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We systematically study the mass spectra of S-wave singly heavy tetraquark states Qqq̄ q̄ (Q ¼ c, b;
q ¼ u, d, s) in a mass splitting model. We adopt the assumption that the Xð4140Þ is the lowest
JPC ¼ 1þþ csc̄ s̄ tetraquark and use this state as a reference to determine the mass splittings. According to
the obtained results, we also estimate the rearrangement decay widths of the tetraquarks within a simple
scheme. We find that the recently observed states Ta

cs̄0ð2900Þþþ=0 and T�
cs0ð2900Þ0 by the LHCb

Collaboration can be consistently interpreted as the second highest IðJPÞ ¼ 1ð0þÞ cns̄ n̄ (n ¼ u, d) and the
higher IðJPÞ ¼ 0ð0þÞ csn̄ n̄ tetraquark states, respectively. We predict several narrow tetraquark
candidates: the lowest cns̄ n̄ and csn̄ n̄ with IðJPÞ ¼ 0ð0þÞ and 0ð1þÞ, and their bottom counterparts.
The obtained information from mass spectrum and rearrangement decay properties will help search for the
new singly heavy tetraquark states.

DOI: 10.1103/6fc4-2frx

I. INTRODUCTION

Recently, two JP ¼ 0þ resonance states Ta
cs̄0ð2900Þ0 and

Ta
cs̄0ð2900Þþþ were observed by the LHCb Collaboration

in the Dsπ invariant mass distributions of the decay B0 →
D̄0Dþ

s π
− and Bþ → D−Dþ

s π
þ, respectively [1,2]. The mass

and width for the former state are M ¼ 2892� 14�
15 MeV and Γ ¼ 119� 26� 13 MeV, respectively, and
the respective data for the latter state areM ¼ 2921� 17�
20 MeV and Γ ¼ 137� 32� 17 MeV. Their common
mass and width are determined to be M ¼ 2908� 11�
20 MeV and Γ ¼ 136� 23� 13 MeV by assuming that
they belong to the same isospin triplet. The minimal quark
contents of these two states are cs̄ud̄ and cs̄ ū d, respec-
tively, i.e., they are states with four different flavors.

Before the announcement of Ta
cs̄ð2900Þ0 and

Ta
cs̄ð2900Þþþ, two other exotic resonances X0ð2900Þ

(J ¼ 0) and X1ð2900Þ (J ¼ 1) with minimal quark content
c̄ s̄ ud were observed by LHCb in the D−Kþ channel of the
Bþ → DþD−Kþ decay [3,4]. Their masses and widths are
determined to be

X0ð2900Þ∶ m ¼ 2866� 7� 2 MeV;

Γ ¼ 57� 12� 4 MeV;

X1ð2900Þ∶ m ¼ 2904� 5� 1 MeV;

Γ ¼ 110� 11� 4 MeV:

Their parities should be even and odd, respectively.
According to the new naming scheme [5], these two states
are referred to as T�

cs0ð2900Þ0 and T�
cs1ð2900Þ0, respec-

tively. Subsequent experimental studies have further clari-
fied the existence and properties of them. In 2024, both
resonances were later confirmed in the DþK− invariant-
mass spectrum of the B− → D−DþK− decay [6]. More
recently, in 2025, the T�

cs0ð2900Þ0 state was further estab-
lished in the B− → D−D0K0

S decay channel [7]. In contrast,
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no significant evidence for the T�
cs1ð2900Þ0 state was found

in the D0K0
S invariant-mass spectrum.

Besides the above states around 2.9 GeV, the D0
Collaboration had reported the evidence of a near-threshold
tetraquark structure Xð5568Þ with mass 5567.8�
2.9þ0.9

−1.9 MeV and width Γ ¼ 21.9� 6.4þ5.0
−2.5 MeV in the

B0
sπ

� invariant mass distribution in 2016 [8]. This state also
has constituent quarks with four different flavors (b, s, u,
d). Nonetheless, its existence was not confirmed by
the LHCb [9], CMS [10], CDF [11], and ATLAS [12]
collaborations.
In the literature, the above exotic states were discussed in

the compact tetraquark scenario [13–45], the molecule
scenario [46–69], and the nonresonance scenarios such
as triangle singularity [70,71] and kinematic effects [72].
According to the molecular interpretations, the T�

cs0ð2900Þ0
can be assigned as a D̄�K� bound state with IðJPÞ ¼ 0ð0þÞ.
In Ref. [31], the authors calculated the masses and strong
decays of c̄ s̄ qq states in the quark model by considering
the Coulomb, liner confinement, and hyperfine inter-
actions. Their results suggest that the T�

cs0ð2900Þ0 can
be interpreted as a tetraquark state with IðJPÞ ¼ 1ð0þÞ.
Until now, the inner structures and decay properties of these
singly heavy exotic states are still controversial.
In our previous work [73], the mass spectra and

rearrangement decay widths of four singly heavy tetraquark
states were investigated within the framework of the
color-magnetic interaction model. The predicted masses
of the csū d̄ and cus̄ d̄ configurations were found to be
consistent with the subsequently observed T�

cs0ð2900Þ0 and
Ta
cs̄0ð2900Þþþ=0 states [1–4]. The masses were calculated

by assuming that the Xð4140Þ is a 1þþ csc̄ s̄ tetraquark
state, and the rearrangement decay widths were obtained by
assuming that the decay Hamiltonian is a constant. The
results indicated that the interpretation of Xð5568Þ as a
compact bus̄ d̄ tetraquark state is not supported. However,
in the previous work [73], the estimated rearrangement
decay widths of most tetraquarks, obtained with an inap-
propriate decay parameter, were a few MeV, which are
smaller than the observed values. In addition, a systematic
analysis of singly heavy tetraquark states, based on their
masses and rearrangement decay properties, is still missing.
In this article, we update our decay parameter and
systematically investigate the masses and rearrangement
decay properties of singly heavy tetraquark states with
the configuration Qqq̄ q̄ (Q ¼ c, b; q ¼ u, d, s). We aim
to reveal the inner structures of T�

cs0ð2900Þ0 and
Ta
cs̄0ð2900Þ0=þþ and to give predictions for other singly

heavy tetraquark states.
This paper is arranged as follows. In Sec. II, we

introduce our mass splitting model and a simple rearrange-
ment scheme. In Sec. III, we present the numerical results
for the singly heavy tetraquark states. A brief summary is
given in the last section.

II. FORMALISM

A. Mass splitting model

In this work, we calculate the mass splittings between
S-wave compact tetraquark states with the simple chromo-
magnetic interaction (CMI) model in which the
Hamiltonian reads

H ¼
X
i

mi þHCMI ¼
X
i

mi −
X
i<j

Cijλi · λjσi · σj: ð1Þ

Here, mi is effective quark mass for the ith constituent
quark, which contains the contributions from the kinetic
energy, chromoelectric interaction, and color confinement.
The coupling constant Cij reflects the strength between the
ith and jth constituent quark components. The values ofmi
and Cij can be determined from masses of conventional
hadrons. λi and σi are the Gell-Mann and Pauli matrices for
the ith constituent quark, respectively. One can estimate the
masses of singly heavy tetraquarks with

M ¼
X
i

mi þ ECMI ð2Þ

where the eigenvalue ECMI for a tetraquark state is obtained
after the diagonalization of the CMI matrix hHCMIi.
Although the effective constituent quark masses phenom-
enologically absorb the average spin-independent inter-
actions, including the chromoelectric interaction, this
approximation is not exact because the chromoelectric
interaction depends on the color configuration of the
multiquark system and therefore cannot be completely
incorporated into a universal set of effective quark masses.
As found in our previous studies [73–83], Eq. (2) usually
leads to tetraquark masses higher than the experimental
values, indicating that part of the spin-independent attrac-
tion is still missing. This overestimation mainly originates
from the use of a universal set of effective constituent
quark masses, whose values may vary from one hadronic
system to another. An alternative treatment is to introduce
an explicit chromoelectric interaction, as adopted in the
extended CMI models [84,85]. In the present work, instead
of introducing additional chromoelectric parameters, we
employ the reference-mass prescription to effectively
compensate for the missing spin-independent contributions
without introducing additional model parameters. Here, we
treat the results using Eq. (2) as upper limits for the
tetraquark masses.
In order to obtain more appropriate numerical results, we

modify the mass formula Eq. (2) to be

M ¼ ½Mref − ðECMIÞref � þ ECMI: ð3Þ

Here, Mref is the measured mass of the reference system
and ðECMIÞref is the calculated eigenvalue of its hHCMIi.
We assume that the needed attraction by Eq. (2) is
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embodied in Mref which can be taken as the threshold of a
hadron-hadron state or the mass of an exotic state.
In the former case, however, there may be several

choices for the threshold and the problem which choice
gives more reasonable multiquark masses is difficult to be
solved. Previous studies [74,76,77,81,86–89] indicated that
the estimated masses using hadron-hadron thresholds are
usually lower than the experimental values. This means that
the effective attractions in the CMI model differ between
multiquark states and conventional hadrons. Here, we use
Eq. (3) to find lower limits for the tetraquark masses. In the
latter case, we assign an exotic state to be a compact
tetraquark and utilize he reference state to estimate other
tetraquark masses. In the present work, we choose the
Xð4140Þ as the reference state based on the following
considerations. First, the Xð4140Þ has been firmly estab-
lished as a J=ψϕ resonance across various experiments,
with its quantum numbers determined to be JPC ¼ 1þþ.
Second, another exotic state, Xð4274Þ, observed in the
same decay channel also shares the JPC ¼ 1þþ assignment
[90,91]. Within the compact csc̄ s̄ tetraquark picture, these
two states can be consistently interpreted as members of the
same multiplet [74,92]. Furthermore, our systematic study
on the reference state selection problem in Ref. [80]
showed that taking Xð4140Þ as the benchmark state leads
to a more reasonable and self-consistent description of
the remaining csc̄ s̄ tetraquark candidates. For these
reasons, we adopt Xð4140Þ as the reference state in the
present work.
In the present study, we take the latter method and

express the masses of various singly heavy tetraquark states
as (m̃≡MXð4140Þ − ðECMIÞXð4140Þ)

Mcnn̄ n̄ ¼ m̃þ ECMI − 2Δsn − Δcn; ð4Þ

Mcns̄ n̄ ¼ m̃þ ECMI − Δsn − Δcn; ð5Þ

Mcns̄ s̄ ¼ m̃þ ECMI − Δcn; ð6Þ

Mcsn̄ n̄ ¼ m̃þ ECMI − Δsn − Δcn; ð7Þ

Mcss̄ n̄ ¼ m̃þ ECMI − Δcn; ð8Þ

Mcss̄ s̄ ¼ m̃þ ECMI − Δcs; ð9Þ

Mbnn̄ n̄ ¼ m̃þ ECMI − 2Δsn − Δcn þ Δbc; ð10Þ

Mbns̄ n̄ ¼ m̃þ ECMI − Δsn − Δcn þ Δbc; ð11Þ

Mbns̄ s̄ ¼ m̃þ ECMI − Δcn þ Δbc; ð12Þ

Mbsn̄ n̄ ¼ m̃þ ECMI − Δsn − Δcn þ Δbc; ð13Þ

Mbss̄ n̄ ¼ m̃þ ECMI − Δcn þ Δbc; ð14Þ

Mbss̄ s̄ ¼ m̃þ ECMI − Δcs þ Δbc; ð15Þ

where we introduce effective quark mass gaps
Δsn ¼ ms −mn, Δcs ¼ mc −ms, Δcn ¼ mc −mn, and
Δbc ¼ mb −mc with n ¼ u, d. These four parameters
can be determined from various conventional hadrons.
To estimate the masses of singly heavy tetraquark states,

one constructs their flavor-spin-color wave functions
and then solves the eigenvalue problem for the CMI
matrices. In the present work, the spin and color wave
functions are constructed using the diquark-antidiquark
base ½ðQ1q2Þðq̄3q̄4Þ�. We list them in Table I. Considering
the constraint from the Pauli principle, one obtains the
color-spin wave function bases given in Table II. Once the
Pauli principle applies, the results are base-independent.
We display the explicit CMI matrices and corresponding
wave function bases for the singly heavy tetraquark states
in Table III. To simplify the expressions, we have defined
several variables: τ ¼ C12 þ C34, θ ¼ C12 − C34,
α ¼ C13 þ C14 þ C23 þ C24, β ¼ C13 − C14 þ C23 − C24,
μ ¼ C13 þ C14 − C23 − C24, ν ¼ C13 − C14 − C23 þ C24,
γ ¼ 3C12 − C34, and η ¼ C12 − 3C34.

B. Rearrangement decay

The experience in the pentaquark case [81,93] suggests
that the combined analysis of spectrum and rearrangement
decay properties may restrict the assignment of quantum
numbers and help us to understand the structures of
observed hadrons. A similar approach can be extended
to tetraquark systems, where the inclusion of decay
information is likewise essential for understanding their
configurations [73,80,81]. Since the dominant two-body
decay for a multiquark is through the rearrangement
mechanism, in the present work, we still use the simple
scheme to study the decay properties of the singly heavy
tetraquark states, where the decay Hamiltonian is assumed
to be a constant Hdecay ¼ C. It means that the short-range
rescattering may be the driving force for quark rearranging
into final meson-meson states. In principle, the gluon

TABLE I. Spin and color wave functions (w.f.) for singly heavy
tetraquark states in the diquark-antidiquark base. In the spin wave
functions, a superscript represents the total spin of diquark/
antidiquark or tetraquark. In the color wave functions, the
subscript 3c, 6c, 1c, 3̄c, or 6̄c denotes the color representation.

Spin w.f. χ1 ¼ ½ðQ1q2Þ1ðq̄3q̄4Þ1�J¼2

χ2 ¼ ½ðQ1q2Þ1ðq̄3q̄4Þ1�J¼1

χ4 ¼ ½ðQ1q2Þ1ðq̄3q̄4Þ0�J¼1

χ5 ¼ ½ðQ1q2Þ0ðq̄3q̄4Þ1�J¼1

χ3 ¼ ½ðQ1q2Þ1ðq̄3q̄4Þ1�J¼0

χ6 ¼ ½ðQ1q2Þ0ðq̄3q̄4Þ0�J¼0

Color w.f. ϕ1 ¼ ½ðQ1q2Þ6cðq̄3q̄4Þ6̄c �1c
ϕ2 ¼ ½ðQ1q2Þ3̄cðq̄3q̄4Þ3c �1c
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exchange and quark pair creation also contribute to the
decay Hamiltonian, but we do not consider such effects in
the present simple analysis.
For the singly heavy tetraquark states, their two possible

decay types are

ðQ1q2Þ1cðq3 q4Þ1c → ðQ1q3Þ1c þ ðq2q4Þ1c;
ðQ1q2Þ1cðq3 q4Þ1c → ðQ1q4Þ1c þ ðq2q3Þ1c: ð16Þ

The amplitude squared in a decay channel can be
expressed as

jMj2 ¼ C2
����X

i

xiyi

����2; ð17Þ

where xi’s (yi’s) are coefficients of the initial (final) wave
function in the diquark-antidiquark base. The values of xi ’s
can be obtained from the eigenvector of the corresponding

TABLE II. The twelve possible color ⊗ spin wave function bases for the S-wave Q1q2q̄3q̄4 tetraquark states.
They are given with the notation jðQ1q2Þspincolorðq̄3q̄4Þspincolorispin. The symbol δS;A34 reflects the constraint from the Pauli
principle. If the flavor wave function for the two light antiquarks is symmetric (antisymmetric), one has δS34 ¼ 0

(δA34 ¼ 0). When the factor cannot be 0, its value is 1.

