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In this work we systematically calculate the mass spectra of open charm and bottom tetraquarks qqq̄ Q̄
within an extended relativized quark model. The four-body relativized Hamiltonians including the
Coulomb potential, confining potential, spin-spin interactions, and relativistic corrections are solved by
using the variational method. We find that the predicted masses of four 0þ uds̄ c̄ states are 2765, 3065,
3152, and 3396 MeV, which disfavor the assignment of the newly observed X0ð2900Þ as a compact
tetraquark. Moreover, the mass spectra of the open charm and bottom tetraquarks show quite similar
patterns, which preserve the light flavor SU(3) symmetry and heavy quark symmetry well. In addition, our
results suggest that the flavor-exotic states nns̄ c̄, nns̄ b̄, ssn̄ c̄, and ssn̄ b̄ and their antiparticles can be
searched for in the heavy-light meson plus kaon final states by future experiments. More theoretical and
experimental efforts are needed to investigate these singly heavy tetraquarks.

DOI: 10.1103/PhysRevD.102.074021

I. INTRODUCTION

In the past years, many new hadronic states have been
observed experimentally, and some of them cannot be
simply assigned to the conventional mesons or baryons.
This significant progress in experiments has triggered
plenty of theoretical interest and made the study of these
exotic states an intriguing topic in hadronic physics [1–14].
Among these states, the charged resonances ZcðbÞ [15–19],
fully heavy tetraquark X(6900) [20], and pentaquarks Pc
[21,22], are particularly interesting, since they cannot mix
with traditional hadrons in the heavy quark sectors. Besides
hidden charm and bottom states, the existence of flavor-
exotic states, where quarks and antiquarks cannot annihi-
late though strong and electromagnetic interactions, was
also predicted. Therefore, searching for these flavor-exotic
states has become increasingly important both theoretically
and experimentally.

In 2016, the D0 Collaboration reported evidence of a
narrow structure Xð5568Þ, which is expected to be com-
posed of four different flavors [23]. Unfortunately, its
existence was not confirmed by the LHCb, CMS, CDF,
and ATLAS collaborations [24–27], though the D0
Collaboration claimed that the Xð5568Þ was also found
in different decay chains [28]. Before the observation of
Xð5568Þ, there existed a few studies on open charm and
bottom tetraquark states, which mainly concentrated on the
tetraquark interpretation of D�

s0ð2317Þ [29–35]. The evi-
dence of Xð5568Þ immediately attracted great interest and
many extensive theoretical investigations under various
interpretations, such as a tetraquark [36–55], molecules
[56–65], and kinematic effects [66–68]. Other related
topics were also widely discussed [69–82], and the review
on Xð5568Þ can be found in Ref. [4]. Basically, the
experimental and theoretical efforts indicated that the
Xð5568Þ should not be a genuine resonance. Although
the searches of Xð5568Þ failed, the investigations of open
charm and bottom tetraquark states have been revitalized.
Very recently, the LHCb Collaboration reported the

observation of an exotic structure near 2.9 GeV in the
D−Kþ invariant mass spectrum via the Bþ → DþD−Kþ

decay channel [83,84]. Then, this peak was modeled
according to two resonances, X0ð2900Þ and X1ð2900Þ.
Their parameters are fitted to be
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m½X0ð2900Þ� ¼ 2866.3� 6.5� 2.0 MeV;

Γ½X0ð2900Þ� ¼ 57.2� 12.2� 4.1 MeV; ð1Þ
m½X1ð2900Þ� ¼ 2904.1� 4.8� 1.3 MeV;

Γ½X1ð2900Þ� ¼ 110.3� 10.7� 4.3 MeV: ð2Þ
Given their D−Kþ decay mode, the quantum numbers of
X0ð2900Þ and X1ð2900Þ should be JP ¼ 0þ and 1−,
respectively. Also, both of them have four different flavors,
which indicates their exotic nature.
After the observation by the LHCb Collaboration, these

two states near 2.9 GeV were discussed within the simple
quark model [85]. The X0ð2900Þ was interpreted as an
isosinglet compact tetraquark state, while the X1ð2900Þ
may be regarded as an artifact due to rescattering effects or
a JP ¼ 2þ D̄�K� molecule [85]. In fact, the D�K̄� mole-
cules have been studied within a coupled channel unitary
approach, and the predicted mass of the JP ¼ 0þ state
agrees well with the mass of the X0ð2900Þ resonance [86].
Until now, no rigorous four-body calculation for these
two states has been done, and all sorts of explanations
are possible. Therefore, it is essential to investigate the
possible compact tetraquark interpretations of X0ð2900Þ
and X1ð2900Þ within realistic potentials.
In Refs. [87,88] we extended the relativized quark model

proposed by Godfrey and Isgur to investigate the doubly
and fully heavy tetraquarks with the original model
parameters. This extension allows us to describe the
tetraquarks and conventional mesons in a uniform frame.
Since the relativized potential can give a unified description
of different flavor sectors and involve relativistic effects, it
is believed to be more suitable to deal with the heavy-light
and light-light quark interactions. In this work, we will
systematically investigate the open charm and bottom
tetraquarks qqq̄ Q̄ in the extended relativized quark model
and test the possible assignments of the newly observed
resonances.
This paper is organized as follows. In Sec. II we briefly

introduce the formalism of our extended relativized quark
model for tetraquarks. Then, the mass spectra and dis-
cussions of our numerical results are presented in Sec. III.
Finally, a short summary is given in the last section.

II. EXTENDED RELATIVIZED QUARK MODEL

To investigate the S-wave mass spectra of open charm
and bottom tetraquarks q1q2q̄3Q̄4, the extended relativized
quark model is employed [87]. This model is a natural
generalization of the relativized quark model to deal with
the tetraquark states. The relevant Hamiltonian with quark
and gluon degrees of freedom for a q1q2q̄3Q̄4 state can be
written as

