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In this work, we systematically study the mass spectrum of the fully heavy tetraquark in an extended
chromomagnetic model, which includes both color and chromomagnetic interactions. Numerical results
indicate that the energy level is mainly determined by the color interaction, which favors the color-sextet

jðQQÞ6cðQ̄Q̄Þ6̄ci configuration over the color-triplet jðQQÞ3̄cðQ̄Q̄Þ3ci one. The chromomagnetic inter-
action mixes the two color configurations and gives small splitting. The ground state is always dominated
by the color-sextet configuration. We find no stable state below the lowest heavy quarkonium pair
thresholds. Most states may be wide since they have at least one S-wave decay channel into
two S-wave mesons. One possible narrow state is the 1þ bbb̄c̄ state with a mass 15719.1 MeV. It is
just above the ηbB̄c threshold. But this channel is forbidden because of the conservation of the angular
momentum and parity.

DOI: 10.1103/PhysRevD.103.034001

I. INTRODUCTION

In the quark model [1,2], a normal hadron is composed
of quark-antiquark pair (meson) or three quarks (baryons).
The exotic states consisting of more than three quarks have
not been observed until this century. In 2003, the Belle
Collaboration measured the exclusive B� → K�πþπ−J=ψ
decays, and observed the first charmoniumlike state
Xð3872Þ [3], whose quantum number was later determined
to be IGJPC ¼ 0þ1þþ [4]. Since then, lots of charmonium-
like and bottomoniumlike states are found, such as the
Yð4260Þ [5], Zcð3900Þ [6,7], Zbð10610Þ, and Zbð10650Þ
[8] states. Various theoretical interpretations, such as the
molecule [9–11], the compact tetraquark [12,13], the
hybrid meson [14,15], etc., have been proposed to explain
their nature. More details can be found in Refs. [16–23] and
references therein.
Another interesting structure is the fully heavy tetra-

quarks. In 2016, the CMS collaboration reported the first
observation of the ϒð1SÞ pair production in pp collisions

at
ffiffiffi
s

p ¼ 8 TeV [24]. They found an exotic structure in
μþμ−μþμ− channel with a global significance of 3.6σ. Its
invariant mass is 18.4� 0.1ðstatÞ � 0.2ðsystÞ GeV [25].
Two years later, the LHCb collaboration searched for the
Xbb̄bb̄ in the ϒð1SÞμþμ− final state, but they did not see
any significant excess in the range 17.5–20.0 GeV [26].
Last year, the ANDY collaboration investigated the dijet
mass in Cuþ Au collisions, and found a peak at M ¼
18.12� 0.15ðstatÞ � 0.6ðsystÞ GeV, which is possibly an
all-b tetraquark [27]. In the full-charm sector, the charmo-
nium pair production had also been observed by the NA3
[28,29], D0 [30], LHCb [31] and Belle [32] collaborations.
Very recently, the LHCb collaboration observed a narrow
structure and a wide structure in the J=ψ-pair invariant
mass spectrum in the range of 6.2–7.2 GeV, which could be
all-charm hadrons [33].
Theoretically, the fully heavy tetraquarks have been

studied with various methods, such as the potential quark
model [34–47], the QCD sum rules [48–52], the covariant
Bethe-Salpeter equations [53] and the lattice QCD [54].
In Ref. [37], Debastiani and Navarra found that the
lowest S-wave ccc̄c̄ tetraquarks might be below the di-
charmonium thresholds. Anwar et al. [55] studied the bbb̄b̄
tetraquarks with a nonrelativistic effective field theory
(NREFT) at the leading order (LO) and a relativized
diquark model. The ground state masses in the two
approaches are 18.72� 0.02 GeV and 18.75 GeV respec-
tively, which indicates the existence of a bbb̄b̄ bound state
below the ηbηb threshold. However, many other studies
suggest that the ground state of fully heavy tetraquarks is
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above the di-meson threshold. For example, Wang et al.
[42] used two quark models with different potentials to
study the QQQ̄0Q̄0 tetraquarks. They found that the
QQQ̄0Q̄0 tetraquarks are always above the ηQηQ=BcBc

thresholds and no bound tetraquark states exist. In
Ref. [54], Hughes et al. adopted the first-principles lattice
nonrelativistic QCD methodology to study the lowest
energy eigenstate of the bbb̄b̄ systems with quantum
numbers 0þþ, 1þ− and 2þþ, and did not find any state
below the lowest bottomonium-pair threshold.
In the quark model [56–60], the hadron mass can be

decomposed into the quark masses, the kinetic energy and
the potential interaction. Usually, the potential includes the
color-independent Coulomb and confinement interactions,
and the hyperfine interactions like the spin-spin, spin-orbit,
and tensor terms.
When restricted to the ground state, one can use the

simplified chromomagnetic model [12,36,60–64]. In this
model, the quark masses, the kinetic energy and the spin-
independent interaction are absorbed into the effective quark
masses, and the spin-spin interaction is simplified to be
the chromomagnetic interaction. The spin-orbit and tensor
interactions are ignored since we only consider the S-wave
states. This simplified model can well explain the hyperfine
splittings of ordinary hadrons. However, the recent studies
indicate that the one-body effective quark masses are not
enough to account for all of the two-body spin-independent
color interaction. For example, Karliner et al. [65] found that
a color-related interaction between heavy (anti-)quark and
strange (or heavy) quark should be introduced to account for
the heavy meson and baryon masses. Then they used this
model to predict the Ξcc mass MΞcc

¼ 3627� 12 MeV,
which is very close to the LHCb’s measurement [66].
In Ref. [67], we generalized the chromomagnetic model

by including the color interaction in the Hamiltonian. For
the color-singlet hadrons, we found that the effective quark
masses can be absorbed into the color interaction. With this
model, we can reproduce the mass of doubly charm baryon
Ξcc [67] and the recently observed Pc pentaquarks [68]. In
this work, we will use the extended chromomagnetic model
to study the spectrum of the S-wave fully heavy tetra-
quarks. With the wave function obtained, we can also
estimate their decay properties.
This work is organized as follows. In Sec. II, we

introduce the extended chromomagnetic model, and
present the wave function bases of the fully heavy tetra-
quarks. Then we discuss the numerical results in Sec. III. In
Sec. IV we give a brief summary.