J ¼ 2 ϕ1χ1 ¼ jðQ1q2Þ16cðq̄3q̄4Þ16̄ci
2
1c
δS34 ϕ2χ1 ¼ jðQ1q2Þ13̄cðq̄3q̄4Þ

1
3c
i21cδA34

J ¼ 1 ϕ1χ2 ¼ jðQ1q2Þ16cðq̄3q̄4Þ16̄ci
1
1c
δS34 ϕ2χ2 ¼ jðQ1q2Þ13̄cðq̄3q̄4Þ

1
3c
i11cδA34

ϕ1χ4 ¼ jðQ1q2Þ16cðq̄3q̄4Þ06̄ci
1
1c
δA34 ϕ2χ4 ¼ jðQ1q2Þ13̄cðq̄3c q̄4Þ

0
3i11cδS34

ϕ1χ5 ¼ jðQ1q2Þ06cðq̄3q̄4Þ16̄ci
1
1c
δS34 ϕ2χ5 ¼ jðQ1q2Þ03̄cðq̄3c q̄4Þ

1
3i11cδA34

J ¼ 0 ϕ1χ3 ¼ jðQ1q2Þ16cðq̄3q̄4Þ16̄ci
0
1c
δS34 ϕ2χ3 ¼ jðQ1q2Þ13̄cðq̄3q̄4Þ

1
3c
i01cδA34

ϕ1χ6 ¼ jðQ1q2Þ06cðq̄3q̄4Þ06̄ci
0
1c
δA34 ϕ2χ6 ¼ jðQ1q2Þ03̄cðq̄3q̄4Þ

0
3c
i01cδS34

TABLE III. The CMI matrices and their corresponding wave function (w.f.) bases for the Q1q2q̄3q̄4 tetraquark states. We use the
notation ½Qnðn̄ n̄ÞIn̄ n̄ �I to denote the Qnn̄ n̄ states and ½Qqq̄ q̄�I to denote other states.

States JP hHCMIi w.f. bases

½Qnðn̄ n̄Þ1�32;12, ½Qsn̄ n̄�1, ½Qns̄ s̄�12, ½Qss̄ s̄�0 2þ 4
3
ð2τ þ αÞ ðϕ2χ1Þ

1þ
0
B@

4
3
ð2τ − αÞ −4μ − 4

ffiffi
2

p
3
μ

− 4
3
η −2 ffiffiffi

2
p

τ
− 8

3
γ

1
CA

 ϕ2χ2
ϕ1χ4
ϕ2χ5

!

0þ
�

8
3
ðτ − αÞ 2

ffiffiffi
6

p
α

4τ

� �
ϕ2χ3
ϕ1χ6

�
½Qnðn̄ n̄Þ0�12, ½Qsn̄ n̄�0 2þ 2

3
ð−2τ þ 5αÞ ðϕ1χ1Þ

1þ
0
B@− 2

3
ðτ þ 5αÞ −4μ − 10

ffiffi
2

p
3

μ
8
3
η −2

ffiffiffi
2

p
α

4
3
γ

1
CA

 ϕ1χ2
ϕ2χ4
ϕ1χ5

!

0þ
�
− 4

3
ðτ þ 5αÞ 2

ffiffiffi
6

p
α

−8τ

� �
ϕ1χ3
ϕ2χ6

�
½Qns̄ n̄�1;0, ½Qss̄ n̄�12 2þ

�
2
3
ð−2τ þ 5αÞ 2

ffiffiffi
2

p
ν

4
3
ð2τ þ αÞ

� �
ϕ1χ1
ϕ2χ1

�
1þ 0

BBBBBBB@

− 2
3
ð2τ þ 5αÞ 2

ffiffiffi
2

p
ν 10

ffiffi
2

p
3

β −4μ − 10
ffiffi
2

p
3

μ 4β
4
3
ð2τ − αÞ −4μ 4

ffiffi
2

p
3
β 4β − 4

ffiffi
2

p
3
μ

− 4
3
η 0 10

3
ν −2

ffiffiffi
2

p
α

8
3
η −2

ffiffiffi
2

p
α 4

3
ν

4
3
γ 0

− 8
3
γ

1
CCCCCCCA

0
BBBBBB@

ϕ1χ2
ϕ2χ2
ϕ1χ4
ϕ2χ4
ϕ1χ5
ϕ2χ5

1
CCCCCCA

0þ 0
BBB@

− 4
3
ðτ þ 5αÞ 4

ffiffiffi
2

p
ν − 10ffiffi

3
p ν 2

ffiffiffi
6

p
α

8
3
ðτ − αÞ 2

ffiffiffi
6

p
α − 4ffiffi

3
p ν

2
ffiffiffi
6

p
α 4τ 0

−8τ

1
CCCA

0
BB@

ϕ1χ3
ϕ2χ3
ϕ1χ6
ϕ2χ6

1
CCA
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CMI matrix while those of yi ’s are calculated by recoupling
the meson-meson state into the diquark-antidiquark base
wave functions. Here, the constant C denotes the effective
coupling strength that governs the transition from the
compact tetraquark state to the two meson final states
[73,80,81]. The matrix element for this two-body rear-
rangement decay is evaluated using C, where the flavor-
spin-color transition is rigorously calculated through wave
function overlaps.
Then the rearrangement decay width for a singly heavy

tetraquark is

Γ ¼ jMj2 jPj
8πM2

Qqq̄ q̄
; ð18Þ

where MQqq̄ q̄ represents the tetraquark mass and P is the
3-momentum of a final meson in the rest frame of the initial
state. It should be noted that for several kinematically
forbidden channels, although their physical partial decay
widths are naturally zero due to the vanishing phase space,
their dimensionless coupling matrix element 100jMj2=C2
are still presented in the tables to illustrate wave function
overlaps or the coupling strengths between the tetraquark
and the two-meson states.

III. NUMERICAL RESULTS

A. Model parameters

For the input mass of the Xð4140Þ, we use MXð4140Þ ¼
4146.5 MeV [80]. Other parameters in the above formalism
can be extracted from various hadron ground states. We
present the relevant coupling parameters Cij’s [76] in
Table IV. The coupling parameters Ci in this table have
been refitted and updated by adopting the latest masses
of conventional heavy mesons and baryons from the
recent review of particle physics (PDG), which guarantees
the reliability of our model inputs. The effective quark
mass gaps Δbc ¼ 3340.2 MeV, Δcn ¼ 1280.7 MeV, and
Δsn ¼ 90.6 MeV have been fixed in Refs. [73,76]. The
following discussions also need the determination of Δcs.
From results shown in Table V, we choose to use the larger

value Δcs ¼ 1180.6 MeV so that more reasonable tetra-
quark masses can be obtained [76]. Here, we also fix
Δbs ¼ 4520.2 MeV in a similar way, although it is not
adopted in the present study. These determined quark mass
gaps satisfy approximately the relations Δcn ≈ Δcs þ Δsn
and Δbs ≈ Δbc þ Δcs. To estimate the upper limits for the
masses of tetraquark states, we adopt mn ¼ 361.8 MeV,
ms ¼ 542.4 MeV, mc ¼ 1724.1 MeV, and mb ¼
5054.4 MeV [74,76,80,83].
Each system has its own decay parameter C, which can

be extracted from measured widths of assigned tetraquark
states. The extraction relies on an assumption that the sum
of two-body partial widths for the rearrangement decay
channels is equal to the measured width, Γsum ≈ Γexp. In the
csc̄ s̄ and ccn̄ n̄ cases, the value around 7.3 GeV was
adopted. In the present case, we employ C ¼ 13.577 GeV.
It is extracted from the measured width of Ta

cs̄0ð2900Þþþ by
assigning it as the second highest IðJPÞ ¼ 0ð0þÞ cns̄n
tetraquark state (see Sec. III C).
The singly bottom tetraquark states are the analogs of the

singly charmed ones, with the c quark replaced by the b
quark. These two cases have similar properties in spectrum
and decay. Until now, there is no experimental confirmation
of a singly bottom tetraquark state, and the extraction of C is
therefore not available. We assume that the bottom case has
the same value of C as the charmed case in the following
discussions. Although this treatment is crude, it is relatively
reliable for studying the dominant decay modes of these
states.
The final states in tetraquark decays include conven-

tional mesons containing an ss̄ component. Within the

TABLE IV. Effective coupling parameters Cij’s in units of
MeV.

Cij n s c b Cij̄ n̄ s̄ c̄ b̄

n 18.3 12.1 4.0 1.3 n 29.8 18.7 6.6 2.1
s 6.5 4.3 1.3 s 9.8 6.7 2.3
c 3.5 2.0 c 5.3 3.3
b 1.9 b 2.9

TABLE V. Quark mass gaps Δcs and Δbs (units: MeV) determined from masses of various conventional hadrons.

Hadron Hadron Δcs Hadron Hadron Δbs

J=ψ ϕ 1049.4 ϒ ϕ 4237.5
J=ψðηcÞ D�

sðDsÞ 992.2 (993.2) ϒðηbÞ B�
sðBsÞ 4041.7 (4041.8)

D�ðDÞ K�ðKÞ 1180.6 (1179.4) B�ðBÞ K�ðKÞ 4520.2 (4518.8)
Ds ϕ 1106.6 Bs ϕ 4433.8
Bc Bs 924.1 Bc Ds 4252.2
Λc Λ 1170.8 Λb Λ 4503.8
Σ�
cðΣcÞ Σ�ðΣÞ 1176.2 (1178.4) Σ�

bðΣbÞ Σ�ðΣÞ 4506.1 (4509.5)
Ξ�
cðΞ0

cÞ Ξ�ðΞÞ 1137.3 (1159.1) Ξ�
bðΞ0

bÞ Ξ�ðΞÞ 4463.2 (4483.7)
Ω�

c Ω 1100.3 Ωb Ω 4415.5
Ξcc Ξ 1112.2
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quark model, the vector meson ϕ is well approximated as a
pure ss̄ configuration. However, the pseudoscalar mesons η
and η0 cannot be described by a single quark composition.
Instead, they arise from the mixing of the singlet η1 and
octet η8 states. Their wave functions can be written as

jηi ¼ cosðθÞjη8i − sinðθÞjη1i;
jη0i ¼ sinðθÞjη8i þ cosðθÞjη1i: ð19Þ

where θ denotes the η − η0 mixing angle. In the present
calculation, the value θ ¼ −11.3° is adopted [94].
We now calculate the values of masses and rearrange-

ment decay widths using the above parameters. The
estimated results are presented in Tables VI–XVII.

These results show that the widths for the singly bottom
tetraquark states are smaller than those for the correspond-
ing singly charm ones. The reason is that the phase space
becomes smaller with increasing heavy quark mass. For
clarity, we will employ the notation T̃ to represent the
predicted states, distinguishing them from the experimental
candidates. The superscript a (f) of T and T̃ means the
isospin I ¼ 1 (I ¼ 0).

B. The cnn̄ n̄ and bnn̄ n̄ systems

The predicted masses of the cnn̄ n̄ states are listed
in Table VI and their relative positions are illustrated in
Fig. 1(a). There exist six tetraquark states for each of
½cnðn̄ n̄Þ1�32, ½cnðn̄ n̄Þ1�12, and ½cnðn̄ n̄Þ0�12. Their masses

TABLE VI. Mass spectra for the cnn̄ n̄ and bnn̄ n̄ states in units of MeV. The thresholds of Dπ and B̄π are used to establish the lower
limits for the tetraquark masses in the former and latter cases, respectively. The upper limits are obtained using the effective quark
masses:mn ¼ 361.8 MeV,mc ¼ 1724.1 MeV, andmb ¼ 5054.4 MeV.We adopt values from the mass splitting model (fourth column)
in the discussions. The systems have degenerate states with different isospins.

