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Doubly heavy tetraquark states are the prime candidates for tightly bound exotic states. We present a
systematic study of the mass spectra of the S-wave doubly heavy tetraquark states QQq̄ q̄ (q ¼ u, d, s and
Q ¼ c, b) with different quantum numbers JP ¼ 0þ, 1þ, and 2þ in the framework of the improved
chromomagnetic interaction (ICMI) model. The parameters in the ICMI model are obtained by fitting the
conventional hadron spectra and are used directly to predict the masses of the tetraquark states. For heavy
quarks, the uncertainties of the parameters are obtained by comparing the masses of doubly and triply
heavy baryons with those given by lattice QCD, QCD sum rules, and potential models. Several compact
and stable bound states are found in both the doubly charmed and doubly bottomed tetraquark systems. The
predicted mass of the ccū d̄ state is consistent with the recent measurement from the LHCb Collaboration.
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I. INTRODUCTION

Quantum chromodynamics (QCD) allows the existence
of many fantastic hadrons, such as glueballs [1,2], hybrids
[3,4], multiquark states (e.g., tetraquarks and pentaquarks)
[5,6], and hadronic molecules [7,8]. The flavor SU(4) quark
model predicts 22 charmed baryons [9,10], but many of
them have not yet been discovered, such as the triply
charmed baryon Ωccc and the doubly charmed baryons
Ξþ
ccðccdÞ, Ξþþ

cc ðccuÞ, and ΩccðccsÞ. Experimentalists have
been searching for these doubly and triply charmed baryons
for decades. In 2003, the SELEX Collaboration claimed
the discovery of Ξþ

ccðccdÞ in the decay channel Ξþ
cc →

Λþ
c K−πþ [11], however, the Belle, BABAR, and LHCb

Collaborations failed to reproduce their results after that
[12–14]. In 2017, the LHCb Collaboration claimed the
discovery of Ξþþ

cc ðccuÞ in the Λþ
c K−πþπþ mass spectrum

[15]. The Ξþþ
cc mass was determined to be 3621.40 MeV,

which agrees with previous theoretical predictions [16–23].
The production cross sections of these doubly charmed
baryons in proton-proton [24] and heavy-ion collisions [25]
were also investigated, and it was predicted that the cross
sections could be greatly enhanced in heavy-ion collisions
[25]. Moreover, the discoveries of the exotic XYZ mesons
[26] and the fully charmed tetraquark state Xðccc̄ c̄Þ [27]
have attracted much attention.

The observations of the doubly charmed baryon
Ξþþ
cc ðccuÞ and the fully charmed tetraquark state Xðccc̄ c̄Þ

indicate that, if the doubly charmed tetraquark state ðccū d̄Þ
exists, it should be accessible in the DD� final states.
Exhilaratingly, the LHCb Collaboration have recently found
a very narrow peak near the DD� threshold in the D0D0πþ

invariant mass spectrum [28,29]. The preliminary results
show that the quantum number of this state is JP ¼ 1þ and
the mass is only 273 KeV lower than the D0D�þ threshold.
On the theoretical side, the doubly charmed tetraquark states
have been anticipated for more than 40 years. They are the
prime candidates of tightly bound exotic states that decay
only weakly. The mass spectra and possible decay channels
of the doubly charmed tetraquark states have been studied
extensively by using the quark models [30–45], QCD sum
rules [46–52], effective field theory [53–56], and latticeQCD
[57–64]. Almost all of these theoretical studies found that the
masses of the doubly bottomed tetraquark states ðbbq̄ q̄Þ are
below the meson-meson thresholds, making them stable, but
the masses of the doubly charmed tetraquark states ðccq̄ q̄Þ
are above the thresholds. For the doubly heavy tetraquark
states bcq̄ q̄, some studies [30,65] suggest that their masses
are somewhat below the D̄B threshold, while others predict
that their masses are above the threshold [31,33,34,41].
The improved chromomagnetic interaction (ICMI) model
[66–68], which incorporates both chromomagnetic and
chromoelectric interaction effects, has never been used to
study the doubly heavy tetraquark states. In this work, we
employ this model to study the doubly heavy tetraquark
systems and search for new stable bound states.
This paper is organized as follows. In Sec. II, we give a