II. THE EXTENDED
CHROMOMAGNETIC MODEL

In the chromomagnetic model, the mass of the S-wave
hadron consists of the effective quark masses and chro-
momagnetic (CM) interaction [12,23,36,64]

H ¼
X
i

mi −
X
i<j

vijSi · SjFi · Fj; ð1Þ

where Si ¼ σi=2 (Fi ¼ λi=2) is the quark spin operator
(color operator). For the antiquark, Sq̄¼−S�q andFq̄¼−F�

q.
The mi is the ith quark’s (or antiquark’s) effective mass.
And the vij is effective coupling constant

vij ¼
8π

3mimj
hαsðrÞδ3ðrÞi; ð2Þ

which depends on the constituent quark masses and the
spatial wave function.
Comparing to the dynamical quark model [58,59], we

see that there is an additional color interaction, which
contributes to the mass of the S-wave hadron, and is
impossible to be absorbed into the effective quark masses
or the chromomagnetic interaction. This is also supported
by some concrete studies concerning baryons [65] and
tetraquarks [69]. Here we introduce a colorelectric term into
the model [67,69]

HCE ¼ −
X
i<j

Aijλi · λj: ð3Þ

Since

X
i<j

ðmi þmjÞFi · Fj

¼
�X

i

miFi

�
·
�X

i

Fi

�
−
4

3

X
i

mi; ð4Þ

and the total color operator
P

i Fi nullifies any color-singlet
physical state, we can rewrite the model Hamiltonian as
[67,68]

H ¼ −
3

4

X
i<j

mijVC
ij −

X
i<j

vijVCM
ij ; ð5Þ

where the quark pair mass parameter is

mij ¼ ðmi þmjÞ þ
16

3
Aij; ð6Þ

and the color and CM interactions between quarks are
defined as

VC
ij ¼ Fi · Fj; ð7Þ

VCM
ij ¼ Si · SjFi · Fj: ð8Þ
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A. The tetraquark wave functions

To investigate the mass spectra of the tetraquark states,
we need to construct the wave functions. The total wave
function is a direct product of the flavor, color, spin, and
orbital wave functions. For the S-wave states, the orbital
wave function is symmetric. Moreover, the Hamiltonian
does not contain a flavor operator explicitly. Thus we first
construct the color-spin wave function, and then incorpo-
rate the flavor wave function to account for the Pauli
principle.
The spins of the tetraquark states can be 0, 1 and 2. In the

qq ⊗ q̄q̄ configuration, the possible color-spin wave func-
tions fαJi g are listed as follows,

(i) JP ¼ 0þ:

α01 ¼ jðq1q2Þ61ðq̄3q̄4Þ6̄1i0;
α02 ¼ jðq1q2Þ60ðq̄3q̄4Þ6̄0i0;
α03 ¼ jðq1q2Þ3̄1ðq̄3q̄4Þ31i0;
α04 ¼ jðq1q2Þ3̄0ðq̄3q̄4Þ30i0; ð9Þ

(ii) JP ¼ 1þ:

α11 ¼ jðq1q2Þ61ðq̄3q̄4Þ6̄1i1;
α12 ¼ jðq1q2Þ61ðq̄3q̄4Þ6̄0i1;
α13 ¼ jðq1q2Þ60ðq̄3q̄4Þ6̄1i1;
α14 ¼ jðq1q2Þ3̄1ðq̄3q̄4Þ31i1;
α15 ¼ jðq1q2Þ3̄1ðq̄3q̄4Þ30i1;
α16 ¼ jðq1q2Þ3̄0ðq̄3q̄4Þ31i1; ð10Þ

(iii) JP ¼ 2þ:

α21 ¼ jðq1q2Þ61ðq̄3q̄4Þ6̄1i2;
α22 ¼ jðq1q2Þ3̄1ðq̄3q̄4Þ31i2; ð11Þ

where the superscript 3, 3̄, 6, or 6̄ denotes the color, and the
subscript 0, 1, or 2 denotes the spin.
Next we consider the flavor wave function. There are

three types of total wave functions when we consider the
Pauli principle:
(1) Type A [Flavor ¼ fccc̄c̄; bbb̄b̄; ccb̄b̄g]:

(a) JPðCÞ ¼ 0þðþÞ:

Ψ0þðþÞ
A1 ¼ q1q2q̄3q̄4 ⊗ α02;

Ψ0þðþÞ
A2 ¼ q1q2q̄3q̄4 ⊗ α03; ð12Þ

(b) JPðCÞ ¼ 1þð−Þ:

Ψ1þð−Þ
A ¼ q1q2q̄3q̄4 ⊗ α14; ð13Þ

(c) JPðCÞ ¼ 2þðþÞ:

Ψ2þðþÞ
A ¼ q1q2q̄3q̄4 ⊗ α22; ð14Þ

(2) Type B [Flavor ¼ fccc̄b̄; bbb̄c̄g]:
(a) JP ¼ 0þ:

Ψ0þ
B1 ¼ q1q2q̄3q̄4 ⊗ α02;

Ψ0þ
B2 ¼ q1q2q̄3q̄4 ⊗ α03; ð15Þ

(b) JP ¼ 1þ:

Ψ1þ
B1 ¼ q1q2q̄3q̄4 ⊗ α13;

Ψ1þ
B2 ¼ q1q2q̄3q̄4 ⊗ α14;

Ψ1þ
B3 ¼ q1q2q̄3q̄4 ⊗ α15; ð16Þ

(c) JP ¼ 2þ:

Ψ2þ
B ¼ q1q2q̄3q̄4 ⊗ α22; ð17Þ

(3) Type C [Flavor ¼ fcbc̄b̄g]:
(a) JPC ¼ 0þþ:

Ψ0þþ
C1 ¼ q1q2q̄3q̄4 ⊗ α01;

Ψ0þþ
C2 ¼ q1q2q̄3q̄4 ⊗ α02;

Ψ0þþ
C3 ¼ q1q2q̄3q̄4 ⊗ α03;

Ψ0þþ
C4 ¼ q1q2q̄3q̄4 ⊗ α04; ð18Þ

(b) JPC ¼ 1þþ:

Ψ1þþ
C1 ¼ q1q2q̄3q̄4 ⊗

1ffiffiffi
2

p ðα12 þ α13Þ;