½cnðn̄ n̄ÞIn̄ n̄ �I states
½In̄ n̄; I�ðJPÞ hHCMIi Eigenvalue Mass Lower limits Upper limits

½1; 3
2
=1
2
�ð2þÞ ð 156.5 Þ ð 156.5 Þ ð 2925.7 Þ ð 2741.8 Þ ð 2966.0 Þ

½1; 3
2
=1
2
�ð1þÞ 0

@−37.6 185.6 87.5
185.6 67.9 −205.9
87.5 −205.9 16.8

1
A

0
@ 277.8

73.7
−304.5

1
A

0
@ 3047.0

2842.9
2464.7

1
A

0
@ 2863.1

2658.9
2280.8

1
A

0
@ 3087.3

2883.2
2505.0

1
A

½1; 3
2
=1
2
�ð0þÞ �

−134.7 356.6
356.6 89.2

� �
351.1
−396.5

� �
3120.2
2372.6

� �
2936.3
2188.7

� �
3160.6
2413.0

�
½0; 1

2
�ð2þÞ ð 212.9 Þ ð 212.9 Þ ð 2982.1 Þ ð 2798.2 Þ ð 3022.4 Þ

½0; 1
2
�ð1þÞ 0

@−272.4 185.6 218.7
185.6 −135.7 −205.9
218.7 −205.9 −8.4

1
A

0
@ 160.2

−14.5
−562.3

1
A

0
@ 2929.4

2754.7
2206.9

1
A

0
@ 2745.5

2570.8
2022.9

1
A

0
@ 2969.7

2795.0
2247.2

1
A

½0; 1
2
�ð0þÞ �

−515.1 356.6
356.6 −178.4

� �
47.6

−741.1

� �
2816.8
2028.1

� �
2632.9
1844.1

� �
2857.1
2068.4

�

½bnðn̄ n̄ÞIn̄ n̄ �I states
½In̄ n̄; I�ðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

½1; 3
2
=1
2
�ð2þÞ ð 137.3 Þ ð 137.3 Þ ð 6246.7 Þ ð 6065.2 Þ ð 6277.1 Þ

½1; 3
2
=1
2
�ð1þÞ 0

@−32.8 221.6 104.5
221.6 71.5 −180.5
104.5 −180.5 38.4

1
A

0
@ 282.1

112.2
−317.2

1
A

0
@ 6391.5

6221.6
5792.1

1
A

0
@ 6210.0

6040.0
5610.6

1
A

0
@ 6421.9

6252.0
5822.6

1
A

½1; 3
2
=1
2
�ð0þÞ �

−117.9 312.6
312.6 78.4

� �
307.9
−347.3

� �
6417.2
5762.0

� �
6235.7
5580.5

� �
6447.7
5792.5

�
½0; 1

2
�ð2þÞ ð 186.5 Þ ð 186.5 Þ ð 6295.9 Þ ð 6114.4 Þ ð 6326.3 Þ

½0; 1
2
�ð1þÞ 0

@−238.8 221.6 261.2
221.6 −142.9 −180.5
261.2 −180.5 −19.2

1
A

0
@ 159.1

32.6
−592.6

1
A

0
@ 6268.4

6142.0
5516.7

1
A

0
@ 6086.9

5960.5
5335.2

1
A

0
@ 6298.9

6172.4
5547.2

1
A

½0; 1
2
�ð0þÞ �

−451.5 312.6
312.6 −156.8

� �
41.4

−649.7

� �
6150.8
5459.7

� �
5969.2
5278.2

� �
6181.2
5490.1

�
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TABLE VII. Rearrangement decays for the cnn̄ n̄ and bnn̄ n̄ cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100jMj2=C2 and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

½In̄ n̄; I�ðJPÞ Mass Channels Γ

½cnðn̄ n̄Þ1�3=2

D�ρ
½1; 3

2
�ð2þÞ ½ 2925.7 � ½ ð33.3; 233.1Þ � ½ 233.1 �

D�ρ D�π Dρ

½1; 3
2
�ð1þÞ 2

4 3047.0
2842.9
2464.7

# 2
4 ð44.7; 400.2Þ

ð3.8; 17.9Þ
ð1.5;−Þ

# 2
4 ð0.2; 2.4Þ

ð0.3; 4.1Þ
ð41.2; 392.0Þ

3
5
2
4 ð9.4; 104.9Þ
ð29.8; 261.7Þ

ð2.5;−Þ

3
5

2
4 507.5
283.7
392.0

3
5

D�ρ Dπ

½1; 3
2
�ð0þÞ �

3120.2
2372.6

� � ð54.9; 535.3Þ
ð3.5;−Þ

� � ð0.1; 1.6Þ
ð41.6; 470.2Þ

� �
536.9
470.2

�

½cnðn̄ n̄Þ1�1=2

D�ρ D�ω
½1; 1

2
�ð2þÞ ½ 2925.7 � ½ ð8.3; 58.3Þ � ½ ð25.0; 170.6Þ � ½ 228.8 �

D�ρ D�π Dρ D�ω D�η D�η0 Dω

½1; 1
2
�ð1þÞ 2

4 3047.0
2842.9
2464.7

3
5
2
4 ð11.2; 100.1Þ

ð0.9; 4.5Þ
ð0.4;−Þ

3
5
2
4 ð0.0; 0.6Þ

ð0.1; 1.0Þ
ð10.3; 98.0Þ

3
5

2
4 ð2.3; 26.2Þ
ð7.4; 65.4Þ
ð0.6;−Þ

3
5

2
4 ð33.5; 296.4Þ

ð2.8; 12.6Þ
ð1.1;−Þ

3
5
2
4 ð0.1; 0.5Þð0.1; 0.7Þ
ð16.3;−Þ

3
5
2
4 ð0.1; 0.4Þ

ð0.3;−Þ
ð32.0;−Þ

3
5
2
4 ð7.0; 78.1Þ
ð22.3; 193.0Þ

ð1.9;−Þ

3
5
2
4 502.3
277.2
98.0

3
5

D�ρ Dπ D�ω Dη Dη0

½1; 1
2
�ð0þÞ �

3120.2
2372.6

� � ð13.7; 133.8Þ
ð0.9;−Þ

� � ð0.0; 0.4Þ
ð10.4; 117.5Þ

� � ð41.2; 397.7Þ
ð2.6;−Þ

� � ð0.0; 0.3Þ
ð16.5;−Þ

� � ð0.1; 0.4Þ
ð32.3;−Þ

� �
532.6
117.5

�

½cnðn̄ n̄Þ0�1=2

D�ρ D�ω
½0; 1

2
�ð2þÞ ½ 2982.1 � ½ ð50.0; 401.5Þ � ½ ð16.7; 131.6Þ � ½ 533.0 �

D�ρ D�π Dρ D�ω D�η D�η0 Dω

½0; 1
2
�ð1þÞ 2

4 2929.4
2754.7
2206.9

3
5
2
4 ð34.6; 244.7Þ

ð2.7;−Þ
ð0.2;−Þ

3
5
2
4 ð0.5; 6.6Þ

ð0.8; 10.3Þ
ð42.4; 173.6Þ

3
5
2
4 ð9.9; 99.5Þ
ð33.6; 232.0Þ

ð0.2;−Þ

3
5
2
4 ð11.5; 79.6Þ

ð0.9;−Þ
ð0.1;−Þ

3
5
2
4 ð0.1; 0.5Þð0.1; 0.6Þ

ð7.5;−Þ

3
5

2
4 ð0.1;−Þ
ð0.1;−Þ
ð6.7;−Þ

3
5

2
4 ð3.3; 32.8Þ
ð11.2; 74.9Þ
ð0.1;−Þ

3
5
2
4 463.6
317.8
173.6

3
5

D�ρ Dπ D�ω Dη Dη0

½0; 1
2
�ð0þÞ �

2816.8
2028.1

� � ð30.8; 110.0Þ
ð0.4;−Þ

� � ð1.4; 19.6Þ
ð42.4; 119.7Þ

� � ð10.3; 32.4Þ
ð0.1;−Þ

� � ð0.2; 1.4Þ
ð7.5;−Þ

� � ð0.2;−Þ
ð6.7;−Þ

� �
163.5
119.7

�

½bnðn̄ n̄Þ1�3=2

B̄�ρ
½1; 3

2
�ð2þÞ ½ 6246.7 � ½ ð33.3; 57.8Þ � ½ 57.8 �

B̄�ρ B̄�π B̄ρ
½1; 3

2
�ð1þÞ 2

4 6391.5
6221.6
5792.1

3
5
2
4 ð40.0; 96.2Þ

ð8.0; 12.7Þ
ð2.0;−Þ

3
5

2
4 ð0.1; 0.4Þ

ð0.0; 0.1Þ
ð41.5; 77.8Þ

3
5

2
4 ð14.8; 38.6Þ
ð25.4; 47.5Þ
ð1.5;−Þ

3
5

2
4 135.2

60.3
77.8

3
5

B̄�ρ B̄π
½1; 3

2
�ð0þÞ �

6417.2
5762.0

� � ð54.9; 137.4Þ
ð3.5;−Þ

� � ð0.1; 0.4Þ
ð41.6; 81.3Þ

� �
137.8
81.3

�

½bnðn̄ n̄Þ1�1=2

B̄�ρ B̄�ω
½1; 1

2
�ð2þÞ ½ 6246.7 � ½ ð8.3; 14.5Þ � ½ ð25.0; 42.3Þ � ½ 56.8 �

B̄�ρ B̄�π B̄ρ B̄�ω B̄�η B̄�η0 B̄ω
½1; 1

2
�ð1þÞ 2

4 6391.5
6221.6
5792.1

3
5
2
4 ð10.0; 24.0Þ

ð2.0; 3.2Þ
ð0.5;−Þ

3
5

2
4 ð0.0; 0.1Þ

ð0.0; 0.0Þ
ð10.4; 19.5Þ

3
5

2
4 ð3.7; 9.7Þ
ð6.3; 11.9Þ
ð0.4;−Þ

3
5

2
4 ð30.0; 71.3Þ

ð6.0; 9.2Þ
ð1.5;−Þ

3
5
2
4 ð0.0; 0.1Þð0.0; 0.0Þ
ð16.5;−Þ

3
5
2
4 ð0.0; 0.0Þ

ð0.0;−Þ
ð14.7;−Þ

3
5
2
4 ð11.1; 28.7Þð19.0; 34.9Þ

ð1.1;−Þ

3
5
2
4 133.9

59.2
19.5

3
5

B̄�ρ B̄π B̄�ω B̄η B̄η0

½1; 1
2
�ð0þÞ �

6417.2
5762.0

� � ð13.7; 34.4Þ
ð0.9;−Þ

� � ð0.0; 0.1Þ
ð10.4; 20.3Þ

� � ð41.2; 102.0Þ
ð2.6;−Þ

� � ð0.0; 0.1Þ
ð16.5;−Þ

� � ð0.0; 0.0Þ
ð14.7;−Þ

� �
136.6
20.3

�

(Table continued)
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range from 2028 MeV to 3120 MeV. Note that the
½In̄ n̄; I� ¼ ½1; 3

2
� and ½In̄ n̄; I� ¼ ½1; 1

2
� states with the same

angular momentum are degenerate in the adopted model.

The ½cnðn̄ n̄Þ1�32 states do not mix with the conventional

mesons. The ½cnn̄ n̄�12 states are generally heavier than the
observed cn̄ mesons [94], but the mixing between these
two configurations is allowed, in principle. Here we do not

consider the mixing. We present the decay information of
all the cnn̄ n̄ tetraquarks in Table VII. It is clear that the
isospin-degenerate states have different decay properties.
For the ½In̄ n̄; I� ¼ ½1; 3

2
� case, one finds that the lowest

state has a mass around 2.4 GeV with JP ¼ 0þ. As shown
in Table VI and Fig. 1(a), this state has only one
rearrangement decay channel Dπ. The mass of another
higher 0þ state is located around 3.1 GeV, which mainly

½bnðn̄ n̄Þ0�1=2

B̄�ρ B̄�ω
½0; 1

2
�ð2þÞ ½ 6295.9 � ½ ð50.0; 99.7Þ � ½ ð16.7; 32.7Þ � ½ 132.4 �

B̄�ρ B̄�π B̄ρ B̄�ω B̄�η B̄�η0 B̄ω
½0; 1

2
�ð1þÞ 2

4 6268.4
6142.0
5516.7

# 2
4 ð24.2; 44.9Þ
ð13.0; 12.2Þ
ð0.3;−Þ

3
5

2
4 ð0.1; 0.2Þ

ð1.3; 3.8Þ
ð42.4; 26.8Þ

3
5

2
4 ð25.0; 52.6Þ
ð18.6; 25.4Þ
ð0.2;−Þ

3
5

2
4 ð8.1; 14.7Þ

ð4.3; 3.7Þ
ð0.1;−Þ

# 2
4 ð0.0; 0.0Þð0.2; 0.3Þ

ð7.5;−Þ

3
5

2
4 ð0.0;−Þ
ð0.2;−Þ
ð6.7;−Þ

3
5

2
4 ð8.3; 17.3Þ

ð6.2; 8.1Þ
ð0.1;−Þ

3
5

2
4 129.7

53.4
26.8

3
5

B̄�ρ B̄π B̄�ω B̄η B̄η0

½0; 1
2
�ð0þÞ �

6150.8
5459.7

� � ð30.8; 31.7Þ
ð0.4;−Þ

� � ð1.4; 4.2Þ
ð42.4; 23.8Þ

� � ð10.3; 9.8Þ
ð0.1;−Þ

� � ð0.2; 0.3Þ
ð7.5;−Þ

� � ð0.2;−Þ
ð6.7;−Þ

� �
46.0
23.8

�

TABLE VIII. Mass spectra for the cns̄ n̄ and bns̄ n̄ states in units of MeV. The thresholds of Dsπ and B̄sπ are used to establish the
lower limits for the tetraquark masses in the former and latter cases, respectively. The upper limits are obtained using the effective quark
masses: mn ¼ 361.8 MeV, ms ¼ 542.4 MeV, mc ¼ 1724.1 MeV, and mb ¼ 5054.4 MeV. We adopt values from the mass splitting
model (fourth column) in the discussions. The systems have degenerate states with different isospins.

½cns̄ n̄�I states
IðJPÞ hHCMIi Eigenvalue Mass Lower limits Upper limits

1=0ð2þÞ �
184.5 −31.7
−31.7 125.3

� �
198.3
111.6

� �
3058.0
2971.3

� �
2888.6
2801.9

� �
3188.4
3101.7

�
1=0ð1þÞ 0

BBBBBB@

−227.5 31.7 −51.9 140.8 165.9 −44.0
31.7 −39.5 140.8 −20.7 −44.0 66.4
−51.9 140.8 43.1 0 37.3 −174.8
140.8 −20.7 0 −86.1 −174.8 14.9
165.9 −44.0 37.3 −174.8 −0.1 0

−44.0 66.4 −174.8 14.9 0 0.3

1
CCCCCCA

0
BBBBBB@

222.4
144.6
42.9
−22.5
−223.4
−473.9

1
CCCCCCA

0
BBBBBB@

3082.1
3004.4
2902.7
2837.3
2636.4
2385.9

1
CCCCCCA

0
BBBBBB@

2912.7
2834.9
2733.3
2667.9
2467.0
2216.4

1
CCCCCCA

0
BBBBBB@

3212.5
3134.7
3033.0
2967.6
2766.7
2516.2

1
CCCCCCA

1=0ð0þÞ 0
BB@

−433.5 63.4 −64.7 302.8
63.4 −121.9 302.8 −25.9
−64.7 302.8 64.4 0

302.8 −25.9 0 −128.8

1
CCA

0
BB@

289.9
58.1

−322.3
−645.4

1
CCA

0
BB@

3149.7
2917.9
2537.5
2214.3

1
CCA

0
BB@

2980.2
2748.4
2368.0
2044.9

1
CCA

0
BB@

3280.0
3048.2
2667.8
2344.7

1
CCA

½bns̄ n̄�I states
IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

1=0ð2þÞ �
158.5 −32.0
−32.0 106.3

� �
173.6
91.1

� �
6373.6
6291.1

� �
6192.1
6109.5

� �
6494.0
6411.5

�
1=0ð1þÞ 0

BBBBBB@

−194.2 32.0 −51.4 176.4 207.9 −43.6
32.0 −34.8 176.4 −20.6 −43.6 83.2
−51.4 176.4 46.7 0 37.7 −149.6
176.4 −20.6 0 −93.3 −149.6 15.1
207.9 −43.6 37.7 −149.6 −10.9 0

