3 4 — 4rs) (10)
and the spatial wave function is
R = exp[—(Cyy (x] + x3 +x3) = Cpr(x4)?)],  (11)

where C;; and C,, are variational parameters.
At the same time, it is useful to introduce the kinetic term
in the center-of-mass frame

2 2
Px,

] °
2my

25: _ P P, P
= 2m;  2m| Zm’2 2mly

+ (12)

where different states have different reduced masses m/ and
we show them in Table II.
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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. Il A, we need to
construct the color ® spin part, which satisfies {1234}5,
{123}45, and {12}{34}5 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:

2] 3]

Ch

= ® (5)3,C2 = ® (5)3,.C3 =

3

I»J>|w>—

1
2
4]

1
2]
El

3

(13)

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

The spin part is based on the SU(2) symmetry. For
ground QQQQQ system, all possible total spins are
J=15/2, 3/2, and 1/2, respectively. Here, we show
corresponding Young tableaux for different spin states:

5
J = {I12[3[4]5},,
J:§:12|3|4|’12|3|5|’12|4|5|’13|4|5|7
ZE 1i 23 3 = 4
g 1 [1[2[3] [1]2]4] [1]3]4] [1[3]5] [1]2]5]
2 145 BB LI25] S 214] LBl4] S

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

5 3
S'J_§7§7
| ] 31
=55, 16
] . 23 (16)
1
==
g 2

By using the Clebsch-Gordan (CG) coefficient of the

| permutation group §,, one obtains the coupling scheme
I (14) designed to construct the color @ spin wave functions. The
L detailed procedure can be found in Ref. [60]. As an
example, we show the two corresponding Young-
Yamanouchi basis vectors with {1234}5 symmetry:
1] 1(2 1|3 114
3 7] 12 s BB gpEps Y aEms
J=51 5 =& - —2 ® +—=2 ® ;
2 9 VElvy 1< Ss 37 2] s. V3[3] il Ss
1 = o Il o 2] s
o (17)
oot b mpm B @ A AppE
2 |3 &N 215 s V3 B s V33 K1
4 L1 Ci L | Cs L C3
Zles,
I
with which the color-spin wave functions can be easily  ground pentaquark states, corresponding variational

written [60].

III. NUMERICAL RESULTS AND DISCUSSION

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

parameters, and the relative lengths between quarks in
Egs. (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.

074032-4
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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 C;; in Eq. (7) and they are in units of fm™>.
Meson J/w e T My B, B
Theoretical 3092.2 2998.5 9468.9 9389.0 6287.9 6350.5
Parameters a=12.5 a=15.0 a=49.7 a=1574 a=229 a=120.2
Experimental 3096.9 2983.9 9460.3 9399.0 6274.9
Error —4.7 14.6 8.6 10.0 13.0
Baryon QCCC beb Qjcb Qcch QZbc thc
Theoretical 4801.4 14421.6 8063.8 8029.5 11273.2 112342
Parameters a—093 a—325 a=104 a=10.8 a=26.0 a=26.8
o o b=15.1 b=16.1 b=142 b=152
Baryon B Z. z A, A z
Theoretical 361 2445 2518 2283 1110 1188
Parameters a=280 a=21 a=20 a=28 a=27 a=2.1
b=32 b=3.7 b=34 b=3.7 b=27 b=3.1
Experimental 3621 2454 2518 2287 1116 1189
Error -9.0 -9.0 0.0 -4.0 —-6.0 -1.0

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 = Mpentaquark - Mbaryon - Mmesom (18)
where M epaquark 18 the mass of ground pentaquark states;
Myyyon and Mg, are the masses of corresponding
baryons and mesons in the lowest threshold with the same
quantum numbers as the pentaquark, respectively. For the
JP =1/27 pentaquark states, they are octet baryons -+
pseudoscalar mesons or decuplet baryons + vector mesons.
While for the J¥ = 3/2~ pentaquark states, they are decuplet
baryons + pseudoscalar mesons or octet baryons + 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. ccccé, bbbbb, cccch, and bbbbé systems

Firstly we investigate the ccccé, bbbbb, cccchb, and
bbbbc systems. These four systems need to satisfy the
{1234}5 symmetry. There are only J© =3/2~ and a J* =
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, itis J© = 1/2~ bbbbc 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 By = +253.4 MeV. Thus there are
no bound states in these four systems, and they all are

074032-5
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TABLE IV. The masses, variational parameters, the internal contribution, and the relative lengths between quarks for ccccc system
and their lowest baryon-meson thresholds. Here, (i, j) denotes the contribution from the i-th and j-th quarks. The number is given as
i =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).

ceeee The contribution from each term Ve o 1 Present Work CMI Model
vera.
JP = %* ’ Value  Qccene Difference | (i, 5) %7 QeceNe Contribution Value | Contribution Value
Mass 8144.6 7800.0  344.6 |(1,2) 8.1 -22.7(Qecc) 4m, 7672.0 3mee  AT5T.3
i T 2 2 2
Variational | ¢, 86 93 (1.3) 81 -22.7(Qecc) oo, 4 orz 4 ota 781 ime 15343
Parameters m my " 2wl
(fm~?) Cas 53  15.0 (2,3) 81 -22.7(Qece) e ;’;;,4 32.3
C C
Quark Mass 9590.0 95900 0.0 |(14) 8.1 vV (12)+V (13)+ ,
) ‘ VE(23) + VC(14)+ 486
Confinement Potential -2423.8 -2762.7 338.9 (2,4) 8.1 c-quark VC(24) +Vc(34)
(34) 81 1ve(12) +ve(13) .
(1,5) -3.7 +V(23) + vV (14)] :
V¢ Subtotal 33.7 -305.2 3389 (2,5) -3.7 -2D -1966
(3,5) -3.7 Subtotal 6560.6 6291.6
(4,5) -3.7 -237.2(n.) me 1918.0 lme: 15343
2
o Relative Lengths (fm) I 4"_1'_0 - Qp”, 129.0
Kinetic Energy 942.4 1021.1 -78.7 TMetme 2y
(1,2) 0.409 0.370(Qecc) & quark 1ve(12) + v(13) 74
(e} C -
. , (1,3) 0.409 0.370(ecc) +VE(23) + VE(14)]
CS Interaction 36.0 -48.5 84.5
(2,3) 0.409 0.370(cc) iD -491.5
(1,4) 0.409 Subtotal 1548.1 1534.3
Total Contribution ~ 1012.1  667.4  344.7 |(2,4) 0.409 75 [V7(12) + V>(13)
+VS(23) + VO (14) 525 Lvee 66.2
(3,4) 0.409 s +VS(24) + VS (34)]
(1,5) 0.385 Interaction _%[VS(H’) +V5(25) 1
S (35) 4 VS (43)] -16.5 —lve 284
(2,5) 0.385
(3,5) 0.385 Subtotal 35.9 37.8
(4,5) 0.385  0.290(n.) Total 8144.6 7863.6
JU =3 alue  Qeeee ifference | (4, j £l e ontribution alue | Contribution Value
JP =1 Value QeeeJ/1 Diff 37 Qe [ Contrib Value | Contrib Val
Mass 8193.2 7893.6  299.6 |(1,2) 11.6 -22.7(Qecc) 4m. 7672.0 3mee  AT5T.3
n . 2 2 2
Variational Cn 892 93 (1.3) 11.6 -22.7(Qece) ;‘"1, + 5"% —+ ;‘"% 746.9 %mcz 1534.3
Parameters ™ M2 o, =3
(fm=2) |  Ca 52 125 (2,3) 116 -22.7(Quce) g 317
C C
Quark Mass 9590.0 9500.0 0.0 [(14) 11.6 vV (2)+V (13)+
) ) VvE(23) + VE(14)+ 69.6
Confinement Potential -2385.0 -2689.7 304.7 (2,4) 11.6 e-quark Vc(24)+vc(34)
(3,4) 11.6 1ve(12) + ve(13) 14
C C .
(15) 0.7 +V7(23) + V©(14)]
V¢ Subtotal 72.5 -232.2 3047 (25) 0.7 -2D -1966
(35) 0.7 Subtotal 6555.6 6291.6
(4,5) 0.7 -164.2(J/4) me 1918.0 ime 15343
2
o Relative Lengths (fm) I 4’16 - ;T% 126.8
Kinetic Energy 905.4  945.0 -39.6 fMeTme 2y
1 C C
(1,2) 0.416 0.370(Qecc) equark E[\/0(12) +VC(13) 14
) (1,3) 0.416 0.370(Qece) +VE(23) + VE(14)]
CS Interaction 82.8 48.3 34.5
(2,3) 0.416 0.370(ece) iD -491.5
(1,4) 0.416 Subtotal 1554.7 1534.3
Total Contribution ~ 1060.7 761.1  299.6 |(24) 0.416 7 [V7(12) + V>(13)
+VE(23) +VS(14) 509 L0ce 66.2
(3,4) 0.416 o | TV HVIBY)
(1’5) 0.393 Interaction %[vs(l‘r’) + VS(25) 31.8 2, 56.7
s s . FVce .
(2,5) 0.393 +V7(35) + V7 (45)]
(3,5) 0.393 Subtotal 82.8 123.0
(4,5) 0.393 0.318(J/¢) | Total 8193.2 7948.8