brief introduction of the ICMI model and discuss its
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application to the doubly heavy tetraquark systems. In
Sec. III, we determine the parameters in the ICMI model,
such as effective masses and coupling strengths. The mass
spectra of various doubly heavy tetraquark states are
calculated and presented in this section. We summarize
in Sec. IV.

II. THEORETICAL APPROACH

The quark model assumes that hadrons are color singlet
bound states of constituent quarks. The interactions
between two constituent quarks can be given simply by
the one-gluon-exchange (OGE) process [69],

VOGE
ij ¼ αs

4
λci · λ

c
j

�
1

rij
−
2πδðrijÞσi · σj

3mimj

�
; ð1Þ

wheremi is the effective mass of the ith constituent quark, αs
is the running coupling constant, rij ¼ jrijj ¼ jri − rjj is the
distance between the ith and jth quarks. λci (c ¼ 1;…; 8) are
the Gell-Mann matrices acting on the color space of the ith
quark, and σi are the Pauli matrices on the spin space of the
ith quark. The chromomagnetic interaction corresponds to
the spin-dependent part and is given by

Vcm
ij ¼ −

αsπδðrijÞ
6mimj

λci · λ
c
jσi · σj; ð2Þ

while the chromoelectric interaction reads

Vce
ij ¼

αs
4rij

λci · λ
c
j : ð3Þ

If we focus on the S-wave states, the spin-orbit interactions
can be neglected. The ICMI model can be obtained by
integrating over the spatial wave function. The Hamiltonian
of a four-body system composed of four quarks in the ICMI
model can be expressed as [66–75]

H ¼
X4
i¼1

mi þHcm þHce; ð4Þ

where the chromomagnetic interaction term is given by

Hcm ¼ −
X
i<j

vijλci · λ
c
jσi · σj; ð5Þ

and the chromoelectric interaction term reads

Hce ¼ −
X
i<j

cijλci · λ
c
j : ð6Þ

Furthermore, if the subscript i (or j) denotes an antiquark,
λci should be replaced by −λc�i . The parameters vij and cij
are formally derived by integrating over the spatial wave

function. They incorporate the effects of the spatial configu-
ration, effective quark masses, and the coupling constant.
In the ICMI model, they are regarded as model parameters
that are usually obtained by fitting the known hadron
spectra. Introducing the parameter mij ¼ mi þmj þ
16cij=3 [67,76], we can rewrite the Hamiltonian as

H ¼ H0 þHcm; ð7Þ

where

H0 ¼ −
3

16

X
i<j

mijλ
c
i · λ

c
j : ð8Þ

We note that the parameter mij is related to the effective
masses of the constituent quarks and the coupling strength cij
of the chromoelectric interaction.
For the doubly heavy tetraquark state Q1Q2q̄3q̄4, where

Q denotes a heavy quark and q a light quark (u or d quark)
or a strange quark, there are two types of decomposition
of the wave function in color space based on the SU(3)
group theory. They physically correspond to two different
configurations in color space, the diquark-antidiquark
configuration labeled as jðQ1Q2Þðq̄3q̄4Þi and the
meson-meson configuration labeled as jðQ1q̄3ÞðQ2q̄4Þi
[or jðQ1q̄4ÞðQ2q̄3Þi]. In each decomposition, there are two
color-singlet states. For the meson-meson configuration,
they are given by

jðQ1q̄3Þ1ðQ2q̄4Þ1i1; jðQ1q̄3Þ8ðQ2q̄4Þ8i1 ð9Þ

or the equivalent states with the permutation 1 ↔ 2 or
3 ↔ 4. For the diquark-antidiquark configuration, they
are given by