H ¼ H0 þ
X
i<j

Voge
ij þ

X
i<j

Vconf
ij ; ð3Þ

where

H0 ¼
X4
i¼1

ðp2
i þm2

i Þ1=2 ð4Þ

is the relativistic kinetic energy, Voge
ij is the one-gluon-

exchange potential together with the spin-spin interactions,
and Vconf

ij corresponds to the confinement potential. The
useful formulas and parameters of these relativized poten-
tials are presented in the Appendix, and the details can be
found in Refs. [87,89].
The wave function for a q1q2q̄3Q̄4 state consists of four

different parts: color, flavor, spin, and spatial wave func-
tions. For the color part, there are two types of colorless
states with certain permutation properties,

j3̄3i ¼ jðq1q2Þ3̄ðq̄3Q̄4Þ3i; ð5Þ

j66̄i ¼ jðq1q2Þ6ðq̄3Q̄4Þ6̄i: ð6Þ

Here, the j3̄3i and j66̄i are antisymmetric and symmetric
color wave functions under the exchange of q1q2 or q̄3Q̄4,
respectively. For the flavor part, the combination q1q2 can
be either symmetric or antisymmetric, while the q̄3 and Q̄4

are treated as different particles without symmetry con-
straints. To distinguish the up, down, and strange quarks
clearly, we adopt the notation “n” to stand for the up or
down quark, and “s” to represent the strange quark.
In the spin space, the six spin basis states can be

expressed as

χ000 ¼ jðq1q2Þ0ðq̄3Q̄4Þ0i0; ð7Þ

χ110 ¼ jðq1q2Þ1ðq̄3Q̄4Þ1i0; ð8Þ

χ011 ¼ jðq1q2Þ0ðq̄3Q̄4Þ1i1; ð9Þ

χ101 ¼ jðq1q2Þ1ðq̄3Q̄4Þ0i1; ð10Þ

χ111 ¼ jðq1q2Þ1ðq̄3Q̄4Þ1i1; ð11Þ

χ112 ¼ jðq1q2Þ1ðq̄3Q̄4Þ1i2; ð12Þ

where ðq1q2Þ0 and ðq̄3Q̄4Þ0 are antisymmetric for the
two fermions under permutations, while the ðq1q2Þ1 and
ðq̄3Q̄4Þ1 are symmetric ones. The relevant matrix elements
of the color and spin parts for various types of tetraquark
states are identical [87].
In the spatial space, the Jacobi coordinates are shown in

Fig. 1. For a q1q2q̄3Q̄4 state, one can define

r12 ¼ r1 − r2; ð13Þ

r34 ¼ r3 − r4; ð14Þ
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r ¼ m1r1 þm2r2
m1 þm2

−
m3r3 þm4r4
m3 þm4

; ð15Þ

and

R ¼ m1r1 þm2r2 þm3r3 þm4r4
m1 þm2 þm3 þm4

: ð16Þ

Then, any other relative coordinates of this system can be
expressed in terms of r12, r34, and r [87]. A set of Gaussian
functions is adopted to approach the S-wave realistic spatial
wave function [90]

Ψðr12; r34; rÞ ¼
X

n12;n34;n

Cn12n34nψn12ðr12Þψn34ðr34ÞψnðrÞ;

ð17Þ

where Cn12n34n are the expansion coefficients. The
ψn12ðr12Þψn34ðr34ÞψnðrÞ is the position representation of
the basis jn12n34ni, where

ψnðrÞ ¼
27=4ν3=4n

π1=4
e−νnr

2

Y00ðr̂Þ ¼
�
2νn
π

�
3=4

e−νnr
2

; ð18Þ

νn ¼
1

r21a
2ðn−1Þ ; ðn ¼ 1 − NmaxÞ: ð19Þ

The final results are independent with geometric Gaussian
size parameters r1, a, and Nmax when adequate bases are
chosen [90]. The ψn12ðr12Þ and ψn34ðr34Þ can be expressed
in a similar way, and the momentum representation of the
basis jn12n34ni can be obtained via Fourier transformation.
The numerical error of our approach has been analyzed in
Ref. [87], which is sufficient for quark model predictions.
According to the Pauli exclusion principle, the wave

function of a tetraquark should be antisymmetric for the
identical quarks and antiquarks. All possible configurations
for the q1q2q̄3Q̄4 systems are listed in Table I. The
subscripts and superscripts are the spin and color repre-
sentations, respectively. The brackets [] and braces fg stand
for the antisymmetric and symmetric flavor wave functions,
respectively. The parentheses () are adopted for the sub-
systems without permutation symmetries.
With the total wave functions, all of the matrix elements

involved in the Hamiltonian can be worked out straight-
forwardly. The masses without a mixing mechanism

TABLE I. All possible configurations for the q1q2q̄3Q̄4 systems.

System IðJPÞ Configuration

½nn�ðn̄ c̄Þ 1
2
ð0þÞ j½nn�3̄0ðn̄ c̄Þ30i0 j½nn�61ðn̄ c̄Þ6̄1i0 � � �

1
2
ð1þÞ j½nn�3̄0ðn̄ c̄Þ31i1 j½nn�61ðn̄ c̄Þ6̄0i1 j½nn�61ðn̄ c̄Þ6̄1i1

1
2
ð2þÞ j½nn�61ðn̄ c̄Þ6̄1i2 � � � � � �

fnngðn̄ c̄Þ 1
2
= 3
2
ð0þÞ jfnng3̄1ðn̄ c̄Þ31i0 jfnng60ðn̄ c̄Þ6̄0i0 � � �

1
2
= 3
2
ð1þÞ jfnng3̄1ðn̄ c̄Þ30i1 jfnng3̄1ðn̄ c̄Þ31i1 jfnng60ðn̄ c̄Þ6̄1i1

1
2
= 3
2
ð2þÞ jfnng3̄1ðn̄ c̄Þ31i2 � � � � � �

½nn�ðn̄ b̄Þ 1
2
ð0þÞ j½nn�3̄0ðn̄ b̄Þ30i0 j½nn�61ðn̄ b̄Þ6̄1i0 � � �

1
2
ð1þÞ j½nn�3̄0ðn̄ b̄Þ31i1 j½nn�61ðn̄ b̄Þ6̄0i1 j½nn�61ðn̄ b̄Þ6̄1i1

1
2
ð2þÞ j½nn�61ðn̄ b̄Þ6̄1i2 � � � � � �

fnngðn̄ b̄Þ 1
2
= 3
2
ð0þÞ jfnng3̄1ðn̄ b̄Þ31i0 jfnng60ðn̄ b̄Þ6̄0i0 � � �

1
2
= 3
2
ð1þÞ jfnng3̄1ðn̄ b̄Þ30i1 jfnng3̄1ðn̄ b̄Þ31i1 jfnng60ðn̄ b̄Þ6̄1i1

1
2
= 3
2
ð2þÞ jfnng3̄1ðn̄ b̄Þ31i2 � � � � � �

(Table continued)

(a) (b) (c)

FIG. 1. The q1q2q̄3Q̄4 tetraquark state in Jacobi coordinates. (a) combination ðq1q2Þ ðq̄3Q̄4Þ with relative coordinates r12, r34, and r,
(b) combination ðq1q̄3Þ ðq2Q̄4Þwith relative coordinates r13, r24, and r0, (c) combination ðq1Q̄4Þ ðq2q̄3Þwith relative coordinates r14, r23,
and r00.
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TABLE I. (Continued)