Ψ1þþ
C2 ¼ q1q2q̄3q̄4 ⊗

1ffiffiffi
2

p ðα15 þ α16Þ; ð19Þ

(c) JPC ¼ 1þ−:

Ψ1þ−

C1 ¼ q1q2q̄3q̄4 ⊗ α11;

Ψ1þ−

C2 ¼ q1q2q̄3q̄4 ⊗
1ffiffiffi
2

p ðα12 − α13Þ;

Ψ1þ−

C3 ¼ q1q2q̄3q̄4 ⊗ α14;

Ψ1þ−

C4 ¼ q1q2q̄3q̄4 ⊗
1ffiffiffi
2

p ðα15 − α16Þ; ð20Þ

(d) JPC ¼ 2þþ:

Ψ2þþ
C1 ¼ q1q2q̄3q̄4 ⊗ α21;

Ψ2þþ
C2 ¼ q1q2q̄3q̄4 ⊗ α22: ð21Þ

Diagonalizing the Hamiltonian [Eq. (5)] in these bases, we
can obtain the mass spectra and eigenvectors of the fully
heavy tetraquarks.
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III. NUMERICAL RESULTS

A. Parameters

To obtain the masses of fully heavy tetraquarks, we need
to estimate the parameters. In Ref. [67], we used the
mesons to extract the parameters mqq̄ and vqq̄. Then we
used the light and singly heavy baryons to extract the mqq

and vqq with at most one heavy quark. Finally, we used a
quark model consideration to estimate the mQQ and vQQ.
The parameters are listed in Table I. With these parameters,
we can reproduce the meson and baryon masses.
Especially, we obtained the Ξcc baryon at 3633.3�
9.3 MeV, which is very close to the LHCb’s measurement
[66]. In Ref. [68], we further used these parameters to study
the hidden-charm pentaquark states, and successfully
reproduced the masses of the three newly observed Pc
states, Pcð4312Þ, Pcð4440Þ, and Pcð4450Þ [70], as well as
the older one, Pcð4380Þ [71]. In the present work, we use
the same set of parameters to estimate the mass spectrum of
the ground state QQQ̄Q̄ tetraquarks.

B. The ccc̄c̄ and bbb̄b̄ systems

Inserting the parameters into the Hamiltonian, we can
obtain the mass spectra of tetraquarks. The masses and
eigenvectors of the ccc̄c̄ and bbb̄b̄ tetraquarks are listed in
Table II. In the following, we will use TðQQQ̄Q̄;m; JPCÞ
to denote the QQQ̄Q̄ tetraquarks. In both cases, the
lightest states have quantum number JPC ¼ 0þþ. They
are Tðccc̄c̄; 6044.9; 0þþÞ and Tðbbb̄b̄; 18836.1; 0þþÞ,
respectively. In Fig. 1, we plot the relative position of

the ccc̄c̄ and bbb̄b̄ tetraquarks, along with meson-meson
thresholds which they can decay into through quark
rearrangement. From the figure, we can easily see that
all states are above thresholds. Among them, the two
ground states are only above the thresholds of the two
pseudoscalar mesons, while the other states are all above
the thresholds of two vector mesons.
Besides the masses, the eigenvectors also provide

important information of the tetraquarks. The 0þþ states
are of particular interests since they have two bases.
Their color configurations are jðQQÞ6c ⊗ ðQ̄Q̄Þ6̄ci and
jðQQÞ3̄c ⊗ ðQ̄Q̄Þ3ci respectively. For simplicity, we denote
them as 6c ⊗ 6̄c and 3̄c ⊗ 3c. In the one-gluon-exchange
(OGE) picture, the interaction between two quarks are
attractive if they combine into a 3̄c diquark ðqqÞ3̄c , while
repulsive if they combine into a 6c diquark ðqqÞ6c . How-
ever, the attractionbetween a6c diquark and a 6̄c anti-diquark
is much stronger than that between the 3̄c ⊗ 3c counter-
part. The two competing effects make the tetraquark
much more complicated compared to the ordinary hadrons
[42]. In Table II, we present the eigenvectors of the
tetraquark states. We see that the ground states are both
dominated by the 6c ⊗ 6̄c components. More precisely, the
Tðccc̄c̄; 6044.9; 0þþÞ state has 69.5% of the 6c ⊗ 6̄c com-
ponent and the Tðbbb̄b̄; 18836.1; 0þþÞ state has 81.5%.
Here we illustrate the underlying dynamics as follows. We
first consider the color interaction. Because of the symmetry
between quarks (or antiquarks), the interaction strength
between two quarks equals to that between two antiquarks,
and the QQ̄ interactions share one strength. More precisely,
we have (taking bbb̄b̄ as an example)

hHCðbbb̄b̄Þi

¼ −
3

4
hmbbðVC

12 þVC
34Þ þmbb̄ðVC

13 þVC
24 þVC

14 þVC
23Þi

¼ −
3

4

�
mbb̄

X
i<j

VC
ij þ 2δmbðVC

12 þVC
34Þ

�

¼ 2mbb̄ −
3

2
δmbhVC

12 þVC
34i

¼ 2mbb̄ þ δmb

�−1 0

0 þ2

�
ð22Þ

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

Parameter mnn̄ mns̄ mss̄ mnc̄ msc̄ mcc̄ mnb̄ msb̄ mcb̄ mbb̄
Value 615.95 794.22 936.40 1973.22 2076.14 3068.53 5313.35 5403.25 6322.27 9444.97
Parameter vnn̄ vns̄ vss̄ vnc̄ vsc̄ vcc̄ vnb̄ vsb̄ vcb̄ vbb̄
Value 477.92 298.57 249.18 106.01 107.87 85.12 33.89 36.43 47.18 45.98
Parameter mnn mns mss mnc msc mcc mnb msb mcb mbb
Value 724.85 906.65 1049.36 2079.96 2183.68 3171.51 5412.25 5494.80 6416.07 9529.57
Parameter vnn vns vss vnc vsc vcc vnb vsb vcb vbb
Value 305.34 212.75 195.30 62.81 70.63 56.75 19.92 8.47 31.45 30.65

TABLE II. Masses and eigenvectors of the ccc̄c̄ and bbb̄b̄
tetraquarks. The masses are all in units of MeV.