jðQ1Q2Þ3̄ðq̄3q̄4Þ3i1; jðQ1Q2Þ6ðq̄3q̄4Þ6̄i1: ð10Þ

The superscripts here denote the color channels of the
subsystems Q1q̄3 and Q2q̄4 (or Q1Q2 and q̄3q̄4) and the
whole tetraquark system. These two sets of color-singlet
basis are connected with each other through a unitary
transformation. The corresponding matrix elements of the
transformation can be obtained by acting the Casimir
operator on the above color-singlet states. Since the Pauli
exclusion principle requires that the wave function should
be antisymmetric, it is convenient to use the diquark-
antidiquark configuration, i.e., the basis jðQ1Q2Þðq̄3q̄4Þi.
Meanwhile, the direct product decomposition in spin

space shows that the total spin of all possible S-wave
tetraquark states can be 0, 1, and 2. Using the diquark-
antidiquark configuration, we can construct the spin states
as follows. There are two spin-zero states,
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jðQ1Q2Þ0ðq̄3q̄4Þ0i0;
jðQ1Q2Þ1ðq̄3q̄4Þ1i0; ð11Þ

three spin-one states,

jðQ1Q2Þ0ðq̄3q̄4Þ1i1;
jðQ1Q2Þ1ðq̄3q̄4Þ0i1;
jðQ1Q2Þ1ðq̄3q̄4Þ1i1; ð12Þ

and one spin-two state,

jðQ1Q2Þ1ðq̄2q̄4Þ1i2; ð13Þ

where the subscripts denote the spin channels of the
subsystems Q1Q2 and q̄3q̄4 and the whole tetraquark
system.
Now, we can construct all possible basis wave functions

in the color and spin spaces for the tetraquark systems with
given quantum numbers JP ¼ 0þ, 1þ, and 2þ. For the
scalar tetraquark states with JP ¼ 0þ, the color-spin basis
can be built as

jðQ1Q2Þ3̄0 ⊗ ðq̄3q̄4Þ30iδS12δS34;
jðQ1Q2Þ3̄1 ⊗ ðq̄3q̄4Þ31iδA12δA34;
jðQ1Q2Þ60 ⊗ ðq̄3q̄4Þ6̄0iδA12δA34;
jðQ1Q2Þ61 ⊗ ðq̄3q̄4Þ6̄1iδS12δS34; ð14Þ

where the superscripts and subscripts again denote the color
and spin channels of the subsystems Q1Q2 and q̄3q̄4,
respectively. For the axial vector tetraquark states with
quantum number JP ¼ 1þ, the color-spin basis is given by

jðQ1Q2Þ3̄0 ⊗ ðq̄3q̄4Þ31iδS12δA34;
jðQ1Q2Þ3̄1 ⊗ ðq̄3q̄4Þ30iδA12δS34;
jðQ1Q2Þ3̄1 ⊗ ðq̄3q̄4Þ31iδA12δA34;
jðQ1Q2Þ60 ⊗ ðq̄3q̄4Þ6̄1iδA12δS34;
jðQ1Q2Þ61 ⊗ ðq̄3q̄4Þ6̄0iδS12δA34;
jðQ1Q2Þ61 ⊗ ðq̄3q̄4Þ6̄1iδS12δS34: ð15Þ