−43.6 83.2 −149.6 15.1 0 21.9

1
CCCCCCA

0
BBBBBB@

222.0
144.0
69.7
37.6

−236.6
−501.5

1
CCCCCCA

0
BBBBBB@

6422.0
6344.0
6269.6
6237.6
5963.3
5698.5

1
CCCCCCA

0
BBBBBB@

6240.5
6162.4
6088.1
6056.0
5781.8
5517.0

1
CCCCCCA

0
BBBBBB@

6542.4
6464.4
6390.1
6358.0
6083.8
5818.9

1
CCCCCCA

1=0ð0þÞ 0
BB@

−370.5 63.9 −65.2 259.2
63.9 −105.3 259.2 −26.1
−65.2 259.2 53.6 0

259.2 −26.1 0 −107.2

1
CCA

0
BB@

247.5
52.1

−269.9
−559.2

1
CCA

0
BB@

6447.4
6252.1
5930.1
5640.8

1
CCA

0
BB@

6265.9
6070.6
5748.6
5459.3

1
CCA

0
BB@

6567.9
6372.5
6050.5
5761.2

1
CCA

ZI-LONG MAN, YU-NAN LIU, and YAN-RUI LIU PHYS. REV. D 114, 034047 (2026)

034047-8



TABLE IX. Rearrangement decays for the cns̄ n̄ and bns̄ n̄ cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100jMj2=C2 and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

IðJPÞ Mass Channels Γ

cns̄ n̄

D�
sρ D�K�

1ð2þÞ � 3058.0
2971.3

� � ð95.8; 340.4Þ
ð4.2; 10.9Þ

� � ð26.9; 94.8Þ
ð73.1; 179.3Þ

� �
435.2
190.1

�
D�

sρ D�
sπ Dsρ D�K� D�K DK�

1ð1þÞ 26666664

3082.1
3004.4
2902.7
2837.3
2636.4
2385.9

3
7777775

2
6666664

ð71.1; 266.6Þ
ð26.8; 80.9Þ
ð0.0; 0.0Þ
ð1.3;−Þ
ð0.8;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð0.0; 0.2Þ
ð0.3; 2.0Þ
ð0.7; 4.2Þ
ð0.0; 0.0Þ
ð10.7; 51.5Þ
ð88.2; 253.0Þ

3
7777775

2
6666664

ð4.5; 22.7Þ
ð22.7; 103.6Þ
ð44.1; 166.0Þ
ð26.8; 80.2Þ
ð1.8;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð22.5; 84.1Þ
ð61.8; 181.3Þ
ð12.6; 2.7Þ
ð0.1;−Þ
ð1.5;−Þ
ð1.4;−Þ

3
7777775

2
6666664

ð0.8; 4.6Þ
ð1.3; 7.5Þ
ð0.0; 0.2Þ
ð3.2; 16.5Þ

ð72.7; 258.8Þ
ð22.1;−Þ

3
7777775

2
6666664

ð9.3; 46.7Þ
ð1.3; 6.1Þ
ð12.4; 45.5Þ
ð70.9; 198.4Þ

ð4.4;−Þ
ð1.7;−Þ

3
7777775

2
6666664

424.9
381.4
218.5
295.1
310.3
253.0

3
7777775

D�
sρ Dsπ D�K� DK

1ð0þÞ 2664
3149.7
2917.9
2537.5
2214.3

3
775
2
664
ð63.3; 266.6Þ
ð34.1; 54.9Þ
ð2.5;−Þ
ð0.1;−Þ

3
775
2
664

ð0.0; 0.3Þ
ð0.7; 5.1Þ
ð17.3; 96.4Þ
ð81.9; 235.6Þ

3
775
2
664
ð46.3; 196.1Þ
ð47.4; 56.9Þ
ð4.1;−Þ
ð2.1;−Þ

3
775
2
664

ð0.2; 1.7Þ
ð3.1; 20.1Þ

ð67.0; 297.1Þ
ð29.6;−Þ

3
775

2
664
464.6
137.0
393.5
235.6

3
775

cns̄ n̄

D�
sω D�K�

0ð2þÞ � 3058.0
2971.3

� � ð95.8; 333.6Þ
ð4.2; 10.4Þ

� � ð26.9; 94.8Þ
ð73.1; 179.3Þ

� �
428.4
189.7

�
D�

sω D�
sη D�

sη
0 Dsω D�K� D�K DK�

0ð1þÞ 26666664

3082.1
3004.4
2902.7
2837.3
2636.4
2385.9

3
7777775

2
6666664

ð71.1; 262.0Þ
ð26.8; 78.5Þ
ð0.0; 0.0Þ
ð1.3;−Þ
ð0.8;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð0.0; 0.1Þ
ð0.2; 0.8Þ
ð0.4; 1.6Þ
ð0.4; 0.0Þ
ð5.7;−Þ
ð46.7;−Þ

3
7777775

2
6666664

ð0.0; 0.0Þ
ð0.2;−Þ
ð0.3;−Þ
ð0.0;−Þ
ð5.0;−Þ
ð41.5;−Þ

3
7777775

2
6666664

ð4.5; 22.5Þ
ð22.7; 102.3Þ
ð44.1; 162.4Þ
ð26.8; 77.1Þ
ð1.8;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð22.5; 84.1Þ
ð61.8; 181.3Þ
ð12.6; 2.7Þ
ð0.1;−Þ
ð1.5;−Þ
ð1.4;−Þ

3
7777775

2
6666664

ð0.8; 4.6Þ
ð1.3; 7.5Þ
ð0.0; 0.2Þ
ð3.2; 16.5Þ
ð72.7; 258.8Þ
ð22.1;−Þ

3
7777775

2
6666664

ð9.3; 46.7Þ
ð1.3; 6.1Þ
ð12.4; 45.5Þ
ð70.9; 198.4Þ

ð4.4;−Þ
ð1.7;−Þ

3
7777775

2
6666664

420.0
376.5
212.3
292.0
258.8
−

3
7777775

D�
sω Dsη Dsη

0 D�K� DK
0ð0þÞ 2664

3149.7
2917.9
2537.5
2214.3

3
775
2
664
ð63.3; 263.3Þ
ð34.1; 47.8Þ
ð2.5;−Þ
ð0.1;−Þ

3
775

2
664

ð0.0; 0.1Þ
ð0.4; 2.2Þ
ð9.1; 14.1Þ
ð43.3;−Þ

3
775

2
664
ð0.0; 0.1Þ
ð0.4; 0.1Þ
ð8.1;−Þ
ð38.6;−Þ

3
775

2
664
ð46.3; 196.1Þ
ð47.4; 56.9Þ
ð4.1;−Þ
ð2.1;−Þ

3
775
2
664

ð0.2; 1.7Þ
ð3.1; 20.1Þ

ð67.0; 297.1Þ
ð29.6;−Þ

3
775

2
664
461.3
127.1
311.2
−

3
775

bns̄ n̄

B̄�
sρ B̄�K�

1ð2þÞ � 6373.6
6291.1

� � ð97.1; 91.1Þ
ð2.9; 2.1Þ

� � ð24.0; 21.8Þ
ð76.0; 47.7Þ

� �
112.9
49.7

�
B̄�
sρ B̄�

sπ B̄sρ B̄�K� B̄�K B̄K�

1ð1þÞ 26666664

6422.0
6344.0
6269.6
6237.6
5963.3
5698.5

3
7777775

2
6666664

ð55.7; 58.5Þ
ð32.2; 27.7Þ
ð0.5; 0.3Þ
ð10.3; 5.0Þ
ð1.2;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð0.0; 0.0Þ
ð0.0; 0.1Þ
ð0.2; 0.3Þ
ð0.4; 0.5Þ
ð12.6; 13.1Þ
ð86.8; 47.2Þ

3
7777775

2
6666664

ð12.1; 14.1Þ
ð57.1; 57.0Þ
ð13.1; 10.5Þ
ð16.6; 11.5Þ
ð1.0;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð27.8; 28.8Þ
ð23.8; 19.5Þ
ð37.0; 19.6Þ
ð7.3; 2.4Þ
ð2.4;−Þ
ð1.6;−Þ

3
7777775

2
6666664

ð0.4; 0.6Þ
ð0.2; 0.3Þ
ð0.2; 0.3Þ
ð3.2; 4.2Þ
ð72.1; 56.7Þ
ð23.9;−Þ

3
7777775

2
6666664

ð13.6; 15.6Þ
ð6.4; 6.2Þ
ð24.5; 17.9Þ
ð52.4; 31.4Þ
ð2.0;−Þ
ð1.0;−Þ

3
7777775

2
6666664

117.6
110.8
48.9
55.0
69.8
47.2

3
7777775

B̄�
sρ B̄sπ B̄�K� B̄K

1ð0þÞ 2664
6447.4
6252.1
5930.1
5640.8

3
775
2
664
ð65.0; 71.7Þ
ð32.7; 18.0Þ
ð2.3;−Þ
ð0.1;−Þ

3
775

2
664

ð0.0; 0.1Þ
ð0.6; 1.0Þ
ð14.3; 15.5Þ
ð85.0; 45.2Þ

3
775

2
664
ð44.7; 48.8Þ
ð48.7; 20.9Þ
ð4.2;−Þ
ð2.4;−Þ

3
775

2
664

ð0.3; 0.5Þ
ð3.4; 4.9Þ

ð70.3; 58.4Þ
ð26.0;−Þ

3
775

2
664
121.0
44.7
73.9
45.2

3
775

bns̄ n̄

B̄�
sω B̄�K�

0ð2þÞ � 6373.6
6291.1

� � ð97.1; 89.4Þ
ð2.9; 2.0Þ

� � ð24.0; 21.8Þ
ð76.0; 47.7Þ

� �
111.2
49.7

�

(Table continued)
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decays into D�ρ. The highest 1þ state T̃ð3047Þ has two
dominant rearrangement decay channels D�ρ and Dρ,
while the channel D�π has a suppressed contribution.
The partial width ratio between D�ρ and Dρ is about
ΓðD�ρÞ∶ΓðDρÞ ≃ 3.8. The decay of the second highest 1þ

state T̃ð2843Þ mainly gets contribution from Dρ, while the
decay channels D�ρ and D�π are also allowed. The partial
width ratio is found to be ΓðD�ρÞ∶ΓðDρÞ ≃ 0.07. The
remaining 1þ (2þ) state has only one rearrangement decay
channel D�π (D�ρ).
For the ½In̄ n̄; I� ¼ ½1; 1

2
� case, we just focus on the

rearrangement decays listed in Table VII. The lowest
JP¼0þ state has only one decay channel Dπ. Compared

with its isospin-degenerate state, the width is much smaller.
The other 0þ state mainly decays into D�ρ and D�ω, while
the decays into Dπ, Dη, and Dη0 are suppressed. The ratio
between the dominant partial widths of this state is
predicted to be ΓðD�ρÞ∶ΓðD�ωÞ ∼ 0.34. Compared with
its isospin-degenerate state, the partial width of D�ρ is
smaller but the number of channels is larger, which gives
finally comparable total widths. As for the highest 1þ state,
there are seven decay channels. The main contributions to
its width are from the D�ρ, Dρ, D�ω, and Dω channels.
The ratios between their partial widths are found to
be ΓðD�ρÞ∶ΓðDρÞ∶ΓðD�ωÞ∶ΓðDωÞ ¼ 3.8∶1.0∶11.3∶3.0.
The second highest 1þ state mainly decays into Dρ,

TABLE IX. (Continued)

bns̄ n̄

B̄�
sω B̄�

sη B̄�
sη

0 B̄sω B̄�K� B̄�K B̄K�

0ð1þÞ 26666664

6422.0
6344.0
6269.6
6237.6
5963.3
5698.5

3
7777775

2
6666664

ð55.7; 57.7Þ
ð32.2; 27.1Þ
ð0.5; 0.3Þ
ð10.3; 4.6Þ
ð1.2;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð0.0; 0.0Þ
ð0.0; 0.0Þ
ð0.1; 0.1Þ
ð0.1; 0.2Þ
ð6.7; 0.1Þ
ð45.9;−Þ

3
7777775

2
6666664

ð0.0; 0.0Þ
ð0.0; 0.0Þ
ð0.1; 0.1Þ
ð0.2; 0.2Þ
ð5.9; 0.1Þ
ð40.9;−Þ

3
7777775

2
6666664

ð12.1; 14.0Þ
ð57.1; 56.1Þ
ð13.1; 10.2Þ
ð16.6; 11.1Þ
ð1.0;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð27.8; 28.8Þ
ð23.8; 19.5Þ
ð37.0; 19.6Þ
ð7.3; 2.4Þ
ð2.4;−Þ
ð1.6;−Þ

3
7777775

2
6666664

ð0.4; 0.6Þ
ð0.2; 0.3Þ
ð0.2; 0.3Þ
ð3.2; 4.2Þ
ð72.1; 56.7Þ
ð23.9;−Þ

3
7777775

2
6666664

ð13.6; 15.6Þ
ð6.4; 6.2Þ
ð24.5; 17.9Þ
ð52.4; 31.4Þ
ð2.0;−Þ
ð1.0;−Þ

3
7777775

2
6666664

116.6
109.3
48.6
54.1
56.8
−

3
7777775

B̄�
sω B̄sη B̄sη

0 B̄�K� B̄K
0ð0þÞ 2664

6447.4
6252.1
5930.1
5640.8

3
775
2
664
ð65.0; 70.8Þ
ð32.7; 16.9Þ
ð2.3;−Þ
ð0.1;−Þ

3
775

2
664
ð0.0; 0.0Þ
ð0.3; 0.4Þ
ð7.6; 2.0Þ
ð45.0;−Þ

3
775

2
664
ð0.0; 0.0Þ
ð0.3; 0.0Þ
ð6.7;−Þ
ð40.0;−Þ

3
775

2
664
ð44.7; 48.8Þ
ð48.7; 20.9Þ
ð4.2;−Þ
ð2.4;−Þ

3
775

2
664

ð0.3; 0.5Þ
ð3.4; 4.9Þ
ð70.3; 58.4Þ
ð26.0;−Þ

3
775

2
664
120.1
43.1
60.3
−

3
775

TABLE X. Mass spectra for the cns̄ s̄ and bns̄ s̄ states in units of MeV. The thresholds ofDsK and B̄sK are used to establish the lower
limits for the tetraquark masses in the former and latter cases, respectively. The upper limits are obtained using the effective quark
masses: mn ¼ 361.8 MeV, ms ¼ 542.4 MeV, mc ¼ 1724.1 MeV, and mb ¼ 5054.4 MeV. We adopt values from the mass splitting
model (fourth column) in the discussions.

