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In the framework of an extended chromomagnetic model, we systematically study the mass spectrum of
the S-wave gQQQ tetraquarks. Their mass spectra are mainly determined by the color interaction. For the

qcee, gbce, and gbbb tetraquarks, the color interaction favors the color-sextet |(gQ)%(QQ)%)

configuration over the color-triplet |(¢gQ) (QQ)%) one. But for the gcbb tetraquarks, the color-triplet
configuration is favored. We find no stable states which lie below the thresholds of two pseudoscalar

mesons. The lowest axial-vector states with the ¢Qbb flavor configuration may be narrow. They lie just
above the thresholds of two pseudoscalar mesons, but cannot decay into these channels because of the

conservation of the angular momentum and parity.

DOI: 10.1103/PhysRevD.105.034026

I. INTRODUCTION

Searching for the exotic states is an important and
challenging topic in hadron physics. In the past two
decades, we have witnessed tremendous progresses in this
area. In 2003, the first charmoniumlike state X(3872) was
observed by the Belle Collaboration [1], and later con-
firmed by the CDF [2], DO [3], BABAR [4], LHCD [5], CMS
[6], and BESIII [7] Collaborations. Its quantum number is
I6JPC€ = 0+ 1++ [8]. Since then, lots of charmoniumlike
and bottomoniumlike states are found. They are called XYZ
states. Many of them do not fit into the conventional
charmonium or bottomonium spectrum in the quark model.
In particular, the charged charmoniumlike and bottomo-
niumlike states like Z.(3900) [9,10], Z.(3885) [11,12],
Z.(4020) [13], Z.(4025) [14], Z.,(3985) [15], Z.,(4000)
and Z.,(4020) [16], Z,(10610) and Z,(10650) [17] con-
tain at least four quarks. They are candidates of exotic
structures like the compact tetraquark [18-22], the mol-
ecule [23-29], the hybrid meson [30,31], and so on.
Interested readers may refer to Refs. [32-41] for more
details.

Besides the charmoniumlike and bottomoniumlike
states, various open heavy flavor exotic states have been
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observed recently. In 2016, the DO Collaboration reported
the observation of the X(5568) state in the Bz channel
[42]. It was very likely a usdb or dsiib tetraquarks since it
lies about 200 MeV below the BK threshold [43]. However,
the subsequent search of the LHCb Collaboration did not
confirm this state [44]. In 2020, the LHCb Collaboration
observed two resonances in the D~K™" channel with spin-0
and spin-1 [45,46], whose minimal quark contents are
udsc. Recently, the LHCb Collaboration observed an
narrow state in the DDz mass spectrum just below
the D**D° threshold [47,48]. This is the first doubly
charmed tetraquark 7. observed in experiment.
Moreover, in 2020, the LHCb collaboration observed a
narrow structure and a wide structure in the J/y-pair
invariant mass spectrum in the range of 6.2-7.2 GeV, which
could be all-charm hadrons [49].

At this stage, it is natural to expect that the triply
charmed tetraquark(s) may be observed in the very near
future. For the triply charmed system, a molecule configu-
ration requires the exchange of a D meson. The corre-
sponding interaction range is ~0.1 fm, which is a typical
scale of the compact tetraquark. From another point of
view, the D-meson exchange interaction is highly sup-
pressed in the typical scale of the molecule (~fm). In other
words, the molecule interpretation is not favored for the
triply heavy system. If a gccc state is observed in experi-
ment, it is very likely a compact tetraquark state.

However, the theoretical study of this system is relatively
scarce [19,50-58]. In Ref. [52], Chen et al. found that some
axial-vector cchg states lie below the BCD(S) thresholds,
which are stable against the strong decay. A lattice study
performed by Junnarkar er al. [54] gives similar results.
They found that the axial-vector ucbb and schb lie below
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their thresholds by 6 & 11 MeV and 8 £ 3 MeV respec-
tively. However, a recent study by Lii et al. [58] predicted
that the corresponding states are about several hundred
MeV higher. More theoretical and experimental studies are
needed to have a better understanding of these systems.

For the triply heavy tetraquarks, the interaction is
provided by the gluon exchange and string confinement.
The resulting interactions include the spin-independent
Coulomb-type interaction, linear confinement and spin-
dependent chromomagnetic interaction, tensor interaction,
and spin-orbit interaction. When focusing on the S-wave
states, the tensor and spin-orbit interactions can be
neglected. Furthermore, we can simplify the model by
integrating out spatial part of the interaction. Then the
interaction becomes

=Y ayF;-F;=> v;S;-S;F;-F,. (1)

i<j i<j

This interaction gives good account of the S-wave mesons
and baryons [59]. In this work, we use this interaction to
study the triply heavy tetraquarks. The paper is organized
as follows. In Sec. II, we introduce the extended chromo-
magnetic model and construct the wave function bases for
the triply heavy tetraquarks. Then we discuss the numerical
results in Sec. III. We conclude in Sec. IV.

II. THE EXTENDED
CHROMOMAGNETIC MODEL

For the S-wave tetraquark system, we consider the
chromomagnetic model. The Hamiltonian reads [59-67]

H:Zmi+HCE+HCM (2)

where m; is the effective mass of ith constituent quark
which consists of the constituent quark mass, the kinetic
energy, and so on, Hcg is the colorelectric (CE) interaction
which includes the color linear confinement and Coulomb-
type interaction [59,64—67]

Hcg = _ZaijFi -F, (3)

i<j

and H ¢y is the chromomagnetic (CM) interaction from the
one-gluon-exchange (OGE) [19,40,52,68-71]

i<j

The coupling constants a;; and v;;  (a(r)8*(r))/m;m;
depend on the spatial wave function and the constituent
quark masses. S; = 6;/2 and F; = 4;/2 are the quark spin
and color operators. For the antiquark,

Sg=-84.  Fz=-F, (5)

Since

(o) ()t 0

and the total color operator > _; F; nullifies any color-singlet
physical state, we introduce the quark pair mass parameter

4
m,-j = (m,- + m,) +§aij’ (7)
to combine the effective quark mass m; and the color
interaction strength a@;;. Then we can rewrite the model
Hamiltonian as [59,65-67]

3
_ C C
H = _sz’JVU - Zvijvl-jM, (8)
i<j i<j
where
and

are the color and CM interactions between quarks, respec-
tively. Here, m;; and v;; are unknown parameters. In
Ref. [59], we have used the conventional mesons and baryons
to fit them. More precisely, we used the pseudoscalar and
vector mesons to extract the parameters m,; and v 5, and
used the light and singly heavy baryons to fit the {m,,. v,,}
with at most one heavy quark, estimated the m,( and vy
through a quark model consideration. Their values are listed
in Table I. With these parameters, we reproduce the meson
and baryon masses with errors mostly within 10 MeV (The
only exception is the X baryon, whose deviation is 15 MeV.).
We also obtained the Z,.. baryon mass very close to the LHCb
Collaboration’s measurement (M = 3633.3 £ 9.3 MeV
versus M, = 3621.55+0.23 +0.30 MeV) [72,73]. In
Ref. [66], we used these parameters to study the fully heavy
tetraquark systems. We found that for the ground states, the
color sextet component is more important than the color
triplet one, which is consistent with the dynamical calcu-
lations [74,75]. We also studied the hidden-charm penta-
quark states, and successfully reproduced the four P, states,
P.(4312), P.(4380), P.(4440), and P_.(4450) [76,77] with
these parameters [65]. In this work, we use the same set of
parameters to estimate the masses of the S-wave gQQQ
tetraquarks.
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TABLE I. Parameters of the gg and gq pairs [59] (in units of MeV).