For the JP ¼ 2þ states, the color-spin basis reads

jðQ1Q2Þ3̄1 ⊗ ðq̄3q̄4Þ31iδA12δA34;
jðQ1Q2Þ61 ⊗ ðq̄3q̄4Þ6̄1iδS12δS34: ð16Þ

In the above basis wave functions, the symbols δSij and δ
A
ij

are introduced to ensure the Pauli exclusion principle, i.e., the
exchange symmetry between the ith and jth quarks or
antiquarks. If Q1 and Q2 are the same heavy flavor, the
flavor wave function is symmetric. Because the total wave

function of the Q1Q2 sector should be antisymmetric, we
need to set δS12 ¼ 0 and δA12 ¼ 1. If Q1 and Q2 are different
heavy flavors, we simply set δS12 ¼ δA12 ¼ 1. On the other
hand, if q̄3 and q̄4 are both light antiquarks (anti-u and -d
quarks), the symmetry of flavor wave function of the q̄3q̄4
sector depends on the isospin. For the isospin singlet state,we
set δS34 ¼ 1 and δA34 ¼ 0. For the isospin triplet state, we set
δS34 ¼ 0 and δA34 ¼ 1. Finally, if q̄3 and q̄4 are a pair of a light
antiquark and a strange antiquark, we have δS34 ¼ δA34 ¼ 1.
Having constructed a representation based on the above

basis wave functions, we can obtain the matrix form of the
Hamiltonian (7). The mass spectra of all possible tetraquark
states can be obtained by diagonalizing this matrix. Finally,
when we analyze the decay channels of the tetraquark
states, it is convenient to convert the diquark-antidiquark
configuration to the meson-meson configuration via a
transformation of representation.

III. RESULTS AND DISCUSSION

A. Model parameters

To calculate the mass spectra of the doubly heavy
tetraquark states QQq̄ q̄ within the ICMI model, we first
need to determine the model parameters mij and vij. Most
of them can be obtained by fitting the masses of the ground-
state mesons and baryons determined in previous experi-
ments [10]. The parameters for the quark-antiquark systems
have been be extracted [77] and are displayed in Table I.
Note that the symbol n is used to denote the light quarks (u
and d quarks) in the following. Since the ss̄ meson state
with JP ¼ 0− and the bc̄ meson state with JP ¼ 1− have
not yet been observed experimentally, the parameters vss̄
and vcb̄ are obtained via a similar strategy as shown in
Ref. [78]. It is worth noting that the parameter matrices are
symmetric, vij ¼ vji andmij ¼ mji. Therefore, only half of
the off-diagonal elements are listed in Table I.
The parameters for the quark-quark systems can be

extracted from known baryon mass spectra. Detailed
analysis and procedure are demonstrated in Ref. [77].
For light and strange quarks, the values of the model

TABLE I. Parameters mij and vij (in MeV) for quark-antiquark
systems.

mij n s c b

n̄ 616.34
s̄ 792.17 963.43
c̄ 1975.11 2076.24 3068.67
b̄ 5313.36 5403.28 6327.40 9444.91

vij n s c b
n̄ 29.798
s̄ 18.656 10.506
c̄ 6.591 6.743 5.298
b̄ 2.126 2.273 3.281 2.888
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parameters mqq and vqq are displayed in Table II. Note that
for the antiquark-antiquark systems, we have mq̄ q̄ ¼ mqq

and vq̄ q̄ ¼ vqq according to the charge conjugate symmetry.
However, for heavy quark pairs, it is difficult to extract the
parameters mQQ and vQQ, not only for the lack of the
experimental data on doubly and triply heavy baryons but
also for the theoretical challenges. In the ICMI model, the
masses of the S-wave baryons with two identical heavy
quarks and total spin S ¼ 1=2 are given by

MQQq ¼
1

2
ðmQQ þ 2mQqÞ þ

8

3
ðvQQ − 4vQqÞ: ð17Þ

While for total spin S ¼ 3=2, the masses read

MQQq ¼
1

2
ðmQQ þ 2mQqÞ þ

8

3
ðvQQ þ 2vQqÞ: ð18Þ

On the other hand, for triply heavy baryons with three
identical heavy quarks, the total spin can only be S ¼ 3=2
and the mass is given by