System JPC Mass Eigenvector

ccc̄c̄ 0þþ 6044.9 f0.834; 0.552g
6271.3 f−0.552; 0.834g

1þ− 6230.6 f1g
2þþ 6287.3 f1g

bbb̄b̄ 0þþ 18836.1 f0.903; 0.431g
18981.0 f−0.431; 0.903g

1þ− 18969.4 f1g
2þþ 19000.1 f1g
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where δmb ≡ ðmbb −mbb̄Þ=2. In Ref. [67], we have esti-
mated the δmb to be 42.30 MeV. Here we see that the color
interaction do not mix the 6c ⊗ 6̄c and 3̄c ⊗ 3c configura-
tions. Moreover, the color interaction favors the 6c ⊗ 6̄c
configuration over the 3̄c ⊗ 3c one. Note that these con-
clusions still hold if we include the internal dynamics in the
quarkmodel [42,44]. Similarly, theCM interaction in the two
bases is

hHCMðbbb̄b̄Þi ¼

0
B@

1
2
vbb

ffiffi
3
2

q
vbb̄ffiffi

3
2

q
vbb̄

1
3
vbb − 2

3
vbb̄

1
CA

¼ vbb̄

0
B@

1
3

ffiffi
3
2

q
ffiffi
3
2

q
− 4

9

1
CA: ð23Þ

FIG. 1. Mass spectra of the ccc̄c̄ and bbb̄b̄ tetraquark states. The dotted lines indicate various meson-meson thresholds. The masses
are all in units of MeV.
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In the last line, we have used vbb=vbb̄ ¼ 2=3, which
was estimated from the meson and baryon spectra [67]
(see Table I) and also interpreted in the quark model
using the Cornell or Logarithmic potential [72]. Here,
vbb̄ ¼ 45.98 MeV. If we ignore the off-diagonal terms,
we see that the CM interaction favors the 3̄c ⊗ 3c configu-
ration, which is opposite to that of colorelectric interaction.
However, the splitting induced by theCMinteraction ismuch
smaller than that of the colorelectric interaction (∼28%), thus
the net effect is that the 6c ⊗ 6̄c configuration has lower
mass. Similar pattern exists in the bound state of quantum
electrodynamics, where the Coulomb interaction determines
the energy bands, and the hyperfine interaction gives small
shift of each band. Including the off-diagonal termswill push
down the lower eigenstate and raise the upper eigenstate, thus
the proceeding conclusion still holds. If we go to the ccc̄c̄
system, the splitting induced by the colorelectric interaction
does not change much, while the CM interaction becomes
larger (vqq̄ ∼ 1=mqmq̄). The net effect is that the relative size
between the off-diagonal terms and the splitting induced by
diagonal terms becomes larger, which causes much stronger
mixing in the ccc̄c̄ system than in thebbb̄b̄ system, as shown
in Table II.
Next we consider the decay properties of the ccc̄c̄ and

bbb̄b̄ tetraquarks. In the QQ̄ ⊗ QQ̄ configuration, the
color wave function of the tetraquark falls into two
categories: the color-singlet jðQQ̄Þ1cðQQ̄Þ1ci and the
color-octet jðQQ̄Þ8cðQQ̄Þ8ci. The former one can easily
decay into two S-wave mesons (the so-called “Okubo-
Zweig-Iizuka- (OZI-)superallowed” decays), and the latter
one can only fall apart through the gluon exchange [62,73].
In this work, we will focus on the “OZI-superallowed”
decays. We transform the eigenvectors of the tetraquark
states into the cc̄ ⊗ cc̄=bb̄ ⊗ bb̄ configuration. The
corresponding eigenvectors are listed in Tables III–IV.

For simplicity, we only present the color-singlet compo-
nents, and we rewrite the bases as a direct product of two
mesons. For each decay mode, the branching fraction is
proportional to the square of the coefficient ci of the
corresponding component in the eigenvectors, and also
depends on the phase space. For two body decay through
L-wave, the partial decay width reads [68,74]

Γi ¼ γiα
k2Lþ1

m2L · jcij2; ð24Þ

where γi is a quantity determined by the decay dynamics, α
is an effective coupling constant,m is the mass of the initial
state, and k is the momentum of the final states in the rest
frame of the initial state. For the decays of the S-wave
tetraquarks, ðk=mÞ2 is of order 10−2 or even smaller. All
higher wave decays are suppressed. Thus we will only
consider the S-wave decays in this work. Employing the
eigenvectors in Tables III–IV, we can calculate the value of
k · jcij2 for each decay process (see Tables V–VI). Next we
should consider the γi. Generally, γi is determined by the
spatial wave functions of both initial and final states, which
are different for each decay process. In the quark model, the
spatial wave functions of the pseudoscalar and vector
mesons are the same. Thus for each tetraquark, we have

γψψ ¼ γψηc ¼ γηcηc ð25Þ

and

γϒϒ ¼ γϒηb ¼ γηbηb : ð26Þ

The values of the relative widths of different decay
processes are listed in Tables VII and VIII. For the ccc̄c̄
tetraquarks, the ground state of the 0þþ is above the

TABLE III. The eigenvectors of the ccc̄c̄ tetraquarks in the
cc̄ ⊗ cc̄ configuration. The masses are all in units of MeV.

System JPC Mass ψψ ψηc ηcψ ηcηc

ccc̄c̄ 0þþ 6044.9 0.430 0.616
6271.3 −0.631 0.191

1þ− 6230.6 0.408 0.408
2þþ 6287.3 0.577

TABLE IV. The eigenvectors of the bbb̄b̄ tetraquarks in the
bb̄ ⊗ bb̄ configuration. The masses are all in units of MeV.

System JPC Mass ϒϒ ϒηb ηbϒ ηbηb

bbb̄b̄ 0þþ 18836.1 0.514 0.584
18981.0 −0.565 0.275

1þ− 18969.4 0.408 0.408
2þþ 19000.1 0.577

TABLE V. The values of k · jcij2 for the ccc̄c̄ tetraquarks (in
units of MeV).

System JPC Mass ψψ ψηc ηcηc

ccc̄c̄ 0þþ 6044.9 0 182.8
6271.3 195.8 35.3

1þ− 6230.6 226.3
2þþ 6287.3 180.1

TABLE VI. The values of k · jcij2 for the bbb̄b̄ tetraquarks (in
units of MeV).