½cns̄ s̄�I states
IðJPÞ hHCMIi Eigenvalue Mass Lower limits Upper limits

1
2
ð2þÞ ð 95.7 Þ ð 95.7 Þ ð 3046.1 Þ ð 2965.4 Þ ð 3266.4 Þ

1
2
ð1þÞ 0

@−39.7 96.0 45.3
96.0 20.7 −143.7
45.3 −143.7 −14.7

1
A

0
@ 158.3

10.1
−202.2

1
A

0
@ 3108.7

2960.5
2748.2

1
A

0
@ 3028.0

2879.8
2667.5

1
A

0
@ 3329.0

3180.8
2968.5

1
A

1
2
ð0þÞ �

−107.5 248.9
248.9 42.0

� �
227.1
−292.6

� �
3177.5
2657.8

� �
3096.8
2577.1

� �
3397.8
2878.1

�

½bns̄ s̄�I states
IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

1
2
ð2þÞ �

76.8
	 �

76.8
	 �

6367.4
	 �

6274.6
	 �

6577.8
	

1
2
ð1þÞ 0

@−35.2 131.2 61.8
131.2 24.3 −118.8
61.8 −118.8 6.9

1
A

0
@ 158.2

49.3
−211.5

1
A

0
@ 6448.7

6339.9
6079.1

1
A

0
@ 6356.0

6247.1
5986.3

1
A

0
@ 6659.2

6550.3
6289.5

1
A

1
2
ð0þÞ �

−91.2 205.8
205.8 31.2

� �
184.7
−244.7

� �
6475.2
6045.9

� �
6382.5
5953.1

� �
6685.7
6256.3

�
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D�ω, and Dω with the partial width ratio
ΓðDρÞ∶ΓðD�ωÞ∶ΓðDωÞ ¼ 5.2∶1.0∶15.3. The lowest 1þ

state is the narrowest ½cnðn̄ n̄Þ1�12, which has only one
rearrangement decay mode D�π. For the 2þ state, the
channels D�ρ and D�ω provide important contributions to
the decay width. Their partial width ratio is estimated to
be ΓðD�ρÞ∶ΓðD�ωÞ ∼ 0.34.
From Table VI, we can find that the six ½In̄ n̄; I� ¼ ½0; 1

2
�

states are located at 2028 ∼ 2982 MeV with widths ranging
from approximately 120 MeV to 533 MeV. The decay
modes for a ½In̄ n̄; I� ¼ ½0; 1

2
� state are the same as those for

its corresponding ½In̄ n̄; I� ¼ ½1; 1
2
� state. However, the partial

width ratios of the dominant channels differ. The lower
JP ¼ 0þ ½cnðn̄ n̄Þ0�12 state T̃ð2028Þ has the same rearrange-
ment decay channel Dπ as the lower JP ¼ 0þ ½cnðn̄ n̄Þ1�12.
Their coupling amplitudes with Dπ are different
(½cnðn̄ n̄Þ1�12 is smaller). Since the lower JP ¼ 0þ

½cnðn̄ n̄Þ1�12 state possesses a larger decay phase space than
the T̃ð2028Þ, their decay widths are finally comparable.
The other JP ¼ 0þ ½cnðn̄ n̄Þ0�12 state T̃ð2817Þmainly decays
into D�ρ, Dπ, and D�ω with the partial width ratio
ΓðD�ρÞ∶ΓðDπÞ∶ΓðD�ωÞ ¼ 5.6∶1.0∶1.6. The first channel
is its main decay mode, while the last one is the main decay
mode for the higher 0þ ½cnðn̄ n̄Þ1�12 state. The highest JP ¼
1þ ½cnðn̄ n̄Þ0�12 state T̃ð2929Þ and the highest 1þ ½cnðn̄ n̄Þ1�12
state have the same main rearrangement decay channels,

but their partial width ratios are significantly different. For
the T̃ð2929Þ, the ratios are about ΓðD�ρÞ∶ΓðDρÞ∶
ΓðD�ωÞ∶ΓðDωÞ ¼ 7.5∶3.0∶2.4∶1.0. The second highest
JP ¼ 1þ ½cnðn̄ n̄Þ0�12 state T̃ð2755Þmainly decays intoD�π,
Dρ, andDω channels. The related ratios are predicted to be
ΓðD�πÞ∶ΓðDρÞ∶ΓðDωÞ ¼ 1.0∶22.5∶7.3, which differ
from the second highest 1þ ½cnðn̄ n̄Þ1�12. The decay feature
for the lightest JP ¼ 1þ ½cnðn̄ n̄Þ0�12 state T̃ð2207Þ is similar
to the lightest 1þ ½cnðn̄ n̄Þ1�12. The former state is below the
latter one, but its strong coupling with their unique
rearrangement decay channel D�π leads to a larger width.
The decay of JP ¼ 2þ ½cnðn̄ n̄Þ0�12 state T̃ð2982Þ gets
contribution mainly from D�ρ and D�ω. Their partial
width ratio is predicted to be ΓðD�ρÞ∶ΓðD�ωÞ ¼ 3.1,
which is larger than the ratio for the 2þ ½cnðn̄ n̄Þ1�12 state.
One may similarly analyze the bnn̄ n̄ states. We also list

the obtained values for the mass spectrum and the rear-
rangement decay widths for this case in Tables VI and VII,
respectively. The relative positions for the involved states
are shown in Fig. 1(g). The mass ordering and the relative
splitting of the bnn̄ n̄ system exhibit strong similarities to
those of the cnn̄ n̄ system. Using the same decay parameter
C as the charmed case, one reaches a conclusion that a
bottom tetraquark is narrower than its corresponding
charmed state. If this parameter is twice as large in the
bottom case as in the charmed case, the decay widths are
then comparable.

TABLE XI. Rearrangement decays for the cns̄ s̄ and bns̄ s̄ cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100jMj2=C2 and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

IðJPÞ Mass Channels Γ

cns̄ s̄

D�
sK�

1
2
ð2þÞ ½ 3046.1 � ½ ð33.3; 119.2Þ � ½ 119.2 �

D�
sK� D�

sK DsK�
1
2
ð1þÞ 2

4 3108.7
2960.5
2748.2

3
5

2
4 ð47.0; 260.2Þ

ð1.8;−Þ
ð1.2;−Þ

3
5

2
4 ð0.2; 2.7Þ

ð1.1; 11.1Þ
ð40.3; 274.3Þ

3
5

2
4 ð6.2; 53.4Þ
ð31.3; 184.6Þ

ð4.2;−Þ

3
5

2
4 316.4
195.7
274.3

3
5

D�
sK� DsK

1
2
ð0þÞ �

3177.5
2657.8

� � ð54.7; 378.1Þ
ð3.6;−Þ

� � ð0.1; 1.1Þ
ð41.6; 358.1Þ

� �
379.2
358.1

�

bns̄ s̄

B̄�
sK�

1
2
ð2þÞ ½ 6367.4 � ½ ð33.3; 36.5Þ � ½ 36.5 �

B̄�
sK� B̄�

sK B̄sK�
1
2
ð1þÞ 2

4 6448.7
6339.9
6079.1

3
5

2
4 ð42.1; 70.6Þ

ð6.0; 4.8Þ
ð2.0;−Þ

3
5

2
4 ð0.1; 0.3Þ

ð0.1; 0.2Þ
ð41.5; 68.7Þ

3
5

2
4 ð12.2; 24.1Þ
ð27.6; 35.7Þ
ð1.8;−Þ

3
5

2
4 94.9
40.6
68.7

3
5

B̄�
sK� B̄sK

1
2
ð0þÞ �

6475.2
6045.9

� � ð54.7; 99.8Þ
ð3.7;−Þ

� � ð0.1; 0.3Þ
ð41.6; 73.0Þ

� �
100.0
73.0

�
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From Table VI or Fig. 1(g), the estimated masses for the

½bnðn̄ n̄Þ1�32 states are around 5762 ∼ 6392 MeV, and they
are all unstable. As shown in Table VII, the lower JP ¼ 0þ

½bnðn̄ n̄Þ1�32 state and the higher one dominantly decay into

B̄π and B̄�ρ, respectively. For the JP ¼ 1þ ½bnðn̄ n̄Þ1�32
tetraquarks, the highest and the second highest state share
the main decay modes B̄�ρ and B̄ρ, while the lightest state
mainly decays into B̄�π. The observation of the tensor

½bnðn̄ n̄Þ1�32 state in the B̄�ρ channel is possible.
For two degenerate ½bnðn̄ n̄Þ1�12 and ½bnðn̄ n̄Þ1�32 states

with the same J, the I ¼ 1=2 state has more rearrangement
decay channels. While its coupling strengths with the
common channels are weaker than the I ¼ 3=2 state, the
larger number of available channels compensates for this.
As a result, its total width is comparable to that of the
I ¼ 3=2 state. The exception cases are the lowest JP ¼ 0þ
and 1þ states. For the I ¼ 1=2 states, the number of

allowed decay channels is kinematically reduced compared
to their I ¼ 3=2 counterparts. Their widths are therefore
much narrower.
The predicted masses of the ½bnðn̄ n̄Þ0�12 states are around

5460 ∼ 6296 MeV. From Table VII, the lower JP ¼ 0þ

½bnðn̄ n̄Þ0�12 and ½bnðn̄ n̄Þ1�12 states can be searched for in the
B̄π channel. In the higher JP ¼ 0þ case, the channel B̄�ω is
more strongly coupled with the ½bnðn̄ n̄Þ1�12 state than the
½bnðn̄ n̄Þ0�12 state, while the channel B̄�ρ exhibits the
opposite trend. Because of its lower mass, the higher JP ¼
0þ ½bnðn̄ n̄Þ0�12 state has a narrower width than the higher 0þ
½bnðn̄ n̄Þ1�12. Both the lowest JP ¼ 1þ ½bnðn̄ n̄Þ0�12 and the
lowest 1þ ½bnðn̄ n̄Þ1�12 states have only one two-body decay
channel B̄�π. The stronger coupling makes the former state
a slightly broader one, although its mass is smaller. To
search for other JP ¼ 1þ states (for both ½bnðn̄ n̄Þ0�12 and
½bnðn̄ n̄Þ1�12 cases), the B̄�ρ, B̄ρ, B̄�ω, and B̄ω channels can

TABLE XII. Mass spectra for the csn̄ n̄ and bsn̄ n̄ states in units of MeV. The thresholds ofDK̄ and B̄ K̄ are used to establish the lower
limits for the tetraquark masses in the former and latter cases, respectively. The upper limits are obtained using the effective quark
masses: mn ¼ 361.8 MeV, ms ¼ 542.4 MeV, mc ¼ 1724.1 MeV, and mb ¼ 5054.4 MeV. We adopt values from the mass splitting
model (fourth column) in the discussions.

csn̄ n̄ states

IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

1ð2þÞ �
127.7

	 �
127.7

	 �
2987.5

	 �
2892.3

	 �
3117.8

	
1ð1þÞ 0

@−7.2 96.8 45.6
96.8 67.5 −143.1
45.6 −143.1 14.4

1
A

0
@ 198.2

42.5
−166.1

1
A

0
@ 3058.0

2902.3
2693.7

1
A

0
@ 2962.8

2807.1
2598.5

1
A

0
@ 3188.3

3032.6
2824.0

1
A

1ð0þÞ �
−74.7 247.9
247.9 90.4

� �
269.1
−253.4

� �
3128.9
2606.4

� �
3033.7
2511.2

� �
3259.2
2736.7

�
0ð2þÞ �

138.5
	 �

138.5
	 �

2998.3
	 �

2903.1
	 �

3128.6
	

0ð1þÞ 0
@−198.8 96.8 114.1

96.8 −134.9 −143.1
114.1 −143.1 −7.2

1
A

0
@ 93.7

−75.5
−359.2

1
A

0
@ 2953.5

2784.3
2500.6

1
A

0
@ 2858.3

2689.1
2405.4

1
A

0
@ 3083.8

2914.6
2630.9

1
A

0ð0þÞ �
−367.5 247.9
247.9 −180.8

� �
−9.3

−539.0

� �
2850.5
2320.7

� �
2755.3
2225.6

� �
2980.8
2451.1

�

bsn̄ n̄ states

IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

1ð2þÞ �
107.7

	 �
107.7

	 �
6307.7

	 �
6214.9

	 �
6428.1

	
1ð1þÞ 0

@ −3.2 132.8 62.6
132.8 71.5 −117.7
62.6 −117.7 38.4

1
A

0
@ 199.8

82.2
−175.3

1
A

0
@ 6399.7

6282.2
6024.7

1
A

0
@ 6307.0

6189.4
5931.9

1
A

0
@ 6520.2

6402.6
6145.1

1
A

1ð0þÞ �
−58.7 203.8
203.8 78.4

� �
224.9
−205.1

� �
6424.8
5994.8

� �
6332.1
5902.1

� �
6545.3
6115.3

�
0ð2þÞ �

112.5
	 �

112.5
	 �

6312.5
	 �

6219.7
	 �

6432.9
	

0ð1þÞ 0
@−164.8 132.8 156.5

132.8 −142.9 −117.7
156.5 −117.7 −19.2

1
A

0
@ 86.1

−23.2
−389.8

1
A

0
@ 6286.0

6176.8
5810.1

1
A

0
@ 6193.3

6084.0
5717.4

1
A

0
@ 6406.5

6297.2
5930.6

1
A

0ð0þÞ �
−303.5 203.8
203.8 −156.8

� �
−13.5
−446.7

� �
6186.4
5753.2

� �
6093.7
5660.5

� �
6306.9
5873.7

�
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be employed. For the JP ¼ 2þ states, the rearrangement
decay in the ½bnðn̄ n̄Þ0�12 case gets major contribution from
the B̄�ρ channel, whereas the dominant contribution for the
decay in the ½bnðn̄ n̄Þ1�12 case comes from the channel B̄�ω.

