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We systematically study the mass spectra of S-wave singly heavy tetraquark states Qqg g (Q = c, b;
g =u, d, s) in a mass splitting model. We adopt the assumption that the X(4140) is the lowest
JPC = 1%+ ¢s¢ 5 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 T9,(2900)7*/0 and T7(2900)° by the LHCb
Collaboration can be consistently interpreted as the second highest (J*) = 1(0%) cn3 i (n = u, d) and the
higher I1(JP) = 0(0") csiiii tetraquark states, respectively. We predict several narrow tetraquark
candidates: the lowest cns i and csiiii with 1(J¥) = 0(0") and 0(17), and their bottom counterparts.
The obtained information from mass spectrum and rearrangement decay properties will help search for the

new singly heavy tetraquark states.
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I. INTRODUCTION

a5(2900)° and
T%,(2900)** were observed by the LHCb Collaboration
in the D,z invariant mass distributions of the decay B® —
DD}z and BY — D~D}nt,respectively [1,2]. The mass
and width for the former state are M = 2892+ 14 +
15 MeV and I' = 119 £ 26 £ 13 MeV, respectively, and
the respective data for the latter state are M = 2921 £ 17 &+
20 MeV and I' =137 32 + 17 MeV. Their common
mass and width are determined to be M =2908 £ 11 &+
20 MeV and I' = 136 £23 £ 13 MeV by assuming that
they belong to the same isospin triplet. The minimal quark
contents of these two states are csud and c5 it d, respec-
tively, i.e., they are states with four different flavors.

Recently, two J© = 0 resonance states 7¢

“Contact author: manzl@lzu.edu.cn
"Contact author: yrliu@sdu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2026/114(3)/034047(23)

034047-1

Before the announcement of 79%(2900)° and
T%:(2900)"", two other exotic resonances X,(2900)
(J/ = 0) and X;(2900) (J = 1) with minimal quark content
¢ 5 ud were observed by LHCb in the D~ K channel of the
BT — DTD™K™ decay [3,4]. Their masses and widths are
determined to be

X(2900): m = 2866+ 7 +2 MeV,
I'=57+12+4 MeV;
X,(2900): m =2904+5+1 MeV,

'=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 77,(2900)° and 7% ,(2900)°, respec-
tively. Subsequent experimental studies have further clari-
fied the existence and properties of them. In 2024, both
resonances were later confirmed in the D™ K~ invariant-
mass spectrum of the B~ — D™Dt K~ decay [6]. More
recently, in 2025, the T%,,(2900)° state was further estab-

lished in the B~ — D~DYKY decay channel [7]. In contrast,
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no significant evidence for the 77, (2900)° state was found
in the D°KY invariant-mass spectrum.

Besides the above states around 2.9 GeV, the DO
Collaboration had reported the evidence of a near-threshold
tetraquark structure X(5568) with mass 5567.8 +
29109 MeV and width I'=21.9£6.4'37 MeV in the
BY7* 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 77, (2900)°
can be assigned as a D*K* bound state with I(J¥) = 0(0").
In Ref. [31], the authors calculated the masses and strong
decays of ¢ 5 gq states in the quark model by considering
the Coulomb, liner confinement, and hyperfine inter-
actions. Their results suggest that the T7%(2900)° can
be interpreted as a tetraquark state with I(J*) = 1(0").
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 csitd and cusd configurations were found to be
consistent with the subsequently observed T7,(2900)° and
T°,(2900)**/0 states [1-4]. The masses were calculated
by assuming that the X(4140) is a 17" ¢s¢ 5 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 X(5568) as a
compact bus d 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 Qqg g (Q = ¢, b; g = u, d, s). We aim
to reveal the inner structures of 77 (2900)° and
T%,(2900)+* 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= Zmi +Hewn = Zmi - Zcijfli “Ajoi- 05 (1)

i<j

Here, m; 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 C;; reflects the strength between the
ith and jth constituent quark components. The values of m;
and Cj; can be determined from masses of conventional
hadrons. 4; and o; are the Gell-Mann and Pauli matrices for
the ith constituent quark, respectively. One can estimate the
masses of singly heavy tetraquarks with

M = Zmi + Ecur (2)

where the eigenvalue E,,; for a tetraquark state is obtained
after the diagonalization of the CMI matrix (H ).
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 = Myt = (Ecpi)ref) + Ecmi- (3)

Here, M. is the measured mass of the reference system
and (Ecy)er is the calculated eigenvalue of its (Hcpy).
We assume that the needed attraction by Eq. (2) is
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embodied in M s 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
X(4140) as the reference state based on the following
considerations. First, the X(4140) has been firmly estab-
lished as a J/w¢ resonance across various experiments,
with its quantum numbers determined to be JX¢ = 1+,
Second, another exotic state, X(4274), observed in the
same decay channel also shares the J7¢ = 1*+ assignment
[90,91]. Within the compact csc § 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 X(4140) as the benchmark state leads
to a more reasonable and self-consistent description of
the remaining cscs tetraquark candidates. For these
reasons, we adopt X(4140) 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 (M = Mx140) — (Ecumr) x(a140)

M pin =+ Ecyr — 285, — Ay, (4)
M 55 =+ Ecyr — Bgy — Ay, (5)
M 55 = m~+ Ecyp — Acn, (6)
M gin =+ Ecyr — Agy — Acy, (7)
M 5 =1+ Ecyr — Acps (8)
M ;5 =1+ Ecyr — Ay, )

Myan = M+ Ecyp = 285, = Doy + By, (10)
Mpusn =M+ Ecyp — Dy = Doy + Dpe, (1)

Mypss = i+ Ecyr — Ay + Ape,s (12)
My =m~+ Ecyr — Ay — Aen + Bpe (13)

MbsS‘ﬁ :ﬁ1+ECM1_Acn+Abcv (14)

TABLE L. 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 3., 6., 1., 3., or 6, denotes the color representation.

Spin w.f. 21 =1(0142)"(3334)')=?
22 = (0192)"(3374)')!
x4 = (0192)"(3374)°)!
25 = 1(2192)°(3374)' !
25 =1(0142)"(334)')=°
X6 = [(0142)°(3334)°)=°

Color w.f. ¢ = [(0192)6,(3334)3,]
¢ = [(0192)3,(9334)3 11,

MbsES :ﬁ/L_’_ECMI_Acs"i_AbC’ (15)
where we introduce effective quark mass gaps

Ay, =mg—m,, A,=m.—m; A, =m.—m,, and
Ay, =my —m, with n =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 [(Q1¢2)(G3G4)]. 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: 7=C;+Cyy, 0=Cp—Cyy,
a=C3+Ciyu+Cy+Cyy, f=Ci3—Ciy+Co—Cyy,
p=Ci3+Cyu—Cp—Cy, v=C;3-Ciy—Cp+Cy,
¥y =3C1y — Cyy, and n = Cjp — 3C.

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 H e,y = 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
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TABLE II.
They are given with the notation |(Q1q,)™ (g37,)

color

The twelve possible color ® spin wave function bases for the S-wave Q;¢,g3g, tetraquark states.
)" The symbol 55;"

reflects the constraint from the Pauli

principle. If the flavor wave function for the two light antiquarks is symmetric (antisymmetric), one has &5, = 0

(694 = 0). When the factor cannot be 0, its value is 1.

J=2 b = |(Q1Q2)é((513@4)ér>%5§4 b = (0192); (339 4)3)1.5%
J=1 b2 = 1(Q142)s, (234 4)%)1554 b2 = \(Q1Q2)3 (2334)3.)1, 54
birs = 1(Q102)s, (234 4)2{”5‘5\4 boxs = \(Q1Q2)3 (73,34)9)1, 634
hixs = |(Q1Q2)g((51354)é(_>{,5§4 hoys = \(quz)3 (3.34)3)1. 0%
I=0 bis = 1(Q192)6,(2334)} )Y 63 bz = ‘(Q1Q2)3 (4334)3,) 854
bixe = 1(Q142)8 (‘_13514)2 )} 8 boxe = 1(0142)3 (a3 34)3.)1.5%

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

+(9294) 1>
(QZq—S)lc' (16)

(0192)1(733)1. = (Q193)1,
(0192)1(q33)1c = (Q199)1c +

TABLE III.

The amplitude squared in a decay channel can be
expressed as

IMP2 =2 , (17)

2
inyi
i

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

The CMI matrices and their corresponding wave function (w.f.) bases for the Q¢,§3g4 tetraquark states. We use the

notation [Qn(iii1)'"#]! to denote the Qnii 7 states and [Qqg G’ to denote other states.