System JPC Mass ϒϒ ϒηb ηbηb

bbb̄b̄ 0þþ 18836.1 0 205.6
18981.0 241.5 99.9

1þ− 18969.4 340.6
2þþ 19000.1 289.4

WENG, CHEN, DENG, and ZHU PHYS. REV. D 103, 034001 (2021)

034001-6



dissociation channel ηcηc, thus it may be broad [62].
The other scalar state, Tðccc̄c̄; 6271.3; 0þþÞ, has two
S-wave decay modes, namely ψψ and ηcηc, their relative
decay width ratio is

Γ½Tðccc̄c̄; 6271.3; 0þþÞ → ψψ �
Γ½Tðccc̄c̄; 6271.3; 0þþÞ → ηcηc�

¼ 5.6: ð27Þ

The dominant decay mode is the ψψ final state. The bbb̄b̄
tetraquarks are very similar to the ccc̄c̄ tetraquarks. The
ground state Tðbbb̄b̄; 18836.1; 0þþÞ can only decay into
ηbηb, while the higher scalar state Tðbbb̄b̄; 18981.0; 0þþÞ
can decay into both ϒϒ and ηbηb channels, with relative
decay with ratio

Γ½Tðbbb̄b̄; 18981.0; 0þþÞ → ϒϒ�
Γ½Tðbbb̄b̄; 18981.0; 0þþÞ → ηbηb�

¼ 2.4: ð28Þ

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

C. The ccc̄b̄ and bbb̄c̄ systems

Next we consider the ccc̄b̄ and bbb̄c̄ tetraquarks. In
Table IX, we list the masses and eigenvectors of these
states. Their relative position and possible decay channels
are plotted in Fig. 2. Since the B�

c has not been observed in
experiment [4], we use the MB�

c
¼ 6338 MeV predicted by

the Godfrey-Isgur model [58] to estimate the dimeson
thresholds.
For these states, the two antiquarks do not have to obey

the Pauli principle. We have three, rather than one, bases
with JP ¼ 1þ, which provides us a new platform to study

the color mixing. First we consider the ccc̄b̄ system. The
ground state is Tðccc̄b̄; 9317.5; 0þÞ. This state is domi-
nated by the color-sextet component (75.5%), just as the
QQQ̄0Q̄0 tetraquarks. The reason is similar to that in the
QQQ̄0Q̄0 tetraquarks. It is interesting that the same mecha-
nism can also apply to the 1þ states. For the ccc̄b̄
tetraquarks, the color interaction reads

hHCðccc̄b̄Þi ¼ mcc̄ þmcb̄ −
3

2
δm0hVC

12 þ VC
34i ð29Þ

where δm0 ¼ ð3δmb þ δmcÞ=4 ¼ 42.89 MeV. There are
three bases with JP ¼ 1þ, namely jðccÞ60ðc̄b̄Þ6̄1i,
jðccÞ3̄1ðc̄b̄Þ31i and jðccÞ3̄1ðc̄b̄Þ30i [see Eq. (16)]. Inserting
these bases into the color interaction [Eq. (29)], we have

hHCðccc̄b̄Þi ¼ mcc̄ þmcb̄ þ δm0

0
B@

−1 0 0

0 þ2 0

0 0 þ2

1
CA:

ð30Þ

We find that the color interaction does not mix these bases,
just as in the 0þðþÞ cases. Moreover, the color interaction
splits the three bases into two bands. The color-sextet base
is more stable than the two color-triplet bases by
128.7 MeV. The CM interaction will further split the
two color-triplet bases, and give the three-band structure
in Fig. 2(a). The bbb̄c̄ tetraquarks are very similar to the
ccc̄b̄ tetraquarks. Here we also find the ground state
has JP ¼ 0þ, which is dominated by the color-sextet
jðbbÞ60ðb̄c̄Þ6̄0i component. For the 1þ state, the lightest
state Tðbbb̄c̄; 15719.1; 1þÞ is mostly composed of
jðbbÞ60ðb̄c̄Þ6̄1i (93.7%) bases, while the two higher states
Tðbbb̄c̄; 15851.3; 1þÞ and Tðbbb̄c̄; 15854.4; 1þÞ are domi-
nated by jðbbÞ3̄1ðb̄c̄Þ31i (99.8%) and jðbbÞ3̄1ðb̄c̄Þ30i (93.5%)
components respectively.

TABLE VII. The partial width ratios for the ccc̄c̄ tetraquarks.
For each state, we chose one mode as the reference channel, and
the partial width ratios of the other channels are calculated
relative to this channel. The masses are all in units of MeV.

System JPC Mass ψψ ψηc ηcηc

ccc̄c̄ 0þþ 6044.9 0 1
6271.3 5.6 1

1þ− 6230.6 1
2þþ 6287.3 1

TABLE VIII. The partial width ratios for the bbb̄b̄ tetraquarks.
For each state, we chose one mode as the reference channel, and
the partial width ratios of the other channels are calculated
relative to this channel. The masses are all in units of MeV.

System JPC Mass ϒϒ ϒηb ηbηb

bbb̄b̄ 0þþ 18836.1 0 1
18981.0 2.4 1

1þ− 18969.4 1
2þþ 19000.1 1

TABLE IX. Masses and eigenvectors of the ccc̄b̄ and bbb̄c̄
tetraquarks. The masses are all in units of MeV.