074032-6



FULLY HEAVY PENTAQUARK STATES IN CONSTITUENT ... PHYS. REV. D 105, 074032 (2022)

TABLE V. The masses, variational parameters, the internal contribution, and the relative lengths between quarks for ccccb system and
their lowest baryon-meson threshold. The notations are same as those of Table IV.

ceech The contribution from each term Ve o 1 Present Work CMI Model
vera.
JP = %_ Value QcceBe Difference| (3, j) %_ QecceBe Contribution Value |Contribution Value
Mass 11477.8 11089.3  388.5 (1,2) -5.6 -22.7(Qcce) Am. 7672.0 %mcc 4757.3
Variational Pl PL, | Piy me -
poriational| Oy 89 93 (1.3) 5.6 -22.7(Quec) St b 8126 | Sfeomg 15775
(fm~2) Caz 81 229 (2,3) 5.6 -22.7(Qcce) T ek 49.4
C C
Quark Mass 13015.0 130150 0  |(1,4) -5.6 V= (12) + V7 (13)+
X ) VE(23) +VC(14)+ -33.3
Confinement Potential -2520.8 -2040.3 419.5 [(24) -5.6 e-quark | VE(24) + VO (34)
(34) -5.6 1ve(15) + vC(25) 150
(1,5) -7.5 +VC(35)+VC(45)} '
V¢ Subtotal -63.3 -482.8 4195 (2,5) -7.5 -2D -1966.0
(3,5) -7.5 Subtotal 6519.7 6334.8
(45) -7.5 -414.8(B.) me 5343.0 | STh—mg 47448
2
o Relative Lengths (fm) ame__ 2oy 70.9
Kinetic Energy 932.9 1037.2 -104.3 metmg 2my
(1,2) 0381 0.370(Qece) | - e g[vcc(m) +v§(13) 150
. (1,3) 0.381 0.370(ece) +VE(23) + VE(14)]
CS Interaction 50.7  -22.6 73.3
(2,3) 0.381 0.370(Qece) iD -491.5
(1,4) 0.381 Subtotal 4907.4 4744.8
Total Contribution ~ 920.3  531.8 3885 |(2,4) 0.381 é[‘g((lf)ﬂg: (1;5) s . 6o
+V7(23) + VvV~ (14 . £Vce .
(34) 0.381 o | YD+ VG ’
(1,5) 0.377 Interaction _i[;/‘s(lf’)"";/s(%) 8.0 —lug _15.7
(2,5) 0.377 +V*(35) + V7 (45)] 3
(3,5) 0.377 Subtotal 50.7 50.5
(4,5) 0.377 0.234(B.) | Total 11477.8 11130.1
JP = %7 Value Qcc.B; Difference| (i, 7) %7 Qece B Contribution Value |Contribution Value
Mass 11501.5 11151.9  350.0 (1,2) -3.6 -22.7(Qcce) Ame 7672.0 %mu; 4757.3
Variational _ ~ P2, pl, | Pi, me _
porationa | Cuy 87 9.3 (1.3) -3.6 -22.7(Qcce) m b E Tmd TOT | Slitmma 15775
(fm~2) Caa 8.0 202 (2,3) -3.6 -22.7(Qece) J"%b,_‘,’;z 48.9
C C
Quark Mass 13015.0 130150 0 (14) -3.6 Vo(12) + VE (13)+
i VCe(23) + VP (14)+ -21.6
Confinement Potential -2499.7 -2885.9  386.2 |(2,4) -3.6 e-quark VC(24) + VO (34)
(34) -3.6 Vs +veEs) 0y,
(1,5) -5.2 +V9(35) + V9 (45)] :
V¢ Subtotal -42.2 -4284 3862  (2,5) -5.2 -2D -1966.0
(3,5) -5.2 Subtotal 6516.6 6334.8
(4,5) -5.2 -360.4(B}) me 5343.0 %mb 4744.8
2
L Relative Lengths (fm) 44’"+ ;m‘, 70.2
Kinetic Energy 912.8 981.5 -68.7 metmg 2my
(1,2) 0.385 0.370(Qccc) bquark %[Vg(lg,) +V§(25) 04
, (1,3) 0.385 0.370(Qcc) +VE(35) + VT (45)]
CS Interaction 73.3 41.3 32.0
(2,3) 0.385 0.370(Qece) ip -491.5
(1,4) 0.385 Subtotal 4911.3 4744.8
Total Contribution 9439 5944  349.7 |(2.4) 0.385 [V (12) + V>(13)
' +VS(23) + VI (14) 577 Lvee 66.2
(3,4) 0.385 " +V3(24) + V5 (34))
(1,5) 0.382 Interaction %[Vs(lf’) +VS(25) 15.6 2,
s s 5Vch 31.5
(2,5) 0.382 +V>(35) + V7 (45)]
(3,5) 0.382 Subtotal 73.3 97.7
(4,5) 0.382 0.250(B.) | Total 11501.3 11177.3
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TABLE VL

and their lowest baryon-meson threshold. The notations are same as those of Table IV.

The masses, variational parameters, the internal contribution, and the relative lengths between quarks for bbbbc system