System IðJPÞ Configuration

½nn�ðs̄ c̄Þ 0ð0þÞ j½nn�3̄0ðs̄ c̄Þ30i0 j½nn�61ðs̄ c̄Þ6̄1i0 � � �
0ð1þÞ j½nn�3̄0ðs̄ c̄Þ31i1 j½nn�61ðs̄ c̄Þ6̄0i1 j½nn�61ðs̄ c̄Þ6̄1i1
0ð2þÞ j½nn�61ðs̄ c̄Þ6̄1i2 � � � � � �

fnngðs̄ c̄Þ 1ð0þÞ jfnng3̄1ðs̄ c̄Þ31i0 jfnng60ðs̄ c̄Þ6̄0i0 � � �
1ð1þÞ jfnng3̄1ðs̄ c̄Þ30i1 jfnng3̄1ðs̄ c̄Þ31i1 jfnng60ðs̄ c̄Þ6̄1i1
1ð2þÞ jfnng3̄1ðs̄ c̄Þ31i2 � � � � � �

½nn�ðs̄ b̄Þ 0ð0þÞ j½nn�3̄0ðs̄ b̄Þ30i0 j½nn�61ðs̄ b̄Þ6̄1i0 � � �
0ð1þÞ j½nn�3̄0ðs̄ b̄Þ31i1 j½nn�61ðs̄ b̄Þ6̄0i1 j½nn�61ðs̄ b̄Þ6̄1i1
0ð2þÞ j½nn�61ðs̄ b̄Þ6̄1i2 � � � � � �

fnngðs̄ b̄Þ 1ð0þÞ jfnng3̄1ðs̄ b̄Þ31i0 jfnng60ðs̄ b̄Þ6̄0i0 � � �
1ð1þÞ jfnng3̄1ðs̄ b̄Þ30i1 jfnng3̄1ðs̄ b̄Þ31i1 jfnng60ðs̄ b̄Þ6̄1i1
1ð2þÞ jfnng3̄1ðs̄ b̄Þ31i2 � � � � � �

½ns�ðn̄ c̄Þ 0=1ð0þÞ j½ns�3̄0ðn̄ c̄Þ30i0 j½ns�61ðn̄ c̄Þ6̄1i0 � � �
0=1ð1þÞ j½ns�3̄0ðn̄ c̄Þ31i1 j½ns�61ðn̄ c̄Þ6̄0i1 j½ns�61ðn̄ c̄Þ6̄1i1
0=1ð2þÞ j½ns�61ðn̄ c̄Þ6̄1i2 � � � � � �

fnsgðn̄ c̄Þ 0=1ð0þÞ jfnsg3̄1ðn̄ c̄Þ31i0 jfnsg60ðn̄ c̄Þ6̄0i0 � � �
0=1ð1þÞ jfnsg3̄1ðn̄ c̄Þ30i1 jfnsg3̄1ðn̄ c̄Þ31i1 jfnsg60ðn̄ c̄Þ6̄1i1
0=1ð2þÞ jfnsg3̄1ðn̄ c̄Þ31i2 � � � � � �

½ns�ðn̄ b̄Þ 0=1ð0þÞ j½ns�3̄0ðn̄ b̄Þ30i0 j½ns�61ðn̄ b̄Þ6̄1i0 � � �
0=1ð1þÞ j½ns�3̄0ðn̄ b̄Þ31i1 j½ns�61ðn̄ b̄Þ6̄0i1 j½ns�61ðn̄ b̄Þ6̄1i1
0=1ð2þÞ j½ns�61ðn̄ b̄Þ6̄1i2 � � � � � �

fnsgðn̄ b̄Þ 0=1ð0þÞ jfnsg3̄1ðn̄ b̄Þ31i0 jfnsg60ðn̄ b̄Þ6̄0i0 � � �
0=1ð1þÞ jfnsg3̄1ðn̄ b̄Þ30i1 jfnsg3̄1ðn̄ b̄Þ31i1 jfnsg60ðn̄ b̄Þ6̄1i1
0=1ð2þÞ jfnsg3̄1ðn̄ b̄Þ31i2 � � � � � �

½ns�ðs̄ c̄Þ 1
2
ð0þÞ j½ns�3̄0ðs̄ c̄Þ30i0 j½ns�61ðs̄ c̄Þ6̄1i0 � � �

1
2
ð1þÞ j½ns�3̄0ðs̄ c̄Þ31i1 j½ns�61ðs̄ c̄Þ6̄0i1 j½ns�61ðs̄ c̄Þ6̄1i1

1
2
ð2þÞ j½ns�61ðs̄ c̄Þ6̄1i2 � � � � � �

fnsgðs̄ c̄Þ 1
2
ð0þÞ jfnsg3̄1ðs̄ c̄Þ31i0 jfnsg60ðs̄ c̄Þ6̄0i0 � � �

1
2
ð1þÞ jfnsg3̄1ðs̄ c̄Þ30i1 jfnsg3̄1ðs̄ c̄Þ31i1 jfnsg60ðs̄ c̄Þ6̄1i1

1
2
ð2þÞ jfnsg3̄1ðs̄ c̄Þ31i2 � � � � � �

½ns�ðs̄ b̄Þ 1
2
ð0þÞ j½ns�3̄0ðs̄ b̄Þ30i0 j½ns�61ðs̄ b̄Þ6̄1i0 � � �

1
2
ð1þÞ j½ns�3̄0ðs̄ b̄Þ31i1 j½ns�61ðs̄ b̄Þ6̄0i1 j½ns�61ðs̄ b̄Þ6̄1i1

1
2
ð2þÞ j½ns�61ðs̄ b̄Þ6̄1i2 � � � � � �

fnsgðs̄ b̄Þ 1
2
ð0þÞ jfnsg3̄1ðs̄ b̄Þ31i0 jfnsg60ðs̄ b̄Þ6̄0i0 � � �

1
2
ð1þÞ jfnsg3̄1ðs̄ b̄Þ30i1 jfnsg3̄1ðs̄ b̄Þ31i1 jfnsg60ðs̄ b̄Þ6̄1i1

1
2
ð2þÞ jfnsg3̄1ðs̄ b̄Þ31i2 � � � � � �

fssgðn̄ c̄Þ 1
2
ð0þÞ jfssg3̄1ðn̄ c̄Þ31i0 jfssg60ðn̄ c̄Þ6̄0i0 � � �

1
2
ð1þÞ jfssg3̄1ðn̄ c̄Þ30i1 jfssg3̄1ðn̄ c̄Þ31i1 jfssg60ðn̄ c̄Þ6̄1i1

1
2
ð2þÞ jfssg3̄1ðn̄ c̄Þ31i2 � � � � � �

fssgðn̄ b̄Þ 1
2
ð0þÞ jfssg3̄1ðn̄ b̄Þ31i0 jfssg60ðn̄ b̄Þ6̄0i0 � � �

1
2
ð1þÞ jfssg3̄1ðn̄ b̄Þ30i1 jfssg3̄1ðn̄ b̄Þ31i1 jfssg60ðn̄ b̄Þ6̄1i1

1
2
ð2þÞ jfssg3̄1ðn̄ b̄Þ31i2 � � � � � �

fssgðs̄ c̄Þ 0ð0þÞ jfssg3̄1ðs̄ c̄Þ31i0 jfssg60ðs̄ c̄Þ6̄0i0 � � �
0ð1þÞ jfssg3̄1ðs̄ c̄Þ30i1 jfssg3̄1ðs̄ c̄Þ31i1 jfssg60ðs̄ c̄Þ6̄1i1
0ð2þÞ jfssg3̄1ðs̄ c̄Þ31i2 � � � � � �

(Table continued)

QI-FANG LÜ, DIAN-YONG CHEN, and YU-BING DONG PHYS. REV. D 102, 074021 (2020)

074021-4



can be obtained by solving the generalized eigenvalue
problem

XN3
max

j¼1

ðHij − ENijÞCj ¼ 0; ði ¼ 1 − N3
maxÞ; ð20Þ

where the Hij are the matrix elements of the Hamiltonian,
Nij are the overlap matrix elements of the Gaussian bases
due to their nonorthogonality, E is the mass, and Cj is the
eigenvector corresponding to the expansion coefficients
Cn12n34n for the spatial wave function. For a given system,
different configurations with the same IðJPÞ should mix
with each other. The final mass spectra and wave func-
tions are obtained by diagonalizing the mass matrix of
these configurations.

III. RESULTS AND DISCUSSIONS

In this work, we adopt N3
max ¼ 103 Gaussian bases to

calculate the mass spectra of S-wave q1q2q̄3Q̄4 tetraquark
states systematically. Under these large bases, our numeri-
cal results are stable enough for quark model estimations.
According to the number of strange quarks, one can
classify these open charm and bottom tetraquarks into four
groups. We will examine the mass spectra of these systems
successively.
The predicted masses for the nonstrange tetraquarks

nnn̄ c̄ and nnn̄ b̄ are presented in Table II. For the nnn̄ c̄
system, the masses lie in the range 2570–3327 MeV, while
the masses of nnn̄ b̄ states vary from 5977 to 6621 MeV. It
can be noticed that these mass regions have significant

TABLE II. Predicted mass spectra for the nnn̄ c̄ and nnn̄ b̄ systems.

IðJPÞ Configuration hHi (MeV) Mass (MeV) Eigenvector

1
2
ð0þÞ j½nn�3̄0ðn̄ c̄Þ30i0

�
2868 −242
−242 2766

� h
2570

3064

i h ð0.630; 0.776Þ
ð0.776;−0.630Þ

i
j½nn�61ðn̄ c̄Þ6̄1i0

1
2
ð1þÞ j½nn�3̄0ðn̄ c̄Þ31i1

 
2930 −112 77

−112 3129 87

77 87 2952

! "
2802

3019

3190

# " ð0.703; 0.397;−0.590Þ
ð0.632; 0.032; 0.774Þ
ð−0.326; 0.917; 0.229Þ

#
j½nn�61ðn̄ c̄Þ6̄0i1
j½nn�61ðn̄ c̄Þ6̄1i1

1
2
ð2þÞ j½nn�61ðn̄ c̄Þ6̄1i2 3240 3240 1

1
2
= 3
2
ð0þÞ jfnng3̄1ðn̄ c̄Þ31i0

�
3050 193

193 3192

� h
2915

3327

i � ð−0.820; 0.572Þ
ð−0.572;−0.820Þ

�
jfnng60ðn̄ c̄Þ6̄0i0

1
2
= 3
2
ð1þÞ jfnng3̄1ðn̄ c̄Þ30i1

 
3100 −38 108

−38 3107 70

108 70 3173

! "
2980

3140

3260

# " ð0.662; 0.504;−0.555Þ
ð0.560;−0.824;−0.081Þ
ð0.498; 0.257; 0.828Þ

#
jfnng3̄1ðn̄ c̄Þ31i1
jfnng60ðn̄ c̄Þ6̄1i1

1
2
= 3
2
ð2þÞ jfnng3̄1ðn̄ c̄Þ31i2 3210 3210 1

1
2
ð0þÞ j½nn�3̄0ðn̄ b̄Þ30i0

�
6206 −201
−201 6153

� h
5977

6382

i � ð0.659; 0.752Þ
ð0.752;−0.659Þ

�
j½nn�61ðn̄ b̄Þ6̄1i0

1
2
ð1þÞ j½nn�3̄0ðn̄ b̄Þ31i1

 
6230 −97 −113
−97 6448 −136
−113 −136 6308

! "
6080

6373

6534

# " ð−0.701;−0.402;−0.589Þ
ð−0.706; 0.275; 0.653Þ
ð0.101;−0.874; 0.476Þ

#
j½nn�61ðn̄ b̄Þ6̄0i1
j½nn�61ðn̄ b̄Þ6̄1i1

1
2
ð2þÞ j½nn�61ðn̄ b̄Þ6̄1i2 6552 6552 1

1
2
= 3
2
ð0þÞ jfnng3̄1ðn̄ b̄Þ31i0

�
6366 167

167 6512

� h
6256

6621

i � ð−0.836; 0.548Þ
ð−0.548;−0.836Þ

�
jfnng60ðn̄ b̄Þ6̄0i0

1
2
= 3
2
ð1þÞ jfnng3̄1ðn̄ b̄Þ30i1

 
6437 −51 92

−51 6415 102

92 102 6503

! "
6286

6478

6591

# " ð0.546; 0.643;−0.536Þ
ð0.745;−0.666;−0.039Þ
ð0.382; 0.378; 0.843Þ

#
jfnng3̄1ðn̄ b̄Þ31i1
jfnng60ðn̄ b̄Þ6̄1i1

1
2
= 3
2
ð2þÞ jfnng3̄1ðn̄ b̄Þ31i2 6503 6503 1

TABLE I. (Continued)

System IðJPÞ Configuration

fssgðs̄ b̄Þ 0ð0þÞ jfssg3̄1ðs̄ b̄Þ31i0 jfssg60ðs̄ b̄Þ6̄0i0 � � �
0ð1þÞ jfssg3̄1ðs̄ b̄Þ30i1 jfssg3̄1ðs̄ b̄Þ31i1 jfssg60ðs̄ b̄Þ6̄1i1
0ð2þÞ jfssg3̄1ðs̄ b̄Þ31i2 � � � � � �
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TABLE III. Predicted mass spectra for the nns̄ c̄, nns̄ b̄, nsn̄ c̄, and nsn̄ b̄ systems.