Parameter Mpyj Mpg Mg My m mez m,p mgp m:p My},
Value 615.95 79422 936.40 1973.22 2076.14 3068.53 5313.35 5403.25 6322.27 944497
Parameter Uni Uns Uss Une v Veg Unp Ush Vep Upp
Value 477.92 298.57 249.18 106.01 107.87 85.12 33.89 36.43 47.18 45.98
Parameter Myy My Mg My Mee Myp mgp mep Mpp
Value 724.85 906.65 1049.36 2079.96 2183.68 3171.51 5412.25 5494.80 6416.07 9529.57
Parameter Unn Uns Vs Une Vee Unb Vsb Veb Upb
Value 305.34 21275 195.30 62.81 70.63 56.75 19.92 8.47 31.45 30.65

A. Wave function

Before calculating the tetraquark masses, we need to
construct their wave functions. In principle, the total wave
function is a direct product of the orbital, color, spin, and
flavor wave functions. In this work, we only consider the
S-wave states, the orbital wave function is always sym-
metric. In the gg ® gg configuration, we can construct the
following color-spin wave functions {a!}

(1 JP=0*:

& =1(4192)5(@334)%)o-

o) = |(511612)8(512514)g>0,

& = |(¢142)3(33d4)7)o-

ay = |(611612)(§)(513514)8>0, (11)
Q) JF=1*%:

al =1(4192)5(3:34)%)1-

ay = |(QI612)?(@3514)3>1,

ay = |(Q192)8(é3@4)?>1,

@) = 1(4192)3(3384)})1-

al = |(CI1QZ)?(5]3@4)8>1,

ab = 1(4192)3(@:3)3)1- (12)
3) JF=2*%:

|
@3 = |(9192)1(3334)3) 2 (13)

where the superscript 3, 3, 6 or 6 denotes the color, and the
subscript 0, 1 or 2 denotes the spin.

Next we consider the flavor wave functions. According
to symmetric properties of the two antiquarks, the triply
heavy tetraquarks can be divided into two categories. The
g Q&b tetraquarks are not constrained by the Pauli principle,

thus all the preceding color-spin wave functions are
allowed. On the other hand, the ¢Q¢¢ and qQbb tetra-
quarks have symmetric flavor wave functions over the two
antiquarks, thus the color-spin wave functions must be
asymmetric over the two antiquarks. More precisely, the
bases for the gQ¢c and gQbb tetraquarks are {a3,al},
ok, ad} and {3},

Diagonalizing the Hamiltonian [Eq. (8)] in the corre-
sponding bases, we can obtain the masses and eigenvectors
of the triply heavy tetraquarks.

III. NUMERICAL RESULTS
A. The gcce and gbee systems

First we consider the nccc and sccc tetraquarks. Their
masses and eigenvectors are listed in Tables II. For
simplicity, we will use 7(gQQQ,m,J") to denote the
gQQQ tetraquarks in the following. The isospin of the
tetraquarks can be easily identified with either ¢ = n or
q = s. Here we assume that the SU(2) flavor symmetry is
exact and n = {u,d}. We plot their relative position in
Fig 1, along with the corresponding meson-meson thresh-
olds. From the figure, we can easily see that the quantum
number of the ground states are J” = 0% in both cases.

TABLE II. Masses and eigenvectors of the ncc ¢ and scc¢

tetraquarks. The masses are all in units of MeV.

System JP Mass Eigenvector

neec 0" 4936.7 {0.817,0.576}
5185.3 {-0.576,0.817}

1" 4968.1 {0.915,-0.069, —0.397}

51355 {-0.071,-0.997,0.010}
5154.0 {-0.397,0.019,-0.918}

2+ 5198.4 {1}

sce e 0+ 5040.1 {0.816,0.578}
5290.6 {~0.578.0.816}
1+ 5069.2 {0.912, -0.074, —0.404}
5239.9 {~0.076.-0.997,0.011}
52543 {~0.404,0.020, -0.915}
2+ 5303.3 {1}
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..................................................................................................................... Dy,
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(b) scce states

FIG. 1.
are all in units of MeV.

They are T(nccc,4936.7,07) and T(scce,5040.1,07),
respectively. On the other hand, the highest mass states
have quantum number J” = 2%, Comparing to the thresh-
olds, we find that all states are above the meson-meson
thresholds and can decay through S-wave. They may all be
broad states [68]. The lowest axial-vector states
T(ncce,4968.1,11)/T(scce,5069.2,11) lie just above

Mass spectra of the ncc ¢ and scc ¢ tetraquark states. The dotted lines indicate various meson-meson thresholds. The masses

the D(,J/w threshold. Thus they might be relatively
narrow compared to other states.

Besides the masses, the eigenvectors also provide
important information of the tetraquarks. The color con-
figurations of the tetraquarks can be of |(q,¢,)% (G3G4)%)

or |(4192)*(g3G4)*). For simplicity, we denote them as
6. ® 6. and 3. ® 3.. From Table II, we find that the
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ground states of the nccc and sccc tetraquarks are
both dominated by the color-sextet components. The
T(ncce,4936.7,07) has 66.7% of the 6, ® 6, component
and the T'(scce, 5040.1,07) has 66.6%. This is very similar
to the fully charm tetraquarks [66,74,75,78]. In the one-
gluon-exchange (OGE) model, the color interactions are
attractive inside (¢,¢»)*/(g3Gs)* and repulsive inside
(9192)% /(G3G4)%. the attractions between
(q19>)% and (g3q4)® is much stronger than that between
(q192)* and (§3G4)*. In our cases, the two competing
effects result in the lower mass of the color-sextet con-
figurations. More precisely,

However,

__ 3
(Hc(qcee)) = 2 (mgcVip + mecVsy +mee(Vis + Vi)

+mcE(VgB + Vg4)>

3
- —5m<V?2 + V§4>

= qu + Mg 2

-1 0
=Mz + Mg+ 6 14
Mqe T m( 0 +2> (14)

where om = (m,. + me. —mg: —mz)/4. Inserting the
parameters in Table I, we have

Sm(ncee) =52.43 MeV, (15)

dm(scee) =52.63 MeV. (16)

Similar to the fully charm cases, the color interaction
renders the 6, ® 6. configuration more stable than the
3. ® 3. one. We also find that the color interaction does not
mix the two color configurations. This is because the two
antiquarks are identical [67,74]. However, the two color
configuration will mix due to the CM interaction

(Hcm(geee))
o < i(vqc"i_var) _%(Uqé'*_vcé) )
_\/Tg(vqé+vc6) %(Uqc+vcc)_%(vqé+vcé)

1 3

%qu—H}C@ 3 TV2 (17)

3 _4
9

where we have used v, ,,/v,,5, ®2/3 in the last line [59].
Here, (v,z+ v.z)/2 =95.57 MeV and (v + v.6)/2 =
96.50 MeV. The diagonal part of the CM interaction favors
the 3, ® 3. configuration by approximately 75 MeV.
However, Eq. (14) indicates that the color interaction
disfavor the 3, ® 3, configuration by approximately
150 MeV. Thus the ground states of the scalar gccc
tetraquarks are dominated by the 6, ® 6. component,

while the higher scalar states mostly consist of 3, ® 3.
component.
There are three bases for the axial-vector states, namely

(qe)i(@)E). 1(ge)i(@@)) and |(ge)i(ed)i). In these
bases, we have
-1 0 O
(Hc(geee))=mg+meg+om| 0 +2 0 (18)
0 0 42

The color interaction splits the three bases into two energy
bands. The 6, ® 6, configuration is more stable than the
3, ® 3,. The CM interaction further splits the two bands
into the three bands structure in Fig. 1. As a consequence,
the lightest axial-vector states of both nccc and sccc
tetraquarks have more than 80% of the 6, ® 6, component.
Combining the scalar and axial-vector cases, we can
conclude that the tetraquark spectrum is dominantly deter-
mined by the color interaction, and the CM interaction
contributes to the finer structures.