C. The cns̄ n̄ and bns̄ n̄ systems

The cns̄ n̄ states are of special interest because they are
related to the recently observed exotic Ta

cs̄ð2900Þ0 and
Ta
cs̄ð2900Þþþ by the LHCb Collaboration [1,2]. There are

twelve possible tetraquark ground states for I ¼ 0 and

twelve for I ¼ 1. The present framework gives same-J
degenerate I ¼ 0 and I ¼ 1 states. For the I ¼ 0 case, it is
possible to consider the mixing between the tetraquark and
the cs̄ configurations in future work. We present the
estimated cns̄ n̄ masses and their relative positions in
Table VIII and Fig. 1(b), respectively. The rearrangement
decay properties of the degenerate I ¼ 1 and I ¼ 0
tetraquarks are different. They are collected in Table IX.
For the I ¼ 1 case, just from the mass, the the
oretical T̃að2918Þ and T̃að2903Þ are both consistent with

the observed Ta
cs̄0ð2900Þ. However, the spin-parity of

TABLE XIII. Rearrangement decays for the csn̄ n̄ and bsn̄ n̄ cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100jMj2=C2 and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

IðJPÞ Mass Channels Γ

csn̄ n̄

D�K̄�

1ð2þÞ ½ 2987.5 � ½ ð33.3; 180.1Þ � ½ 180.1 �
D�K̄� D�K̄ DK̄�

1ð1þÞ 2
4 3058.0
2902.3
2693.7

3
5

2
4 ð46.9; 329.8Þ

ð2.2; 0.3Þ
ð0.9;−Þ

3
5

2
4 ð0.4; 4.5Þ

ð1.1; 12.1Þ
ð40.2; 333.5Þ

3
5

2
4 ð7.1; 69.0Þ
ð30.7; 225.3Þ

ð3.9;−Þ

3
5

2
4 403.3
237.7
333.5

3
5

D�K̄� DK̄
1ð0þÞ �

3128.9
2606.4

� � ð55.1; 451.1Þ
ð3.2;−Þ

� � ð0.1; 2.1Þ
ð41.5; 419.3Þ

� �
453.2
419.3

�
D�K̄�

0ð2þÞ ½ 2998.3 � ½ ð66.7; 380.2Þ � ½ 380.2 �
D�K̄� D�K̄ DK̄�

0ð1þÞ 2
4 2953.5
2784.3
2500.6

3
5

2
4 ð47.6; 203.0Þ

ð2.4;−Þ
ð0.1;−Þ

3
5

2
4 ð1.3; 14.5Þ
ð1.8; 17.8Þ
ð55.2;−Þ

3
5

2
4 ð10.6; 88.5Þ
ð47.6; 151.9Þ

ð0.1;−Þ

3
5

2
4 306.1
169.7
−

3
5

D�K̄� DK̄
0ð0þÞ �

2850.5
2320.7

� � ð41.4;−Þ
ð0.3;−Þ

� � ð2.7; 34.4Þ
ð55.6;−Þ

� �
34.4
−

�

bsn̄ n̄

B̄�K̄�

1ð2þÞ ½ 6307.7 � ½ ð33.3; 46.3Þ � ½ 46.3 �
B̄�K̄� B̄�K̄ B̄K̄�

1ð1þÞ 2
4 6399.7
6282.2
6024.7

3
5

2
4 ð41.6; 81.4Þ

ð6.7; 7.9Þ
ð1.7;−Þ

3
5

2
4 ð0.2; 0.6Þ

ð0.1; 0.2Þ
ð41.4; 77.9Þ

3
5

2
4 ð13.3; 29.3Þ
ð26.8; 41.5Þ
ð1.6;−Þ

3
5

2
4 111.3

49.6
77.9

3
5

B̄�K̄� B̄ K̄
1ð0þÞ �

6424.8
5994.8

� � ð55.2; 114.7Þ
ð3.2;−Þ

� � ð0.2; 0.5Þ
ð41.5; 82.1Þ

� �
115.2
82.1

�
B̄�K̄�

0ð2þÞ ½ 6312.5 � ½ ð66.7; 95.0Þ � ½ 95.0 �
B̄�K̄� B̄�K̄ B̄K̄�

0ð1þÞ 2
4 6286.0
6176.8
5810.1

3
5

2
4 ð34.1; 41.3Þ

ð15.8;−Þ
ð0.1;−Þ

3
5

2
4 ð0.2; 0.6Þ
ð2.9; 7.2Þ
ð55.2;−Þ

3
5

2
4 ð31.2; 49.2Þ

ð27.1; 7.8Þ
ð0.1;−Þ

3
5

2
4 91.0
14.9
−

3
5

B̄�K̄� B̄ K̄
0ð0þÞ �

6186.4
5753.2

� � ð41.5;−Þ
ð0.2;−Þ

� � ð2.9; 7.8Þ
ð55.4;−Þ

� �
7.8
−

�
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Ta
cs̄0ð2900Þ determined by the LHCb is 0þ [1,2]. Therefore,

our results indicate that the T̃að2918Þ with JP ¼ 0þ is a
good candidate for the observed Ta

cs̄0ð2900Þ. In our
calculation, based on this correspondence, we determine
the decay parameter C. If the Ta

cs̄0ð2900Þ indeed corre-
sponds to the T̃að2918Þ, it may be the narrowest I ¼ 1
cns̄ n̄ state from Table IX, although it has four dominant
decay modes: D�

sρ, Dsπ, D�K�, and DK. The partial width
ratio is found to be

ΓðD�
sρÞ∶ΓðDsπÞ∶ΓðD�K�Þ∶ΓðDKÞ ≃ 10.8∶1.0∶11.2∶3.9;

ð20Þ

which differs from the results in the other works [41,42].
This ratio can be tested by future experiments.
Our results indicate that the T̃að3150Þwith JP ¼ 0þ may

be the broadest I ¼ 1 cns̄ n̄ state. It would predominantly
decay intoD�

sρ and D�K�, while the Dsπ and DK channels

are suppressed by weak couplings. Our ratio between the
two dominant channels is about 1.4. The dominated
rearrangement decay channels for the T̃að2538Þ with
JP ¼ 0þ are Dsπ and DK, and the corresponding partial
width ratio is ΓðDsπÞ∶ΓðDKÞ ∼ 0.3. The lightest IðJPÞ ¼
1ð0þÞ state with mass m ¼ 2214.3 MeV can be searched
for in its unique rearrangement decay channel Dsπ. All
the six IðJPÞ ¼ 1ð1þÞ tetraquark states have the decay
channel D�

sπ, which may be used to seek them. Another
ideal channel for the search in experiments is the D�K.
Through the competition among the three effects, num-
ber of decay channels, coupling strength, and phase
space, the third highest T̃að2903Þ of the six 1þ states
shows the smallest width. Both IðJPÞ ¼ 1ð2þÞ states can
decay into D�

sρ and D�K�. The former channel contrib-
utes dominantly to the width of the heavier T̃að3058Þ,
while the latter channel contributes to the lighter
T̃að2971Þ dominantly.

TABLE XIV. Mass spectra for the css̄ n̄ and bss̄ n̄ states in units of MeV. The thresholds of DsK̄ and B̄sK̄ are used to establish the
lower limits for the tetraquark masses in the former and latter cases, respectively. The upper limits are obtained using the effective quark
masses: mn ¼ 361.8 MeV, ms ¼ 542.4 MeV, mc ¼ 1724.1 MeV, and mb ¼ 5054.4 MeV. We adopt values from the mass splitting
model (fourth column) in the discussions.

css̄ n̄ states

IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

1
2
ð2þÞ �

117.5 −25.5
−25.5 99.5

� �
135.5
81.5

� �
3085.8
3031.8

� �
3005.2
2951.2

� �
3306.2
3252.2

�
1
2
ð1þÞ 0

BBBBBB@

−161.2 25.5 −41.5 60.8 71.7 −35.2
25.5 −12.0 60.8 −16.6 −35.2 28.7
−41.5 60.8 42.7 0 30.0 −118.2
60.8 −16.6 0 −85.3 −118.2 12.0
71.7 −35.2 30.0 −118.2 1.1 0

−35.2 28.7 −118.2 12.0 0 −2.1

1
CCCCCCA

0
BBBBBB@

152.2
85.9
13.0
−66.6
−115.6
−285.8

1
CCCCCCA

0
BBBBBB@

3102.5
3036.2
2963.4
2883.7
2834.8
2664.6

1
CCCCCCA

0
BBBBBB@

3021.9
2955.6
2882.7
2803.1
2754.1
2583.9

1
CCCCCCA

0
BBBBBB@

3322.9
3256.6
3183.7
3104.1
3055.1
2884.9

1
CCCCCCA

1
2
ð0þÞ 0

BB@
−300.5 50.9 −52.0 204.8
50.9 −67.7 204.8 −20.8
−52.0 204.8 65.6 0

204.8 −20.8 0 −131.2

1
CCA

0
BB@

215.7
7.5

−199.7
−457.3

1
CCA

0
BB@

3166.0
2957.8
2750.7
2493.0

1
CCA

0
BB@

3085.4
2877.2
2670.0
2412.4

1
CCA

0
BB@

3386.4
3178.2
2971.0
2713.4

1
CCA

bss̄ n̄ states

IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

1
2
ð2þÞ �

91.8 25.7
25.7 79.6

� �
112.2
59.2

� �
6402.7
6349.8

� �
6164.4
6111.4

� �
6613.2
6560.2

�
1
2
ð1þÞ 0

BBBBBB@

−127.5 −25.7 41.0 96.4 113.6 34.8
−25.7 −8.1 96.4 16.4 34.8 45.4
41.0 96.4 46.7 0 −30.3 −93.1
96.4 16.4 0 −93.3 −93.1 −12.1
113.6 34.8 −30.3 −93.1 −10.9 0

34.8 45.4 −93.1 −12.1 0 21.9

1
CCCCCCA

0
BBBBBB@

148.0
82.6
37.7
−9.8

−117.1
−312.8

1
CCCCCCA

0
BBBBBB@

6438.5
6373.1
6328.2
6280.8
6173.5
5977.8

1
CCCCCCA

0
BBBBBB@

6200.2
6134.8
6089.9
6042.4
5935.1
5739.4

1
CCCCCCA

0
BBBBBB@

6649.0
6583.6
6538.7
6491.2
6383.9
6188.2

1
CCCCCCA

1
2
ð0þÞ 0

BB@
−237.2 −51.5 52.5 161.2
−51.5 −52.0 161.2 21.0
52.5 161.2 53.6 0

161.2 21.0 0 −107.2

1
CCA

0
BB@

172.2
4.2

−148.9
−370.3

1
CCA

0
BB@

6462.7
6294.8
6141.7
5920.3

1
CCA

0
BB@

6224.4
6056.4
5903.3
5681.9

1
CCA

0
BB@

6673.2
6505.2
6352.1
6130.7

1
CCA
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For the I ¼ 0 case, the spectrum is the same as the I ¼ 1
case, but the primary decay channels are different. From
Table IX, the lowest JP ¼ 0þ T̃fð2214Þ should be stable
since no rearrangement decay channel is allowed. This
tetraquark can be searched for in its weak decay mode
KþK−πþ. The higher 0þ T̃fð2538Þ has a main decay
channel DK and a suppressed channel Dsη. Their width
ratio is predicted to be ΓðDsηÞ∶ΓðDKÞ ∼ 0.04. The even
higher 0þ T̃fð2918Þ dominantly decays into D�

sω, D�K�,
and DK. The width ratio between these channels is
ΓðD�

sωÞ∶ΓðD�K�Þ∶ΓðDKÞ ¼ 2.4∶2.8∶1.0. The highest
T̃fð3150Þ is the broadest IðJPÞ ¼ 0ð0þÞ cns̄ n̄, which
dominantly decays into D�

sω and D�K�. The obtained
partial width ratio is about 1.3. Based on our calculation,
the lowest IðJPÞ ¼ 0ð1þÞ state T̃fð2386Þ is a stable one. It
can be searched for in the DKγ channel. The other higher
0ð1þÞ states have rearrangement decay channels and a
search for them in theD�K channel is proposed. Both I ¼ 0
tensor states can decay into D�

sω and D�K� channels.

The corresponding partial width ratios for the higher
and lower states are ΓðD�

sωÞ∶ΓðD�K�Þ ∼ 3.5 and ΓðD�
sωÞ∶

ΓðD�K�Þ ∼ 0.06, respectively. If the observed Ta
cs̄0ð2900Þ

is really a tetraquark, the other isovector and isoscalar cns̄ n̄
states should also exist in principle. Searching for them in
various decay channels may deepen our understanding of
the strong interaction.
The bns̄ n̄ system, the flavor partner of the cns̄ n̄ system,

may be similarly analyzed. The estimated masses and
relative positions of the bns̄ n̄ states are shown in
Table VIII and Fig. 1(h), respectively. The corresponding
rearrangement decay properties are also collected in
Table IX.
The bns̄ n̄ system is associated with the state Xð5568Þ

observed in the B̄sπ channel by the D0 experiment [8],
which was not confirmed later by other experiments [9–12].
From Table VIII and Fig. 1(h), one finds that the mass of
Xð5568Þ is about 70 MeV lower than the lowest IðJPÞ ¼
1ð0þÞ tetraquark. If we artificially adjust the mass of the

TABLE XV. Rearrangement decays for the css̄ n̄ and bss̄ n̄ cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100jMj2=C2 and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

IðJPÞ Mass Channels Γ

css̄ n̄

D�
s K̄� D�ϕ

1
2
ð2þÞ � 3085.8

3031.8

� � ð100.0; 247.0Þ
ð0; 0Þ

� � ð11.1; 24.1Þ
ð88.9; 50.9Þ

� �
271.1
50.9

�
D�

s K̄� D�
s K̄ DsK̄� D�ϕ D�η D�η0 Dϕ

1
2
ð1þÞ 26666664

3102.5
3036.2
2963.4
2883.7
2834.8
2664.6

3
7777775

2
6666664

ð76.1; 204.9Þ
ð23.2; 36.3Þ
ð0.2;−Þ
ð0.5;−Þ
ð0.0;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð0.1; 0.6Þ
ð0.5; 2.6Þ
ð2.0; 10.1Þ
ð0.9; 3.9Þ
ð7.0; 29.3Þ