MQQQ ¼ 3

2
mQQ þ 8vQQ: ð19Þ

According to the above mass formulas, we find that it is
impossible to extract the model parameters mQQ and vQQ

independently from different doubly (or triply) heavy bary-
ons. However, the combination of mQQ and vQQ,
3mQQ=2þ 8vQQ, is ascertainable and can be given directly
by themass of theΩQQQ baryon. LatticeQCD [17,18,79,80],
QCD sum rules [19,81], and potentialmodels [16,20–22,82–
84] predict the masses of Ωccc and Ωbbb to be around 4800
and 14000MeV, respectively. If the coupling strength vQQ is
determined, we can obtain the value of mQQ by using the
mass of the ΩQQQ baryon. In this work, we determine the
parameter vQQ via the relation vQQ=vQQ̄ ¼ vqq=vqq̄ [85].
We also take into account the uncertainties of the masses of
triply heavy baryons and the coupling strength vQQ, which
give rise to error bars for the parameters mQQ and vQQ. The
central values and the errors of mQQ and vQQ are shown in
Table II. The parametersmQq and vQq can be determined via
the mass formulas (17) and (18) with known baryon mass
spectra. For the parameters mcb and vcb, we extract them
from themass spectra of triply heavy baryons (e.g.,Ωccb and
Ωbbc) with the same strategy. Using the parameters shown in
Table II, we recalculate the masses of the doubly and triply
heavybaryons.The results are shown inTable III. The baryon
masses from the present ICMImodel are in a range due to the
consideration of the errors of the model parameters. We find
that the baryon masses obtained from the present ICMI
model are consistent with the results from other theoretical
approaches.

B. Mass spectra of tetraquark states QQq̄ q̄

With the model parameters listed in Tables I and II, now
we can calculate the mass spectra and wave functions of the
S-wave doubly heavy tetraquark states QQq̄ q̄ with quan-
tum numbers JP ¼ 0þ, 1þ, and 2þ. The mass spectra of the
tetraquark states ccq̄ q̄, bbq̄ q̄, bcq̄ q̄ (q ¼ u, d, s) are
plotted in Figs. 1–3, respectively. The corresponding
meson-meson thresholds are also shown in these plots
for comparison. In the calculations, we have taken into
account the errors of the model parameters mQQ and vQQ,
which are obtained by covering the mass spectra of doubly
and triply heavy baryons predicted by lattice QCD, QCD

TABLE II. Parameters mij and vij (in MeV) for quark-quark
(antiquark-antiquark) systems.

mij n s c b

n 723.86
s 904.83 1080.59
c 2085.58 2185.99 3182.67� 30
b 5413.07 5510.83 6441.40� 30 9558.91� 60

vij n s c b
n 18.277
s 12.824 6.445
c 4.063 4.148 3.354� 0.5
b 1.235 1.304 2.077� 0.5 1.448� 0.5

TABLE III. Mass spectra of doubly and triply heavy baryons (in GeV) from lattice QCD, QCD sum rules, potential models, and the
ICMI model (this work).

States JP Lattice [18,79,80] Lattice [17] QCD sum rules [19,81] Potential [20,82,86] Potential [21] This work

Ξcc 1=2 3.603 3.610 3.48 3.620 3.510 3.627 ∼ 3.657
Ξcc 3=2 3.706 3.692 3.61 3.727 3.548 3.692 ∼ 3.722
Ωccc 3=2 4.789 4.796 4.81 3.784 4.803 4.756 ∼ 4.846
Ξbb 1=2 10.127 10.143 10.09 10.202 10.130 10.153 ∼ 10.213
Ξbb 3=2 10.151 10.178 10.13 10.237 10.144 10.173 ∼ 10.233
Ωbbb 3=2 14.371 14.366 14.43 14.499 14.569 14.260 ∼ 14.440
Ωbcc 1=2 � � � 8.007 8.02 8.143 8.018 7.989 ∼ 8.049
Ωbcc 3=2 � � � 8.037 8.03 8.207 8.025 8.022 ∼ 8.082
Ωbbc 1=2 � � � 11.195 11.22 10.920 11.280 11.172 ∼ 11.232
Ωbbc 3=2 � � � 11.229 11.23 10.953 11.287 11.205 ∼ 11.265
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sum rules, and potential models. The calculated masses of
the tetraquark states QQq̄ q̄ therefore acquire error bars
as shown in Figs. 1–3. In the following, we focus on the

tetraquark state ccn̄ n̄ and briefly discuss other tetraquark
states. We use n to denote the light quarks (u and d quarks)
from now on.