The eigenvectors can also be used to study the decay
properties of the tetraquarks. We can transform the wave
functions into the gg ® gg configuration. The correspond-
ing color configuration can be either of |(¢g)'<(¢g)'c) or
|(¢q)% (qq)%). The former one can easily decay into two
S-wave mesons in S wave (the so-called “Okubo-Zweig-
lizuka- (OZI-)superallowed” decays), while the latter one
can fall apart only through gluon exchange. Following
Refs. [68,69,79], we only consider the “OZI-superallowed”
decays. In Tables III-1V, we transform the eigenvectors of
the gccc tetraquarks into the ¢g¢ ® cc¢ configuration. For
simplicity, we only present the color-singlet components,

TABLE III. The eigenvectors of the nccc tetraquarks in the
n¢ ® cc configuration. The masses are all in units of MeV.
System J°  Mass D*J/wy D's. DJ/w  Dn,
nece 0t 4936.7 0412 0.622
51853 -0.643 0.174
1T 4968.1 0.366 0.460 -0.516
51355 -0.037 -0.439 -0.375
5154.0 -0.604 0.111 -0.095
2T 51984  0.577

TABLE IV. The eigenvectors of the sccc tetraquarks in the
s¢ ® cc configuration. The masses are all in units of MeV.

System JP  Mass DiJ/y Din., DJ/yw D,
sccc 0T 5040.1 0.410 0.622
5290.6 —0.644 0.172
1t 5069.2 0.361 0.459 -0.519
52399 -0.039 -0.441 -0.373
5254.3 —-0.607 0.107 -0.091
2t 5303.3 0.577
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and we rewrite the bases as a direct product of two mesons.
For each decay channel, the decay width is proportional to
the square of the coefficient ¢; of the corresponding
component in the eigenvectors, and also depends on the
phase space. For two body decay through L-wave, the
partial decay width reads [65,80]

k2L+1

i 2L |t

, (19)

where y; is a quantity determined by the decay dynamics,
is an effective coupling constant, k is the momentum of the
final states in the rest frame of the initial state, and m is the
mass of the initial state. In this work, the (k/m)? is always
of O(1072) or even smaller. Thus we will only consider the
S-wave decays. Next we consider the y;. Generally, y;
depends on the spatial wave functions of the initial
tetraquark and final mesons, which are different for each
decay process. In the quark model, the spatial wave
functions of the ground state scalar and axial-vector meson
are the same [81,82]. Thus for each tetraquark, we have

VMM, = VMM = VMM, = VMM (20)

where M; and M7 denote the pseudoscalar and axial-vector
mesons. With the eigenvectors obtained, we calculate the
value of k - |c;|? and the relative widths for the gczc decays,
as shown in Tables V-VIII. Their ground states can
easily decay into l_)(S)J /y, thus may be broad states
[68]. The higher scalar states, 7(nccc,5185.3,07)/
T(scce,5290.6,07), can decay to DE‘S)J/I// and D ,)J [y
modes through S-wave, with relative decay width ratios

TABLE V. The values of k- |c;|> for the nccé tetraquarks
(in units of MeV).

System J”  Mass D*J/w D'j. DJ/w  Dn,
ncee 0t 4936.7 X 172.8
5185.3 183.4 27.0
17 4968.1 X X 259
5135.5 0.4 114.1 90.0
5154.0 125.7 7.7 6.1
2t 5198.4 159.5

TABLE VI. The values of k-|c;]*> for the scc¢ tetraquarks
(in units of MeV).

System JP  Mass DiJ/y Din., D)y D,
scce (Va 5040.1 X 178.2
5290.6 188.8 27.0
1* 5069.2 X X 26.4
5239.9 0.4 117.3 91.1
5254.3 124.4 7.3 5.6
2T 5303.3 163.1

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

System  JP Mass D*J)jw D*j5. DJ/y Dy,
ncce 0t 4936.7 X 1
5185.3 6.8 1
1T 4968.1 X X 1
51355 0.004 1.3 1
5154.0 20.7 1.3 1
2t 51984 1
TABLE VIII.  The partial width ratios for the sccc tetraquarks.

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

System JP  Mass DiJ/y Din. DJJ/w D,
scce 0" 5040.1 X 1
5290.6 7.0 1
1™ 5069.2 X X 1
5239.9 0.005 1.3 1
5254.3 22.1 1.3 1
2t 5303.3 1
[[T(ncce,5185.3,0%) — D*J /y] 65 1)
[[T(nccc,5185.3,07) — DJ Jy]
and
['[T(scce,5290.6,0" D:J

[[T(scce,5290.6,07) — D,J /]

The dominant decay modes are the DZ‘S)J Jy final

states. Next we consider the axial-vector states. The
T(ncee,5135.3,17) decay dominantly to D*n, and DJ /y

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

System JP Mass Eigenvector
nbcc 0" 8199.1 {0.907,0.421}
8444.8 {-0.421,0.907}
1" 8217.5 {0.958,-0.151,—-0.244}
8430.0 {0.207,0.953,0.222}
8454.4 {—0.199,0.263, -0.944}

2+ 8477.9 {1}

sbee 0+ 8300.5 {0.895,0.445}
8538.7 {~0.445,0.895}
1+ 8324.8 {0.952, -0.169, —0.256}
8521.9 {0.211,0.967,0.145}
8553.3 {~0.223,0.192, -0.956}
2+ 8569.1 {1}
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ooy :They :Tpyp, ~0.004:1.3: 1. (23)
And for T(ncee,5154.0,17)
Unigpy Ty, Upypy ~20.7:1.311. (24)

Its dominant decay mode is D*J /. The decay property of
the sccc tetraquarks is similar the nccc tetraquarks.

Replacing the charm quark by a bottom quark, we get the
nbcc and sbcc tetraquarks. We list their masses and
eigenvectors in Table IX and plot their relative position
in Fig. 2, along with the possible decay channels. Since
the B} meson has not been observed, we use the Godfrey-
Isgur (GI) model’s prediction Mp. = 6338 MeV [83] to
estimate the meson-meson thresholds. The gbcc tetra-
quarks are very similar to the gccc tetraquarks. The ground
states are both scalar. They are T(nbcc,8199.1,07) and

8478
8445 8454
8430
..................................................................................................................... D*B*
..................................................................................................................... D*BP
8218 —
QIO mmmmmerree e DB
..................................................................................................................... DB,
0+ 1+ 2+
(a) nbece states
8569
8553
8539
8522
..................................................................................................................... D:B;f
..................................................................................................................... D: BC
8325 o
830.1 ............................................................................................................ DSB
..................................................................................................................... D.B,
ot 1+ 2+

(b) sbee states

FIG. 2. Mass spectra of the nbc ¢ and sbc ¢ tetraquark states. The dotted lines indicate various meson-meson thresholds. Here the
predicted mass Mp: = 6338 MeV of Godfrey et al. [83] is used. The masses are all in units of MeV.
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T(sbce,8300.5,07), whose color configurations are
6. ® 6. as well (>80%). The lightest axial-vector states,
T(nbcc,8217.5,17) and T(sbce,8324.8,17) are also
dominated by 6, ® 6, component (>90%). All higher
states mainly consist of 3, ® 3, component.