States Jr (Hemr) w.f. bases
[On(i i)' B2, [Osii]', [Qns 5], [Osss]°  2° 2t +a) (¢211)
I 407 _ _42 x>
3(2t—a) 4u 3 H
—4y 221 brxa
_gy boxs
0" (%(T—a) 2\/6(1) (4’2)(3)
4z X6
[Qn (7 7)°P, Qs A’ 21 3(=2¢+5a) (¢ur1)
I —3(t+5a) —4u 103/5/4 P2
iy s
o+ —3(t+ 5a) 2fa> (¢1)(3)
-8t $x6
[On5 )"0, [Qs5 )2 2t (%( -2t+5a)  2V2w ) (gbl)(])
1(2r+a) b
" ~2(2c+5a)  2v2w 25 4y 102, 4p b2
10r-a) — N2 4p - e
—_ %,7 0 130 v _2\/'(1 X4
§’1 _2\/_a iy ¢2/Y4
3 4 3 DX
37 0 box
—8y 5
3
0t —4(r+5a2) 4V —\l/—%y 2v/6a Ve
8(1—a) 2V6a —\%1/ Z?ﬁ
2V6a  4r _(;T bore
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CMI matrix while those of y;’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

[P|

2 9’
82M 474

r=|Mmp (18)

where M y,;5 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 100|M|?/C?
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 X(4140), we use My4140) =
4146.5 MeV [80]. Other parameters in the above formalism
can be extracted from various hadron ground states. We
present the relevant coupling parameters C;;’s [76] in
Table IV. The coupling parameters C; 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 A,. = 3340.2 MeV, A_, = 1280.7 MeV, and
A, =90.6 MeV have been fixed in Refs. [73,76]. The
following discussions also need the determination of A.
From results shown in Table V, we choose to use the larger

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

Cij n s c b Cj il 5 c b

n 183 121 40 13 n 298 187 6.6 2.1
S 65 43 13 s 98 67 23
c 35 20 ¢ 53 33
b 1.9 b 2.9

value A, = 1180.6 MeV so that more reasonable tetra-
quark masses can be obtained [76]. Here, we also fix
Ay, = 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 A, % A, + Ay,
and Ay, & Ay + A, To estimate the upper limits for the
masses of tetraquark states, we adopt m, = 361.8 MeV,
m; = 5424 MeV, m.=1724.1MeV, and m;, =
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, g, & Iy, In the
cscs and ccnn cases, the value around 7.3 GeV was
adopted. In the present case, we employ C = 13.577 GeV.
It is extracted from the measured width of 7%,(2900)"* by
assigning it as the second highest I(J¥) = 0(0") cnsn
tetraquark state (see Sec. III C).

The singly bottom tetraquark states are the analogs of the
singly charmed ones, with the ¢ 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 s5 component. Within the

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

Hadron Hadron A, Hadron Hadron Ay

J/w ¢ 1049.4 T ¢ 4237.5
J/yp(n.) Di(Dy) 992.2 (993.2) Y(n,) Bi(By) 4041.7 (4041.8)
D*(D) K*(K) 1180.6 (1179.4) B*(B) K*(K) 4520.2 (4518.8)
D, ¢ 1106.6 B ¢ 4433.8

B, B, 924.1 B, D, 4252.2

A, A 1170.8 Ay A 4503.8
H(E) (%) 1176.2 (1178.4) 2 (Zp) (%) 4506.1 (4509.5)
i () E*(B) 1137.3 (1159.1) g, (8,) 5 (8) 4463.2 (4483.7)
QF Q 1100.3 Q, Q 4415.5

EBee =) 1112.2
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TABLE VI

Mass spectra for the cnii ii and bnii ji states in units of MeV. The thresholds of Dz and Br 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: m,, = 361.8 MeV, m, =

1724.1 MeV, and m;, = 5054.4 MeV. We adopt values from the mass splitting model (fourth column)

in the discussions. The systems have degenerate states with different isospins.

[en(i)f#n)! states
[Fans 11(J7) (Hepr) Eigenvalue Mass Lower limits Upper limits

[1.2/4(24) (156.5) (156.5) (2925.7) (2741.8) (2966.0)
[1.3/50%) ~376 1856  87.5 277.8 3047.0 2863.1 3087.3
185.6 679 2059 73.7 2842.9 2658.9 2883.2
87.5 2059 168 -304.5 2464.7 2280.8 2505.0
[1.2/5(0%) _1347 356.6 351.1 31202 2936.3 3160.6
356.6 89.2 -396.5 2372.6 2188.7 2413.0

0.4(2%) (212.9) (212.9) (2982.1) (2798.2) (3022.4)
0, %](1*) -272.4 185.6 2187 160.2 2929.4 2745.5 2969.7
185.6 —135.7 -=205.9 -14.5 2754.7 2570.8 2795.0
218.7 -2059 -84 —562.3 2206.9 2022.9 2247.2
[0,3](0%) -515.1 356.6 47.6 2816.8 2632.9 2857.1
356.6 —1784 —741.1 2028.1 1844.1 2068.4

i)fmi)! states
[ia 11(J7) (Hew) Elgenvalue Mass Lower limits Upper limits

[1.3/5(2%) (137.3) (137.3) (6246.7) (6065.2) (6277.1)
1, %/%](1*) -32.8 221.6 104.5 282.1 6391.5 6210.0 6421.9
2216 715 —180.5 112.2 6221.6 6040.0 6252.0
1045 —-180.5 384 -317.2 5792.1 5610.6 5822.6
1.2 /4(0%) ~1179 312.6 307.9 6417.2 6235.7 6447.7
3126 784 —347.3 5762.0 5580.5 5792.5

0.4(2*) (186.5) (186.5) (6295.9) (6114.4) (6326.3)
0.4(1%) —2388 2216 2612 159.1 6268.4 6086.9 6298.9
221.6  -1429 -180.5 32.6 6142.0 5960.5 6172.4
261.2 —-180.5 —19.2 -592.6 5516.7 5335.2 5547.2
[0,3](0%) —-451.5 312.6 41.4 6150.8 5969.2 6181.2
3126 —156.8 —649.7 5459.7 5278.2 5490.1

quark model, the vector meson ¢ is well approximated as a
pure s5 configuration. However, the pseudoscalar mesons 7
and 7 cannot be described by a single quark composition.
Instead, they arise from the mixing of the singlet #; and
octet ng states. Their wave functions can be written as

17) = cos(6)|ns) — sin(0)|n,),
') = sin(0)[ng) + cos(0)|n). (19)

where 0 denotes the # — 7’ mixing angle. In the present
calculation, the value 8 = —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-XVIIL

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 7 to represent the
predicted states, distinguishing them from the experimental
candidates. The superscript a (f) of T and T means the
isospin I =1 (I = 0).

B. The cniinn and bnn i systems

The predicted masses of the cninnn states are listed
in Table VI and their relative positions are illustrated in
Fig. 1(a). There exist six tetraquark states for each of

len(i i)', [en(an)']?, and [cn(7in)°]. Their masses

034047-6
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TABLE VII. Rearrangement decays for the cniii and bnn i cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100|M|?/C? and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

[Fa7 11(J7) Mass Channels r

[en(An)']?/?

D*p
[1L3(2%)  [2925.7] [(33.3,233.1)] [233.1]
D*p D'z Dp
[1.3)(17) 3047.0 (44.7,400.2) (0.2,2.4) (9.4,104.9) 507.5
|:2842.9} |: (3.8,17.9) } |: (0.3,4.1) } [(29‘8,261.7):| |:283.7:|
2464.7 (1.5,-) (41.2,392.0) (2.5,-) 392.0
D*p Drn
[1.3](0%) 3120.2 (54.9,535.3) (0.1,1.6) 536.9
[2372.6} { (3.5.-) } { (41.6,470.2) } {470.2}
[en(an)']'/?
D*p D*w
[1.4(2%) [2925.7] [(8.3,58.3)] [(25.0,170.6) | [228.8]
D*p Dz Dp D*w D*y Dy Dw
[1.3(1%) 3047.0 (11.2,100.1) (0.0,0.6) (2.3,26.2) (33.5,296.4) (0.1,0.5) (0.1,0.4) (7.0,78.1) 502.3
|:2842.9} { (0.9,4.5) :| [ (0.1,1.0) :| |:(7.4,65.4)j| |: (2.8,12.6) j| |:(0.1.0.7):| |: (0.3.-) } |:(22.3, 193.0):| |:277.2:|
2464.7 0.4,-) (10.3,98.0) 0.6, -) (1.1,-) (16.3,-) (32.0,-) (1.9,-) 98.0
D*p Dr D*w Dy Dy
[1.3](0%) 3120.2 (13.7,133.8) (0.0,0.4) (41.2,397.7) (0.0,0.3) (0.1,0.4) 532.6
2372.6 (0.9,-) (10.4,117.5) (2.6,-) (16.5,-) (32.3,-) 117.5
e) (M50 [oowins)| [*665"] [065] 165 )
en(a )]
D*p D*w
[0.4](2") [2982.1] [(50.0,401.5)] [(16.7,131.6)] [533.0]
D*p D*rx Dp D*w D*y Dy Dw
[0.4](17) |:2929.4} l:(34.6.244.7):| |: (0.5,6.6) } [ (9.9,99.5) :| |:(11.5,79.6):| [(0.1,0.5):| [(0.1,—):| |: (3.3,32.8) } |:463.6:|
2754.7 (2.7.-) (0.8,10.3) (33.6,232.0) (0.9,-) (0.1,0.6) (0.1,-) (11.2,74.9) 317.8
2206.9 0.2,-) (42.4,173.6) 0.2,-) (0.1,-) (7.5,-) (6.7,-) 0.1,-) 173.6
D*p Dr D*w Dn Dy
0,07)  [2816.8] [(30.8,110.0) (1.4,19.6) (10.3,32.4) (0.2.1.4) (0.2,-) 163.5
[2028.1} { (0.4,-) } {(42.4. 1 19.7)} { 0.1,-) } [ (7.5,-) } {(6.7, —)} {119.7}
[bn(ii )]/
B'p
[1.3)(2") [6246.7]  [(33.3,57.8)] [57.8]
Bp B'm Bp
[1.3(1%) |:6391.5} |:(40.0,96.2):| [ (0.1,0.4) :| |:(14.8.38.6):| |:135.2:|
6221.6 (8.0,12.7) (0.0,0.1) (25.4,47.5) 60.3
5792.1 (2.0,-) (41.5,77.8) (1.5,-) 77.8
Bp Br
[1.3](07) 6417.2 (54.9,137.4) (0.1,0.4) 137.8
[5762.0} { (3.5.-) } {(41‘6,81.3)} { 81.3 }
[bn(77)']'/?
B*p Bw
1,927 [62467]  [(83.145)]  [(25.0.423)] [56.8]
Bp Brm Bp B'o By By Bw
(131" {6391.5} {(10.0,24.0)} [ (0.0,0.1) } {(3.7,9.7)} [(30_0,71.3)} [(().0,().1)} {(0.0,0.0)] |:(11.1,28.7)} {133.9}
6221.6 (2.0,3.2) (0.0,0.0) (6.3,11.9) (6.0,9.2) (0.0,0.0) (0.0,-) (19.0,34.9) 59.2
5792.1 (0.5,-) (10.4,19.5) 0.4,-) (1.5,-) (16.5,-) (14.7,-) (L.1,-) 19.5
Bp Br B'w Bn By
[1.4](0%) 6417.2 (13.7,34.4) (0.0,0.1) (41.2,102.0) (0.0,0.1) (0.0,0.0) 136.6
[5762.0} { (0.9,-) } {(10.4, 20.3)} { (2.6,-) } [(16.5,—)} {(14.7,—)} { 20.3 }