ð89.4; 200.8Þ

3
7777775

2
6666664

ð2.4; 10.2Þ
ð18.2; 68.5Þ
ð33.2; 99.2Þ
ð46.0; 66.5Þ
ð0.3;−Þ
ð0.0; Þ

3
7777775

2
6666664

ð21.7; 52.9Þ
ð66.8; 56.0Þ
ð9.3;−Þ
ð0.0;−Þ
ð1.4;−Þ
ð0.9;−Þ

3
7777775

2
6666664

ð0.9; 5.4Þ
ð1.5; 8.6Þ
ð0.8; 4.6Þ

ð11.7; 59.4Þ
ð23.2; 111.4Þ
ð8.9; 28.8Þ

3
7777775

2
6666664

ð1.0; 3.3Þ
ð1.7; 4.1Þ
ð0.9;−Þ
ð13.2;−Þ
ð26.1;−Þ
ð10.0;−Þ

3
7777775

2
6666664

ð6.6; 27.7Þ
ð0.5; 1.7Þ

ð22.3; 59.9Þ
ð37.9;−Þ
ð30.4;−Þ
ð2.2;−Þ

3
7777775

2
6666664

305.1
177.8
173.7
129.8
140.7
229.7

3
7777775

D�
s K̄� DsK̄ D�ϕ Dη Dη0

1
2
ð0þÞ 2664

3166.0
2957.8
2750.7
2493.0

3
775
2
664
ð62.8; 211.0Þ
ð35.8;−Þ
ð1.3;−Þ
ð0.0;−Þ

3
775
2
664

ð0.1; 0.4Þ
ð0.8; 4.9Þ

ð18.1; 90.8Þ
ð81.0; 146.3Þ

3
775
2
664
ð47.3; 152.1Þ
ð45.6;−Þ
ð5.6;−Þ
ð1.5;−Þ

3
775
2
664

ð0.2; 1.0Þ
ð2.7; 17.3Þ

ð30.4; 170.1Þ
ð13.9; 43.0Þ

3
775
2
664

ð0.2; 0.9Þ
ð3.0; 10.6Þ
ð34.1;−Þ
ð15.6;−Þ

3
775

2
664
365.4
32.7
260.9
189.2

3
775

bss̄ n̄

B̄�
sK� B̄�ϕ

1
2
ð2þÞ � 6402.7

6349.8

� � ð99.7; 68.9Þ
ð0.3; 0.1Þ

� � ð11.1; 4.6Þ
ð92.0; 16.5Þ

� �
73.5
16.7

�
B̄�
s K̄� B̄�

s K̄ B̄sK̄� B̄�ϕ B̄�η B̄�η0 B̄ϕ
1
2
ð1þÞ 26666664

6438.5
6373.1
6328.2
6280.8
6173.5
5977.8

3
7777775

2
6666664

ð59.6; 48.2Þ
ð28.4; 16.3Þ
ð3.7; 1.2Þ
ð8.2;−Þ
ð0.1;−Þ
ð0.0;−Þ

3
7777775

2
6666664

ð0.0; 0.1Þ
ð0.0; 0.0Þ
ð0.3; 0.4Þ
ð0.2; 0.2Þ

ð12.2; 12.6Þ
ð87.2; 45.3Þ

3
7777775

2
6666664

ð9.2; 8.8Þ
ð61.4; 47.1Þ
ð3.4; 2.0Þ
ð25.8; 8.5Þ
ð0.2;−Þ
ð0;−Þ

3
7777775

2
6666664

ð28.8; 20.8Þ
ð16.9; 6.8Þ
ð41.9;−Þ
ð7.4;−Þ
ð3.9;−Þ
ð1.1;−Þ

3
7777775

2
6666664

ð0.3; 0.5Þ
ð0.3; 0.4Þ
ð0.2; 0.2Þ
ð4.7; 6.3Þ

ð31.4; 36.5Þ
ð10.3; 7.1Þ

3
7777775

2
6666664

ð0.4; 0.3Þ
ð0.3; 0.2Þ
ð0.2; 0.1Þ
ð5.2;−Þ
ð35.3;−Þ
ð11.5;−Þ

3
7777775

2
6666664

ð11.9; 10.5Þ
ð0.5; 0.3Þ

ð36.9; 15.2Þ
ð44.6;−Þ
ð5.2;−Þ
ð0.9;−Þ

3
7777775

2
6666664

89.2
71.2
19.2
15.0
49.1
52.4

3
7777775

B̄�
s K̄� B̄sK̄ B̄�ϕ B̄η B̄η0

1
2
ð0þÞ 2664

6462.7
6294.8
6141.7
5920.3

3
775
2
664
ð64.9; 57.0Þ
ð34.4;−Þ
ð0.7;−Þ
ð0.0;−Þ

3
775

2
664

ð0.0; 0.1Þ
ð0.6; 0.8Þ

ð14.4; 15.6Þ
ð85.0; 41.7Þ

3
775
2
664
ð45.5; 36.7Þ
ð46.0;−Þ
ð6.7;−Þ
ð1.8;−Þ

3
775
2
664

ð0.2; 0.3Þ
ð3.6; 5.3Þ

ð31.6; 38.0Þ
ð11.6; 7.6Þ

3
775

2
664
ð0.2; 0.2Þ
ð4.1; 2.3Þ
ð35.5;−Þ
ð13.1;−Þ

3
775

2
664
94.3
8.4
53.6
49.3

3
775
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lowest state to 5568 MeV and still use the decay parameter
extracted from the Ta

cs̄0ð2900Þ, the decay width would
become 29.1 MeV, which is consistent with the measured
value 21.9� 6.4þ5.0

−2.5 MeV. The former condition implies

that the uncertainty for the adopted model in predicating
the bns̄ n̄ masses is about 70 MeV. The latter condition
indicates that the adopted assumption CðbottomsectorÞ ≈
CðcharmsectorÞ is valid. More studies are needed to clarify

TABLE XVI. Mass spectra for the css̄ s̄ and bss̄ s̄ states in units of MeV. The thresholds ofDsη and B̄sη are used to establish the lower
limits for the tetraquark masses in the former and latter cases, respectively. The upper limits are obtained using the effective quark
masses: ms ¼ 542.4 MeV, mc ¼ 1724.1 MeV, and mb ¼ 5054.4 MeV. We adopt values from the mass splitting model (fourth column)
in the discussions.

css̄ s̄ states

IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

0ð2þÞ �
72.8

	 �
72.8

	 �
3123.3

	 �
2853.0

	 �
3424.1

	
0ð1þÞ 0

@−15.2 24.8 11.7
24.8 20.3 −93.3
11.7 −93.3 −17.1

1
A

0
@ 98.0

−9.2
−100.8

1
A

0
@ 3148.5

3041.2
2949.7

1
A

0
@ 2878.2

2771.0
2679.4

1
A

0
@ 3449.3

3342.1
3250.5

1
A

0ð0þÞ �
−59.2 161.7
161.7 43.2

� �
161.6
−177.6

� �
3212.0
2872.9

� �
2941.8
2602.6

� �
3512.9
3173.7

�

bss̄ s̄ states

IðJPÞ hHCMi Eigenvalue Mass Lower limits Upper limits

0ð2þÞ �
53.1

	 �
53.1

	 �
6443.7

	 �
6161.4

	 �
6734.7

	
0ð1þÞ 0

@−11.5 60.0 28.3
60.0 24.3 −68.4
28.3 −68.4 6.9

1
A

0
@ 93.3

24.6
−98.1

1
A

0
@ 6484.0

6415.2
6292.5

1
A

0
@ 6201.6

6132.9
6010.2

1
A

0
@ 6774.9

6706.2
6583.5

1
A

0ð0þÞ �
−43.7 118.6
118.6 31.2

� �
118.1
−130.6

� �
6508.7
6260.1

� �
6226.4
5977.7

� �
6799.7
6551.0

�

TABLE XVII. Rearrangement decays for the css̄ s̄ and bss̄ s̄ cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100jMj2=C2 and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

IðJPÞ Mass Channels Γ

css̄ s̄

D�
sϕ

0ð2þÞ ½ 3123.3 � ½ ð33.3;−Þ � ½− �
D�

sϕ D�
sη D�

sη
0 Dsϕ

0ð1þÞ 2
4 3148.5
3041.2
2949.7

3
5

2
4 ð49.3; 111.2Þ

ð0.4;−Þ
ð0.4;−Þ

3
5

2
4 ð0.4; 4.6Þ

ð3.4; 34.0Þ
ð15.8; 143.9Þ

3
5

2
4 ð0.5; 2.3Þ

ð3.8;−Þ
ð17.7;−Þ

3
5

2
4 ð3.3; 23.2Þ
ð26.1; 111.4Þ
ð12.3;−Þ

3
5

2
4 141.3
145.5
143.9

3
5

D�
sϕ Dsη Dsη

0

0ð0þÞ �
3212.0
2872.9

� � ð54.9; 262.2Þ
ð3.4;−Þ

� � ð0.1; 0.7Þ
ð19.6; 209.6Þ

� � ð0.1; 0.5Þ
ð22.0;−Þ

� �
263.4
209.6

�

bss̄ s̄

B̄�
sϕ

0ð2þÞ ½ 6443.7 � ½ ð33.3; 14.5Þ � ½ 14.5 �
B̄�
sϕ B̄�

sη B̄�
sη

0 B̄sϕ
0ð1þÞ 2

4 6484.0
6415.2
6292.5

3
5

2
4 ð45.1; 46.1Þ

ð3.4;−Þ
ð1.4;−Þ

3
5

2
4 ð0.1; 0.3Þ

ð0.2; 0.4Þ
ð19.4; 45.7Þ

3
5

2
4 ð0.1; 0.2Þ
ð0.2; 0.2Þ
ð21.8;−Þ

3
5

2
4 ð8.9; 12.9Þ
ð30.2; 24.1Þ
ð2.5;−Þ

3
5

2
4 59.5
24.7
45.7

3
5

B̄�
sϕ B̄sη B̄sη

0

0ð0þÞ �
6508.7
6260.1

� � ð54.9; 68.6Þ
ð3.4;−Þ

� � ð0.1; 0.2Þ
ð19.6; 47.9Þ

� � ð0.1; 0.1Þ
ð22.0;−Þ

� �
68.8
47.9

�
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FIG. 1. Relative positions for the singly heavy tetraquark states. The red solid and green dashed lines in the panels (a), (d), (g), and
(j) correspond to the tetraquark masses of the In̄ n̄ ¼ 1 and In̄ n̄ ¼ 0 states, respectively. The blue dashed lines represent all possible
thresholds. Note that the red solid lines in the panels (a), (b), (g), and (h) indicate both the highest isospin (Ih) states and their degenerate
ðIh − 1Þ states.
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the nature of Xð5568Þ on both experimental and theoreti-
cal sides.
Of the other JP ¼ 0þ states, the lightest T̃fð5641Þ with

I ¼ 0 is stable, as it has no rearrangement decay channels.
It can be searched for in the J=ψK−Kþ channel. The
heavier T̃að5930Þ [T̃fð5930Þ] with I ¼ 1 (I ¼ 0) mainly
decays into B̄sπ and B̄K (B̄K). The even heavier T̃að6252Þ
[T̃fð6252Þ] with I ¼ 1 (I ¼ 0) dominantly decays into B̄�

sρ,
B̄�K�, and B̄K (B̄�

sω, B̄�K�, and B̄K). The heaviest
T̃að6447Þ [T̃fð6447Þ] with I ¼ 1 (I ¼ 0) strongly couples
to the rearrangement decay channels B̄�

sρ and B̄�K� (B̄�
sω

and B̄�K�), which results in a broad total decay width.
In the JP ¼ 1þ case, the lightest state with I ¼ 1 mainly

decays into B̄�
sπ, whereas the lightest state with I ¼ 0 may

be stable. This isoscalar T̃fð5699Þ tetraquark can be
searched for in the B−Kþγ mode. The dominant decay
modes for the second lightest state with I ¼ 1 are B̄�

sπ and
B̄�K and that for the I ¼ 0 is B̄�K. Those for the third

lightest state with I ¼ 1 (I ¼ 0) are B̄ð�Þ
s ρ, B̄�K, and B̄K�

(B̄ð�Þ
s ω, B̄�K, and B̄K�). The channels B̄sρ, B̄�K�, and B̄K�

(B̄sω, B̄�K�, and B̄K�) provide significant contributions to
the third highest state T̃að6270Þ [T̃fð6270Þ] with I ¼ 1
(I ¼ 0). The highest I ¼ 1 (I ¼ 0) and the second highest
I ¼ 1 (I ¼ 0) states share four dominant decay modes, B̄�

sρ,
B̄sρ, B̄�K�, and B̄K� (B̄�

sω, B̄sω, B̄�K�, and B̄K�).
In the tensor JP ¼ 2þ case, there are four possible

tetraqauark states in total, two around 6291 MeV with
I ¼ 1, 0 and two around 6374 MeV with I ¼ 1, 0. The
higher I ¼ 1 (I ¼ 0) state decays into B̄�

sρ and B̄�K� (B̄�
sω

and B̄�K�) with partial width ratio around 4.2 (4.1),
whereas the B̄�K� is the main rearrangement decay mode
of the two lower states.

D. The cns̄ s̄ and bns̄ s̄ systems

All the relevant states are exotic which cannot mix with
the conventional mesons. The predicted masses for the
cns̄ s̄ (bns̄ s̄) states are listed in Table X and their relative
positions are shown in Fig. 1(c) [Fig. 1(i)]. The rearrange-
ment decay properties are collected in Table XI.
In the cns̄ s̄ case, our results indicate that all the states lie

above the respective thresholds and each state has a
dominant decay channel. From Fig. 1(c), the masses range
from 2658 to 3178 MeV. The lightest state is around
2.66 GeV with JP ¼ 0þ, which can be discovered in the
DsK decay mode. Another 0þ state mainly decays into
D�

sK�. Its decay into DsK is suppressed due to a weak
coupling amplitude. Of the three JP ¼ 1þ states, only the
D�

sK channel contributes the rearrangement decay of the
lightest T̃ð2748Þ. The higher T̃ð2961Þ dominantly decays
into DsK� with a branching fraction about 94.3%. The
total width of the highest T̃ð3109Þ receives contributions
mainly from D�

sK� and DsK� modes. The partial width
ratio between these two channels is estimated to be

ΓðD�
sK�Þ∶ΓðDsK�Þ ∼ 4.9. The JP ¼ 2þ state can be

searched for in its unique rearrangement decay chan-
nel D�

sK�.
As for the bns̄ s̄ case, from Fig. 1(i) and Table XI, the

features are similar to those in the cns̄ s̄ case. A slightly
different feature lies in the second 1þ state. The T̃ð6340Þ
can decay into B̄�

sK� but its charmed counterpart T̃ð2961Þ
is below the D�

sK� threshold.