bbbbe The contribution from each term Ve o 1 Present Work CMI Model
vera.
JP = %7 Value  Qupp Be Difference| (i, j) Vaule — QpppBe Contribution Value |Contribution Value
Mass 20974.5 20709.5  265.0 (1,2) -80.8 -287.9(Quwp) 4my, 21372.0 %mbb 14309.4
Variational _ R ) P, | Pi, my -
ponational| - Cuy 24.9 325 (1.3) -80.8 -287.9(Qws) it T o 8166 | Sitmme 47836
(fm™2) Coa 94 229 (2,3) -80.8 -287.9(Qwp) 4m;"+”mb ;;14 20.5
c c
Quark Mass 93200.0 23290.0 0 (1,4) -80.8 v (12)+V (13)+
. VC(23) + VO(14)+ -484.8
Confinement Potential -3394.7 -3735.8 341.1 (2,4) -80.8 b-quark Vc(24)+vc(34)
(3,4) -80.8 ;[vg(u) +V§(13) 9962
(1,5) -113.1 +VE(23) + VE(14)]
V¢ Subtotal -937.1 -1278.3  341.2  (2,5) -113.1 -2D -1966.0
3,0) -113.1 Subtotal 19532.1 19093.0
(3.5)
4,5) -113.1 -414.8(B. me 1918.0 | —Ze—my: 1538.6
mp+me
2
L Relative Lengths (fm) I 471" - ;);1, 228.2
Kinetic Energy 1065.3 1183.2 -117.9 M 2y
(1,2) 0.261 0.197(Quwp) & quark %[VCC(12) + VCC(13) 996.2
) (1,3) 0.261 0.197(Qwes) +VE(23) + VE(14)]
CS Interaction 14.0 -27.9 41.9
(2,3) 0.261 0.197(pp) D 491.5
(1,4) 0.261 Subtotal 1428.5 1538.6
Total Contribution ~ 142.2 -123.0  265.1 |(2.4) 0.261 =V (12) + VI(13)
+V5(23) +VS(14) 31.2 Lo, 35.8
(3,4) 0.261 s +V5(24) 4+ V5 (34)]
(1,5) 0.225 Interaction —i[Vs(lf)) + VS(25) 173 1, 157
V5(35) + V5 (45 ‘ glbe :
(2,5) 0.254 +V7(35) + V7(45)]
(3,5) 0.254 Subtotal 14.0 20.1
(4,5) 0254 0.234(B,) | Total 20974.6 20651.7
JP = %7 Value QupB;: Difference|(i,7) Value — QuppBe Contribution Value |Contribution Value
Mass 21025.6 20772.1 253.4 (1,2) -77.0 -287.8(Qwes) 4my, 21372.0 %mbb 14309.4
Variational 3 Pz m
C 23.7 32.5 1.3) -77.0 -287.8(Q2 " 2 778.9 L : 4783.6
Parameters 11 ( ) ( bbb) 2m1 ?mz : 27713 myp+me M,
(fm™?) Caa 9.2 202 (2,3) -77.0 -287.8(Qwp) Cﬁ% Zc':‘ 20.0
Quark Mass 23290.0 23290.0 0.0 |(1,4) -77.0 Ve (12) + VT (13)+
) ) i N VE(23) + VO (14)+ -462.0
Confinement Potential -3350.5 -3681.4 330.9 (2,4) -77.0 bquark Vc(24) +VC(34)
(34) -77.0 %[vg(n) +v§(13) 156
(1,5) -107.8 +V(23) + V& (14)]
V¢ Subtotal -893.0 -1223.9  330.9  (2,5) -107.8 -2D -1966.0
(3,5) -107.8 Subtotal 19527.3 19093.0
(4,5) -107.8 -360.4(B) me 1918.0 | —e—my: 15386
2
o Relative Lengths (fm) I Amy ;“"1, 223.3
Kinetic Energy 1022.2 11275  -105.5 myhmy 2my
(1,2) 0.266 0.197(9555) E-quark %[VC(12) + VC(13) 156
+V9(23) + V°(14)] :
) (1,3) 0.266 0.197(pp)
CS Interaction 63.7  36.0 27.7
(2,3) 0.266 0.197(Qyp) iD 4915
(1,4) 0.266 Subtotal 1434.2 1538.6
Total Contribution 1929 -60.4  253.3 |(2,4) 0.266 73 [V7(12) + V2(13)
+V5(23) +VS(14) 303 Lo, 35.8
(3,4) 0.266 s +V5(24) + V5 (34)]
(175) 0.231 Interaction 7%[‘;/5(15) +;/S(25) 33.5 205 31.5
(2,5) 0.231 +V?7(35) + V7 (45)] 3
(3,5) 0.231 Subtotal 63.7 67.2
(4,5) 0.231 0.250(Bf) | Total 21025.3 20698.8
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TABLE VIL

and their lowest baryon-meson threshold. The notations are same as those of Table IV.

The masses, variational parameters, the internal contributions, and the relative lengths between quarks for bbbbb system

bbbbb The contribution from each term Ve o I Present Work CMI Model
vera.
JP = %7 Value  Qccenp Difference| (4,5) Vaule Qoo Contribution Value |Contribution Value
Mass 24210.7 23810.6 400.1 (1,2) -113.7 -287.9(wes) 4my, 21372.0 %mbb 14309.4
n n 2 2 2
;’gﬁgﬁ Cn 282 325 (1.3) -113.7 -287.9(Qus) Skt e e 026 Lmy 47225
= 2
(fm~2) Cas 175 574 (2,3) -113.7 -287.9(pp) my Py 38.3
4mb+mb 2m4
C C
Quark Mass 26715.0 267150 0 |(1,4) -113.7 VE(12) + V= (13)+
i VE(23) + VO(14)+ -682.2
Confinement Potential -3649.6 -4200.2 550.6 (2,4) -113.7 b-quark Vc(24) +Vc(34)
(3,4) -113.7 vl +veas) .
c c -254.8
(1,5) -127.4 +V(23) + V& (14)]
V¢ Subtotal -1192.1 -1742.7 5506 (2,5) -127.4 2D -1966.0
(3,5) -127.4 Subtotal 19433.4 19031.8
45) -127.4 -879.1(ny my 5343.0 Ly 47225
2
2
o Relative Lengths (fm) 4ﬂ7f ;‘”1, 153.2
Kinetic Energy 1117.7 1338.5  -220.8 oty 2my
— 1 (e} (e
(12) 0.225 0.197(Quw) | 5 o VI +VIa3) oo
) (1,3) 0.225 0.197(Qsp) +V7(23) + V= (14)]
CS Interaction 27.6 -41.7 69.3
(2,3) 0.409 0.197(Qusp) iD -491.5
(1,4) 0.225 Subtotal 4749.9 47225
Total Contribution  -46.8 -446.9  400.1 |(2,4) 0.225 [V (12) + V7(13)
+V5(23) +VS(14)  40.2 Lo, 35.8
(3.4) 0.225 o |TVIeO+VIE)
(1,5) 0.212 Interaction *%[VS(15)+VS(25) ~ 1 _
. s 12.6 Logs 15.3
(2’5) 0.212 +V (55)+V (45)]
(3,5) 0.212 Subtotal 27.6 20.5
(4,5) 0.212  0.148(m) Total 24210.9 23774.8
JP = %7 Value  Qup Y Difference| (i,5) Value Quep T Contribution Value |Contribution Value
Mass 24248.0 23890.5  357.5 (1,2) -110.0 -287.8(wbs) dmy, 21372.0 %mbb 14309.4
N n 2 2 2
;’2;;::;2 Cn 272 325 (1.3) -110.0 -287.8(ss) =k + 323 tf—ﬂé 891.3 Imy 47225
(fm~?) Caa 172 49.7 (2,3) -110.0 -287.8(pvp) mp__ Py 375
Amy+my 2my
C C
Quark Mass 26715.0 267150 0 | (1,4) -110.0 VE(12) + V (13)+
) VE(23) +VC(14)+ -660.0
Confinement Potential -3609.6 -4117.8 508.2 (2,4) -110.0 b-quark VC(24) +Vc(34)
(3,4) -110.0 Lve@a2) +ve@as)
2V o -246.0
(1,5) -123.0 +VE(23) + V©(14)]
VC Subtotal -1152.1 -1660.0 508.0 (2,5) -123.0 -2D -1966.0
(3,5) -123.0 Subtotal 19428.8 19031.8
4,5) -123.0 -796.7(T mg 5343.0 Ly 4722.5
2
2
o Relative Lengths (fm) o 150.1
Kinetic Energy 1078.9 1253.2  -174.3 mytmyg, 2my
_ 1 C C
(1,2) 0.228 0.197(Quwp) bquark §[VC (12) + Vc (13) o460
_ (1,3) 0.228 0.197(Qepp) +VE(23) + VT (14)]
CS Interaction 63.6  40.0 23.6
(2,3) 0.228 0.197(Qes) iD -491.5
(1,4) 0.228 Subtotal 4755.6 4722.5
Total Contribution 9.6 -366.8  357.3 |(24) 0.228 [V (12) + V7(13)
+VE(23) +VS(14) 391 Lo 35.8
(3,4) 0.228 s +V5(24) + VE(34)]
(1’5) 0.216 Interaction —%[Vs(lf)) + VS (25) 24.5 2, - 30.7
(2,5) 0.216 +V(35) + VE(45)] ' . '
(3,5) 0.216 Subtotal 63.6 66.5
(4,5) 0.216  0.160(Y) Total 24248.0 23820.8
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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 ccccc system as an example.
According to Table IV, the masses of J* = 3/2~ and J* =
1/27 ccccc states are 8144.6 MeV and 8193.2 MeV,
respectively. Meanwhile, their binding energy Bj are
+344.6 MeV and +299.6 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 =3/2= (JF =1/27) 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 ¢ — ¢ between (ccc), the ¢ — ¢, and the (ccc) —
(cc) pairs. Accordingly, the sum of the internal kinetic
energies of Q... or Q...J/y states comes from the three
internal ¢ — ¢ between (ccc) and ¢ — ¢. Therefore, cccce
system has an additional kinetic energy needed to bring the
Q.eelle Or Q...J/yw into a compact configuration. The
actual kinetic energies of the ¢ — ¢ of (ccc) and ¢ — ¢ in
the pentaquark state are smaller than those inside the Q....%7,
and Q...J/y system. Meanwhile, even if considering the
additional kinetic energy between the (ccc) — (c¢) pairs,
the total kinetic energies in the ccccc states are still smaller
than that of the lowest baryon-meson threshold. The
relative length between the pair ¢ — ¢ (¢ — ¢) are longer
in the pentaquark. Thus the contributions from V¢ 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 Br. The ccccc states cannot bind into a
compact configuration.