(Table continued)
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[bn(z )]/
Bp B'o
0.92%)  [62959]  [(50.0,99.7)]  [(16.7,32.7)] [132.4]
Bp B'zm Bp B'o By By Bw
0.0(17)  [626847 [(24.2,44.9) (0.1,0.2) (25.0,52.6) (8.1,14.7) 00,0007  [(0.0,-) (83,17.3) 129.7
[6142.0} {(13.0, 12.2)} [ (13.3.8) } {(18.6.25.4)} { (43,3.7) } [(0.2.0.3)} [(0.2,—)} { (6.2,8.1) } { 53.4 }
5516.7 (0.3.-) (42.4,26.8) (02,-) (0.1,-) (7.5,-) (6.7.-) (0.1,-) 26.8
Bp Br B'w Bn B/
0.407)  [6150.8] [(30.8.31.7) (1.4,42) (10.3,9.8) (0.2,03) (0.2, -) 46.0
{5459.7} { (0.4,-) } {(42.4,23.8)] { (0.1,-) {(7.5.—)} {(6.7,—)] {23.8}

range from 2028 MeV to 3120 MeV. Note that the
[I.1) = [1,3] and [I;.1] = [1.}] states with the same
angular momentum are degenerate in the adopted model.
The [cn(7if)']? states do not mix with the conventional

mesons. The [cnn 1'1]% states are generally heavier than the
observed cii 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 cnn i tetraquarks in Table VIL It is clear that the

isospin-degenerate states have different decay properties.

For the [I;.1] = [1.3] case, one finds that the lowest
state has a mass around 2.4 GeV with J¥ = 0F. As shown
in Table VI and Fig. 1(a), this state has only one
rearrangement decay channel Dz. The mass of another

higher 0" state is located around 3.1 GeV, which mainly

TABLE VIII. Mass spectra for the cns 71 and bn3 i states in units of MeV. The thresholds of D,z and B, 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: m, = 361.8 MeV, m; = 542.4 MeV, m, = 1724.1 MeV, and m, = 5054.4 MeV. We adopt values from the mass splitting
model (fourth column) in the discussions. The systems have degenerate states with different isospins.

[cns ]! states

1(J7) (Hewmr) Eigenvalue Mass Lower limits Upper limits
1/0(2%) 184.5 -31.7 198.3 3058.0 2888.6 3188.4
—-31.7 125.3 111.6 2971.3 2801.9 3101.7
1/0(17) -227.5 31.7 -51.9 140.8 1659 —44.0 222.4 3082.1 2912.7 3212.5
31.7 -39.5 1408 -20.7 —-44.0 66.4 144.6 3004.4 2834.9 3134.7
=519 140.8 43.1 0 373 —-174.8 429 2902.7 2733.3 3033.0
140.8 —-20.7 0 —-86.1 —174.8 14.9 -22.5 2837.3 2667.9 2967.6
1659 —440 373 —-174.8  -0.1 0 —223.4 2636.4 2467.0 2766.7
—440 664 —-1748 149 0 0.3 —473.9 2385.9 2216.4 2516.2
1/0(0T) —4335 634 -647 3028 289.9 3149.7 2980.2 3280.0
634 -1219 3028 -259 58.1 2917.9 2748.4 3048.2
—-64.7 302.8 644 0 -322.3 2537.5 2368.0 2667.8
302.8 -259 0 —128.8 —645.4 2214.3 2044.9 2344.7
[bns i) states
1(J7) (Hewm) Eigenvalue Mass Lower limits Upper limits
1/0(2%) 158.5 -32.0 173.6 6373.6 6192.1 6494.0
—-32.0 106.3 91.1 6291.1 6109.5 6411.5
1/0(17) —-1942 320 -514 176.4 207.9 436 222.0 6422.0 6240.5 6542.4
320 348 1764 =206 —43.6 83.2 144.0 6344.0 6162.4 6464.4
=514 176.4 46.7 0 377 -149.6 69.7 6269.6 6088.1 6390.1
176.4  -20.6 0 —-93.3 -149.6 15.1 37.6 6237.6 6056.0 6358.0
2079 —-43.6 377 —-1496 -109 0 —236.6 5963.3 5781.8 6083.8
—43.6 832 -—-149.6 15.1 0 21.9 -501.5 5698.5 5517.0 5818.9
1/0(0%) ~370.5 639 —652 2592 2475 6447.4 6265.9 6567.9
639 —-1053 2592 -26.1 52.1 6252.1 6070.6 6372.5
—-65.2 2592  53.6 0 -269.9 5930.1 5748.6 6050.5
2592 -26.1 0 —-107.2 —-559.2 5640.8 5459.3 5761.2
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TABLE IX. Rearrangement decays for the cnsn and bns i cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100|M|?/C? and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