System JP Mass Eigenvector

ccc̄b̄ 0þ 9317.5 f0.869; 0.495g
9505.9 f−0.495; 0.869g

1þ 9335.1 f0.941; 0.140;−0.306g
9484.3 f0.190;−0.972; 0.138g
9498.5 f0.279; 0.188; 0.942g

2þ 9525.9 f1g
bbb̄c̄ 0þ 15711.9 f0.908; 0.418g

15862.0 f−0.418; 0.908g
1þ 15719.1 f0.968;−0.005;−0.252g

15851.3 f−0.015;−0.999;−0.037g
15854.4 f−0.251; 0.039;−0.967g

2þ 15882.3 f1g
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To study their decay properties, we transform the ccc̄b̄
(bbb̄c̄) tetraquarks into the cc̄ ⊗ cb̄ (bb̄ ⊗ bc̄) configura-
tion, and calculate their partial decay width ratios. The
corresponding results can be found in Tables X–XV. From
Table XV, we find that the Tðbbb̄c̄; 15719.1; 1þÞ state does
not have S-wave decay channel. Moreover, the ηbB̄c
channel is also forbidden because of the conservation of

the angular momentum and parity. Thus we conclude that
the Tðbbb̄c̄; 15719.1; 1þÞ tetraquark is a narrow state.
One might wonder whether the conclusion will still

hold if considering the following factors. Owing to the lack
of experimental data, we use the predicted B�

c mass of
Ref. [58] to estimate the dimeson thresholds. Moreover, the
Tðbbb̄c̄; 15719.1; 1þÞ state is only 16.1 MeV (17.9 MeV)

FIG. 2. Mass spectra of the ccc̄b̄ and bbb̄c̄ tetraquark states. The dotted lines indicate various meson-meson thresholds. Here the
predicted mass MB�

c
¼ 6338 MeV of Godfrey et al. [58] is used. The masses are all in units of MeV.
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below the ϒB̄c (ηbB̄�
c) threshold. The uncertainty of the

present model may be large enough to push the state
upward, then this state may have an S-wave decay channel.
However, we note that the predicted B�

c mass was also used
in parameter extraction, thus the error may be partially

cancelled with each other. Moreover, even if the mass of
this state is pushed upward above the ϒB̄c=ηbB̄�

c threshold,
its phase space is still relatively small. Then the decay
width of this state is still relatively small compared to that
of other states. We hope that future experiment can search
for this state.

D. The ccb̄b̄ system

We list the numerical results of the ccb̄b̄ tetraquark in
Table XVI. We also plot the mass spectrum and relevant
meson-meson thresholds in Fig. 3. The pattern of mass
spectrum is very similar to that of the ccc̄c̄=bbb̄b̄ tetra-
quarks. The ground state and most heavy state both have
quantum number 0þ. Their masses are 12596.3 MeV and
12711.9 MeV respectively. The corresponding splitting
is 115.6 MeV, which is smaller than that of both ccc̄c̄

TABLE X. The eigenvectors of the ccc̄b̄ tetraquarks in the
cc̄ ⊗ cb̄ configuration. The masses are all in units of MeV.

System JP Mass ψB�
c ψBc ηcB�

c ηcB�
c

ccc̄b̄ 0þ 9317.5 0.472 0.602
9505.9 −0.601 0.232

1þ 9335.1 0.418 −0.416 0.530
9484.3 0.166 −0.435 −0.359
9498.5 −0.545 −0.235 0.081

2þ 9525.9 0.577

TABLE XI. The eigenvectors of the bbb̄c̄ tetraquarks in the
bb̄ ⊗ bc̄ configuration. The masses are all in units of MeV.

System JP Mass ϒB̄�
c ϒB̄c ηbB̄�

c ηbB̄c

bbb̄c̄ 0þ 15711.9 0.521 0.580
15862.0 −0.558 0.283

1þ 15719.1 0.456 −0.470 0.466
15851.3 −0.023 −0.413 −0.403
15854.4 −0.540 −0.161 0.193

2þ 15882.3 0.577

TABLE XII. The values of k · jcij2 for the ccc̄b̄ tetraquarks (in
units of MeV).

System JP Mass ψB�
c ψBc ηcB�

c ηcB�
c

ccc̄b̄ 0þ 9317.5 × 177.2
9505.9 196.8 54.9

1þ 9335.1 × × 65.1
9484.3 12.5 129.6 105.4
9498.5 153.4 40.2 5.7

2þ 9525.9 205.9

TABLE XIII. The values of k · jcij2 for the bbb̄c̄ tetraquarks (in
units of MeV).

System JP Mass ϒB̄�
c ϒB̄c ηbB̄�

c ηbB̄c

bbb̄c̄ 0þ 15711.9 × 180.7
15862.0 216.8 95.9

1þ 15719.1 × × ×
15851.3 0.3 159.6 151.8
15854.4 190.4 24.5 35.1

2þ 15882.3 266.6

TABLE XIV. The partial width ratios for the ccc̄b̄ tetraquarks.
For each state, we chose one mode as the reference channel, and
the partial width ratios of the other channels are calculated
relative to this channel. The masses are all in units of MeV.

System JP Mass ψB�
c ψBc ηcB�

c ηcB�
c

ccc̄b̄ 0þ 9317.5 × 1
9505.9 3.6 1

1þ 9335.1 × × 1
9484.3 1 10.4 8.4
9498.5 1 0.3 0.04

2þ 9525.9 1

TABLE XV. The partial width ratios for the bbb̄c̄ tetraquarks.
For each state, we chose one mode as the reference channel, and
the partial width ratios of the other channels are calculated
relative to this channel. The masses are all in units of MeV.

System JP Mass ϒB̄�
c ϒB̄c ηbB̄�

c ηbB̄c

bbb̄c̄ 0þ 15711.9 × 1
15862.0 2.3 1

1þ 15719.1 × × ×
15851.3 0.002 1.1 1
15854.4 5.4 0.7 1

2þ 15882.3 1

TABLE XVI. Masses and eigenvectors of the ccb̄b̄ tetraquarks.
The masses are all in units of MeV.

System JP Mass Eigenvector

ccb̄b̄ 0þ 12596.3 f0.718; 0.696g
12711.9 f−0.696; 0.718g

1þ 12671.7 f1g
2þ 12703.1 f1g
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(226.4 MeV) and bbb̄b̄ (144.9 MeV) tetraquarks. The
reason is as follows. With different quark/antiquark flavors,
the color interaction becomes

hHCðccb̄b̄Þi ¼ 2mcb̄ þ δm̃

�−1 0

0 þ2

�
ð31Þ

where

δm̃ ¼ 1

2

�
mcc þmbb

2
−mcb̄

�
¼ 14.15 MeV; ð32Þ

which is much smaller than the δmQ of Sec. III B. Thus the
splitting becomes smaller. Another consequence is that the
CM interaction becomes relatively more important, thus
the 3̄c ⊗ 3c component becomes more important in the
ground state. This can be seen from the wave function listed
in Table XVI, where the 3̄c ⊗ 3c component of the ground
state increases to 48.4%. If we increase the mass difference
between the quark and antiquark (such as qqQ̄Q̄ tetra-
quarks), the dominance of the 6c ⊗ 6̄c or 3̄c ⊗ 3c compo-
nent may be reversed [75]. Note that in some quark model
studies, such reversing has already happened in the ccb̄b̄
system. In Ref. [42], Wang et al. studied the QQQ̄0Q̄0
tetraquark with two different quark model. They found that
in the model II, the ground state has 53% of the 3̄c ⊗ 3c
component, which is slightly larger than the 6c ⊗ 6̄c
component. A detailed study of the dependence of the
mass spectrum and wave function with respect to the mass
ratio mq=mq̄ is very important to reveal the nature of
tetraquarks.