Compared to the cccc@ states, the V€ between the heavy
quarks seems to be more attractive in the bbbbb states,
which is also consistent with Refs. [46,57]. The reason
comes from the smaller relative length between the pair
b — b (b — b) which is 0.55 times that of ¢ — ¢ (¢ — ¢) in
pentaquark states. These show that the relative heavy quark
pairs (bb and bb) are much more compact than the relative
light quark pairs (cc and cc). However, the quark-antiquark
distances are still longer than those of Y and 7, and this
leads to a smaller attraction in the bbbbb states. Thus, the
bbbbb 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 bbbbc system as an example. In the CMI
model, the masses of J¥ =3/27 and 1/2~ states are
constructed as the following formulas:

3 7 1
Myr_3)5- = 5 Mob + mpz + g Vbb ~ 3 Ve

3 7 2
Myr_)p- = 5 Moo + Mz +6”bb +§Ub67 (19)
where m;;, and m,; are the parameters which combined
effective quark masses and color interaction between two
quarks, and v, and v,; 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, ¢ 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 V€ 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 m,; 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-VIL. 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 bbbbb
state with J* = 3/2~. Meanwhile, we have noticed similar
situations for the ggQ Q 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. cccbé, bbbcb, cccbb, and bbbce systems

The ccebe, bbbeb, ccebb, and bbbce systems need to
satisfy the {123}45 exchange antisymmetry. There is one
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JP =5/2" state, three J¥ = 3/2 states, and three J© =
1/2~ states in every system.

Here we take the cccb¢ system as an example. For a
JP =5/2" state, its mass is 11151.9 MeV, which is very
close to the sum of the masses of the Q... and B}.
Moreover, its variational parameters are C;; = 9.3 fm™2,
Cy = 20.2 fm™2, and Cs3 ~ 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 Q... and Bj. Similarly, the
lowest two J” =3/2~ states and the lowest J* = 1/2~
state have similar situations, in which the variational
parameters Csz all trend to be 0. In conclusion, only the
highest J¥ = 3/2~ state and two higher J* = 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 J* = 1/2~ bbbc¢ state is most likely to
be stable against the strong decay. However, even for this
state, its binding energy By = +370.0 MeV. Thus all
pentaquarks are considered as unstable states in these four
systems.

For the kinetic energy part, the lowest J* = 1/2~ bbbce
state obtains 998.2 MeV, which is smaller than that of the
baryon-meson threshold €2} ,n.. The potential parts of
pentaquark state are far smaller than those of the
baryon-meson threshold.

For the potential part, we notice that the V¢ 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 V¢ 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 Q.

The V¢ value of (4,5) is repulsive in the JF =
3/27 bbbcc state; thus this state seems to decay to
Q,,-Bi easily, and the Q,,,n. decay process may be
suppressed.

There is a slight difference between the binding energy
B; and the difference of the total contributions in
Tables VIII-XIII. This is because the eigenstate |y®")
of the Hamiltonian is the superposition of the color-spin
states with special exchange symmetry, [p®iE) =
ly ™ + ews™™™) + ... and we approximately use
[y ™™ to calculate the matrix elements of the interaction
since |¢;| > 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 bbbcc 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, ¢, and ¢ in Table XI. Here, we
notice that the effective quark mass ¢, ¢ 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 300 MeV larger than those in the CMI model directly.

C. ccbbé and bbcch systems

The cchbe and ccbbb systems need to satisfy the
{12}{34}5 symmetry. There is one J* = 5/2~ state, four
JP = 3/2 states, and four J¥ = 1/2" states in these two
systems. Meanwhile, we think all of these states are
genuine pentaquark states.

For JP = 5/2~ ccbbc and ccbbb states, their masses
are 14637.5 MeV and 17851.7 MeV, respectively.
Accordingly, their blind energies By are +272.1 MeV
and +319.0 MeV, respectively. Relative to other lowest
states, we find that the J¥ = 5/2~ ccbbé 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 J¥ = 3/2~ and
JP =1/27 ccbbé (cchbbb) states in Table XII (XIII).
Based on Tables XII and XIII, we find the ccbbc and
ccbbb systems have similar situations as previously dis-
cussed systems. One notes that the V¢ of cchbc system is
much more attractive than that of bbcchb 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 ¢ 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 b, which lead to
the cchbb 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 =3/27 cchbbt (cchbb) state has similar values while
the J¥ = 1/2 ccbbe (ccbbb) 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 VIIL

quarks for cccbc system and their baryon-meson thresholds. The notations are same as those of Table I'V.