IðJPÞ Configuration hHi (MeV) Mass (MeV) Eigenvector

0ð0þÞ j½nn�3̄0ðs̄ c̄Þ30i0
�
2975 193

193 2942

� h
2765

3152

i h ð−0.677; 0.736Þ
ð0.736; 0.677Þ

i
j½nn�61ðs̄ c̄Þ6̄1i0

0ð1þÞ j½nn�3̄0ðs̄ c̄Þ31i1
 
3027 91 43

91 3223 −44
43 −44 3085

! "
2964

3108

3263

# " ð−0.827; 0.364; 0.428Þ
ð0.455;−0.015; 0.891Þ
ð−0.330;−0.931; 0.153Þ

#
j½nn�61ðs̄ c̄Þ6̄0i1
j½nn�61ðs̄ c̄Þ6̄1i1

0ð2þÞ j½nn�61ðs̄ c̄Þ6̄1i2 3316 3316 1
1ð0þÞ jfnng3̄1ðs̄ c̄Þ31i0

�
3172 −154
−154 3289

� h
3065

3396

i h ð−0.823;−0.568Þ
ð0.568;−0.823Þ

i
jfnng60ðs̄ c̄Þ6̄0i0

1ð1þÞ jfnng3̄1ðs̄ c̄Þ30i1
 
3211 23 87

23 3218 −40
87 −40 3275

! "
3130

3235

3339

# " ð−0.713; 0.438; 0.548Þ
ð−0.457;−0.883; 0.110Þ
ð−0.532; 0.171;−0.829Þ

#
jfnng3̄1ðs̄ c̄Þ31i1
jfnng60ðs̄ c̄Þ6̄1i1

1ð2þÞ jfnng3̄1ðs̄ c̄Þ31i2 3302 3302 1

0ð0þÞ j½nn�3̄0ðs̄ b̄Þ30i0
�
6315 147

147 6372

� h
6194

6493

i h ð−0.771; 0.636Þ
ð−0.636;−0.771Þ

i
j½nn�61ðs̄ b̄Þ6̄1i0

0ð1þÞ j½nn�3̄0ðs̄ b̄Þ31i1
 
6336 −72 −73
−72 6580 −84
−73 −84 6479

! "
6272

6492

6630

# " ð−0.848;−0.314;−0.427Þ
ð−0.519; 0.331; 0.788Þ
ð0.107;−0.890; 0.443Þ

#
j½nn�61ðs̄ b̄Þ6̄0i1
j½nn�61ðs̄ b̄Þ6̄1i1

0ð2þÞ j½nn�61ðs̄ b̄Þ6̄1i2 6656 6656 1
1ð0þÞ jfnng3̄1ðs̄ b̄Þ31i0

�
6499 122

122 6645

� h
6430

6714

i � ð−0.870; 0.493Þ
ð−0.493;−0.870Þ

�
jfnng60ðs̄ b̄Þ6̄0i0

1ð1þÞ jfnng3̄1ðs̄ b̄Þ30i1
 
6549 35 68

35 6535 −66
68 −66 6639

! "
6457

6577

6689

# " ð0.592;−0.659;−0.463Þ
ð−0.722;−0.689; 0.059Þ
ð0.358;−0.300; 0.884Þ

#
jfnng3̄1ðs̄ b̄Þ31i1
jfnng60ðs̄ b̄Þ6̄1i1

1ð2þÞ jfnng3̄1ðs̄ b̄Þ31i2 6602 6602 1

0=1ð0þÞ j½ns�3̄0ðn̄ c̄Þ30i0
�
3071 −201
−201 2960

� h
2807

3224

i � ð0.606; 0.795Þ
ð0.795;−0.606Þ

�
j½ns�61ðn̄ c̄Þ6̄1i0

0=1ð1þÞ j½ns�3̄0ðn̄ c̄Þ31i1
 
3133 95 60

95 3270 −68
60 −68 3116

! "
3013

3181

3325

# " ð0.645;−0.409;−0.646Þ
ð−0.656; 0.138;−0.742Þ
ð−0.392;−0.902; 0.180Þ

#
j½ns�61ðn̄ c̄Þ6̄0i1
j½ns�61ðn̄ c̄Þ6̄1i1

0=1ð2þÞ j½ns�61ðn̄ c̄Þ6̄1i2 3364 3364 1
0=1ð0þÞ jfnsg3̄1ðn̄ c̄Þ31i0

�
3205 −165
−165 3317

� h
3087

3435

i � ð−0.813;−0.583Þ
ð0.583;−0.813Þ

�
jfnsg60ðn̄ c̄Þ6̄0i0

0=1ð1þÞ jfnsg3̄1ðn̄ c̄Þ30i1
 
3236 30 93

30 3253 −56
93 −56 3297

! "
3139

3275

3372

# " ð0.685;−0.459;−0.566Þ
ð−0.523;−0.851; 0.057Þ
ð0.507;−0.256; 0.823Þ

#
jfnsg3̄1ðn̄ c̄Þ31i1
jfnsg60ðn̄ c̄Þ6̄1i1

0=1ð2þÞ jfnsg3̄1ðn̄ c̄Þ31i2 3339 3339 1

0=1ð0þÞ j½ns�3̄0ðn̄ b̄Þ30i0
�
6406 164

164 6336

� h
6203

6538

i h ð−0.629; 0.778Þ
ð0.778; 0.629Þ

i
j½ns�61ðn̄ b̄Þ6̄1i0

0=1ð1þÞ j½ns�3̄0ðn̄ b̄Þ31i1
 
6430 81 91

81 6581 −110
91 −110 6462

! "
6292

6531

6650

# " ð−0.657; 0.422; 0.624Þ
ð0.740; 0.209; 0.639Þ

ð−0.139;−0.882; 0.450Þ

#
j½ns�61ðn̄ b̄Þ6̄0i1
j½ns�61ðn̄ b̄Þ6̄1i1

0=1ð2þÞ j½ns�61ðn̄ b̄Þ6̄1i2 6668 6668 1
0=1ð0þÞ jfnsg3̄1ðn̄ b̄Þ31i0

�
6516 140

140 6628

� h
6421

6723

i � ð−0.828; 0.560Þ
ð−0.560;−0.828Þ

�
jfnsg60ðn̄ b̄Þ6̄0i0

(Table continued)

QI-FANG LÜ, DIAN-YONG CHEN, and YU-BING DONG PHYS. REV. D 102, 074021 (2020)