Next we consider their decay properties. We transform
the wave functions of the ccb̄b̄ tetraquark into the cb̄ ⊗ cb̄
configuration, as shown in Table XVII. Experimentally,
only the Bc states have been found [4]. Here we use the
MB�

c
¼ 6338 MeV predicted by the Godfrey-Isgur model

[58], as we did in Ref. [67] to estimate the model
parameters. The k · jcij2 values and relative decay widths
are listed in Tables XVIII–XIX, where we have assumed

γB�
cB�

c
¼ γB�

cBc
¼ γBcB�

c
¼ γBcBc

: ð33Þ

FIG. 3. Mass spectra of the ccb̄b̄ tetraquark states. The dotted lines indicate various meson-meson thresholds. Here the predicted mass
MB�

c
¼ 6338 MeV of Godfrey et al. [58] is used. The masses are all in units of MeV.

TABLE XVII. The eigenvectors of the ccb̄b̄ tetraquarks in the
cb̄ ⊗ cb̄ configuration. The masses are all in units of MeV.

System JP Mass B�
cB�

c B�
cBc BcB�

c BcBc

ccb̄b̄ 0þ 12596.3 0.307 0.641
12711.9 −0.699 0.075

1þ 12671.7 0.408 0.408

2þ 12703.1 0.577

TABLE XVIII. The values of k · jcij2 for the ccb̄b̄ tetraquarks
(in units of MeV).

System JPC Mass B�
cB�

c B�
cBc þ BcB�

c BcBc

ccb̄b̄ 0þ 12596.3 × 222.2
12711.9 233.5 5.7

1þ 12671.7 203.1

2þ 12703.1 138.2
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Similar to the ccc̄c̄=bbb̄b̄ cases, we find that all states are
above the thresholds into two S-wave mesons. Thus they
are broad [62]. The ground state can only decay into two Bc

mesons. And the other scalar state Tðccb̄b̄; 12711.9; 0þÞ
decays into both BcBc and B�

cB�
c modes. Their partial decay

width ratio is

Γ½Tðccb̄b̄; 12711.9; 0þþÞ → B�
cB�

c�
Γ½Tðccb̄b̄; 12711.9; 0þþÞ → BcBc�

¼ 41.0: ð34Þ

Thus the B�
cB�

c mode is dominant. The other two states
Tðccb̄b̄; 12671.7; 1þÞ and Tðccb̄b̄; 12703.1; 2þÞ can decay
into BcB�

c and B�
cB�

c modes respectively in S-wave.

E. The cbc̄b̄ system

Now we turn to the cbc̄b̄ system. The mass spectra and
eigenvectors are listed in Table XX. We also transform the
eigenvectors into the cc̄ ⊗ bb̄ and cb̄ ⊗ bc̄ configurations,
as shown in Tables. XXI–XXII. From Table XXI, we see
that the eigenvector of the lowest state reads

Tðcbc̄b̄; 12362.8; 0þþÞ ¼ 0.960ηcηc þ � � � : ð35Þ

This state couples very strongly to the ηcηc channel. It is
broad and is just a part of the continuum. Note that this kind

TABLE XIX. The partial width ratios for the ccb̄b̄ tetraquarks.
For each state, we chose one mode as the reference channel, and
the partial width ratios of the other channels are calculated
relative to this channel. The masses are all in units of MeV.

System JPC Mass B�
cB�

c B�
cBc þ BcB�

c BcBc

ccb̄b̄ 0þ 12596.3 × 1
12711.9 41.0 1

1þ 12671.7 1

2þ 12703.1 1

TABLE XX. Masses and eigenvectors of the cbc̄b̄ tetraquarks. The masses are all in units of MeV.

System JPC Mass Eigenvector Scattering state

cbc̄b̄ 0þþ 12362.8 f0.868; 0.298; 0.296; 0.264g ηcηb
12509.3 f−0.415; 0.873; 0.160; 0.199g
12681.6 f0.013;−0.043;−0.662; 0.748g
12746.9 f−0.272;−0.383; 0.670; 0.575g

1þþ 12523.6 f0.697; 0.697; 0.118; 0.118g ψϒ
12703.2 f−0.118;−0.118; 0.697; 0.697g

1þ− 12424.9 f0.794;−0.349; 0.349; 0.252;−0.176; 0.176g ηcϒ
12477.2 f0.539; 0.535;−0.535; 0.128; 0.245;−0.245g ψηb
12720.0 f0.279;−0.002; 0.002;−0.957;−0.053; 0.053g
12744.1 f0.035;−0.303; 0.303;−0.058; 0.637;−0.637g

2þþ 12537.4 f0.953; 0.304g ψϒ
12754.9 f−0.304; 0.953g

TABLE XXI. The eigenvectors of the cbc̄b̄ tetraquarks in the
c1c̄3 ⊗ b2b̄4 configuration. The masses are all in units of MeV.

System JPC Mass ψϒ ψηb ηcϒ ηcηb

cbc̄b̄ 0þþ 12362.8 −0.097 0.960
12509.3 0.840 0.200
12681.6 0.529 −0.123
12746.9 −0.066 0.152

1þþ 12523.6 −0.902
12703.2 0.433

1þ− 12424.9 0.174 0.948
12477.2 0.942 −0.215
12720.0 −0.261 −0.198
12744.1 0.117 −0.124

2þþ 12537.4 0.953
12754.9 0.302

TABLE XXII. The eigenvectors of the cbc̄b̄ tetraquarks in the
c1b̄4 ⊗ b2c̄3 configuration. The masses are all in units of MeV.