E. The csn̄ n̄ and bsn̄ n̄ systems

The tetraquark ground states in these two systems are
also flavor exotic. Each system comprises six states with
I ¼ 1 and six with I ¼ 0. We present the estimated masses
in Table XII and show the relative positions in Figs. 1(d)
and 1(j). Table XIII gives the rearrangement decay
properties.
We first discuss the I ¼ 0 csn̄ n̄ case. Our results show

that the estimated mass of the higher JP ¼ 0þ state is
2850.5 MeV, which is in good agreement with the measured
mass of the observed T�

cs0ð2900Þ0 [3,4]. The calculated width
of T̃fð2851Þ is 34.4 MeV. This value is larger than our
previous result [73], although it is still smaller than the
measured with of the T�

cs0ð2900Þ0, 57� 12� 4 MeV, Note
that our estimation for the width only involves the rearrange-
ment channelDK̄ and the model is very crude. It is acceptable
to assign the T�

cs0ð2900Þ0 as the higher JP ¼ 0þ csn̄ n̄ state.
We this assignment, we may consistently understand the
structures of both T�

cs0ð2900Þ0 and Ts
cs̄0ð2900Þ. Besides this

0þ tetraquark state around 2900 MeV, one should also note
the other 0þ state T̃ð2321Þ. It is expected to be stable with
respect to the strong interaction. Searching for this state in the
Dþπ−π0 invariant mass is called for.
From Fig. 1(d) and Table XIII, the lightest IðJPÞ ¼

0ð1þÞ state T̃fð2501Þ is around theD�K̄ threshold and may
be stable or narrow. It could be searched for in theD0πþK−

channel in experiments. The higher 0ð1þÞ state T̃fð2784Þ
dominantly decays into D�K̄ and DK̄�. Their partial width
ratio is predicted to be

ΓðD�K̄Þ∶ΓðDK̄�Þ ≃ 0.12: ð21Þ

The decay of the highest 0ð1þÞ state T̃fð2954Þ receives
contributions mainly from the D�K̄� and DK̄� channels,
and subdominantly from the D�K̄. Although the phase
space of the channel D�K̄ is the largest one, the weak
coupling leads to a small width. In our model, the partial
width ratio is found to be

ΓðD�K̄�Þ∶ΓðD�K̄Þ∶ΓðDK̄�Þ ≃ 14.0∶1.0∶6.1: ð22Þ

The last of the six I ¼ 0 states is the broad T̃fð2998Þ with
JP ¼ 2þ, which has only one rearrangement decay
channel D�K̄�.
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From Fig. 1(d), the I ¼ 1 csn̄ n̄ states have generally
lager masses than the I ¼ 0 csn̄ n̄ states. Since the
rearrangement decay patterns in these two cases are the
same, it is evident that all the I ¼ 1 states are unstable and
have broad widths. For the I ¼ 1 csn̄ n̄ case, the partial
decay ratios can be derived with data in Table XIII.
The higher IðJPÞ ¼ 1ð0þÞ state T̃að3129Þ is the heaviest

and broadest csn̄ n̄ tetraquark. Its mass is much larger than
the DK̄ threshold, but the state dominantly decays into
D�K̄� because of the strong coupling amplitude. Due to the
combined effects of phase space and coupling, the lower
1ð0þÞT̃að2606Þ has a width comparable to that of the
higher T̃að3129Þ. Each of the three IðJPÞ ¼ 1ð1þÞ states
has a dominant rearrangement decay mode. They are D�K̄,
DK̄�, and D�K̄� for the lightest T̃að2694Þ, the higher
T̃að2902Þ, and the heaviest T̃að3058Þ, respectively. The
branching fraction for the T̃að2902Þ into DK̄� can reach up
to 95% of the total rearrangement decay width. The
T̃að3058Þ also decays into DK̄� significantly, with the
ratio of partial widths ΓðD�K̄�Þ∶ΓðDK̄�Þ ∼ 4.8. The width
of the tensor state T̃að2988Þ is smaller than its I ¼ 0
counterpart, which results from its slightly lower mass and
weaker coupling with the D�K̄� channel.
We now move on to the b quark sector and study the

bsn̄ n̄ tetraquark ground states. In Ref. [95], the author
proposed to search for a bsū d̄ tetraquark state through its
weak decay, provided that such a state exists below the B̄ K̄
threshold. In Ref. [30], the authors adopted an extended
relativized quark model to study the mass of open bottom
tetraquark states. Their results showed that all of the
predicted nns̄ b̄ masses lie above the respective thresholds.
This means that the rearrangement decay can occur for all
the bsn̄ n̄ tetraquark states. From Table XIII, one observes
that the features for the bsn̄ n̄ case are similar to those for
the csn̄ n̄ case. Assuming that the decay parameter C takes a
similar value as in the c quark sector, one finds that the
widths of the bsn̄ n̄ states are smaller.
For the I ¼ 0 case, the lighter 0þ state with mass

5753.2 MeV and the lightest 1þ state with mass
5810.1 MeV are found to be stable, in agreement with
our previous results [73]. The experiments could choose

the B−π−π0 channel to detect the lighter 0þ state. Searching
for the lightest 1þ state in the B̄ K̄ γ channels is highly
desirable. The higher 0þ state is a narrow bsn̄ n̄ with a
width of several MeV, decaying exclusively into B̄ K̄. For
the higher 1þ state T̃fð6177Þ, the two dominant decay
modes B̄�K̄ and B̄K̄� have similar partial widths, as the
stronger coupling to the latter channel compensates for
its smaller phase space. For the highest 1þ state around
6286 MeV, the dominant rearrangement decay modes are
B�K� and B̄ K�, which have comparable coupling strengths
and partial widths. Regarding the remaining 2þ state, the
width comes mainly from the B̄�K̄� channel.
The differentiating features between the I ¼ 1 and I ¼ 0

csn̄ n̄ states are similarly observed in the bsn̄ n̄ cases. These
features help to understand the properties of the I ¼ 1
bsn̄ n̄ tetraquarks.

F. The css̄ n̄ and bss̄ n̄ systems

Like the I ¼ 1=2 Qnn̄ n̄ cases, the Qss̄ n̄ states resemble
excited Qn̄ mesons. The mixing between these three
configurations cannot be ruled out, but we defer such
discussions to future work. In both the css̄ n̄ and bss̄ n̄
systems, there are twelve tetraquark states. The masses of all
these states can be found in Table XIV, Figs. 1(e), and 1(k).
Table XV lists their rearrangement decay properties.
All the css̄ n̄ states lie above their respective rearrange-

ment decay thresholds, indicating that they can fall apart
into two hadrons. The spin of the lightest state T̃ð2493Þ is
J ¼ 0. It mainly decays into DsK̄ and Dη. Our calculation
yields the partial width ratio of

ΓðDsK̄Þ∶ΓðDηÞ ≃ 3.4: ð23Þ

The other three JP ¼ 0þ tetraquark states may also be
searched for in the Dη or DsK̄ channel. Note that T̃ð2958Þ,
the third lightest among the four 0þ states, is the narrowest
tetraquark. For the six JP ¼ 1þ css̄ n̄ states, both decay
channelsD�

sK̄ andD�η are allowed. The partial width ratios
for each state can be readily derived from Table XV. The
ratios of the partial widths for the decay channel D�η
among the six states can be predicted as

ΓðT̃ð3103Þ → D�ηÞ∶ΓðT̃ð3036Þ → D�ηÞ∶ΓðT̃ð2963Þ → D�ηÞ∶ΓðT̃ð2884Þ → D�ηÞ∶
ΓðT̃ð2834Þ → D�ηÞ∶ΓðT̃ð2665Þ → D�ηÞ ∼ 1.2∶1.9∶1.0∶12.9∶24.2∶6.3: ð24Þ

The corresponding ratios for the D�
sK̄ channel are

1.0∶4.3∶16.8∶6.5∶48.8∶334.7: ð25Þ
These values would provide information to identify pos-
sible structures, once all the six states are observed.

The two JP ¼ 2þ tetraquarks have different dominant
rearrangement decay channels. The higher state T̃ð3086Þ
mainly decays into D�

sK� with a branching ratio of about
91%, while the lighter T̃ð3032Þ mainly decays into D�ϕ
with a branching ratio of nearly 100%.
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For the bss̄ n̄ system, the features in spectrum and
rearrangement decay are similar to the css̄ n̄ case. From
Table XV, both the lowest and the second lowest JP ¼ 0þ
states have two dominant rearrangement decay channels,
B̄sK̄ and B̄η. The third lowest 0þ state is again the
narrowest tetraquark. It mainly decays into B̄η and B̄η0,
while the channel B̄sK̄ is relatively suppressed. For the
highest 0þ state, the channels B̄�

sK̄� and B̄�ϕ dominate the
decay. All of the 1þ states are likely to be observed in the
B̄�η or B̄�

sK̄ mode. For the two 2þ states, the dominant
rearrangement decay channels for the higher and lower
states are B̄sK̄� and B̄�ϕ, respectively.

G. The css̄ s̄ and bss̄ s̄ systems

The Qss̄ s̄ and the aforementioned I ¼ 0 Qns̄ n̄ tetra-
quarks resemble the excited cs̄ mesons. At present, we do
not consider the possible mixing among them. Similar to the
I ¼ 3=2 cnn̄ n̄ case where the Pauli principle matters, both
the css̄ s̄ and bss̄ s̄ systems have six tetraquark states. The
masses and decay properties of the twelve states are given in
Tables XVI and XVII, respectively. We illustrate the relative
positions of the involved states in Figs. 1(f) and 1(l).
For the css̄ s̄ case, the predicted tetraquarks have masses

in the range of 2873–3212 MeV. The JP ¼ 2þ state with
mass 3123.3 MeV is around the D�

sϕ threshold and some
structure might be existent here. It may be searched for in
the Dþ

s γϕ channel in future experiments. Of the two JP ¼
0þ states T̃ð2873Þ and T̃ð3212Þ, the lower one has only one
rearrangement decay channel Dsη, while the higher one
mainly decays into D�

sϕ because of the stronger coupling.
The three remaining JP ¼ 1þ states can all decay into D�

sη,
but each has a dominant rearrangement decay channel. The
corresponding channels for the states, in order of increasing
mass, are D�

sη, Dsϕ, and D�
sϕ. The lightest T̃ð2950Þ has

only one decay channel. The heavier T̃ð3041Þ can addi-
tionally decay into D�

sη with a partial width ratio of
ΓðD�

sηÞ∶ΓðDsϕÞ ∼ 0.3. As for the heaviest T̃ð3149Þ, the
decay intoDsϕ is also significant, with a partial width ratio
of ΓðD�

sϕÞ∶ΓðDsϕÞ ∼ 4.8. The decay channels D�
sη and

D�
sη

0 for the T̃ð3149Þ are suppressed due to weak coupling.
The bss̄ s̄ case and the css̄ s̄ case have the same color-

spin wave functions. Their difference lies in the effective
coupling strengths and phase spaces of decays. From
Figs. 1(j) and 1(l), the two cases have similar features in
spectrum. From the decay results listed in Table XVII, the
dominant decay channels for the lower and higher JP ¼ 0þ

states are B̄sη and B̄�
sϕ, respectively. For the three 1þ states

T̃ð6293Þ, T̃ð6415Þ, and T̃ð6484Þ, their dominant rearrange-
ment decay channels are B̄�

sη, B̄sϕ, and B̄�
sϕ, respectively.

The decay channel B̄�
sη

0 is open for T̃ð6415Þ, while theD�
sη

0

channel is not for the corresponding charmed state. The 2þ

state is around the B̄�
sϕ threshold. Searching in the B̄sϕγ

invariant mass distribution may reveal some exotic structure.

IV. SUMMARY

In this work, we study the mass spectra of the singly
heavy tetraquark states by assuming that the Xð4140Þ is the
lowest compact csc̄ s̄ tetraquark with JPC ¼ 1þþ. The
spectra of tetraquarks are obtained by calculating the mass
distances with respect to the reference Xð4140Þ. The
rearrangement decays are analyzed with a simple decay
model. From numerical results, one finds that

(i) The recently observed state Ta
cs̄0ð2900Þþþ=0 by

LHCb could be assigned as the second highest
IðJPÞ ¼ 1ð0þÞ cns̄ n̄ state.

(ii) The T�
cs0ð2900Þ0 is a good candidate of IðJPÞ ¼

0ð0þÞ csn̄ n̄ tetraquark state.
(iii) The lowest bns̄ n̄ tetraquark with IðJPÞ ¼ 1ð0þÞ is

about 70 MeV above the Xð5568Þ reported by the
D0 Collaboration. However, whether these two
states are indeed related requires more experimental
data.

(iv) There are several possible stable singly heavy
tetraquark states: the lightest IðJPÞ ¼ 0ð0þÞ cns̄ n̄
at around 2.2 GeV, the lightest 0ð1þÞ cns̄ n̄ around
2.4 GeV, and the lightest 0ð0þÞ csn̄ n̄ around
2.3 GeV. The corresponding bottom states are at
around 5.6 GeV, 5.7 GeV, and 5.8 GeV, respectively.
The IðJPÞ ¼ 0ð1þÞ DπK̄ and B̄ K̄ γ resonances near
the D�K̄ and B̄�K̄ thresholds, respectively, are likely
narrow and warrant experimental searches.

If the observed singly charmed states Ta
cs̄0ð2900Þ and

T�
cs0ð2900Þ0 are indeed tetraquark resonances, their part-

ners should also exist. The rearrangement decay channels
and partial width ratios we obtain should be helpful in
studying such tetraquark states. Further experimental
investigations are called for to validate these predictions.
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Phys. J. C 82, 641 (2022).

TA
CS̄0ð2900Þ, T�

cs0ð2900Þ0, AND OTHER… PHYS. REV. D 114, 034047 (2026)

034047-23

https://doi.org/10.1103/PhysRevD.110.094044
https://doi.org/10.1016/j.physletb.2014.03.027
https://doi.org/10.1016/j.physletb.2014.03.027
https://doi.org/10.1103/PhysRevD.97.054008
https://doi.org/10.1016/j.physletb.2013.02.045
https://doi.org/10.1016/j.physletb.2013.02.045
https://doi.org/10.1140/epja/i2017-12199-3
https://doi.org/10.1140/epja/i2017-12199-3
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1140/epjc/s10052-017-5297-4
https://doi.org/10.1103/PhysRevC.98.045204
https://doi.org/10.1142/S0217732317501395
https://doi.org/10.1142/S0217732317501395
https://doi.org/10.1103/PhysRevLett.127.082001
https://doi.org/10.1103/PhysRevLett.127.082001
https://doi.org/10.1088/0954-3899/37/7/075017
https://doi.org/10.1088/0954-3899/37/7/075017
https://doi.org/10.1088/1361-6471/aaf026
https://doi.org/10.1103/PhysRevD.100.054002
https://doi.org/10.1103/PhysRevD.100.054002
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1140/epjc/s10052-022-10567-8
https://doi.org/10.1140/epjc/s10052-022-10567-8

	Tcs&macr;0a(2900), Tcs0*(2900)0, and other singly-heavy tetraquark states
	I. INTRODUCTION
	II. FORMALISM
	A. Mass splitting model
	B. Rearrangement decay

	III. NUMERICAL RESULTS
	A. Model parameters
	B. The cnn&macr;n&macr; and bnn&macr;n&macr; systems
	C. The cns&macr;n&macr; and bns&macr;n&macr; systems
	D. The cns&macr;s&macr; and bns&macr;s&macr; systems
	E. The csn&macr;n&macr; and bsn&macr;n&macr; systems
	F. The css&macr;n&macr; and bss&macr;n&macr; systems
	G. The css&macr;s&macr; and bss&macr;s&macr; systems

	IV. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