FIG. 1. Mass spectra of S-wave tetraquark states (a) ccn̄ n̄, (b) ccn̄ s̄, and (c) ccs̄ s̄ with quantum numbers JP ¼ 0þ, 1þ, and 2þ.
The thin black (thick red) solid lines in (a) denote the isospin triplet (singlet) states. The bands represent the uncertainties of the masses.
The black dashed lines are the corresponding meson-meson thresholds.

FIG. 2. Mass spectra of S-wave tetraquark states (a) bbn̄ n̄, (b) bbn̄ s̄, and (c) bbs̄ s̄ with quantum numbers JP ¼ 0þ, 1þ, and 2þ.
The thin black (thick red) solid lines in (a) denote the isospin triplet (singlet) states. The bands represent the uncertainties of the masses.
The black dashed lines are the corresponding meson-meson thresholds.

FIG. 3. Mass spectra of S-wave tetraquark states (a) bcn̄ n̄, (b) bcn̄ s̄, and (c) bcs̄ s̄ with quantum numbers JP ¼ 0þ, 1þ, and 2þ.
The thin black (thick red) solid lines in (a) denote the isospin triplet (singlet) states. The bands represent the uncertainties of the masses.
The black dashed lines are the corresponding meson-meson thresholds.
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The mass spectra of the tetraquark system ccn̄ n̄ are
exhibited in Fig. 1(a). The relevant meson-meson thresh-
olds D0D0, D�þD0, and D�þD�þ are also displayed for
comparison.

(i) We find two S-wave tetraquark states with quantum
number JP ¼ 0þ. The lowest state has a mass
3836.7 MeV, which is above the D0D0 threshold
but below the D�þD0 threshold. Thus the decay into
the two-meson state D0 þD0 is allowed. The other
state has a larger mass, 4126.7 MeV, which allows
the decay into the two-meson states D0 þD0

and D�þ þD�þ.
(ii) We find three S-wave tetraquark states with quantum

number JP ¼ 1þ. While all three states are above the
D0D0 threshold, the decay into the two-meson state
D0 þD0 is only allowed through the P-wave
process due to the parity (or angular momentum)
conservation (D0 is a scalar meson, while the
quantum number of the tetraquark state ccn̄ n̄ is
JP ¼ 1þ). The lowest state is an isospin singlet, i.e.,
an isoscalar tetraquark state. It has a mass
3761.6 MeVand is lower than the D�þD0 threshold.
Therefore, this state could be a narrow resonance
under the strong interactions. Apart from the value
of the mass (which replies on the model parameters),
the quantum number (JP ¼ 1þ) and the isospin
property (isoscalar) are consistent the recently ob-
served narrow exotic tetraquark state, the doubly
charmed tetraquark state Tþ

cc [28,29]. The color-spin
wave function, i.e., the amplitudes corresponding to
the bases (15), read

ð0;−0.930; 0; 0.368; 0; 0Þ: ð20Þ

In this diquark-antidiquark configuration, we find
that the tetraquark state is dominated by the color-
triplet component. It can be transformed to the
meson-meson configuration, by using the basis
wave functions

jðQ1q̄3Þ10 ⊗ ðQ2q̄4Þ11i;
jðQ1q̄3Þ11 ⊗ ðQ2q̄4Þ10i;
jðQ1q̄3Þ11 ⊗ ðQ2q̄4Þ11i;
jðQ1q̄3Þ80 ⊗ ðQ2q̄4Þ81i;
jðQ1q̄3Þ81 ⊗ ðQ2q̄4Þ80i;
jðQ1q̄3Þ81 ⊗ ðQ2q̄4Þ81i: ð21Þ