The decay properties of the gbcc tetraquarks can be
found from Tables X—XV. Similar to the gccc tetraquarks,
the two lowest states are just above their S-wave decay

TABLE X. The eigenvectors of the nbcc tetraquarks in the
nc¢ ® bc configuration. The masses are all in units of MeV.

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

System  JP Mass D*B: D*B, DB: DB,

nbce 0+ 8199.1 X 1
8444.8 2.3 1

1+ 8217.5 X X 1

8430.0 0.2 1.01 1

8454.4 23.8 10.7 1

2 8477.9 1

System  J* Mass D*B: DB: DB,
nbce 0" 8199.1  0.520 0.581 TABLE XV. The partial width ratios for the sbcc tetraquarks.
8444.8 —0.559 0.282 For each state, we choose one mode as the reference channel, and
1+ 8217.5 0.454 —0.523 the partial width ratios of the other channels are calculated
8430.0 0.210 0.369 relative to this channel. The masses are all in units of MeV.
8454.4 —-0.500 —0.084 - — — —
2F 84779 0577 System J”  Mass  DiBi DiB. DB DB,
sbce 0t 8300.5 X 1
8538.7 2.6 1
TABLE XI. The eigenvectors of the sb¢c tetraquarks in the 1™ 83248 X X 1
s¢ ® bc configuration. The masses are all in units of MeV. 8521.9 0.2 1.3 1
— — — 8553.3 15.7 5.1 1
System JP  Mass DB} D,B: DB, 2t 8569.1 1
sbce 0t 8300.5 0.505 0.588
8538.7 -0.573 0.266
1t 8324.8  0.445 -0.532 channels, while all other states are above all meson-meson
8521.9  0.181 0.350 thresholds. The higher scalar states can decay into D@B’g
85533 0519 —0.106 and D, B, channels with into comparable partial widths
2+ 8569.1 0577 (5)Pe P p
I'[T(nbcc, 8444.8,07) — D*Bﬂ )3 (25)
['[T(nbcc, 8444.8,07) — DBC} "
TABLE XII. The values of k- |c;|> for the nbcé tetraquarks

(in units of MeV).

System JP  Mass  D*B; DB; DB,
nbce ot 8199.1 X 137.0
8444.8 172.6 75.9
1" 8217.5 X 51.7
8430.0 224 111.6
8454.4 144.5 6.1
2T 84779  213.0
TABLE XIII. The values of k- |c;|> for the shéc tetraquarks
(in units of MeV).
System JP  Mass DB} D,B: DB,
sbce ot 8300.5 X 143.8
8538.7 175.2 68.0
1" 8324.8 X 66.7
8521.9 15.7 100.4
8553.3 155.2 9.9
2T 8569.1 2063

and

['[T(sbce, 8538.7,07)
I'[T(sbce, 8538.7,07)

DB
DB o6 (2
— DB,

)

For the highest axial-vector states, we have

Tpp::Tpp :Tpg ~23.8:10.7:1 (27)
for T(nbcc, 8454.5,1%) and

Upep::Tpep, :Tp g ~15.7:5.1:1 (28)

for T'(sbcc,8553.3, 1%). The D, B and D, B, modes are

more important. However, for the second higher axial-
vector states of gbcc tetraquarks, the partial decay widths

of D’(‘Y)Bﬁ, D’{S)BC and D(,)B; modes are comparable,
though the first mode is relatively smaller.
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B. The gbbb and gcbb systems

Next we consider the ghbb and gcbb tetraquarks. Their
masses and eigenvectors are listed in Tables XVI and X VII.
Their relative position are ploted in Figs. 3 and 4. By
replacing the three charm quark/antiquarks of the gccc
tetraquarks into bottom quark/antiquarks, we can obtain the
gbbb tetraquarks. Thus we expect that the two systems
share some similar properties. Specifically, the quantum
numbers of the lowest and highest gbbb tetraquarks are
JP =07 and J¥ = 2% respectively. Their ground states are
T(nbbb, 14706.1,0%) and T(sbhbb,14793.1,0%), whose
dominant color configurations are 6, ® 6, (>85%). The
color triplet component is mostly in the higher scalar states.
The axial-vector states are similar. The 6, ® 6, component
is mostly in the lightest states (>90%), and the 3, ® 3.
components are mostly in the higher states. Just like the
gccc cases, the underlining reason is the color interaction

__ 3
(Hc(gbbb)) = Mgp =+ Myp — _5ml<V1C2 + V§4> (29)

2
TABLE XVI. Masses and eigenvectors of the nbbb and sbbb
tetraquarks. The masses are all in units of MeV.
System JP Mass Eigenvector
nbbb 0* 14706.1 {0.932,0.362}
14850.9 {-0.362,0.932}
1" 14712.1 {0.977,0.049, —0.208}
14845.1 {-0.097,0.969, —0.228 }
14851.6 {0.191,0.243,0.951}

2+ 14871.8 {1}

sbbb 0+ 14793.1 {0.924,0.382}
14936.2 {-0.382,0.924}
1" 14804.5 {0.976,0.041,-0.215}
14929.2 {0.058,-0.996, 0.070}
14943.7 {-0.211,-0.081,-0.974}
2+ 14956.6 {1}
TABLE XVII. Masses and eigenvectors of the nchb and scbb
tetraquarks. The masses are all in units of MeV.
System Jr Mass Eigenvector
nchb 0* 11581.7 {0.510,0.860}
11694.9 {0.860, —0.510}
1" 11582.2 {-0.425,-0.133,0.895}
11624.7 {-0.070,-0.981,-0.179}
11658.6 {-0.902,0.139, —-0.408 }

2+ 11651.7 {1}

schb 0t 11675.1 {0.545,0.838}
11787.2 {0.838, —0.545}
1+ 11673.3 {-0.465,-0.096, 0.880}
11722.2 {-0.089, —0.984, —0.155}
11746.3 {0.881,—0.150, 0.449}
2+ 11750.2 {1}

where

Sl — Mgpy + Mpp, — Myp — Myp
4

~45MeV. (30)

Note that the (V$, + V§,) is diagonal in the 6. ® 6, and
3, ® 3, color bases, with matrix elements 2/3 and —4/3
respectively. Thus the 6, ® 6, configuration is favored.