1(J%) Mass Channels r
cnsn
Dip D*K*
1(2%) [3058.0] [(95.8.340.4)] [ (26.9,94.8) | [435.2]
129713 | | (42,109) | |(73.1,179.3) | [ 190.1 |
Dip Dizx Dyp D*K* DK DK*
1(1%) 13082.17 [(71.1,266.6)] (0.0,0.2) [ (45.227) 7 [ (225.84.1) ] (0.8,4.6) (9.3,46.7) [424.97
3004.4 (26.8,80.9) (0.3,2.0) (22.7,103.6) (61.8,181.3) (1.3,7.5) (1.3,6.1) 381.4
2902.7 (0.0,0.0) (0.7,4.2) (44.1,166.0) (12.6,2.7) (0.0,0.2) (12.4,45.5) 2185
2837.3 (1.3.-) (0.0,0.0) (26.8,80.2) (0.1, -) (3.2,16.5) (70.9,198.4) 2905.1
2636.4 (0.8, -) (10.7,51.5) (1.8,-) (1.5,-) (72.7,258.8) (4.4, -) 3103
1 2385.9 | (0.0, -) | (88.2,253.0) | (0.0, -) (1.4,-) (22.1,-) (1.7.-) [ 253.0 |
Dip D D*K* DK
1(0%) [3149.77 [(63.3,266.6)] (0.0,0.3) [(46.3,196.1) (0.2,1.7) [464.6
2917.9 (34.1,54.9) (0.7,5.1) (47.4,56.9) (3.1,20.1) 137.0
2537.5 (2.5,-) (17.3,96.4) (4.1,-) (67.0,297.1) 393.5
[ 2214.3 | (0.1,-) | (81.9,235.6) | (2.1,-) (29.6, ) 2356 |
cnsn
Diw D*K*
0(2%) [3058.0] [(95.8.333.6)] [ (26.9,94.8) [428.4]
129713 | | (42.104) | |[(73.1.179.3) | 189.7 |
Dw Din Dty D,w D*K* D*K DK*
0(1%) T3082.17 [(71.1,262.0)] (0.0,0.1) (00,0007 [ (45.225) 7 [ (225.84.1) ] (0.8,4.6) (9.3,46.7) 1 [420.0]
3004.4 (26.8,78.5) (0.2,0.8) (0.2,-) (22.7,102.3) (61.8,181.3) (1.3,7.5) (1.3,6.1) 376.5
2902.7 (0.0,0.0) (0.4,1.6) 0.3,-) (44.1,162.4) (12.6,2.7) (0.0,0.2) (12.4,45.5) 2123
2837.3 (1.3.-) (0.4,0.0) (0.0, -) (26.8,77.1) (0.1,-) (3.2.16.5) (70.9,198.4) | |292.0
2636.4 (0.8, -) (57.-) (5.0,-) (1.8.-) (1.5,-) (72.7,258.8) (4.4,-) 258.8
[ 2385.9 | (0.0, -) (46.7,-) | (41.5,-) | (0.0, -) (1.4,-) (22.1,-) (1.7,-) -]
Diw D D, D*K* DK
0(07) [3149.77 [(63.3,263.3)] (0.0,0.1) [(0.0,0.1)] [(46.3,196.1)] (0.2,1.7) [461.3]
2917.9 (34.1,47.8) (0.4,2.2) (0.4,0.1) (47.4,56.9) (3.1,20.1) 127.1
2537.5 (2.5,-) (9.1,14.1) (8.1,-) (4.1,-) (67.0,297.1) 311.2
[ 2214.3 | (0.1,-) (43.3,-) | (38.6,-) | (2.1,-) (29.6,-) | - ]
bnsn
Bip Bk
1(2%) [6373.6] [(97.1,91.1)] [(24.0,21.8)] [112.9]
[6291.1] | (29.2.1) | |(76.0.47.7) ] | 49.7 |
Bip Bin Byp B*K* B'K BK*
1(17) [6422.07 [(55.7.58.5)] (0.0,0.0) [(12.1,14.1)]  [(27.8.28.8)] (0.4,0.6) (13.6,15.6) [117.67
6344.0 (32.2,27.7) (0.0,0.1) (57.1,57.0) (23.8,19.5) (0.2,0.3) (6.4,6.2) 110.8
6269.6 (0.5,0.3) (0.2,0.3) (13.1,10.5) (37.0,19.6) (0.2,0.3) (24.5,17.9) 489
6237.6 (10.3,5.0) (0.4,0.5) (16.6,11.5) (7.3,2.4) (3.2,4.2) (52.4,31.4) 55.0
5963.3 (1.2,-) (12.6,13.1) (1.0,-) (2.4,-) (72.1,56.7) (2.0,-) 69.8
| 5698.5 | (0.0, -) (86.8,47.2) (0.0, -) (1.6.-) (23.9,-) (1.0, -) | 472 |
Btp ;% B*K* BK
1(0%) [6447.47 [(650.71.7)] [ (0.0,0.1) 7 [(44.7.488)7 [ (0.3.0.5) ] [121.07
6252.1 (32.7,18.0) (0.6,1.0) (48.7,20.9) (3.4,4.9) 447
5930.1 (2.3,-) (14.3,15.5) (4.2,-) (70.3,58.4) 73.9
| 5640.8 | 0.1, -) | (85.0,45.2) | (2.4,-) | (26.0,-) | | 452 |
bnsn
Biw BK*
0(2") [6373.6 (97.1,89.4) (24.0,21.8) 1112
6291.1 (2.9,2.0) (76.0,47.7) 49.7
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TABLE IX. (Continued)

bnsn
Biw Bin By B,w B*K* B*K BK*
0(1") [6422.07 [(55.7,57.7)] [(0.0,0.0) ] [(0.0,0.0) ] [(12.1,14.0)] [(27.8,28.8)] (0.4,0.6) (13.6,15.6)] [116.6]
6344.0 (32.2,27.1) (0.0,0.0) (0.0,0.0) (57.1,56.1) (23.8,19.5) (0.2,0.3) (6.4,6.2) 109.3
6269.6 (0.5,0.3) (0.1,0.1) (0.1,0.1) (13.1,10.2) (37.0,19.6) (0.2,0.3) (24.5,17.9) 48.6
6237.6 (10.3,4.6) (0.1,0.2) (0.2,0.2) (16.6,11.1) (7.3,2.4) (3.2,4.2) (52.4,31.4) 54.1
5963.3 (1.2,-) (6.7,0.1) (5.9,0.1) (1.0,-) (2.4,-) (72.1,56.7) (2.0,-) 56.8
156985] | (0.0,-) | | (45.9,-) | | (40.9,-) | | (00,-) | | (1.6,=) | (23.9,-) (1.0,-) L - |
Biw By By B*K* BK
0(07) [6447.47 [(65.0,70.8)] [(0.0,0.0)7 (0.0,0.0) [(44.7,488)] [ (0.3,0.5) ] [120.1]
6252.1 (32.7,16.9) (0.3,0.4) (0.3,0.0) (48.7,20.9) (3.4,4.9) 43.1
5930.1 (2.3,-) (7.6,2.0) (6.7,-) (42,-) (70.3,58.4) 60.3
15640.8 | | (0.1,-) | | (45.0,-) | (40.0,-) | (24,-) | | (26.0,-) | | - ]

decays into D*p. The highest 1 state 7(3047) has two
dominant rearrangement decay channels D*p and Dp,
while the channel D*z has a suppressed contribution.
The partial width ratio between D*p and Dp is about
['(D*p):T'(Dp) ~3.8. The decay of the second highest 17
state 7'(2843) mainly gets contribution from Dp, while the
decay channels D*p and D*r are also allowed. The partial
width ratio is found to be I'(D*p):T(Dp) ~0.07. The
remaining 17 (27) state has only one rearrangement decay
channel D*z (D*p).

For the [I;;.1] =[1.4] case, we just focus on the
rearrangement decays listed in Table VII. The lowest
JP=0" state has only one decay channel Dz. Compared

with its isospin-degenerate state, the width is much smaller.
The other 0T state mainly decays into D*p and D*w, while
the decays into Dz, Dy, and Dr’ are suppressed. The ratio
between the dominant partial widths of this state is
predicted to be I'(D*p):T'(D*w) ~ 0.34. Compared with
its isospin-degenerate state, the partial width of D*p is
smaller but the number of channels is larger, which gives
finally comparable total widths. As for the highest 17 state,
there are seven decay channels. The main contributions to
its width are from the D*p, Dp, D*w, and Dw channels.
The ratios between their partial widths are found to
be I'(D*p):T'(Dp):T'(D*w):I'(Dw) = 3.8:1.0:11.3:3.0.
The second highest 17 state mainly decays into Dp,

TABLE X. Mass spectra for the cn3 5 and bn5 5 states in units of MeV. The thresholds of D K and B,K 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: m, = 361.8 MeV, m; = 542.4 MeV, m. = 1724.1 MeV, and m,;, = 5054.4 MeV. We adopt values from the mass splitting

model (fourth column) in the discussions.

[cn5 5] states

1(J7) (Hewmr) Eigenvalue Mass Lower limits Upper limits
L(2+) (95.7) (95.7) (3046.1) (2965.4) (3266.4)
%(1*) -39.7  96.0 453 158.3 3108.7 3028.0 3329.0
96.0 20.7 1437 10.1 2960.5 2879.8 3180.8
453 1437 -—-14.7 -202.2 2748.2 2667.5 2968.5
%(0*) —-107.5 248.9 227.1 3177.5 3096.8 3397.8
2489 420 —292.6 2657.8 25771 2878.1
[bn55])! states
1(J%) (Hep) Eigenvalue Mass Lower limits Upper limits
L2*) (76.8) (76.8) (6367.4) (6274.6) (6577.8)
%(l*) -352 1312 61.8 158.2 6448.7 6356.0 6659.2
1312 243 -118.8 49.3 6339.9 6247.1 6550.3
61.8 —118.8 6.9 -211.5 6079.1 5986.3 6289.5
1(07) —91.2 205.8 184.7 6475.2 6382.5 6685.7
205.8 31.2 —244.7 6045.9 5953.1 6256.3
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TABLE XI. Rearrangement decays for the cns s and bns s cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100|M|?/C? and dimensional partial width, respectively. The masses and widths are presented in units of MeV.
1(J7) Mass Channels r
cnss
D:K*
(2% [3046.1] [(33.3,119.2)] [119.2]
D:K* D,K*
(1) 3108.7 (47.0,260.2) (0. 2 2 7) (6.2,53.4) 3164
2960.5 (1.8,-) 1 1,11 1 (31.3,184.6) 195.7
2748.2 (1.2,-) 40 3 274 3 (42,-) 274.3
DiK*
1(0%) 3177.5 (54.7,378.1) 01 1 1) 379.2
2657.8 (3.6,-) 41 .6,358.1) 358.1
bnss
BiK"
(2% [6367.4] [ (33._3, 36.5)] i i [36.5]
BK* B'K B.K*
1) 6448.7 (42.1,70.6) (0.1,0.3) (12.2,24.1) 94.9
6339.9 (6.0,4.8) (0.1,0.2) (27.6,35.7) 40.6
6079.1 (2.0,-) (41.5,68.7) (1.8,-) 68.7
BK B.K
1(0%) 6475.2 (54.7,99.8) (0.1,0.3) 100.0
6045.9 (3.7,-) (41.6,73.0) 73.0
D*w, and Dw with the partial width ratio  but their partial width ratios are significantly different. For

['(Dp):T'(D*w):T'(Dw) = 5.2:1.0:15.3. The lowest 17"
state is the narrowest [cn(7i7)']?, which has only one
rearrangement decay mode D*z. For the 2T state, the
channels D*p and D*w provide important contributions to
the decay width. Their partial width ratio is estimated to
be I'(D*p):T'(D*w) ~ 0.34.