074021-6



overlap with the excited charmed and bottom mesons.
From the Review of Particle Physics [91], there exist
several higher charmed states, which may correspond to
the nnn̄ c̄ tetraquark states. However, these observed
resonances can be well described under the conventional
interpretations. In fact, the physical resonances may be the
admixtures of the conventional mesons and tetraquarks,
which disturbs our understanding. The more efficient way
is to hunt for the flavor-exotic states uud̄ c̄, ddū c̄, uud̄ b̄,
and ddū b̄, which cannot mix with conventional mesons.
With a large phase space, these flavor-exotic states and their
antiparticles can easily decay into the conventional
charmed or bottom mesons by emitting one or more pions,
which can be searched for in future experiments.
There exist several types of flavor content for the

tetraquark states including one strange quark, and the
calculated mass spectra are shown in Table III. Given
the D−Kþ decay mode, the newly observed X0ð2900Þ and
X1ð2900Þ should belong to the uds̄ c̄ states, and their
isospins can be either 0 or 1. From Table III, it can be seen
that the predicted masses of 0ð0þÞ states are 2765 and
3152 MeV, where the large splitting arises from the
significant mixing scheme of pure j3̄3i and j66̄i states.
Also, the mass of the lowest 1ð0þÞ nns̄ c̄ state is 3065 MeV,
which is larger than the experimental data. Our results
disfavor the observed X0ð2900Þ as a compact uds̄ c̄
tetraquark. Since the parity of X1ð2900Þ is negative, it
has one orbital excitation at least. From our calculations of
S-wave states, the P-wave nns̄ c̄ states should have rather
large masses, which excludes the assignment of X1ð2900Þ
as a nns̄ c̄ compact tetraquark state. Other interpretations,
such as molecules and kinematic effects, are possible for
these two states.

In Ref. [82] the authors adopted the color-magnetic
interaction model to obtain four 0þ csū d̄ states with masses
of 2320, 2607, 2850, and 3129 MeV, respectively. It seems
that the X0ð2900Þ may be assigned as a higher 0þ compact
tetraquark through its mass, but the predicted decay width is
about 10 MeV, which is significantly smaller than the
experimental data. In Ref. [85] the lowest 0þ uds̄ c̄ state
was estimated to be 2754 MeV in the baryonic-quark picture
or 2863 MeV in the string-junction picture within the simple
quark model, where the X0ð2900Þ can be regarded as a
compact tetraquark. The color-magnetic interaction model
and simple quark model also disfavor the X1ð2900Þ as a
compact tetraquark state, which is consistent with our
calculations. It should be stressed that the differences among
all of these works arise from the different choices of
configurations, interactions, and parameters. In Ref. [85]
only the diquark configurations under the j3̄3i representation
were employed, while the four-body configurations were
introduced in Ref. [82] and are used in our present work.
Also, only the color-magnetic interactions are involved in
Ref. [82], while the Coulomb potential, confining potential,
spin-spin interactions, and the relativistic corrections are all
considered in the present work. Moreover, the parameters in
all of these mentioned models are quite different and based
on different inputs. In our present work, the mixing effect
between j½nn�3̄0ðs̄ c̄Þ30i0 and j½nn�61ðs̄ c̄Þ6̄1i0 is significant due
to the large nondiagonal matrix elements. Even if only the
pure j½nn�3̄0ðs̄ c̄Þ30i0 configuration is considered here, we still
cannot obtain the same results as Ref. [85] due to the
different interactions and parameters. Finally, it is worth
emphasizing that we adopt the parameters that describe the
conventional mesons well and this unified treatment for
mesons and tetraquarks is essential to obtain reliable mass

TABLE III. (Continued)

IðJPÞ Configuration hHi (MeV) Mass (MeV) Eigenvector

0=1ð1þÞ jfnsg3̄1ðn̄ b̄Þ30i1
 
6570 −41 78

−41 6556 83

78 83 6619

! "
6446

6605

6694

# " ð0.554; 0.625;−0.549Þ
ð0.732;−0.680;−0.037Þ
ð0.397; 0.382; 0.835Þ

#
jfnsg3̄1ðn̄ b̄Þ31i1
jfnsg60ðn̄ b̄Þ6̄1i1

0=1ð2þÞ jfnsg3̄1ðn̄ b̄Þ31i2 6630 6630 1

TABLE IV. The color proportions and root-mean-square radii of the lower nns̄ c̄ states. The expectations hr214i1=2,
hr223i1=2, and hr002i1=2 are equal to the values of hr224i1=2, hr213i1=2, and hr02i1=2, respectively, which are omitted for
simplicity. The masses and root-mean-square radii are in units of MeV and fm, respectively.

IðJPÞ Mass j3̄3i j66̄i hr212i1=2 hr234i1=2 hr2i1=2 hr213i1=2 hr224i1=2 hr02i1=2
0ð0þÞ 2765 45.8% 54.2% 0.524 0.480 0.351 0.581 0.449 0.367
0ð1þÞ 2964 68.4% 31.6% 0.533 0.520 0.388 0.627 0.482 0.395
0ð2þÞ 3316 0% 100% 0.688 0.640 0.344 0.704 0.504 0.483
1ð0þÞ 3065 67.7% 32.3% 0.616 0.529 0.389 0.650 0.507 0.407
1ð1þÞ 3130 70.0% 30.0% 0.622 0.521 0.407 0.659 0.523 0.404
1ð2þÞ 3302 100% 0% 0.603 0.518 0.457 0.685 0.558 0.403
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spectra of open charm and bottom tetraquarks. Further
investigations with various approaches are encouraged.
The predicted color proportions and root-mean-square

radii of the lower nns̄ c̄ states are listed in Table IV. Our
results show that these states have relatively small root-
mean-square radii, which indicates that all of them have
compact inner structures. The sketch of these uds̄ c̄
tetraquarks is also plotted in Fig. 2. It can be seen that

the four quarks are separated from each other in a compact
tetraquark, which is quite different with the diquark-
antidiquark or loosely bound molecular picture.
The nns̄ b̄ states are the bottom partners of nns̄ c̄ states,

and all of the predicted masses lie above the respective
thresholds. In Ref. [76] the author proposed a possible
stable bsū d̄ state, while the calculations under the potential
model indicate that no stable diquark-antidiquark bsū d̄
state exists [78]. Also, the color-magnetic interaction model
suggests that the lowest 0þ and 1þ compact bsū d̄ states
should be near the relevant thresholds [82]. More theo-
retical and experimental efforts are needed to clarify this
problem.
Unlike the nns̄ c̄ and nns̄ b̄ states, some of the nsn̄ c̄ and

nsn̄ b̄ states can mix with the conventional charmed-strange
and bottom-strange mesons. At the early stage, the inves-
tigations on nsn̄ c̄ and nsn̄ b̄ states mainly focused on the
possible tetraquark interpretation of the D�

s0ð2317Þ. Since
the light quark pair can be created or annihilated easily, it is
difficult to distinguish various explanations of D�

s0ð2317Þ.
Hence, searching for the flavor-exotic states usd̄ c̄, dsū c̄,
usd̄ b̄, and dsū b̄ seems to be more worthwhile. After the
observation of Xð5568Þ, plenty of studies on the nsn̄ b̄

FIG. 2. Sketch of lower uds̄ c̄ states.

TABLE V. Predicted mass spectra for the nss̄ c̄, nss̄ b̄, ssn̄ c̄, and ssn̄ b̄ systems.