The gcbb tetraquarks turn out to be quite different
from the gbbb tetraquarks. The quantum number of the
highest states becomes J” = 0*. For the ncbb tetraquarks,
the lightest axial-vector state lies only 0.5 MeV above the
lightest scalar state. And the ground state of the schb
tetraquarks has quantum number J” = 1*. Moreover, the
dominant color configuration of the lower mass states
becomes 3. ® 3. For example, the T(ncEB, 11581.7,0™)
has 74% of 3, ® 3. component, and the T(schb,
11675.1,07) has 70%. We again resort to the color
interaction

- 3
<HC<qub)> = myp +mep — §5mﬁ<vlc2 + Vg4> (31)

where

Mge + My, — M — N,
om' = —4 M4 g b (32)

Here 6m” = —6.5 MeV for ¢ = n, and ém” = =3.1 MeV
for ¢ =s. The small negative values indicate that the
3. ® 3, configuration has slightly lower mass. The CM
interaction

S

N < zlt(vqc + Ubh) - (UqB + UCE) )
- %(Uqc + vbb) - % (Uql_) =+ UCZ_J)
(33)

also favors the 3, ® 3. configuration. Thus for both the
scalar and the axial-vector states, the lower mass states are
dominated by the 3, ® 3. components, while the higher
mass states have more 6, ® 6, components.

Before concluding this section, we would like to
compare the present results with that of Refs. [66,67].
It is interesting to note that the gbbb tetraquarks (as well
as the gccc and gbcec tetraquarks) are very similar to the
fully heavy chbb tetraquarks, while the gcbb tetraquarks
are more like the doubly heavy tetraquarks. This is quite
natural since that the triply heavy tetraquarks are inter-
mediate states between the doubly and fully heavy
tetraquarks. The reason is m, < m. < my;,. A detailed
dynamical study of the dependence of the spectrum
and wave function with respect to the quark masses
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14872

14852
14851 85 14845
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..................................................................................................................... BT
..................................................................................................................... By
14706 1472
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0F 1" 2+
(a) nbbb states
14957

14944
14936

14929
..................................................................................................................... B:Y
..................................................................................................................... B, Y
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14805
14793
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0F 1" 2+

(b) sbbb states

FIG. 3. Mass spectra of the nbb b and sbb b tetraquark states. The dotted lines indicate various meson-meson thresholds. The masses

are all in units of MeV.

would be very important for decoding the nature of  ¢b ® bb (gb ® cb) configuration, and calculate the

tetraquarks [84,85].

values of k- |c;|> and partial width ratios of all possible

Next we consider their decay properties. We transform  decay channels. The corresponding results are listed in
the eigenvectors of the gbbb (gcbb) tetraquarks into the  Tables XVIII-XXIX. We find six states which cannot
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11695
......................................... T B*B;
11652
11625
..................................................................................................................... BB?
..................................................................................................................... B*B,
11582 11582
..................................................................................................................... BB,
0* 1+ 2+
(a) ncbb states
11787
......................................... 1174611750 BB
11722
..................................................................................................................... B, B!
..................................................................................................................... B!B,
11675 11673
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0* 1+ 2+

(b) scbb states

FIG. 4. Mass spectra of the ncbb and schb tetraquark states. The dotted lines indicate various meson-meson thresholds. Here the
predicted mass Mp: = 6338 MeV of Godfrey et al. [83] is used. The masses are all in units of MeV.

TABLE XVIIL

The eigenvectors of the nbb b tetraquarks in the
nb ® bb configuration. The masses are all in units of MeV.

TABLE XIX. The eigenvectors of the sbbb tetraquarks in the
sb ® bb configuration. The masses are all in units of MeV.

System  J* Mass B*Y By, BY Bn, System  J” Mass B:Y By, B,Y B,
nbbb 0t  14706.1  0.554 0.562  sbbb 0t  14793.1  0.543 0.568
14850.9 —0.525 0.318 14936.2 —0.537 0.306
1t 147121 0479 0479 —0.439 1t 148045 0476 0477 -0.444
14845.1 —0.149 0422  0.369 149292 0.062 —-0.403 —0.410
14851.6  0.498 —0.098  0.296 149437 —0.520 0.162 —0.228
2t 148718  0.577 2t 14956.6  0.577
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TABLE XX. The values of k- |c;|> for the nbbb tetraquarks

(in units of MeV).

System  JP Mass B*Y B, BY B,
nbbb 0t 14706.1 X 136.4
148509  185.2 109.7
1* 14712.1 X X X
14845.1 142 1620 1156
14851.6  167.7 8.9 76.4
2t 148718  257.0

TABLE XXI. The values of k- |c;|?> for the sbbb tetraquarks

(in units of MeV).

System  J” Mass B:Y By, B, XY B,
sbbb 0" 14793.1 X 139.5
14936.2  186.2 101.6
1T 14804.5 X X X
14929.2 23 1449 1407
149437  185.0 24.8 46.6
2T 149565  249.2
TABLE XXII.  The partial width ratios for the nbbb tetraquarks.

TABLE XXIV. The eigenvectors of the ncbb tetraquarks in the
nb ® cb configuration. The masses are all in units of MeV.

System  JP Mass B*B:  B'B,  BB: BB,
nchb 0t 11581.7 0.112 0.638
11694.9  0.756 0.096
1" 115822 0.120 -0.486  0.378
11624.7 —0.114 -0.378 —0.424
11658.6 —0.688 —0.194  0.307
2t 11651.7  0.577

TABLE XXV. The eigenvectors of the schb tetraquarks in the
sb @ cb configuration. The masses are all in units of MeV.

System  JF Mass B:B: B!B, B,B: BB,
scbb 0t 11675.1  0.143 0.642
117872 0.750 0.070
1t 116733  0.091 -0483  0.404
117222 =0.114 -0.393 -0.410
117463  0.692  0.169 —0.291
2t 117502 0.577

For each state, we choose one mode as the reference channel, and
the partial width ratios of the other channels are calculated

TABLE XXVI. The values of & - |c;|* for the ncbb tetraquarks

relative to this channel. The masses are all in units of MeV.

(in units of MeV).

System  JP Mass B*Y By, BY  Bp, System J¥ Mass B*B: BB, BB: BB,
nbbb ot 14706.1 x 1 nchb 0t 11581.7 x 160.9
14850.9 1.7 1 116949  246.9 8.4
1+ 14712.1 X X X 1 11582.2 X X X
14845.1 0.1 1.4 1 11624.7 x 542 36.7
14851.6 2.2 0.1 1 11658.6 x 219  46.0
2+ 14871.8 1 2t 116517 x
TABLE XXIII.  The partial width ratios for the sbbb tetraquarks.

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

TABLE XXVII.  The values of k - |¢;|? for the schb tetraquarks

(in units of MeV).

System  JP Mass B*Y B7w, BY  Bp,  System JP Mass B:B: B!B. B,B: BB,
sbbb ot 14793.1 X 1 scbb 0" 11675.1 X 180.6
14936.2 1.8 1 11787.2  250.2 4.5
It 14804.5 X X X 1™ 116733 X X X
14929.2 0.02 1.03 1 11722.2 X 66.5 53.6
14943.7 3.97 0.53 1 11746.3 X 16.3 41.7
2" 14956.5 1 2+ 11750.2 X
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TABLE XXVIII. The partial width ratios for the nchb tetra-
quarks. For each state, we choose one mode as the reference
channel, and the partial width ratios of the other channels are
calculated relative to this channel. The masses are all in units
of MeV.