From Table VI, we can find that the six [1;.1] = [0,4]
states are located at 2028 ~ 2982 MeV with widths ranging
from approximately 120 MeV to 533 MeV. The decay
modes for a [I;;,1] = [0, 4] state are the same as those for
its corresponding [ ;, I] = [1, ] state. However, the partial
width ratios of the dominant channels differ. The lower
JP =07 [cn(7 71)°]2 state T(2028) has the same rearrange-
ment decay channel Dz as the lower J* = 0% [cn(i 7))
Their coupling amplitudes with Dz are different
([en(an)']2 is Since the lower J¥ =07
[en(7i71)']2 state possesses a larger decay phase space than
the 7(2028), their decay widths are finally comparable.
The other J* = 0" [cn (7 71)°]: state 7(2817) mainly decays
into D*p, Dz, and D*® with the partial width ratio
I'(D*p):T'(Dz):T'(D*w) = 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 0" [cn(7 72)!]2 state. The highest J* =
17 [en(i 7)°): state T(2929) and the highest 17 [cn(7 7)']?
state have the same main rearrangement decay channels,

smaller).

the 7(2929), the ratios are about I'(D*p):T'(Dp):
I'(D*w):T'(Dw) = 7.5:3.0:2.4:1.0. The second highest
JP = 17 [en(@n 1)) state T'(2755) mainly decays into D* 7,
Dp, and Do channels. The related ratios are predicted to be
I'(D*z):T(Dp):T(Dw) = 1.0:22.5:7.3, which differ
from the second highest 17 [cn(7i 71)']2. The decay feature
for the lightest J* = 1 [en(7 7)°): state T(2207) is similar
to the lightest 1 [en(7i 1)!]2. The former state is below the
latter one, but its strong coupling with their unique
rearrangement decay channel D*x leads to a larger width.
The decay of JZ =2t [cn(in)?) state T(2982) gets
contribution mainly from D*p and D*w. Their partial
width ratio is predicted to be T'(D*p):I'(D*w) = 3.1,

which is larger than the ratio for the 2t [cn(7i71)']? state.

One may similarly analyze the bnn i 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 bnni i system exhibit strong similarities to
those of the cnii i1 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.
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TABLE XII.

Mass spectra for the csii i and bsii 7i states in units of MeV. The thresholds of DK and B K 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: m, = 361.8 MeV, m; = 542.4 MeV, m_. =
model (fourth column) in the discussions.

1724.1 MeV, and m; = 5054.4 MeV. We adopt values from the mass splitting

csnn states

1(J7) (Hem) Eigenvalue Mass Lower limits Upper limits
1(27) (127.7) (127.7) (2987.5) (2892.3) (3117.8)
1(1%) (—7.2 96.8 456 ) ( 198.2 ) (3058.0) (2962.8) (3188.3)
96.8 675 —143.1 425 2902.3 2807.1 3032.6
456 —143.1 144 -166.1 2693.7 2598.5 2824.0
1(0%) 747 2479 269.1 3128.9 3033.7 3259.2
<247.9 90.4) ( -253. 4) (2606.4) (2511.2) (2736.7>
0(2%) (138.5) (138.5) (2998.3) (2903.1) (3128.6)
0(17%) (—198.8 96.8  114.1 ) ( 93.7 ) (2953.5) (2858.3) (3083.8)
96.8 —1349 -143.1 -75.5 2784.3 2689.1 2914.6
1141 -143.1 =72 -359.2 2500.6 2405.4 2630.9
0(0") ( -367.5 2479 ) ( -9.3 ) (2850.5 ) (2755.3 ) (2980.8 >
2479 -180.8 -539.0 2320.7 2225.6 2451.1
bsn i states
1(J7) (Hew) Eigenvalue Mass Lower limits Upper limits
1(2*) (107.7) (107.7) (6307.7) (6214.9) (6428.1)
1(17) -32 1328 626 199.8 6399.7 6307.0 6520.2
1328 715  —117.7 82.2 6282.2 6189.4 6402.6
(62.6 -117.7 384 ) (—175 3) (6024.7) (5931.9) (61451)
1(07) <—58.7 203.8> ( 224. 9 (6424.8) (6332.1> <6545 3>
2038 78.4 5994.8 5902.1 6115.3
0(2%) (1125) 1125 (6312.5) (6219.7) (6432.9)
0(17%) -164.8 1328 1565 86.1 6286.0 6193.3 6406.5
1328  —1429 -117.7 -23.2 6176.8 6084.0 6297.2
( 156.5 —117.7 —19.2) ( -389.8 (5810.1) (5717.4) (59306)
0(0") -303.5 203.8 -13.5 6186.4 6093.7 6306.9
< 203.8 —156.8 ) ( —446.7 (5753.2) (5660.5) ( 5873.7 >

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

[bn(7 72)']? states are around 5762 ~ 6392 MeV, and they
are all unstable. As shown in Table VII, the lower J© = 0
[bn(ii 71)']? state and the higher one dominantly decay into
Bz and B*p, respectively. For the J” =17 [bn(in)']?
tetraquarks, the highest and the second highest state share
the main decay modes B*p and Bp, while the lightest state
mainly decays into B*z. The observation of the tensor
[bn(i7)']? state in the B*p channel is possible.

For two degenerate [bn(iin)']? and [bn(in)']? states
with the same J, the I = 1/2 state has more rearrangement
decay channels. While its coupling strengths with the
common channels are weaker than the I = 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 = 3/2 state. The exception cases are the lowest J* = 0F
and 1" states. For the I = 1/2 states, the number of

allowed decay channels is kinematically reduced compared
to their 7 = 3/2 counterparts. Their widths are therefore
much narrower.

The predicted masses of the [bn(7 7)°]2 states are around
5460 ~ 6296 MeV. From Table VII, the lower J* = 0
[bn(ii7)°]2 and [bn(7i 1)']? states can be searched for in the
Br channel. In the higher J* = 0 case, the channel B*w is
more strongly coupled with the [bn (7 r‘z)l]% state than the
[bn(in)°]: state, while the channel B*p exhibits the
opposite trend. Because of its lower mass, the higher J =
0t [bn(7 71)°]: state has a narrower width than the higher 0*
[bn(ii7)']2. Both the lowest J* = 1t [bn(7i72)°]2 and the
lowest 11 [bn(7i 71)']: states have only one two-body decay
channel B*z. The stronger coupling makes the former state
a slightly broader one, although its mass is smaller. To
search for other J* = 1% states (for both [bn(i72)°] and
[bn(i r‘z)l]% cases), the B*p, Bp, B*w, and Bw channels can
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TABLE XIII. Rearrangement decays for the csi 71 and bsn in cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100|M|?/C? and dimensional partial width, respectively. The masses and widths are presented in units of MeV.
1(J7) Mass Channels r

csnn
D*K*
1(2%) [2987.5] [(33.3,180.1)] [180.1]
D*K* D*K DK*
(1) 3058.0 (46.9,329.8) (0.4,4.5) (7.1,69.0) 403.3
2902.3 (2.2,0.3) (1.1,12.1) (30.7,225.3) 237.7
2693.7 (0.9, - ) (40.2,333.5) (39,-) 333.5
D*i{* DK
1(ot) 3128.9 (55.1,451.1) (0.1,2.1) 453.2
[2606.4} { (3.2,-) } [(41.5,419.3)] [419.3}
D*K*
0(2%) [2998.3] [(66.7,380.2) ] [380.2]
D*K* DK DK*
0(1t) 2953.5 (47.6,203.0) (1.3,14.5) (10.6,88.5) 306.1
2784.3 (2.4,-) (1.8,17.8) (47.6,151.9) 169.7
2500.6 (0.1,-) (55.2,-) (0.1,-) -
D*K* DK
0(0") 2850.5 (41.4,-) (2.7,34.4) 344
25207 053 5o ] -
bsnn
B*K*
1(2%) [6307.7] [(33.3,46.3)] [46.3]
B*K* B*K BK*
(1) 6399.7 (41.6,81.4) (0.2,0.6) (13.3,29.3) 111.3
6282.2 (6.7,7.9) (0.1,0.2) (26.8,41.5) 49.6
6024.7 (1.7,-) (41.4,77.9) (1.6,-) 77.9
B*K* BK
1(0%) 6424.8 (55.2,114.7) (0.2,0.5) 115.2
[5994.8} { (3.2,-) } [(41.5,82.1)} [ 82.1 }
B*K*
0(2%) [6312.5] [(66.7,95.0) ] [95.0]
B*K* B*K BK*
0(1%) 6286.0 (34.1,41.3) (0.2,0.6) (31.2,49.2) 91.0
6176.8 (15.8,-) (2.9,7.2) (27.1,7.8) 14.9
5810.1 (0.1,-) (55.2,-) (0.1,-) -
B*K* BK
0(0™) 6186.4 (41.5,-) (2.9,7.8) 7.8
B (025 554 )

be employed. For the J¥ = 2+ states, the rearrangement
decay in the [bn(i 72)°)2 case gets major contribution from
the B*p channel, whereas the dominant contribution for the
decay in the [bn(7 71)']? case comes from the channel B*w