The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between

ccebe The contribution from each term ve o 1 Present Work CMI Model
vera.
JP = %_ Value Q7.1 Difference|(i,j) Vaule — Q7.ne Contribution Value| Contribution Value
Mass 11443.7 11062.3 3814 [(1,2) -4.6 -45.4(Q%;) 3me 5754.0 3 e 1189.3
Ci 8
c 4 P, prz metmy Pry 523.1| m. o 4
Variational | €11 86  10. (1,3) -4.6 - Pl o] | me § me 1802
Paramthers Cos 101 15.1 (2,3) -4.6 ark VC(12) + Vc(13) +V(23) 1390 32 mee 1726.1
(fm™?) c-quar VE(14) + VE(14) + VO (34 -20.4
Cis 95  15.0 (1,4) -13.6 -109.4(%,) %VCEM% N VCE%; +VC§14H 08
Quark Mass  13015.0 13015.0 0.0 [(2,4) -13.6 -109.4(%,) -2p -1474.5
3,4) -13.6 Subtotal 4863.1 4717.8
Confinement o403 gg565 3585 |
Potential (1,5) -13.8 myp 5343.0 my 9 5415.7
’ ! p2 55.1| mvetme 8 b :
me  Pis | me 3me  Piy 55. 1
(2,5) -13.8 metmy 2mf " metmy dmetmy 2m, 4242 | ——t—gmpe  -592.9
ve WEa) Vo + Ve aoa| T
Subotal -90.8 -479.3 3885  (3,5) -13.8 -237.2(1.) | b-quark Ly (15) o
(4,5) 5.4 -iD -491.5
Relative Lengths (fm) Subtotal 4913.1 4822.8
(1,2) 0.384 0.349(0%,) me 13})2-2 18 me 172611
Kineti my P2 my, 3mz P2 .
Elllr(leigl;: 937.8 1038.2 -1004 |(1,3) 0.384 oy B, i oy Tt Ty 1 67.4| — e kmpe -197.3
(2,3) 0.384 equark | 3VEUB) +VE@5) +VIE5)] 208
) . 1 VC(45) 2.7
(1,4) 0.373 0.305(%) -iD 491.5
(2,4) 0.373 0.305(Q%,) Subtotal 1629.2 1528.8
5 S S 5 e
s B ; (3,4) 0.328 §[ S(12) + VI(13) + V5(23)] 32.3 2Vee 35.5
teraction 200 P06 “EVIU) VD VIGD 50| 6.6
) 0 CS | Zv515) + VS(25) + VE(35)] 108  — e -17.7
(2,5) 0.369 Interaction —1vS(45) -1.0 Vb -2.0
Total
Contribution 5726 504.9  367.7 1(3,5) 0.369  0.290(nc) Subtotal 25.6 22.3
(4,5) 0.354 Total 11431.0 11091.5
JP = %_ Value  Qcepne Difference|(i,j) Vaule — Qcepne Contribution Value| Contribution Value
Mass 11438.2 11028.0 410.2 1,2) -0.8 -52.8(Qcch 3Ime 5754.0 2 Mee 1189.3
8
o lon| 84 108 (1,3) -0.8 (o) 4 Py ARkt Py ) 50941 _me 9., 1802.4
Variational : . ) . 2m] Tmetmy 2m) 1145.1| mrmes Me -
Parameters | Cy, 74 161 (2,3) -0.8 ok Ve (12) +Vc(13)+vc(23) 23| 18 my 1726.1
(fm™) cquark L1y (q4) 4 yC(14) 4 VO (34 -25.1
C 11.9 15.0 1,4) -16.8 3
i i : (14) -16. ;[Vc(15)+vc(2s)+vc(14)] -24.1
Quark Mass  13015.0 13015.0 0.0 (2,4) -16.8 -109.4(Qees) -3D -1474.5
i 3,4) -16.8 -109.4(Qcc Subtotal 4882.5 4717.8
Conhnen'lent 95637 -2966.3  402.6 (3,4) (S2een)
Potential (1,5) -16.1 myp 5343.0 my 9 5415.7
’ : p2 40.3| mMetme 8 b '
me  Pzg | me 3me  Pay . .
. (2,5) -16.1 1n,_+rgb 2mJ meFmp Tme by Iy 430.4| = +bmb $Mbe -592.9
v B B g sVO() + Vo (24) + VT34 251
Subtotal 106.2 -508.8 4026  (3,5) -16.1 -237.2(5.) | b-quark Ly (13) -
(4,5) -5.4 -iD -491.5
Relative Lengths (fm) Subtotal 4897.4 4822.8
(1,2) 0.389 0.342(Qees) , , B0l s 17261
Kinetic my Py my 3me  Pay 112.2 o
Energy 9220 1067.7 -145.7 |(1,3) 0.389 metmy, 2my T metmy Imetmy 2ml 484.6 |~ i sMwe -197.3
(23) 0350 cquark | HVEUS) £ VEE5) +VEE)]
) 1V (45) 27
(1,4) 0.370 0.297(Qeer) —;D -491.5
(2,4) 0.370 0.297(Qecep) Subtotal 1596.5 1528.8
3,4) 0.370 5 5
cs 320 884 1213 |GCY S[vS(12) + VS (13) + V5(23)] 30.4 S ec 35.5
Interaction (1,5) 0.371 cs
(2,5) 0.371 Interaction +%VS(45) 2.5 %vbé 5.9
Total .
Contribution o387 470.5 3782 1(35) 0.371  0.290(7c) Subtotal 32.9 414
(4,5) 0.414 Total 11409.3 11110.8
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TABLE IX. Thf: masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for bbbcb system and their baryon-meson thresholds. The notations are same as those of Table IV.

bbbch The contribution from each term Ve o 1 Present Work CMI Model
vera.
JP = 3= Value  Qj,.m Difference|(z,5) Vaule — Qppems Contribution Value | Contribution Value
Mass 21091.6 20662.2  429.4 [(1,2) -46.2 -235.9(Q.) 3my 16029.0| 2 mu 3573.6
2
) : P | Pl metm, Pa 450.9| _my o X
Variational |C11| 206 26.0 (1,3) -46.2 (3 + 5 1+ [t 58] 200 F—8 mey 54165
Parameters | (1, 15.5  14.2 (2,3) -46.2 VC(12)+VC(13)+VC(23) 21385 1%, 53128
(fn2) | 55 s (14) 1122 13125 brauark | 11y€(14) 4 yC(14) + VO (34)]  -168.4
33 . 57. 4) - bbe [VC(IS) +VC(23)+VC (14)]  -177.3
Quark Mass ~ 23290.0 23290.0 0.0 [(2,4) -112.2 -131.2(Qf.) -3p -1474.5
Confinement o aear o sreg (3,4) -112.2 Subtotal 14601.2 14302.9
Potential (1,5) -118.2 Me 1918.0 e £ me, 1802.7
my  Pig o _my _smy,  Pr,  236.1) 77O
. (2,5) -118.2 7711(;#»7(7_:.‘1, 2m}, 7ncc+7nb 4mb+gc 2m,  +129.8 mgmcb -197.4
b e e (o e i | e | AV 00 VR0V i
(4,5) 31.3 -iD -491.5
Relative Lengths (fm) Subtotal 1639.6 1605.3
(1,2) 0.248 0.221(Q.) , mpy 534301 194, 53128
Kinetic me  Pug me 3myp p'4 84.8 —my 1,
Energy 1028.0 1251.3  -223.3 |(1,3) 0.248 mc+mb 2my T metmy dmytme 2ml 446.6 | mogg 57 -593.0
T 1ve(15) +VC (25) +VE(35)] 1773
(2,3) 0.248 b-quark Vel -177.
45) 15.6
(1,4) 0.269 0.281(Qf.) 7—D -491.5
(2,4) 0.269 0.281(Q7.) Subtotal 4821.2 4719.8
cs . s | (3,4) 0.269 Slv 5(12)+V5213)+ng23)] 18.4 gvbb 19.2
Interaction 9.8 _' 64.0 (1,5) 0.264 cs ;T[V (14) + V= (24) + V7 (34)] 8.5 24 Veb 6.6
) : ) %[VS(15)+VS(2Q)+VS(35)] 55 —3iu -9.6
(2,5) 0.264 nteraction lV (45) -1.5 — Ve 2.0
Total
comﬁbition 2495 -170.3 4196 |(3,5) 0.264 0.148(m) Subtotal 19.8 14.2
(4,5) 0.286 Total 21081.8 20641.1
JP = %_ Value  Qupemp Difference| (i, j) Vaule Qbben Contribution Value | Contribution Value
Mass 21079.0 20623.2  455.8 [(1,2) -38.3 -243.2(Qpc) 3my, 16029.0 2 my 3573.6
. Pi, | Pi metmy Pr 3889 my, 9
Variational [C11| 178 26.8 (1,3) -38.3 [y + 2t 1t [Emame zmg] | Jg1.1|mtme s Mes 54165
Parameters | (', 14.8 152 (2,3) -38.3 VC(12)+V°(13)+VC(23) -115.00 1%y 53128
(fm2) bauark | 11yC(14) 4 yC14) 1 vO@34)) 1800
Css| 231 574 (1,4) -120.0 -145.0(250c) %[ c ¢ = :
’ Lveas) +ve(23)+vC(14)] -1835
2
Quark Mass ~ 23290.0 23290.0 0.0 [(2,4) -120.0 -145.0(Qpc) -iD -1474.5
3,4) -120.0 Subtotal 14601.2 14302.9
Confinement 107 ¢ a608 5990 |
Potential (1,5) -122.3 me 1918.0f _me 9y, 1802.7
my P2 3m, P2 225.4 | Mo tme
) (2,5) -122.3 mcﬁ’yg}, 2m33+mé+m}, 4m,,+bgc Tt 1164.2 e tmg -197.4
14 -813.0 - . sVE(14) + VT (24) + VE(34)]  -1835
Subtotal 813.0 -1412.3  599.2 (3,5) -122.3 -879.1(mp) c-quark 1VC(45) 114
(4,5) 28.9 -iD -491.5
Relative Lengths (fm) Subtotal 1639.6 1605.3
(1,2) 0.267 0.217(Qpe) , M , 03301 Leny 53128
Kinetic 1019.4 1286.4 -267.0 me 2oy Mo Smy_ Foy id
Energy ‘ A4 2070 1(1,3) 0.267 e ot ¥ T e Ik 1589 | e §mes -593.0
(2,3) 0.267 boquark | 21V (15)+ V(25 +VEES)] 11835
3) 0. 3V (45) 14.4
(1,4) 0.263 0.272(pe) -iD -491.5
(2,4) 0.263 0.272(Qppe) Subtotal 4821.2 4719.8
- Cst. 207 833 10a0 |5 0263 2[VE(12) + VE(13) + V5(23)) 162 Fow 19.2
nteraction (175) 0.261 CS ‘ B )
(2,5) 0.261 Interaction +§V (45) 4.5 §Vcb 5.9
Total 2271 -200.3  436.4 1
Contribution . . . (3,5) 0.261  0.148(m) Subtota 20.7 25.1
(4,5) 0.292 Total 21082.7 20653.1
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TABLE X. Thfi masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for ccchb system and their baryon-meson thresholds. The notations are same as those of Table IV.