System  J” Mass B*B* B*B. BB* BB,
nebb 0t 11581.7 x 1
11694.9 29.5 1
I 115822 x x x
11624.7 x 1.5 1
11658.6 x 0.5 1
2t 11651.7 x

TABLE XXIX. The partial width ratios for the schb tetra-
quarks. For each state, we choose one mode as the reference
channel, and the partial width ratios of the other channels are
calculated relative to this channel. The masses are all in units
of MeV.

decay into two mesons through S-wave. They are
T(nbbb,14712.1,1%), T(sbbb,14804.5,1%), T(ncbb,
11582.2,1%), T(nchb,11651.7,2%), T(scbb,11673.3,17)
and T(scBB, 11750.2,27). Because of the conservation of
the angular momentum and parity, their decays into the
thresholds below them must be of higher wave (D-wave for
example), which are highly suppressed. Thus we expect
them to be narrow.

However, we need to bear in mind that our model is an
oversimplified one. The dynamical effects are not included
explicitly, but rather concealed in the interaction strengths
{m;;,v;;}. In the present work, we fit them from the
conventional mesons and baryons. But they may be altered
in the tetraquarks because of their wave function depend-
ence. Nonetheless, even if the masses of these states are
pushed upward above their S-wave channels, their phase
spaces are still relatively small. Thus their decay widths are
still smaller compared to those of other states. A dynamical
calculation may help settle this issue. We hope the future
experiments can search for these states.

C. The gcch and gbch systems

Now we turn to the systems with two different
heavy antiquarks. They are not constrained by Pauli prin-
ciple. The mass spectra and eigenvectors are listed in
Tables XXX-XXXI. We also transform their eigenvectors

Masses and eigenvectors of the nceb and sceb tetraquarks. The masses are all in units of MeV.

Eigenvector Scattering state

System  JP Mass B:B: B!B. BB BB,
scbb 0t 11675.1 x 1
11787.2 55.7 1
1" 11673.3 X X X
11722.2 X 1.2 1
11746.3 X 04 1
2+ 11750.2 X
TABLE XXX.
System JP Mass
ncch (a 8123.2
8281.2
8388.0
8466.4
1 8190.4
8268.0
8312.6
8398.9
8435.7
8457.3
2+ 8335.1
8468.9
sceh 0" 8220.1
8375.2
8488.1
8561.0
1+ 8287.8
8368.4
8407.5
8498.8
8531.2
8551.1
2+ 8434.2
8566.3

{0.864,0.246,0.273,0.343}
{~0.394,0.812,0.425,0.073}
{~0.199,0.091, —0.502, 0.837}
{~0.240,-0.522,0.702,0.421}
{0.770, -0.430,0.259,0.229, =0.169,0.271}
{~0.562,-0.380,0.609, —0.051, —0.317,0.256}
{0.142,0.732,0.623,0.235,0.003, —0.033}
{0.025,0.123,0.029, —0.379, 0.530, 0.747}
{—0.264,-0.081,—0.159,0.861,0.315,0.242}
{=0.030,0.336, —0.385,0.070, —0.700, 0.493 }
{0.950,0.313}
{=0.313,0.950}

{0.880,0.223,0.243,0.343}
{0.351,-0.817, —0.456, —0.046}
{0.238, -0.092, 0.437, —0.862}
{—0.215,-0.524,0.736,0.370}

{0.789, —0.431,0.240,0.204, —0.152, 0.264}
{~0.545,-0.397,0.623,-0.013, —0.309, 0.249}
{—0.168, —0.727, -0.622, —0.220, 0.049, 0.079}
{0.006, 0.183,0.043, —0.339,0.487,0.783}
{0.227,0.033,0.164, —0.890, —0.266, —0.239}
{=0.023,0.307, —0.373,0.045, —0.756, 0.439}
{0.966,0.259}
{=0.259,0.966}

DB, (89.7%)

DB (89.6%)
D*B, (83.6%)

D*B: (91.4%)

DB, (87.2%)

D, B’ (87.0%)
DB, (80.5%)

D*B: (88.0%)
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TABLE XXXI. Masses and eigenvectors of the nbéb and sbch tetraquarks. The masses are all in units of MeV.
System JP Mass Eigenvector Scattering state
nbchb 0" 11253.4 {0.816,0.365,0.364,0.261} Dy, (96.7%)
11438.6 {0.463,-0.835,0.011, -0.296} D*Y (86.7%)
11673.1 {0.160, —0.165, —0.688, 0.688}
11748.7 {0.306,0.377, -0.628, —0.609}
1" 11314.8 {0.702, -0.408,0.397,0.298, —0.215,0.219} DY (96.2%)
11392.4 {-0.609, —0.450,0.515, —-0.218, —0.240, 0.239} D*np (94.6%)
11446.6 {-0.024, -0.688, —0.655, —0.028, —0.231, —0.205} D*Y (91.0%)
11697.5 {0.080, —0.232, —0.184, —0.236,0.675, 0.628}
11719.1 {0.353,0.101,0.028, —0.889, —0.267, —0.047}
11744.9 {=0.070,0.305, —0.337,0.130, —0.562, 0.675}
2F 11453.9 {0.926,0.378} D*Y (94.9%)
11747.6 {-0.378,0.926}
sbch 0" 11355.0 {0.816,0.366, 0.364, 0.262} D, (96.7%)
11539.4 {0.468, —0.840, —0.008, —0.275} D:Y (84.7%)
11760.7 {0.159,-0.124,-0.714,0.670}
11836.7 {0.300,0.381, —0.598, —0.638 }
1" 11416.4 {0.698, -0.405, 0.407,0.296, —0.219,0.218 } DY (96.4%)
11496.1 {-0.615,-0.437,0.522,-0.216,—0.238,0.235} Diny, (94.3%)
11549.1 {-0.029, -0.698, —0.651, —0.027, —0.229, —0.185} D:Y (89.9%)
11785.1 {0.071,-0.248, -0.151,-0.206,0.717,0.595}
11802.8 {-0.354,-0.087,-0.019, 0.899, 0.239, 0.024 }
11833.6 {=0.066, 0.296, —0.339,0.115, —0.520,0.713}
2+ 11558.4 {0.926,0.378} DY (94.9%)
11832.7 {-0.378,0.926}

TABLE XXXII.

The eigenvectors of the ncch tetraquarks. The masses are all in units of MeV.

nc @ chb nb ® cc
System JP Mass D*B; D*B, DB DB, B*J/w B, BJ [y By,
nceb 0+ 8123.2 —-0.086 0.947 0.277 0.473
8281.2 0.649 0.286 —0.254 —0.801
8388.0 0.709 —0.113 0.291 0.314
8466.4 —0.263 0.090 0.880 —0.187
1t 8190.4 —-0.057 0.129 0.947 0.219 0.451 0.252
8268.0 0.108 —-0.915 0.224 0.337 —0.415 -0.192
8312.6 0.770 0.233 0.123 —0.048 —0.576 0.547
8398.9 0.610 —0.165 —0.116 —0.143 0.476 —0.137
8435.7 0.089 0.252 0.146 —-0.015 —0.245 —0.762
8457.3 —0.113 —0.039 0.061 —0.903 —0.086 —0.006
2+ 8335.1 0.956 0.595
8468.9 0.293 —0.804
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TABLE XXXIII. The eigenvectors of the scch tetraquarks. The masses are all in units of MeV.