C. The cnsii and bnsii systems

The cns i states are of special interest because they are
related to the recently observed exotic 7%(2900)° and
T%:(2900)"" by the LHCb Collaboration [1,2]. There are
twelve possible tetraquark ground states for 7/ =0 and

twelve for 1 = 1. The present framework gives same-J
degenerate / = 0 and I = 1 states. For the I = 0 case, it is
possible to consider the mixing between the tetraquark and
the c¢s configurations in future work. We present the
estimated cns7 masses and their relative positions in
Table VIII and Fig. 1(b), respectively. The rearrangement
decay properties of the degenerate /=1 and /=0
tetraquarks are different. They are collected in Table IX.
For the I =1 case, just from the mass, the the
oretical 7¢(2918) and 7“(2903) are both consistent with
the observed T%,(2900). However, the spin-parity of

c50
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TABLE XIV. Mass spectra for the ¢s5 i and bs5 i states in units of MeV. The thresholds of D K and B K 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: m, = 361.8 MeV, m; = 542.4 MeV, m, = 1724.1 MeV, and m;, = 5054.4 MeV. We adopt values from the mass splitting

model (fourth column) in the discussions.

css n states

1(J7) (Hem) Eigenvalue Mass Lower limits ~ Upper limits
12" (117.5 —25.5) (135.5) (3085.8) (3005.2) (3306.2>
-255 995 81.5 3031.8 2951.2 32522
(1) -161.2 255 -415 608 717 =352 152.2 3102.5 3021.9 3322.9
255 -120 608 -166 352 287 85.9 3036.2 2955.6 3256.6
—-415 608 427 0 300 —118.2 13.0 2963.4 2882.7 3183.7
60.8 —16.6 0 -853 —118.2 12,0 —66.6 2883.7 2803.1 3104.1
717 =352 300 -1182 1.1 0 -115.6 2834.8 2754.1 3055.1
-352 287 ~—1182 120 0 -2.1 -285.8 2664.6 2583.9 2884.9
1) -300.5 50.9 -52.0 204.8 215.7 3166.0 3085.4 3386.4
509 -67.7 2048 -208 7.5 2957.8 2877.2 3178.2
-52.0 204.8 65.6 0 -199.7 2750.7 2670.0 2971.0
2048 -208 0  —131.2 -457.3 2493.0 2412.4 2713.4
bss i states
1(J7) (Hep) Eigenvalue Mass Lower limits ~ Upper limits
12" (91.8 25.7) (112.2) (6402.7) (6164.4) (6613.2>
25.7 79.6 59.2 6349.8 6111.4 6560.2
(1) —-127.5 =257 41.0 964 113.6 348 148.0 6438.5 6200.2 6649.0
-257 -81 964 164 348 454 82.6 6373.1 6134.8 6583.6
41.0 964  46.7 0 =303 -93.1 37.7 6328.2 6089.9 6538.7
964 164 0 -933 -93.1 -12.1 -9.8 6280.8 6042.4 6491.2
113.6 348 =303 -93.1 -109 0 -117.1 6173.5 5935.1 6383.9
348 454 -93.1 -121 0 21.9 -312.8 5977.8 5739.4 6188.2
L) -2372 =515 525 1612 172.2 6462.7 6224.4 6673.2
-51.5 =520 1612 21.0 4.2 6294.8 6056.4 6505.2
525 1612 53.6 0 -148.9 6141.7 5903.3 6352.1
1612 21.0 0 -107.2 -370.3 5920.3 5681.9 6130.7

T,(2900) determined by the LHCb is 0" [1,2]. Therefore,
our results indicate that the 7¢(2918) with J* = 0" is a
good candidate for the observed 7%,(2900). In our
calculation, based on this correspondence, we determine
the decay parameter C. If the 7% (2900) indeed corre-
sponds to the 79(2918), it may be the narrowest I = 1
cns i state from Table IX, although it has four dominant
decay modes: Dip, D,z, D*K*, and DK. The partial width
ratio is found to be

[(D:p):T(D,x):T(D*K*):T(DK) ~ 10.8:1.0: 11.2:3.9,
(20)

which differs from the results in the other works [41,42].
This ratio can be tested by future experiments.

Our results indicate that the 7¢(3150) with J© = 0" may
be the broadest I/ = 1 cn5 7 state. It would predominantly
decay into Djp and D*K*, while the D,z 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 7¢(2538) with
JP = 0% are Dyz and DK, and the corresponding partial
width ratio is I'(D,x):T'(DK) ~ 0.3. The lightest I(J¥) =
1(0™) state with mass m = 2214.3 MeV can be searched
for in its unique rearrangement decay channel D z. All
the six I(J¥) = 1(17") tetraquark states have the decay
channel D¥z, 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 7%(2903) of the six 17 states
shows the smallest width. Both I(J) = 1(2") states can
decay into D}p and D*K*. The former channel contrib-
utes dominantly to the width of the heavier 7¢(3058),
while the latter channel contributes to the lighter
T¢(2971) dominantly.
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TABLE XV. Rearrangement decays for the cs5# and bss i cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100|M|?/C? and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

I1(JP)  Mass Channels r
cssn
DiK* D*¢
1(2%) [3085.8] {(100.0,247.0)} {(11.1.24.1)} [271.1]
3031.8 | (0,0) (88.9,50.9) | 509 |
D:K* DK D,K* D*¢ D*n Dy’ D¢
1(1%) 1310257 [(76.1,204.9)7 [ (0.1,0.6) | [ (2.4.102) (21.7,52.9) (0.9,5.4) (1.0,3.3) (6.6,27.7) 1 [305.17
3036.2 (23.2,36.3) (0.5,2.6) (18.2,68.5) (66.8,56.0) (1.5,8.6) (1.7,4.1) (0.5,1.7) 177.8
2963.4 0.2,-) (2.0,10.1) (33.2,99.2) (93 -) (0.8,4.6) (0.9,-) (22.3,59.9) | | 173.7
2883.7 (0.5,-) (0.9,3.9) (46.0,66.5) (0.0,-) (11.7,59.4) (13.2,-) (37.9,-) 129.8
2834.8 (0.0,-) (7.0,29.3) (0.3,-) (14 -) (232,111.4) | | (26.1,-) (30.4,-) 140.7
| 2664.6 | (0.0,-) | (89.4,200.8) | (0.0,) 0.9,-) (8.9,28.8) (10.0,-) (2.2,-) 1229.7 |
DSK* DK D¢ Dy Dy
1(07) [3166.07 [(62.8,211.0)] [ (0.1.0.4) 7 [(47.3.152.1) (0.2,1.0) (0.2,0.9) [365.4]
2957.8 (35.8,-) (0.8,4.9) (45.6,-) (2.7,17.3) (3.0,10.6) 32.7
2750.7 (1.3,-) (18.1,90.8) (5.6,-) (30.4,170.1) (34.1,-) 260.9
 2493.0 | (0.0,-) | (81.0,146.3) | (1.5,-) (13.9,43.0) (15.6,-) [ 189.2 |
bss i
BiK* B*¢
1(2%) [6402.7] [(99.7,68.9)] [ (11.1,4.6) ] [73.5]
16349.8 | | (0.3,0.1) | |(92.0,16.5) | 16.7 |
BiK* BiK B,K* B¢ B*n By B
1(17) 7643857 [(59.6,482)] [ (0.0,0.1) T [ (92,8.8) 1 [(28.8,20.8)] (0.3,0.5) (0.4,0.3)7 [(11.9,10.5)7 [89.2]
6373.1 (28.4,16.3) (0.0,0.0) (61.4,47.1) (16.9,6.8) (0.3,0.4) (0.3,0.2) (0.5,0.3) 71.2
6328.2 (3.7,1.2) (0.3,0.4) (3.4,2.0) (41.9,-) (0.2,0.2) (0.2,0.1) | |(36.9,15.2) 19.2
6280.8 (8.2,-) (0.2,0.2) (25.8,8.5) (7.4,-) (4.7,6.3) (5.2,-) (44.6,-) 15.0
6173.5 (0.1,-) (12.2,12.6) (0.2,-) (3.9,-) (31.4,36.5) (35.3,-) (5.2,-) 49.1
159778 | (0.0,-) | [(872,453)] | (0,-) | | (1.L.-) | (10.3,7.1) (11.5,-) (0.9,-) 152.4 |
BiK* B,K B*¢ By By
1(0%) [6462.7 [(64.9.57.0)] [ (0.0,0.1) T [(455.36.7)] [ (02,03) ] (0.2,0.2) [94.37
6294.8 (34.4,-) (0.6,0.8) (46.0,-) (3.6,5.3) (4.1,2.3) 8.4
6141.7 0.7,-) (14.4,15.6) (6.7,-) (31.6,38.0) (35.5,-) 53.6
159203 | | (0.0,-) | [(85.0.4L7)] | (1.8,-) | (11.6,7.6) | (13.1,-) 149.3 |

For the I = 0 case, the spectrum is the same as the / = 1
case, but the primary decay channels are different. From
Table IX, the lowest J* = 0% 77/(2214) should be stable
since no rearrangement decay channel is allowed. This
tetraquark can be searched for in its weak decay mode
K*K~z". The higher 0t T/(2538) has a main decay
channel DK and a suppressed channel Dx. Their width
ratio is predicted to be I'(D,n):T'(DK) ~ 0.04. The even
higher 0" 7/(2918) dominantly decays into D¥w, D*K*,
and DK. The width ratio between these channels is
I'(Diw):T'(D*K*):T'(DK) =2.4:2.8:1.0. The highest
T/(3150) is the broadest I(J”) =0(0") cn57, which
dominantly decays into Diw and D*K*. The obtained
partial width ratio is about 1.3. Based on our calculation,
the lowest 7(JF) = 0(17) state 7/(2386) is a stable one. It
can be searched for in the DKy channel. The other higher
0(1") states have rearrangement decay channels and a
search for them in the D*K channel is proposed. Both / = 0
tensor states can decay into Djw and D*K* channels.