ccchbb The contribution from each term Ve o 1 Present Work CMI Model
vera.
JP = 3 Value  Qceenp Difference|(i,7) Vaule — Qceenp Contribution Value | Contribution Value
Mass 14687.2 14190.4  496.8 |(1,2) -24 -22.7(Qece) 3me 5754.00 2 mee 1189.3
oo lon| 87 93 (1,3) -2.4 -22.7(ece) [Py g PRy 2mp Py 5269) _me 9, 13024
Variational : ) ) : (3 fece 2m] T 2m) Sme+2my, 2m} +165.7| motme 8 e .
Parameters| o, | 158 574 (2,3) -24 -22.7(Qeece) . VC(12)+VC(13)+VC(23) 12| e 1788.4
(fm=?) P (14) -52.4 cquark | Ly Oy 4 vO(14) + VO (34)]  -78.6 i
= ' ( : ) ' fveqs) +V03(g3)+v0(14)] et
Quark Mass ~ 16440.0 16440.0 0.0 24) -52.4 -3 -1474.
34) -52.4 Subtotal 4807.7 4780.1
C%nﬁ“egf‘el“t 7465 3046 essa | b
otential (1,5) -52.4 . mp 534;2.2 m;brbm, % me 5415.7
1 Py 3mz P“ . .
2,5) -52.4 2 3m) +*7m‘ —1lm -590.3
Ve 29 v 02243 21/30(;42 Jlrvé(34)] +‘$§'2 zE
- - _ - 2 - .
Subtotal 289.0 -947.1 6581  (3,5) -52.4 b-quark LyC(15) o5
(4,5) 32.4 -897.1(mp) —iD -491.5
Relative Lengths (fm) Subtotal 4920.3 4825.4
(1,2) 0.382 0.370(Qece) my 53322 % g 5326.0
Kineti me P : !
E;Zig; 955.0 1191.5 -236.5 |(1,3) 0.382 0.370(Qecc) Ly C% j+§3gLE+2,,L, ;( ) 1+44.6| —iimu  -590.3
. 7 3 +V*(25)+V _78.6
b-quark | 2 :
(2,3) 0.382 0.370(Qce)| b-quar 10 (15) 169
(1,4) 0.328 -3D -491.5
(2,4) 0.328 Subtotal 4920.3 4735.7
5 S S 5
Cs , (34) 0.328 SVE(12) +VE(13) + V(23)] 31.2 Svec 35.5
Interaction 000 804 T4 —HVIA) +VEQY +VEE] 63| Fuw 66
(1,5) 0.328 cs ZIVS(15) + VI25) + VE@5)] 63| —mugs 98
(2,5) 0.328 Interaction éV (45) 1.0 Lo -1.9
Total
Contribution 7045 2080 4965 |(3,5) 0.328 Subtotal 30.3 30.4
s . . b ota . .
(4,5) 0.283 0.148(m) | Total 14678.6 14371.6
Jr =% Value Qe Y Difference|(z,7) Vaule — QceeY Contribution Value | Contribution Value
Mass 14676.3 14270.3  406.0 |(1,2) -3.0 -22.7(Qece) 3me 5754.0) 2 mee 1189.3
o lon| 88 93 (1,3) -3.0 -22.7(Qece) [y Poy 2]+ [ Py 5333| _me 9,0 18024
Variational : : ’ : : cce 2m] 3met2my 2m) 4160.2| motme 8 e -
Parameters |Cy, | 16.8  49.7 (2,3) -3.0 -22.7(Qece) VC(12)+VC(13)+VC(23) -0.0| —me 9 4 1788.4
(fm~?) ’ ’ c-quark 11vC (14 c C(34 79.5| T 8 Teb
ol 139 (14) 530 Lve(14) + ve(14) + VE(34)]  -79.
= : ( : : ' LVE(15) + VO (23) + VO (14) 05
Quark Mass ~ 16440.0 16440.0 0.0 2,4) -53.0 3 -1474.5
neme 3,4) -53.0 Subtotal 4805.0 4780.1
Comfnemont  _yras7 33222 5735 (34 -5 totota -
otentia (1,5) -53.0 my 2 0332.? m[;’:}mcg mey 5415.7
1 ptg 3me Pz .
2,5) -53.0 SR s e : —1lm: -590.3
ve 2912 -864.8 573.6 (3 r) 53.0 b-quark WC(214) * VJC(;“) + 2‘/5(34)] fi;:é s
Subtotal ot : 6 (35) -53. d 5VCs) 17.8
(4,5) 355 -796.7(Y) -iD -491.5
Relative Lengths (fm) Subtotal 4925.0 4825.4
5343.0| _ms 9 . =
. (1,2) 0.380 0.370(ece) my s 5 oo % m 53260
inetic 963.8 1107.2 -143.4 |(1.3) 0.380 0.: 1Py 1 dme Py ‘ 11 90.:
Ene . . -143. (1,3) 0.380 0.370(2cce) 2 2mf T2 Bmet2my 2m) +43.1] —55mep  -590.3
ey ; Lves) + VO(25) + vE@E)] 705
b-quark -79.5
(2,3) 0.380 0.370(2ccc) quar 119 (45) 178
(1,4) 0.327 -3D -491.5
(2,4) 0.327 Subtotal 4925.0 4735.7
Int CSt' 31.8 45.3 2135 (3.4) 0.327 g[VS(IQ) + VS(13) + VS(23)] 31.5 3Vee 35.5
nteraction (175) 0327 CS .
(2,5) 0.327 Interaction +5V7(45) 3.1 5Vbb 5.7
Total 7044 2877 4166 5 7 Subtotal 1
Contribution . . . (3,5) 0.32 ubtota 34.6 41.2
(4,5) 0.274 0.160(T) Total 14676.3 14357.9
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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 bbbcc system and their baryon-meson thresholds. The notations are same as those of Table IV.