sC® chb sb ® c¢
System JP Mass D:B: D:B. DB DB, B:J /)y Bin, B,J |y B,
scth 0" 8220.1 —-0.100 0.934 -0.276 0.508
8375.2 -0.612 —-0.326 0.279 0.796
8488.1 —0.720 0.100 —-0.337 —0.261
8561.0 —0.311 0.109 0.856 —0.199
It 8287.8 —0.064 0.145 0.933 0.217 0.483 0.262
8368.4 0.106 -0.897 0.257 0.361 -0.419 —0.200
8407.5 —-0.726 —-0.238 —0.135 0.049 0.581 —0.595
8498.8 0.649 —-0.163 —-0.107 —-0.201 0.416 —-0.133
8531.2 —-0.092 —-0.294 —0.171 0.065 0.268 0.721
8551.1 —0.168 —0.062 0.072 —0.880 —0.096 0.033
2+ 8434.2 0.938 0.639
8566.3 0.347 -0.769
TABLE XXXIV. The eigenvectors of the nbéb tetraquarks. The masses are all in units of MeV.
ne ® bb nb ® bt
System JP Mass D*Y D*n, DY Dn, B*B: B*B, BB BB,
nbeh 0t 11253.4 —0.050 0.983 —0.356 0.322
11438.6 —0.931 —0.094 0.257 0.577
11673.1 0.361 —0.099 0.197 0.723
11748.7 0.019 -0.119 -0.877 0.201
1" 11314.8 —0.005 0.072 0.981 0.288 0.289 0.278
11392.4 0.037 -0.972 0.091 0.361 —0.289 —-0.236
11446.6 —0.954 —0.047 —0.005 0.008 0.420 —0.425
11697.5 0.292 —0.056 —0.044 0.047 0.689 —-0.403
11719.1 —-0.054 -0.192 —-0.126 —-0.133 0.424 0.710
11744.9 0.028 —0.083 0.108 -0.876 —0.048 -0.139
2+ 11453.9 0.974 0.538
11747.6 0.226 —0.843
TABLE XXXV. The eigenvectors of the shéb tetraquarks. The masses are all in units of MeV.
s¢ ® bb sb @ be
System JP Mass DY Din, DY Dy, B:B: B:B, BB B,B,
sbch 0t 11355.0 —-0.048 0.984 —0.356 0.321
11539.4 —-0.920 —-0.095 0.263 0.598
11760.7 0.389 —-0.102 0.152 0.714
11836.7 0.001 —-0.115 —0.884 0.171
1t 11416.4 0.001 0.066 0.982 0.290 0.281 0.283
11496.1 0.048 -0.971 0.085 0.361 —0.302 —-0.231
11549.1 —0.948 —0.060 0.005 0.009 0.426 —0.437
11785.1 0.306 —0.048 —-0.039 0.106 0.666 -0.417
11802.8 0.046 0.197 0.129 0.127 —0.452 —-0.691
11833.6 0.054 —0.088 0.106 —0.871 —0.012 —0.158
2+ 11558.4 0.974 0.538
11832.7 0.226 —0.843
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FIG.5. Mass spectra of the ncéh and sceb tetraquark states. The dotted lines indicate various meson-meson thresholds. The scattering

states are marked with a dagger (7), along with the proportion of their dominant components. Here the predicted mass Mp: =
6338 MeV of Godfrey er al. [83] is used. The masses are all in units of MeV.
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6338 MeV of Godfrey et al. [83] is used. The masses are all in units of MeV.
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TABLE XXXVIL The values of k - |c;|? for the ncch tetraquarks (in units of MeV).

nc ® chb nb ® cc
System Jr Mass D*B; D*B, DB DB, B*J )y B*1. BJ/y By,
ncch (0 8123.2 X x % «
8281.2 X 52.3 X 170.0
8388.0 179.3 10.9 X 68.6
8466.4 423 8.0 325.1 31.0
1+ 8190.4 X X X X X X
8268.0 X X 21.5 X X X
8312.6 X 16.1 8.5 X 435 X
8398.9 149.1 16.2 10.3 X 133.8 5.6
8435.7 4.1 43.7 17.8 0.1 42.1 280.3
8457.3 7.5 1.1 3.2 305.7 5.6 0.02
2+ 8335.1 X X
8468.9 52.8 278.7

TABLE XXXVII. The values of k- |c;|> for the scch tetraquarks in the s¢ ® cb configuration (in units of MeV).

sc ® ch sb ® cc
System JP Mass D:B: D:B, D,B: D,B, By By, B.J /)y B,
scch 0t 8220.1 x X X X
8375.2 X 67.5 X 196.4
8488.1 180.3 8.8 X 49.8
8561.0 57.6 11.9 321.4 359
1+ 8287.8 X X X X X X
8368.4 X X 28.7 X X X
8407.5 X 14.4 10.2 X 61.9 X
8498.8 165.9 16.0 8.8 X 107.8 6.5
8531.2 4.3 58.9 24.5 1.2 51.7 268.0
8551.1 16.0 2.8 4.6 303.7 7.1 0.7
2+ 8434.2 X X
8566.3 73.5 273.3

TABLE XXXVIII. The partial width ratios for the ncéh
tetraquarks decay into n¢ ® cb modes. For each state, we choose
one mode as the reference channel, and the partial width ratios of
the other channels are calculated relative to this channel. The
masses are all in units of MeV.

TABLE XXXIX. The partial width ratios for the ncch tetra-
quarks decay into nb ® ¢ modes. For each state, we choose one
mode as the reference channel, and the partial width ratios of the
other channels are calculated relative to this channel. The masses
are all in units of MeV.

System  JP Mass D*B: D*B, DB DB,

System  J* Mass B'J/w Bn. BJ/y B,

neeh 0t 81232 X x
8281.2 X 1
8388.0 16.4 1
8466.4 53 1

1™ 81904 x x x
8268.0 X X 1
8312.6 x 1.9 1
8398.9 14.5 1.6 1
8435.7 0.2 2.5 1
8457.3 23 0.3 1

2t 8335.1 x
8468.9 1

nceh 0t 81232 X x
8281.2 X 1
8388.0 X 1
8466.4 10.5 1

1+ 8190.4 X X X
8268.0 X X X
8312.6 X 1 X
8398.9 X 1 0.04
8435.7 0.001 1 6.7
8457.3 54.3 1 0.003

2+ 8335.1 X
8468.9 1
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TABLE XL. The partial width ratios for the sc¢b tetraquarks
decay into s¢ ® ¢b modes. For each state, we choose one mode
as the reference channel, and the partial width ratios of the other
channels are calculated relative to this channel. The masses are all
in units of MeV.

System  JP Mass D*B: D*B, D,B: DB,
sceh 0t 8220.1 X x
8375.2 X 1
8488.1 20.5 1
8561.0 4.8 1
1T 8287.8 X X X
8368.4 X X 1
8407.5 X 1.4 1
8498.8 18.9 1.8 1
8531.2 0.2 2.4 1
8551.1 3.5 0.6 1

2T 84342 X
8566.3 1

TABLE XLI. The partial width ratios for the sc¢b tetraquarks
decay into sb ® c¢ modes. For each state, we choose one mode
as the reference channel, and the partial width ratios of the other
channels are calculated relative to this channel. The masses are all
in units of MeV.

into the ¢¢ ® Qb and gb ® Q¢ configurations, as shown
in Tables XXXII-XXXYV. From these tables, we see that
some eigenstates couple very strongly with two S-wave
mesons. Taking nbch tetraquarks as example, the lowest
eigenstate

T(nbeh,11293.4,0%) = 0.98341Dn;, + ---. (34)

This state couples almost completely (96.7%) to the
Dn, scattering state. Thus it may be very broad and
hid in the continuum. Note that this kind of state
also exists in the calculation of the hidden charm
tetraquarks and pentaquarks, where the lower mass state
couples strongly to a heavy charmonium and a light
hadron [19,65,86]. Moreover, the T(nbch,11314.8,1%)
and T(nbch,11392.4,17) states couple very strongly to
DY and D*n;, channels. Both the T(nb¢h, 11438.6,07),
T(nbtb,11446.6,17) and T(nbch,11453.9,2%) couple
very strongly to D*Y. They may be scattering states. To
draw a definite conclusion, dynamical studies like the
complex scaling methods [87,88] are needed, which is
beyond the present work. For clarity, we add a fifth
column in Tables XXX-XXXI to indicate these scattering
states.