The corresponding partial width ratios for the higher
and lower states are I'(D}w) :T'(D*K*) ~ 3.5 and I'(D}w)
['(D*K*) ~ 0.06, respectively. If the observed 7%(2900)
is really a tetraquark, the other isovector and isoscalar cn5 7
states should also exist in principle. Searching for them in
various decay channels may deepen our understanding of
the strong interaction.

The bns i system, the flavor partner of the cn5s 7 system,
may be similarly analyzed. The estimated masses and
relative positions of the bnsn states are shown in
Table VIII and Fig. 1(h), respectively. The corresponding
rearrangement decay properties are also collected in
Table IX.

The bns i system is associated with the state X(5568)
observed in the B,z channel by the DO 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
X(5568) is about 70 MeV lower than the lowest I(J¥) =
1(0") tetraquark. If we artificially adjust the mass of the
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TABLE XVI. Mass spectra for the ¢s5 5 and bs3 § states in units of MeV. The thresholds of D 5 and B, 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: m; = 542.4 MeV, m, = 1724.1 MeV, and m;, = 5054.4 MeV. We adopt values from the mass splitting model (fourth column)

in the discussions.

css § states

1(J7) (Hem) Eigenvalue Mass Lower limits Upper limits
0(2") (72.8) (72.8) (31233) (2853.0) (3424.1)
0(1™) -152 248 117 98.0 3148.5 2878.2 3449.3
248 203 -933 -9.2 3041.2 2771.0 3342.1
1.7 =933 -17.1 —-100.8 2949.7 2679.4 3250.5
0(0™) -59.2 161.7 161.6 3212.0 2941.8 35129
161.7 432 -177.6 2872.9 2602.6 3173.7
bss s states
1(J7) (Hew) Eigenvalue Mass Lower limits Upper limits
0(2") (53.1) (53.1) (6443.7) (6161.4) (6734.7)
0(1™) -11.5 60.0 283 933 6484.0 6201.6 6774.9
60.0 243 -684 24.6 6415.2 61329 6706.2
283 —684 69 -98.1 6292.5 6010.2 6583.5
0(0™) —43.7 118.6 118.1 6508.7 6226.4 6799.7
118.6 312 —130.6 6260.1 5971.7 6551.0

lowest state to 5568 MeV and still use the decay parameter
extracted from the 7%,(2900), the decay width would
become 29.1 MeV, which is consistent with the measured

value 21.9 + 6.43’2 MeV. The former condition implies

that the uncertainty for the adopted model in predicating
the bnsn masses is about 70 MeV. The latter condition
indicates that the adopted assumption C(bottomsector) ~
C(charmsector) is valid. More studies are needed to clarify

TABLE XVII. Rearrangement decays for the ¢s55 and bs5 s cases. The two numbers in the parentheses for a decay channel mean
dimensionless 100|M|?>/C? and dimensional partial width, respectively. The masses and widths are presented in units of MeV.

1(J%) Mass Channels r
Di¢
0(2%) [3123.3] [(33.3215—)] , (-]
Dj Dj Dinf D
0(1%) 3148.5 (49.3,111.2) (0.4, :17.6) (0.5, 2.3) (3.3,23.2) 141.3
{3041.2] [ (0.4,-) ] [ (3.4,34.0) ] { (3.8,-) } [(26.1, 111.4)} [145.5]
2949.7 (0.4,-) (15.8,143.9) (17.7,-) (12.3,-) 143.9
D¢ Dgn Dy
0(0™) {3212.0} [(54.9,262.2)] [ (0.1,0.7) ] [(0.1,0.5)} [263.4}
2872.9 (3.4,-) (19.6,209.6) (22.0,-) 209.6
bsss
Bi¢
0(2%) [6443.7] [(33.3,145)] i i [14.5]
Bip B: By B¢
0(1%) 6484.0 (45.1,46.1) (0.1, 3.3) (0.1,3.2) (8.9,12.9) 59.5
6415.2 (3.4,-) (0.2,0.4) (0.2,0.2) (30.2,24.1) 24.7
{6292.5] [ (1.4,-) ] {(19.4,45.7)] Lzl.s,—)} [ (2.5,-) } [45.7]
B¢ B, B,
0(0™) {6508.7} [(54.9,68.6)} { (0.1,0.2) ] {(0.1.0.1)} [68.8}
6260.1 (3.4,-) (19.6,47.9) (22.0,-) 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 I;; = 1 and I;; = O 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 (/) states and their degenerate
(I, — 1) states.
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the nature of X(5568) on both experimental and theoreti-
cal sides.

Of the other J¥ = 07 states, the lightest 7/(5641) with
I = 0 is stable, as it has no rearrangement decay channels.
It can be searched for in the J/wK~ K" channel. The
heavier 7%(5930) [7/(5930)] with I =1 (I = 0) mainly
decays into B,z and BK (BK). The even heavier 7¢(6252)
[T/(6252)] with I = 1 (I = 0) dominantly decays into Bp,
B*K*, and BK (Biw, B*K*, and BK). The heaviest
T4(6447) [T/ (6447)] with I = 1 (I = 0) strongly couples
to the rearrangement decay channels Bfp and B*K* (Biw
and B*K*), which results in a broad total decay width.

In the J = 17 case, the lightest state with I = 1 mainly
decays into B:r, whereas the lightest state with I = 0 may
be stable. This isoscalar 7/(5699) tetraquark can be
searched for in the B"K"y mode. The dominant decay
modes for the second lightest state with / = 1 are B}z and
B*K and that for the I = 0 is B*K. Those for the third
lightest state with / =1 (I = 0) are B§*>p, B*K, and BK*
(Eg*)a), B*K, and BK*). The channels B,p, B*K*, and BK*
(B,w, B*K*, and BK*) provide significant contributions to
the third highest state 7¢(6270) [T/(6270)] with I =1
(I = 0). The highest I = 1 (I = 0) and the second highest
I = 1 (I = 0) states share four dominant decay modes, B p,
B,p, B*K*, and BK* (Bw, B,w, B*K*, and BK*).

In the tensor J© = 2% case, there are four possible
tetraqauark states in total, two around 6291 MeV with
I =1, 0 and two around 6374 MeV with I =1, 0. The
higher I = 1 (I = 0) state decays into B}p and B*K* (Biw
and B*K*) with partial width ratio around 4.2 (4.1),
whereas the B*K* is the main rearrangement decay mode
of the two lower states.

D. The cnss and bnss§ systems

All the relevant states are exotic which cannot mix with
the conventional mesons. The predicted masses for the
cn3 5 (bnss) 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 cns § 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 J” = 0T, which can be discovered in the
D,K decay mode. Another 0" state mainly decays into
DiK*. Its decay into D K is suppressed due to a weak
coupling amplitude. Of the three J* = 17 states, only the
DK channel contributes the rearrangement decay of the
lightest 7(2748). The higher 7(2961) dominantly decays
into D;K* with a branching fraction about 94.3%. The
total width of the highest 7(3109) receives contributions
mainly from D;K* and D K* modes. The partial width
ratio between these two channels is estimated to be

[(D:K*):T(D,K*) ~4.9. The J* =2% state can be
searched for in its unique rearrangement decay chan-
nel D;K*.

As for the bnss case, from Fig. 1(i) and Table XI, the
features are similar to those in the cn§s case. A slightly
different feature lies in the second 17 state. The 7(6340)
can decay into B*K* but its charmed counterpart 7(2961)
is below the DiK* threshold.

E. The csiiii and bsii i systems

The tetraquark ground states in these two systems are
also flavor exotic. Each system comprises six states with
I = 1 and six with I = 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 / = 0 csiii case. Our results show
that the estimated mass of the higher J¥ = 0T state is
2850.5 MeV, which is in good agreement with the measured
mass of the observed T7,(2900)° [3,4]. The calculated width
of T/(2851) 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:s0(2900)0, 57 + 12 + 4 MeV, Note
that our estimation for the width only involves the rearrange-
ment channel DK and the model is very crude. It is acceptable
to assign the 7% (2900)° as the higher J* = 0 csii 71 state.
We this assignment, we may consistently understand the
structures of both 7% ,(2900)° and T%.,(2900). Besides this
0" tetraquark state around 2900 MeV, one should also note
the other 0" state 7(2321). It is expected to be stable with
respect to the strong interaction. Searching for this state in the
D"z~ z° invariant mass is called for.