IðJPÞ Configuration hHi (MeV) Mass (MeV) Eigenvector

1
2
ð0þÞ j½ns�3̄0ðs̄ c̄Þ30i0

�
3175 168

168 3104

� �
2967

3312

� � ð−0.630; 0.776Þ
ð0.776; 0.630Þ

�
j½ns�61ðs̄ c̄Þ6̄1i0

1
2
ð1þÞ j½ns�3̄0ðs̄ c̄Þ31i1

 
3227 −80 36

−80 3357 37

36 37 3231

! "
3156

3261

3397

# " ð0.732; 0.397;−0.553Þ
ð0.548; 0.139; 0.825Þ
ð−0.404; 0.907; 0.116Þ

#
j½ns�61ðs̄ c̄Þ6̄0i1
j½ns�61ðs̄ c̄Þ6̄1i1

1
2
ð2þÞ j½ns�61ðs̄ c̄Þ6̄1i2 3438 3438 1

1
2
ð0þÞ jfnsg3̄1ðs̄ c̄Þ31i0

�
3317 138

138 3406

� �
3217

3506

� � ð−0.808; 0.589Þ
ð−0.589;−0.808Þ

�
jfnsg60ðs̄ c̄Þ6̄0i0

1
2
ð1þÞ jfnsg3̄1ðs̄ c̄Þ30i1

 
3344 20 78

20 3357 −34
78 −34 3391

! "
3271

3370

3451

# " ð0.720;−0.389;−0.575Þ
ð−0.417;−0.905; 0.090Þ
ð−0.555; 0.175;−0.813Þ

#
jfnsg3̄1ðs̄ c̄Þ31i1
jfnsg60ðs̄ c̄Þ6̄1i1

1
2
ð2þÞ jfnsg3̄1ðs̄ c̄Þ31i2 3431 3431 1

1
2
ð0þÞ j½ns�3̄0ðs̄ b̄Þ30i0

�
6511 127

127 6520

� �
6388

6643

� � ð−0.719; 0.695Þ
ð−0.695;−0.719Þ

�
j½ns�61ðs̄ b̄Þ6̄1i0

1
2
ð1þÞ j½ns�3̄0ðs̄ b̄Þ31i1

 
6532 −63 −62
−63 6705 −72
−62 −72 6614

! "
6464

6639

6748

# " ð−0.789;−0.357;−0.500Þ
ð−0.598; 0.261; 0.758Þ
ð0.141;−0.897; 0.419Þ

#
j½ns�61ðs̄ b̄Þ6̄0i1
j½ns�61ðs̄ b̄Þ6̄1i1

1
2
ð2þÞ j½ns�61ðs̄ b̄Þ6̄1i2 6772 6772 1

1
2
ð0þÞ jfnsg3̄1ðs̄ b̄Þ31i0

�
6638 −108
−108 6753

� �
6573

6818

� � ð−0.858;−0.513Þ
ð0.513;−0.858Þ

�
jfnsg60ðs̄ b̄Þ6̄0i0

1
2
ð1þÞ jfnsg3̄1ðs̄ b̄Þ30i1

 
6679 −30 −60
−30 6669 −57
−60 −57 6747

! "
6598

6704

6793

# " ð0.597; 0.637; 0.487Þ
ð0.706;−0.706; 0.057Þ
ð−0.379;−0.310; 0.872Þ

#
jfnsg3̄1ðs̄ b̄Þ31i1
jfnsg60ðs̄ b̄Þ6̄1i1

(Table continued)
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system have been performed. Our results for the nsn̄ c̄
and nsn̄ b̄ states are much higher than the masses of
D�

s0ð2317Þ and Xð5568Þ, which exclude their tetraquark
interpretations.
The tetraquarks nns̄ c̄ and nns̄ b̄ can decay into the

D̄ð�ÞKð�Þ and Bð�ÞKð�Þ final states, respectively, via the fall-
apart mechanism. For the nsn̄ c̄ and nsn̄ b̄ states, the

possible decay channels are D̄ð�ÞK̄ð�Þ, Dð�Þ−
s π, Bð�ÞK̄ð�Þ,

and Bð�Þ
s π. Certainly, the antiparticles of these tetraquarks

decay into similar final states under a charge conjugation
transformation. We hope that our results can provide
helpful information for hunting these flavor-exotic tetra-
quarks in future LHCb and Belle II experiments.
The masses of tetraquark states including two strange

quarks are listed in Table V. For the nss̄ c̄ and nss̄ b̄ states,
the predicted masses are much higher than the relevant
thresholds, which may fall apart easily. Also, these states

can mix with the conventional charmed and bottom
mesons, and be hardly picked out from the excited mesons.
The more interesting systems are the ssn̄ c̄ and ssn̄ b̄ states,
which are totally flavor exotic. They and their antiparticles

can be searched for in the Dð�Þ−
s K̄ð�Þ, Dð�Þþ

s Kð�Þ, Bð�Þ
s K̄ð�Þ,

and B̄ð�Þ
s Kð�Þ final states by future experiments.

The calculated masses of sss̄ c̄ and sss̄ b̄ systems are
presented in Table VI, which lie above 3300 and
6600 MeV, respectively. These states can mix with the
conventional charmed-strange and bottom-strange mesons
via strange-quark pair annihilation. Current experiments
have not investigated these energy regions, and future
experimental searches can test our calculations.
Finally, we plot the full mass spectra of open charm and

bottom tetraquarks in Fig. 3. It can be seen that the spectra
for various systems show quite similar patterns, which
indicates that the approximate light flavor SU(3) symmetry

TABLE V. (Continued)

IðJPÞ Configuration hHi (MeV) Mass (MeV) Eigenvector

1
2
ð2þÞ jfnsg3̄1ðs̄ b̄Þ31i2 6728 6728 1

1
2
ð0þÞ jfssg3̄1ðn̄ c̄Þ31i0

�
3326 −144
−144 3413

� �
3219

3520

� � ð−0.802;−0.570Þ
ð0.570;−0.802Þ

�
jfssg60ðn̄ c̄Þ6̄0i0

1
2
ð1þÞ jfssg3̄1ðn̄ c̄Þ30i1

 
3344 −24 81

−24 3368 44

81 44 3392

! "
3263

3382

3458

# " ð0.705; 0.404;−0.583Þ
ð−0.475; 0.880; 0.035Þ
ð0.527; 0.252; 0.812Þ

#
jfssg3̄1ðn̄ c̄Þ31i1
jfssg60ðn̄ c̄Þ6̄1i1

1
2
ð2þÞ jfssg3̄1ðn̄ c̄Þ31i2 3443 3443 1

1
2
ð0þÞ jfssg3̄1ðn̄ b̄Þ31i0

�
6631 −120
−120 6716

� �
6547

6800

� � ð−0.816;−0.577Þ
ð0.577;−0.816Þ

�
jfssg60ðn̄ b̄Þ6̄0i0

1
2
ð1þÞ jfssg3̄1ðn̄ b̄Þ30i1

 
6674 −34 67

−34 6665 69

67 69 6707

! "
6569

6704

6773

# " ð0.559; 0.602;−0.571Þ
ð0.715;−0.698;−0.035Þ
ð0.419; 0.388; 0.821Þ

#
jfssg3̄1ðn̄ b̄Þ31i1
jfssg60ðn̄ b̄Þ6̄1i1

1
2
ð2þÞ jfssg3̄1ðn̄ b̄Þ31i2 6729 6729 1

TABLE VI. Predicted mass spectra for the sss̄ c̄ and sss̄ b̄ systems.