System JPC Mass B�
cB̄�

c B�
cB̄c BcB̄�

c BcB̄c

cbc̄b̄ 0þþ 12362.8 −0.348 0.420
12509.3 −0.302 −0.673
12681.6 0.208 0.574
12746.9 0.863 −0.205

1þþ 12523.6 0.501 −0.501
12703.2 0.499 −0.499

1þ− 12424.9 0.259 0.355 0.355
12477.2 −0.418 0.259 0.259
12720.0 −0.041 0.552 0.552
12744.1 0.870 0.044 0.044

2þþ 12537.4 0.602
12754.9 −0.798
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of state also exists in our previous study of the hidden
charm pentaquark, where some of the calculated states
couple strongly to a charmonium and a light baryons [68].
Similar phenomenon has also been found in cc̄qq̄ tetra-
quark [12,69]. Moreover, the states of 12523.6 MeV (with
JPC ¼ 1þþ) and 12537.4 MeV (with JPC ¼ 2þþ) couple
strongly to ψ andϒmesons. They are also scattering states.
The remaining coupling type of ψ ⊗ ϒ is 0þþ, which
largely resides in Tðcbc̄b̄; 12509.3; 0þþÞ. However, this
state possesses large fractions (25%) of the color-octet
components, thus we cannot rule out the possibility that it is
a tetraquark. To draw a more definitive conclusion, we need
to study its internal dynamics [42,76,77], which is beyond
the present work. There are two additional scattering states
composed of a vector meson and a pseudoscalar meson.
The Tðcbc̄b̄; 12424.9; 1þ−Þ is a scattering state of ηcϒ and
Tðcbc̄b̄; 12477.2; 1þ−Þ is a scattering state of ψηb. For
clarity, we add a fifth column in Table XX to indicate these
scattering states.
In Fig. 4, we present the relative position of the cbc̄b̄

tetraquarks. We also plot all the relevant meson-meson
thresholds. To study their decay properties, we need to
estimate the γi. In the quark model, the spatial wave
functions of the ground state scalar and vector meson
are the same. Thus for each cbc̄b̄ tetraquark

γψϒ ¼ γψηb ¼ γηcϒ ¼ γηcηb ð36Þ

and

γB�
cB�

c
¼ γB�

cBc
¼ γBcB�

c
¼ γBcBc

: ð37Þ

Combining the eigenvectors in the cc̄ ⊗ bb̄ and cb̄ ⊗ bc̄
configurations, we can calculate the relative partial widths
of different decay modes, as listed in Tables XXIII–XXIV.
The lowest cbc̄b̄ tetraquarks is Tðcbc̄b̄; 12509.3; 0þþÞ.

This state can decay into ηcηb through S-wave. The
Tðcbc̄b̄; 12681.6; 0þþÞ and Tðcbc̄b̄; 12746.9; 0þþÞ tetra-
quarks have the same decay channels. But their relative
sizes of partial width are different, which can be
used to distinguish the two states. More precisely, for
Tðcbc̄b̄; 12681.6; 0þþÞ, we have

Γψϒ∶ Γηcηb ¼ 12.0; ð38Þ

and

ΓB�
cB̄�

c
∶ ΓBcB̄c

¼ 0.03: ð39Þ

FIG. 4. Mass spectra of the cbc̄b̄ tetraquark states. The dotted lines indicate various meson-meson thresholds. Here the predicted mass
MB�

c
¼ 6338 MeV of Godfrey et al. [58] is used. The masses are all in units of MeV.

TABLE XXIII. The partial width ratios for the cbc̄b̄ tetraquarks
decay into a charmonium plus a bottomonium. For each state, we
chose one mode as the reference channel, and the partial width
ratios of the other channels are calculated relative to this channel.
The masses are all in units of MeV.

System JPC Mass ψϒ ψηb ηcϒ ηcηb

cbc̄b̄ 0þþ 12509.3 × 1
12681.6 12.0 1
12746.9 0.1 1

1þþ 12703.2 1

1þ− 12720.0 1.6 1
12744.1 0.8 1

2þþ 12754.9 1
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And the Tðcbc̄b̄; 12746.9; 0þþÞ has

Γψϒ∶ Γηcηb ¼ 0.1; ð40Þ

and

ΓB�
cB̄�

c
∶ ΓBcB̄c

¼ 10.7: ð41Þ

The other states (with J ¼ 1 and J ¼ 2) are all above the
B�
cB̄�

c threshold. They may be broad since they can freely
decay into many channels in S-wave.

IV. CONCLUSIONS

In this work, we have systematically studied the mass
spectrum of the fully heavy tetraquark in an extended
chromomagnetic model, which includes both colorelectric
and chromomagnetic interactions. There is no stable state
below the lowest heavy quarkonium pair thresholds.

Most states can dissociate into two S-wave mesons through
S-wave decay. Thus they may be wide states. One possible
narrow state is the 1þ bbb̄c̄ state with mass 15719.1 MeV.
Although it is above the ηbB̄c threshold, this channel is
forbidden because of the conservation of the angular
momentum and parity.
There are two possible color configurations of tetraquark,

namely the color-sextet jðQQÞ6cðQ̄Q̄Þ6̄ci and the color-
triplet jðQQÞ3̄cðQ̄Q̄Þ3ci. From the eigenvectors obtained, we
find that the energy level is mainly determined by
the colorelectric interaction. The colorelectric interaction
always favors the color-sextet configurations. Note that if
Q1 ¼ Q2 or Q̄3 ¼ Q̄4, the colorelectric interaction does not
mix the two color configurations. The chromomagnetic
interaction favors the color-triplet configurations. But its
contribution is relatively smaller than that of the color-
electric interaction, thus it only gives small splitting to the
states. The chromomagnetic interaction can also mix the
color-sextet and the color-triplet configurations. Comparing
the ground states [JPC ¼ 0þðþÞ] of the ccc̄c̄=bbb̄b̄ and ccb̄b̄
tetraquarks, we find that the mixing becomes larger when
there is a mass difference between the quark and antiquark.
In other words, the color-triplet component is more impor-
tant in the ground state ccb̄b̄ tetraquark than in the ground
state ccc̄c̄=bbb̄b̄ tetraquarks.
With the eigenvectors obtained, we have also investi-

gated the decay properties of the tetraquarks. We hope that
future experiments can search for these states.
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