The corresponding amplitudes are given by

ð0.419;−0.419;−0.167;−0.273;0.273;0.687Þ: ð22Þ

The first two coefficients are relatively large, in-
dicating that the D�þD0 is the dominant decay

channel for this tetraquark state. In the classical
point of view, the decay into the two-meson state
D�þ þD0 is impossible due to the energy conser-
vation. However, since the mass of this state is larger
than the total mass of theD0D0πþ system, the decay
process Xð3761.6Þ → D0 þD0 þ πþ is allowed
through the quantum off-shell process Xð3761.6Þ →
D�þ þD0 and the decay process D�þ → D0 þ πþ.
Since this state is close to the D�þD0 threshold, the
decay width could be small. This picture is con-
sistent with the fact that the observed exotic state Tþ

cc
is rather narrow (the width is measured to be a few
hundred keV). The masses of other two partner
states are 3950.9 and 3979.7 MeV, which are both
above the D�þD0 threshold.

(iii) For the quantum number JP ¼ 2þ, we find only one
tetraquark state. The central value of its mass is
4021.2 MeV, which is very close to the D�þD�þ

threshold but well above the D�þD0 threshold.
The mass spectra of the S-wave tetraquark states ccn̄ s̄

and ccs̄ s̄ are shown in Figs. 1(b) and 1(c). The mass
spectra of the doubly bottomed tetraquark states (bbn̄ n̄,
bbn̄ s̄, and bbs̄ s̄) and the mixed charm-bottom tetraquark
states (bcn̄ n̄, bcn̄ s̄, and bcs̄ s̄) can also be computed in
the ICMI model. The results are shown in Figs. 2(a)–2(c)
and 3(a)–3(c). Comparing with the corresponding meson-
meson thresholds, we find several candidates for stable
tetraquark states. The masses and quantum numbers of
these tetraquark states are listed in Table IV. In real world,
these tetraquarks could be narrow states that can be
observed in future experiments.

IV. SUMMARY

We have performed a systematic study of the S-wave
doubly heavy tetraquark states QQq̄ q̄ (q ¼ u, d, s and
Q ¼ c, b) in the ICMI model. The parameters in the ICMI

TABLE IV. Masses and quantum numbers of the predicted
stable S-wave tetraquark states in the ICMI model.

System IJP Mass (MeV)

bbn̄ n̄ 10þ 10479.1
01þ 10310.9
11þ 10496.1
12þ 10518.7

bcn̄ n̄ 00þ 6994.1
01þ 7063.9

System JP Mass (MeV)
bbn̄ s̄ 0þ 10597

1þ 10489.2
1þ 10616.5

bbs̄ s̄ 0þ 10708.3
bcn̄ s̄ 0þ 7163.4

1þ 7218.1
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model are obtained by fitting the known hadron spectra and
are used directly to predict the mass spectra of the doubly
heavy tetraquark states. For heavy quarks, the uncertainties
of the parameters (mQQ and vQQ) are taken into account by
covering the doubly and triply heavy baryon masses
predicted by lattice QCD, QCD sum rules, and potential
models. The mass spectra of the S-wave doubly heavy
tetraquark states with quantum numbers JP ¼ 0þ, 1þ, and
2þ are presented and analyzed. The results indicate that
there may exist several exotic bound states in the doubly
charmed, doubly bottomed, and mixed charm-bottom
sectors. For the doubly charmed system, we find a stable
tetraquark state ccū d̄ below the D�þD0 threshold, with
quantum number IJP ¼ 01þ. The properties of this state

are consistent with the recently observed narrow exotic
state, the doubly charmed tetraquark state Tþ

cc [28,29]. Our
prediction of other exotic tetraquark states can be examined
in future experiments.
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