IðJPÞ Configuration hHi (MeV) Mass (MeV) Eigenvector

0ð0þÞ jfssg3̄1ðs̄ c̄Þ31i0
�
3429 126

126 3494

� �
3331

3592

� � ð−0.790; 0.613Þ
ð−0.613;−0.790Þ

�
jfssg60ðs̄ c̄Þ6̄0i0

0ð1þÞ jfssg3̄1ðs̄ c̄Þ30i1
 
3448 −17 71

−17 3466 29

71 29 3479

! "
3379

3475

3539

# " ð0.716; 0.339;−0.610Þ
ð−0.374; 0.924; 0.075Þ
ð0.590; 0.174; 0.789Þ

#
jfssg3̄1ðs̄ c̄Þ31i1
jfssg60ðs̄ c̄Þ6̄1i1

0ð2þÞ jfssg3̄1ðs̄ c̄Þ31i2 3533 3533 1

0ð0þÞ jfssg3̄1ðs̄ b̄Þ31i0
�
6745 98

98 6835

� �
6682

6898

� � ð−0.843; 0.538Þ
ð−0.538;−0.843Þ

�
jfssg60ðs̄ b̄Þ6̄0i0

0ð1þÞ jfssg3̄1ðs̄ b̄Þ30i1
 
6779 26 −55
26 6773 50

−55 50 6828

! "
6705

6802

6874

# " ð0.598;−0.612; 0.517Þ
ð−0.690;−0.722;−0.057Þ
ð−0.408; 0.322; 0.854Þ

#
jfssg3̄1ðs̄ b̄Þ31i1
jfssg60ðs̄ b̄Þ6̄1i1

0ð2þÞ jfssg3̄1ðs̄ b̄Þ31i2 6826 6826 1
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FIG. 3. The predicted mass spectra of open charm and bottom tetraquarks. (a)–(l) correspond to the mass spectra of
nnn̄ c̄; nnn̄ b̄; nns̄ c̄; nns̄ b̄; nsn̄ c̄; nsn̄ b̄; nss̄ c̄; nss̄ b̄; ssn̄ c̄; ssn̄ b̄; sss̄ c̄; and sss̄ b̄; states, respectively.
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and heavy quark symmetry are preserved well for the
ground states of singly heavy tetraquarks. These two
symmetries have been successful for the traditional
hadrons, which will also provide a powerful tool for us
to investigate the singly heavy tetraquarks. Compared with
the extensive studies of conventional heavy-light mesons
and singly heavy baryons, the studies on singly heavy
tetraquarks are lacking. More theoretical and experimental
efforts are encouraged to increase our understanding of
these systems.

IV. SUMMARY

In this work we systematically investigated the mass
spectra of open charm and bottom tetraquarks qqq̄ Q̄within
an extended relativized quark model. By using the varia-
tional method, the four-body relativized Hamiltonian
including the Coulomb potential, confining potential,
spin-spin interactions, and relativistic corrections were
solved. The predicted masses of four 0þ uds̄ c̄ states are
2765, 3065, 3152, and 3396 MeV, which disfavors the
assignment of X0ð2900Þ as a compact tetraquark.
The S-wave mass spectra of open charm and bottom

tetraquarks show quite similar patterns, which preserves the
light flavor SU(3) symmetry and heavy quark symmetry
well. Besides the mass spectra, the possible decay modes
were also discussed. Our results suggest that future experi-
ments can search for the flavor-exotic states nns̄ c̄, nns̄ b̄,
ssn̄ c̄, and ssn̄ b̄ in the heavy-light meson plus kaon final
states. More theoretical and experimental efforts are needed
to investigate these singly heavy tetraquarks.
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APPENDIX: THE RELATIVIZED POTENTIALS

In the present work, we only concentrate on the S-wave
ground states and do not include the spin-orbit and tensor
interactions. The potential Voge

ij can be expressed as

Voge
ij ¼ β1=2ij G̃ðrijÞβ1=2ij þ δ1=2þϵc

ij

2Si · Sj
3mimj

∇2G̃ðrijÞδ1=2þϵc
ij ;

ðA1Þ

with

βij ¼ 1þ p2
ij

ðp2
ij þm2

i Þ1=2ðp2
ij þm2

jÞ1=2
; ðA2Þ

and

δij ¼
mimj

ðp2
ij þm2

i Þ1=2ðp2
ij þm2

jÞ1=2
: ðA3Þ

pij is the magnitude of the momentum of either of the
quarks in the center-of-mass frame of the ij quark sub-
system, and ϵc is a free parameter reflecting the momentum
dependence. The smeared Coulomb potential G̃ðrijÞ is

G̃ðrijÞ ¼ Fi · Fj

X3
k¼1

αk
rij

erfðτkijrijÞ; ðA4Þ

with

1

τ2kij
¼ 1

γ2k
þ 1

σ2ij
; ðA5Þ

and

σ2ij¼ σ20

�
1

2
þ1

2

�
4mimj

ðmiþmjÞ2
�

4
�
þ s2

�
2mimj

miþmj

�
2

: ðA6Þ

Fi · Fj stands for the color matrix and reads

Fi ¼
( λi

2
for quarks;

− λ�i
2

for antiquarks:
ðA7Þ

Similarly, the confining interaction Vconf
ij can be

expressed as

Vconf
ij ¼ −

3

4
Fi · Fj

×

�
br

�
e−σ

2
ijr

2ffiffiffi
π

p
σijr

þ
�
1þ 1

2σ2ijr
2

�
erfðσijrÞ

�
þ c



:

ðA8Þ
All of the parameters used here are taken from the

original reference [89] and collected in Table VII for
convenience.

TABLE VII. Relevant parameters.

mu=md (MeV) ms (MeV) mc (MeV) mb (MeV) α1
220 419 1628 4977 0.25

α2 α3 γ1 (GeV) γ2 (GeV) γ3 (GeV)
0.15 0.20 1=2

ffiffiffiffiffi
10

p
=2

ffiffiffiffiffiffiffiffiffiffi
1000

p
=2

b ðGeV2Þ c (MeV) σ0 (GeV) s ϵc
0.18 −253 1.80 1.55 −0.168
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