bbbce The contribution from each term ve o 1 Present Work CMI Model
'vera.
JP = %7 Value Quppne Difference | (i, 7) Vaule Qupb7e Contribution Value | Contribution Value
Mass 17891.2 174201 471.1  [(1,2) -41.6 -287.8(ws) 3my 16029.0| 2 mue 3573.6
2 o2 i 2 4141 _m
Variational i 18.9 325 (1,3) -41.6 -287.8(us0) [z F+ 3 2]"" [Jnlirémc 27714] +58.1 m'l;+1)7ﬂ/c% mep 5415.7
Parameters | Cy, 9.2 15.0 (2,3) -41.6 -287.8(Qppp) VC(12)+V°(13)+VC(23) 21249 —me 9 o 5336.5
fm—2? b-quark | 1,C c c q | Metme 8
(fm™) - 133 (14) -68.4 Lve(14) + v (24) + VE(34)]  -103.0
33 : v : $[VE(15) + V(25) + V9 (35)]  -103.0
Quark Mass ~ 19865.0 19865.0 0.0  [(2,4) -68.4 -3D -1474.5
34) -68.4 Subtotal 14695.8 14325.8
Confinement — poer o assen  srgq |5V
Potential (1,5) -68.4 me 1I8.0) _me 9 1, 1802.4
1 P2, 3m, P2 139.5| MeTme
) (2,5) -68.4 35 3 Ty T zm; 41213 —iime  -191.8
1% Lvea4) +ve(24) + V(34 -103.0
- - " 2 g
Subtotal 530.0 -1100.7  570.7  (3,5) -68.4 c-quark %Vcl( 15) o6
(4,5) 5.2 -237.2(n.) -iD -491.5
Relative Lengths (fm) Subtotal 1586.8 1610.6
(1,2) 0.258 0.197(Qwes) my 1918.0) _me 9 1, 1776.0
Kinetic . 1&1 3me P2 139.5| e
Energy 993.7 1167.1 -173.4 [(1,3) 0.258 0.197(Qsp) 3 om), +2—zm(+zmb zmﬁ +121.3| —3imes  -1918
- Vc(lo) + VY25 +VE(35)]  -103.0
2,3) 0.258 0.197( bquark | 2 .
(2,3) (Qubb) q 1yC (45) 26
(1,4) 0.311 -iD -491.5
(2,4) 0.311 Subtotal 1586.8 1584.2
5 S S S 5
cs (3,4) 0.311 2[V>(12) + V> (13) + V7 (23)] 17.1 20 19.2
Interaction 14.9 -53.8 8.7 (1,5) 0.311 —%[V5(14) +V5(24) + V5 (34)] 6.8 2—%Ucb 6.6
») 0 CS | Z[v5(15) + VS(25) + V5 (35)] 68— e 9.8
(2,5) 0.311 Interaction ~1v5(45) 22| —gvee 35
Total
Contribution 4786 126 4660 (3,5) 0.311 Subtotal 14.9 12.3
(4,5) 0.372  0.290(n.) Total 17884.3 17532.9
JP =1 Value Q. J/1p Difference| (z,7) Vaule  QuppJ/9 Contribution Value | Contribution Value
Mass 17883.8 17513.8  370.0 |(1,2) -42.6 -287.8(ws) 3my, 16029.0| 2 mup 3573.6
Py Pl . P: 4215 m
Variational |C11|  19:3 32.5 (1,3) -42.6 -287.8(Qppp) ot It s 2t sl "3 e, 5415.7
Parameters | Cy, 9.6 12.5 (2,3) -42.6 -287.8(u») VE(12) +VEa3) + Ve (23) S127.8 | 2 gy, 5336.5
(fm=2) bquark | 11,C(14) 4 yC(24) 4+ VO(34)] -102.0] """
Cs: 12.6 (1,4) -68.0 tho c c )
33 Ve (15) + VE(25) + V9(35)]  -102.0
Quark Mass  19865.0 19865.0 0.0 (2,4) -68.0 -3D -1474.5
3 3,4) -68.0 Subtotal 14699.3 14325.8
C‘;ﬁ:ﬁ?;“t o858 -3ass2  dooa |CY orom . - 2
(1,5) -68.0 e m: . Linn | Tt § et 1802.4
. (2,5) -68.0 Cumz*‘awzmé $115.2| —iime  -191.8
\% Lve(14) + v (24) + VE(34)]  _102.0
- - " 2 .
Subtotal 528.3 -1027.7 499.4 (3,5) -68.0 c-quark %VC(45) 36
(4,5) 7.2 -164.2(J/9) -iD -491.5
Relative Lengths (fm) Subtotal 1588.8 1610.6
(1,2) 0.256 0.197(Qss) my 1918.01 _me 8 ., 1776.0
Kinetic 1 Pag 3mz  Pay 145.5| e
998.2  1091.1  -92.9 |(1,3) 0.256 0.197(Qwp) 2zm;+§mzm +115.2] —3ime  -191.8
Fnerey ; LVEs) + VE() 4 VEEs)] 1020
2,3) 0.256 0.197(% b-quark -102.
(2,3) bl (Qen) q IV (45) 3.6
(1,4) 0.311 -iD -491.5
(2,4) 0.311 Subtotal 1588.8 1584.2
oS o41 430 gg |34 03U 3[VS(12) + V5 (13) + V5(23)] 17.3 Som 19.2
Interaction (1,5) 0.311 cs
(2,5) 0311 Interaction +§V7(45) 6.7 Fvee 10.6
Total 4940 1063  387.7 Subtotal
Contribution . . 7 |(3,5) 0.311 ubtota 24.1 29.8
(4,5) 0.364 0.318(J/1) | Total 17901.0 17550.4
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TABLE XII. Tl_le masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between
quarks for ccbbb system and their baryon-meson thresholds. The notations are same as those of Table IV.

ccbbb The contribution from each term Ve o I Present Work CMI Model
vera.!
JP = %7 Value Q7. m» Difference|(4,7) Vaule — Q,m Contribution Value | Contribution ~ Value
Mass 17784.9 17452.9  332.0 [(1,2) 76.2 2m 10‘1’?2@ Ly, 4763.8
. p2 p2 om.  Pa ioe m,
Variational gjl ;;Z ig-? (1,3) -38.8 -98.4(0%,) E IC]H;’Q"LZ]Z[éi&”i“Zf‘ ookl 1182| Gme 60171
Parameters | /> : : (2,3) -38.8 VEA)+5[VE(15) +VE(25)]  +1311 1 —Lmp -1180.6
(fm’2) C's3 9.8 57.4 b-quark l[VC 13) +Vc(23)] 76.2| 2 1
Caa| 90 (14) -38.8 -98.4(2) +VC(14)+VC(24)] 33‘;2
Quark Mass  19865.0 19865.0 0.0  [(2,4) -38.8 -D _983.0
3,4) -34.7 -45.4(. Subtotal 9722.4 9600.3
C‘I’D“?fe?elm 31407 35787 asso | (ccr) s
otentia (1,5) -304.0 2me 3836.0| —imec -792.9
- (2,5) -304.0 -879.1(np) (52 ]HMT%W ;:‘4% | ﬁgiz e Sme, 2003.0
S }‘; cal 6832 -1121.2 4380 (3,5) 19.2 [VE(34) ]+ VE35) +VvEes) 347 e _Sm . 1973.7
oo c-quark Lve(13) + VO (23)] 19.2] "
(4,5) 19.2 +VC(14)+VC(24)] -77.6
Relative Lengths (fm) -D -983.0
(1,2) 0.267 Subtotal 3224.1 3183.8
Kinetic ST my 5343.0 my, 5
Energy 1051.7 1208.6  -156.9 [(1,3) 0.334 0.305(Q%,;) . " T Pl4] o I Smg  5929.2
2.3) 0.334 _ 3 2m) 3 Bmy+2me 2m) 2621 L x —Im,: -1180.6
(23) | bauark ;[\Z/ 5) +VC(25)] ovrd I
(1,4) 0.334 0.305(Q%) 1vess) + ve(as) 10
(2,4) 0.334 --D -491.5
cs R (3,4) 0.359 0.349(%;) Subtotal 4829.3 4748.6
. - - . DI,
Interaction (1,5) 0.217 3[VS(12)] + 4[V5(34)] o] Tt e O
cs : :
(2,5) 0217 0.148(m) |[pteraction —2[V3(35) + V(45)] 2.6 —Svg -3.9
(3,5) 0.322 Subtotal 13.1 13.2
Total .
Contribmtion 177891 17452.9 3362 | (4,5) 0.322 Total 17788.9 17554.2
Jb = %7 | Value  Qcepmp Difference| (4, ) Vaule QeevMy Contribution Value | Contribution  Value
Mass 177845 17418.5  366.0 [(1,2) 79.7 2m 10333? Loy 4763.8
2 2 .
. Pz Py 2m, Py m 5
Variational gll égg }g? (1,3) -40.3 -109.4(Qeep) [z lc] + [;‘, zmz] g [; W zmi] 116.5 mﬂn‘b 6017.1
Parameters | /22 : : (2,3) -40.3 VEa2)+3VE(5) + Vo (25)]  +1331 1 —Imy; -1180.6
(fm-2) |G 99 574 b-quark L[VC(13) + VO (23)] 79727 1
Cu| 9.1 (1,4) -40.3 -109.4(Qecv) +Vc(14)+vc(24)] _?jgg,g
Quark Mass ~ 19865.0 19865.0 0.0  [(2,4) -40.3 -D _083.0
. 3,4) -36.0 -52.8(Q Subtotal 9727.0 9600.3
C%“fim?mlm 57 0082 625 | (£2ecs) o
R (1,5) -305.0 2me 3836.0| —Llm..  -792.9
) (2,5) -305.0 -879.1() [;ffs]Jr[m‘f%m;f%] ﬁgé; e Sme,  2003.0
S Yt cal 6882 -1150.7 4625  (3,5) 19.5 [VEB)+1[VE35) +VEU5)] 360 me_ S 19737
ubtota c—quark 1 [VC 13 + VC(23)] 19.5 c b
(45 195 LVE(14) + VE(24)] -80.6
Relative Lengths (fm) -D -983.0
(1,2) 0.263 Subtotal 3223.8 3183.8
Kinetic
1057.2 12380 -181.0 |(1,3) 0. my 5343.0) _my, 5 .
Energy (13) 0.334 0. 305( (‘rb) [£ i ] N [g 2. p;r4] 232.9| metmsp 1Meb 5929.2
(2,3) 0.332 _ 3 2m/, ; 3my+2me 2m) 1926.5 % x —zmb?; -1180.6
N b-quark 3[VE(15) + VO (25)] -305.0
(1,4) 0.332 0.305(Q%) fves +Vc(40)] 105
(2,4) 0.332 --D -491.5
3,4) 0.357 0.349(Q} Subtotal 4825.4 4748.6
Integition 21763 74 El 5§ 0.217 ) E[VS 12)] + & [VS(34)] 6.6 Lo + Lo, 7.7
)’ : 1 1 G e
cs +9.2 +9.5
(2,5) 0217 0.148(m) |[nteraction 1Vv9(35) + V5(45)] 5.2 Lo 7.6
(3,5) 0.321 Subtotal 21.1 26.9
Total
Contribution 177975 174185 3789 | (45) 0.321 Total 177973 17554.2
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TABLE XIIL