We plot the relative position of the gcch and gbch

System _ J* Mass By Bine BJ/w B tetraquarks in Figs. 5-6. For comparison, we also plot
scch 0" 8220.1 x x the possible scattering states. They are marked with a
8375.2 x 1 dagger (), along with the proportion of their dominant
22221;(1) 8X9 } component'& We can easily see that they all lie close to the
1+ 82878 » o y correspopdmg meson-meson thresholds.
8368 4 % % % After 1.dent1fy1ng the scattering statps, the other statgs
8407.5 « 1 « are genuine tetraquarks. They all lie far above their
8498.8 X 1 0.1 S-wave decay channel(s). In particular, the gbch tetra-
8531.2 0.02 1 5.2 quarks lie above all possible thresholds of two S-wave
8551.1 429 1 0.1 mesons. Thus they may be broad states. We also
27 84342 x study their decay properties, which can be found in
85663 1 Tables XXXVI-XLVIL
TABLE XLII. The values of k - |c;|?> for the nbebh tetraquarks (in units of MeV).
ne @ bb nb @ bt
System Jr Mass DY D', DY Dy, B*B; B*B, BB BB,
nbéb 0" 112534 X X X x
11438.6 X 6.5 X X
11673.1 109.1 11.5 9.5 432.4
11748.7 0.3 18.2 543.5 42.7
1" 11314.8 X X X X X
11392.4 X X 3.8 X X X
11446.6 X 0.8 0.01 X X X
11697.5 75.4 3.1 2.1 1.0 357.0 110.7
11719.1 2.7 38.6 18.0 10.1 149.3 386.9
11744.9 0.8 7.4 13.7 529.9 2.1 16.6
2+ 11453.9 X X
11747.6 50.2 499.3
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TABLE XLIIL. The values of k - |c;|? for the sbcbh tetraquarks (in units of MeV).

s¢ ® bb sb ® be
System  J Mass DiY Din, D,Y Dy, B:B: BB, BB B,B,
shch 0t 11355.0 X x X X
11539.4 X 6.8 X X
11760.7 123.5 12.1 4.8 423.6
11836.7 0.001 17.0 545.9 31.3
1+ 11416.4 X X X X X X
11496.1 X X 34 X X X
11549.1 X 1.3 0.01 X X X
11785.1 81.3 2.2 1.7 4.9 330.0 118.7
11802.8 1.9 39.9 18.8 8.7 165.6 360.9
11833.6 2.8 8.3 13.2 519.6 0.1 21.7
2+ 11558.4 X X
11832.7 494 484.7
TABLE XLIV. The partial width ratios for the nb¢b tetraquarks ~ TABLE XLVIL.  The partial width ratios for the sbcb tetraquarks

decay into nc ® bb modes. For each state, we choose one mode
as the reference channel, and the partial width ratios of the other
channels are calculated relative to this channel. The masses are all
in units of MeV.

decay into s¢ ® bb modes. For each state, we choose one mode
as the reference channel, and the partial width ratios of the other
channels are calculated relative to this channel. The masses are all
in units of MeV.

System  J? Mass DY  D*j, DY Dy,
nbeh 0* 11253.4 X X
11438.6 X 1
11673.1 9.5 1
11748.7 0.02 1
1t 11314.8 X X x
11392.4 x x 1
11446.6 x 59.0 1
11697.5  35.6 1.5 1
11719.1 0.1 2.1 1
11744.9 0.1 0.5 1
2+ 11453.9 X
11747.6 1

System  JF Mass DiY D:np, DX D,
sbch 0t 11355.0 X X
115394 X 1
11760.7 10.2 1
11836.7 0.00003 1
1t 114164 X X X
11496.1 X X 1
11549.1 X 99.7 1
11785.1 47.8 1.3 1
11802.8 0.1 2.1 1
11833.6 0.2 0.6 1
2+ 11558.4 X
11832.7 1

TABLE XLV. The partial width ratios for the nbch tetraquarks
decay into nb ® b¢ modes. For each state, we choose one mode
as the reference channel, and the partial width ratios of the other
channels are calculated relative to this channel. The masses are all
in units of MeV.

TABLE XLVIL. The partial width ratios for the sbch tetra-
quarks decay into sb ® b& modes. For each state, we choose one
mode as the reference channel, and the partial width ratios of the
other channels are calculated relative to this channel. The masses
are all in units of MeV.

System  J¥ Mass B*B: B*B, BB BB, System J© Mass B:B: B!B, B,B: B,B.
nbéb (0 11253.4 X X shch (0 11355.0 X X
11438.6 X X 11539.4 X X
11673.1 0.02 1 11760.7 0.01 1
11748.7 12.7 1 11836.7 17.4 1
1+ 11314.8 X X X 1+ 11416.4 X X X
113924 X X X 11496.1 X X X
11446.6 X X X 11549.1 X X X
11697.5 0.01 32 1 11785.1 0.04 2.8 1
11719.1 0.03 0.4 1 11802.8 0.02 0.5 1
117449 31.9 0.1 1 11833.6 24.0 0.01 1
2+ 11453.9 X 2+ 11558.4 X
11747.6 1 11832.7 1
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IV. CONCLUSIONS

Experimentally, lots of XYZ states have been found in
this century. The singly charmed X(2900) and doubly
charmed T. were also observed recently. For all these
system, the exchange of a light meson may be important
since they are composed at least two light (anti)quarks. It is
difficult to determine whether they are loosely bound
molecular states or compact tetraquark states. The recently
discovered X(6900)’s are composed of four charm quarks.
They are very likely compact tetraquarks since their
interactions are mainly provided by gluon exchange.
Similarly, if a triply heavy exotic state is observed in
experiment, it is very likely a compact tetraquark.

In this work, we have systematically studied the triply
heavy tetraquarks in an extended chromomagnetic model,
which includes both colorelectric and chromomagnetic
interactions. Our calculation suggests that the energy level
is mainly determined by the color interaction. For the gccc,
gbce and gbbb tetraquarks, the ground states are domi-
nated by the 6, ® 6, component, which is similar to the

fully heavy tetraquarks. However, the gcbb tetraquarks are
more like the doubly heavy tetraquarks, where the 6, ® 6,
component is mostly in the higher mass states, and the
ground states are dominated by 3. ® 3, components. We
find no stable state which lie below the thresholds of two
pseudoscalar mesons, in consistence with the results of
Ref. [58]. The lowest axial-vector states with qu_al_J flavor
configuration might be narrow because they lie just above
the thresholds of two pseudoscalar mesons, but they cannot
decay into these channels because of the conservation of
the angular momentum and parity.

With the obtained wave functions, we also calculate the
partial decay rates of the tetraquarks. We hope that our
studies can be of help for the future experimental searches.
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