From Fig. 1(d) and Table XIII, the lightest /(J7) =
0(1%) state 7/(2501) is around the D*K threshold and may
be stable or narrow. It could be searched for in the Dz K~
channel in experiments. The higher 0(17) state 7/(2784)
dominantly decays into D*K and DK*. Their partial width
ratio is predicted to be

I'(D*K):T(DK*) ~0.12. (21)

The decay of the highest 0(1%) state 7/(2954) receives
contributions mainly from the D*K* and DK* channels,
and subdominantly from the D*K. Although the phase
space of the channel D*K is the largest one, the weak
coupling leads to a small width. In our model, the partial
width ratio is found to be

[(D*K*):T(D*K):T(DK*) ~ 14.0:1.0:6.1. (22)

The last of the six / = 0 states is the broad 7/(2998) with
JP =2%, which has only one rearrangement decay
channel D*K*.
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From Fig. 1(d), the I =1 csinn states have generally
lager masses than the / =0 csin states. Since the
rearrangement decay patterns in these two cases are the
same, it is evident that all the / = 1 states are unstable and
have broad widths. For the I = 1 csinnn case, the partial
decay ratios can be derived with data in Table XIII.

The higher 1(J7) = 1(0") state 7%(3129) is the heaviest
and broadest cs7n i tetraquark. Its mass is much larger than
the DK threshold, but the state dominantly decays into
D*K* because of the strong coupling amplitude. Due to the
combined effects of phase space and coupling, the lower
1(0%)T¢(2606) has a width comparable to that of the
higher 7%(3129). Each of the three /(J*) = 1(17) states
has a dominant rearrangement decay mode. They are D*K,
DK*, and D*K* for the lightest 7¢(2694), the higher
79(2902), and the heaviest 7¢(3058), respectively. The
branching fraction for the 7%(2902) into DK* can reach up
to 95% of the total rearrangement decay width. The
T4(3058) also decays into DK* significantly, with the
ratio of partial widths I'(D*K*):T'(DK*) ~ 4.8. The width
of the tensor state 7%(2988) is smaller than its =0
counterpart, which results from its slightly lower mass and
weaker coupling with the D*K* channel.

We now move on to the b quark sector and study the
bsinn tetraquark ground states. In Ref. [95], the author
proposed to search for a bsii d tetraquark state through its
weak decay, provided that such a state exists below the B K
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 nns b masses lie above the respective thresholds.
This means that the rearrangement decay can occur for all
the bsn n tetraquark states. From Table XIII, one observes
that the features for the bsin ii case are similar to those for
the csi i case. Assuming that the decay parameter C takes a
similar value as in the ¢ quark sector, one finds that the
widths of the bsii i states are smaller.

For the I =0 case, the lighter 0" state with mass
5753.2 MeV and the lightest 17 state with mass
5810.1 MeV are found to be stable, in agreement with

our previous results [73]. The experiments could choose
|

the B~z~z" channel to detect the lighter O state. Searching
for the lightest 1t state in the B Ky channels is highly
desirable. The higher 0" state is a narrow bsi7i with a
width of several MeV, decaying exclusively into B K. For
the higher 1+ state 7/(6177), the two dominant decay
modes B*K and BK* have similar partial widths, as the
stronger coupling to the latter channel compensates for
its smaller phase space. For the highest 17 state around
6286 MeV, the dominant rearrangement decay modes are
B* K* and B K*, which have comparable coupling strengths
and partial widths. Regarding the remaining 2% state, the
width comes mainly from the B*K* channel.

The differentiating features betweenthe / = 1 and I = 0
csn n states are similarly observed in the bs#n 71 cases. These
features help to understand the properties of the I =1
bsn i tetraquarks.

F. The cssin and bss in systems

Like the I = 1/2 Qnn i cases, the Qs5 71 states resemble
excited Qn mesons. The mixing between these three
configurations cannot be ruled out, but we defer such
discussions to future work. In both the css7n and bssn
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 css 7 states lie above their respective rearrange-
ment decay thresholds, indicating that they can fall apart
into two hadrons. The spin of the lightest state 7(2493) is
J = 0. It mainly decays into DK and D#. Our calculation
yields the partial width ratio of

I (D,K):T(Dy) ~3.4. (23)

The other three J” = 0" tetraquark states may also be
searched for in the Dy or DK channel. Note that 7(2958),
the third lightest among the four OV states, is the narrowest
tetraquark. For the six J” = 17 ¢s57 states, both decay
channels D?K and D*1 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*y
among the six states can be predicted as

['(T(3103) — D*):T(T(3036) — D*):T(T(2963) — D*n):T'(T(2884) — D*n):
[(T(2834) = D*n):T(T(2665) — D*y) ~1.2:1.9:1.0:12.9:24.2:6.3. (24)

The corresponding ratios for the DK channel are
1.0:4.3:16.8:6.5:48.8:334.7. (25)

These values would provide information to identify pos-
sible structures, once all the six states are observed.

|
The two JP =27% tetraquarks have different dominant
rearrangement decay channels. The higher state T(3086)
mainly decays into D*K* with a branching ratio of about
91%, while the lighter 7(3032) mainly decays into D*¢
with a branching ratio of nearly 100%.
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For the bssn system, the features in spectrum and
rearrangement decay are similar to the cs37 case. From
Table XV, both the lowest and the second lowest J© = 0
states have two dominant rearrangement decay channels,
B,K and Bp. The third lowest 0% state is again the
narrowest tetraquark. It mainly decays into By and By,
while the channel B,K is relatively suppressed. For the
highest 0" state, the channels B:K* and B*¢ dominate the
decay. All of the 17 states are likely to be observed in the
B*n or BiK mode. For the two 2% states, the dominant
rearrangement decay channels for the higher and lower
states are B;K* and B*¢, respectively.

G. The csss and bsss systems

The Qs55 and the aforementioned I =0 Qnsn tetra-
quarks resemble the excited ¢5 mesons. At present, we do
not consider the possible mixing among them. Similar to the
I = 3/2 cnn i case where the Pauli principle matters, both
the ¢ss5 and bss 5 systems have six tetraquark states. The
masses and decay properties of the twelve states are given in
Tables X VI and X VII, respectively. We illustrate the relative
positions of the involved states in Figs. 1(f) and 1(1).

For the ¢s5 § case, the predicted tetraquarks have masses
in the range of 2873-3212 MeV. The J” = 27 state with
mass 3123.3 MeV is around the D}¢ threshold and some
structure might be existent here. It may be searched for in
the D} y¢ channel in future experiments. Of the two J* =
0" states 7(2873) and T(3212), the lower one has only one
rearrangement decay channel D,n, while the higher one
mainly decays into Dj¢ because of the stronger coupling.
The three remaining J© = 17 states can all decay into D7,
but each has a dominant rearrangement decay channel. The
corresponding channels for the states, in order of increasing
mass, are D5, Dp, and Di¢. The lightest 7(2950) has
only one decay channel. The heavier 7(3041) can addi-
tionally decay into Djn with a partial width ratio of
['(Din):T(Dyp) ~0.3. As for the heaviest 7(3149), the
decay into D¢ is also significant, with a partial width ratio
of I'(Di¢):T'(Dy¢p) ~4.8. The decay channels Din and
D}n' for the T(3149) are suppressed due to weak coupling.

The bss s case and the css 5 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(1), the two cases have similar features in
spectrum. From the decay results listed in Table X VII, the
dominant decay channels for the lower and higher J* = 0F
states are B,y and B} ¢, respectively. For the three 17 states
7(6293), T(6415), and T(6484), their dominant rearrange-
ment decay channels are B}, By, and B¢, respectively.
The decay channel B%# is open for T(6415), while the D%/

channel is not for the corresponding charmed state. The 2™
state is around the B¢ threshold. Searching in the B¢y
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 X (4140) is the
lowest compact c¢s¢s tetraquark with JP€ = 1**, The
spectra of tetraquarks are obtained by calculating the mass
distances with respect to the reference X(4140). The
rearrangement decays are analyzed with a simple decay
model. From numerical results, one finds that

(i) The recently observed state T“,(2900)**/0 by

LHCb could be assigned as the second highest
I1(JP) = 1(0%) cns 7 state.

(i) The T%,(2900)° is a good candidate of I(J*) =
0(0%) csnn tetraquark state.

(iii) The lowest bns i1 tetraquark with 7(J”) = 1(0") is
about 70 MeV above the X(5568) reported by the
DO 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 7(J¥) =0(0") cnsn
at around 2.2 GeV, the lightest 0(17") ¢ns i around
2.4 GeV, and the lightest 0(0") csiin around
2.3 GeV. The corresponding bottom states are at
around 5.6 GeV, 5.7 GeV, and 5.8 GeV, respectively.
The 1(J¥) = 0(1") DzK and B K y resonances near
the D*K and B*K thresholds, respectively, are likely
narrow and warrant experimental searches.

If the observed singly charmed states 7%,(2900) and
T* ,(2900)° 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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