quarks for ccbbc system and their baryon-meson thresholds. The notations are same as those of Table IV.

The masses, variational parameters, the contribution from each term in the Hamiltonian, and the relative lengths between

ccbbé The contribution from each term Ve o 1 Present Work CMI Model
'vera.
Jr = %7 Value  Qj,.n. Difference|(i,j) Vaule — Qpp.7ec Contribution Value | Contribution ~ Value
Mass 145794 142717 307.7  [(1,2) 2.0 2me 3322'8 L, 1585.8
. * P, 2 P, 1
Variational gu lgé 22.9 (1,3) -36.8 -131.2(Q%.) [2,,;0]+[52,”2]Jcr[§ﬁ’ng2m4] +106.1 | 735 2mey 2003.0
Parameters | -2 - o (2,3) -36.8 VEA2))+3 V(s + VO (25)]  +405] 1 1 3634
(fm_2) Cs3| 24.1 15.0 c-quark %[Vc(13)+\/c(23)] 2.0] 2 1
Cas| 10.0 (1,4) -36.8 -131.2(Q%.) VO (14) + VO (24)] -z;g.g
Quark Mass ~ 16440.0 16440.0 0.0 (2,4) -36.8 -D _583'0
: 3,4) -218.8 -235.9(Q%y. Subtotal 3140.4 3205.2
Conhnen'lent 9872.6 -3193.0 3204 (3,4) (be)
Potential (1,5) -43.7 2ms 10686.0|  —Lmy, 23819
2
Pz . m,
. (2,5) -43.7 -237.2(n.) [2,n3]+[mf‘"ﬁzm“6] fggi S 2me,  6017.1
v 151 7355 3204 (35) 18.0 VOB VEE5) + VIUS)] 218.8| —mo Sy, 59292
Subtotal b-quark [VC(13)+VC(23)] 1180 metmy 4°770¢
(4,5) 18.0 +Vc(14)+VC(24)] -73.6
Relative Lengths (fm) - -983.0
(1,2) 0.388 Subtotal 9757.4 9564.4
Kineti
E;I;igl; 1024.9 1080.9  -56.0 |(1,3) 0.337 0.281(,,) s me s 129112850 e Smys  1973.7
2 Pz m. P .
(2,3) 0.337 _ EMZ] + [ g ez +8L1| 3 X —gmec  -383.6
‘ N c-quark %[V (15) + Vc(25)] 437
(1,4) 0.337 0.281(Q.) fves ch (45)] 50
(2,4) 0.337 3D -491.5
34) 0.229 0.221(Q. Subtotal 1694.1 1590.1
It CSt. 153 63 76 |OY () i —
nteraction (1,5) 0.358 2VE(12)] + L[VF(34)) e Tvee + Zven 451
CS B .
(2,5) 0358 0.290(¢) |[pteraction —1[VI(35) + VI(45)] 2.5 —1huse -3.9
(3,5) 0.326 Subtotal 15.3 15.4
Total . . op
Contribation  14607.5 142716 336.0 |(4, 5) 0.326 Total 14607 1 14369.8
JP = %_ ‘ Value  Qppene Difference| (7,7) Vaule — Qupene Contribution Value | Contribution ~ Value
Mass 14566.0 142327  333.3  |(L, 2) 6.6 2me 3gzgg L, 1585.8
2
Py 1 Pz 2m, Pz me 5
Variational gu 13.2 ?g.g (1,3) -39.7 -145.0(Qpe) [27n1,1c]+[,i z]t[;wzﬂf] +104.2| 585 2me, 20030
Parameters | /22 : o (2,3) -39.7 \% (12)]+ [VE(15) + V= (25)] FAL3 X —ime  -383.6
(fmfz) Cs3| 244 15.0 c-quark [VC(13)+VC(23)] 6.6| 2 4
Caa| 10.2 (1,4) -39.7 -237.2(Qpc) +VC(14)+V0(24)] _ig,i
Quark Mass ~ 16440.0 16440.0 0.0  [(24) -39.7 -D 9830
: 3,4) -221.7 -243.2(Upe Subtotal 3150.2 3205.2
Confinement _peer 5 s9078  agsn | (Ese)
Potential (1,5) -43.8 2my 10686.0 —imbb -2381.9
m. P2 266.8| m
. (2,5) -43.8 -237.2(n.) (5 ]+[3m?%mbm;] +22§ e Sme,  6017.1
v 4250 -770.4 4380 (3,5) 18.2 v (34)]+ [VE@5) + VOM5)]  o91.7| _me 5y, 50202
Subtotal b_quark [VC(13)+VC(23)] 1189 me+my 4 <
(4,5) 18.2 +VC(14)+VC (24)] -79.4
Relative Lengths (fm) B -983.0
(1,2) 0.379 Subtotal 9753.6 9564.4
Kinetic
10384 11160 -156.9 3) 0.33 e 1918.01 _mz 5 :
Energy (1,3) 0.333 0.272(Qwpe) . "32]+[ - pm] 208 4 e Sy 1973.7
(2,3) 0.333 B 3 2mj o 3 mot2my 2m} +82.6| + x —imez  -383.6
e-quark $VE(15) + v (25)] 438
(1,4) 0.333 0.272(Qse) 1ve(ss) + vo(s) 150
(2,4) 0.333 --D -491.5
s a4 054 551 (3,4) 0.228 0.217(Qse) Subtotal 1691.9 1590.1
Interaction : e ’ - 3 s 1271 1 1 14.2
(1,5) 0.358 2VI(12)] + [V (34)] TVee + GUbb
s Ls s +5.6 B +5.1
(2,5) 0.358  0.290(1) |Interaction 11v9(35) + V5 (45)] 5.1 Lo 7.9
(3,5) 0.325 Subtotal 23.4 27.1
Total . . .
Contribution 177891 174529 3362 |(45) 0325 Total 146191 43911
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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 Z.. 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 J© 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 J© = 3/2~ and a J¥ = 1/2~ state in each
of the cccce, bbbbb, ccceb, and bbbbe systems due to the
{1234}5 symmetry, and the V< of two bbbbb states seems
to be more attractive relative to other systems. For the
ccebe, bbbeb, ccebb, and bbbce systems, there is only
one J¥ = 3/27 and two J¥ = 1/2~ genuine states in every
system. The reason is that other states are considered as
scattering states whose variational parameter Cs3 ~0
meaning the distance between the baryon and the meson

approaches infinity. For the cchbé and bbcch systems,
there is one J¥ = 5/27, four J¥ = 1/27, and four J* =
1/2~ genuine states in every system.

In summary, we find that all of the lowest states have a
large positive binding energy By. 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 ¢ 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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