Chinese Physics C  Vol. 46, No. 1 (2022) 013102

Doubly heavy tetraquarks in an extended chromomagnetic model”

Xin-Zhen Weng(5i#7%)""

Wei-Zhen Deng(X3 TLEL)™

Shi-Lin Zhu(4ctt )

'Center of High Energy Physics, Peking University, Beijing 100871, China
*School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
*School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
“Collaborative Innovation Center of Quantum Matter, Beijing 100871, China

Abstract: Using an extended chromomagnetic model, we perform a systematic study of the masses of doubly
heavy tetraquarks. We find that the ground states of the doubly heavy tetraquarks are dominated by the color-triplet

(qq)i‘(QQ)3é> configuration, which is opposite to that of fully heavy tetraquarks. The combined results suggest that

the color-triplet configuration becomes more important when the mass difference between the quarks and antiquarks
increases. We find three stable states that lie below the thresholds of two pseudoscalar mesons. They are the
1JP = 01* nnbb tetraquark, IJ¥ = 00* nnch tetraquark, and J* = 17 nsbb tetraquark.
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I. INTRODUCTION

Besides the conventional mesons and baryons, which
are composed of a quark-antiquark pair and three quarks,
there exist hadrons composed of more than three quarks
or gluons. These states are called exotic states, such as a
tetraquark [1, 2], pentaquark [3, 4], molecule [5-7], glue-
ball [8, 9], and hybrid [10, 11]. In 2003, the first char-
monium like state, X(3872), was observed by the Belle
Collaboration in the exclusive B*—K*n*tn~J/y decays
[12]. Its quantum number is I6J7C€ = 0*1** [13]. The dis-
covery of X(3872) opened a new era of hadron spectro-
scopy. Since then, many charmonium like and bottomoni-
um like states have been found, such as the Y(4260) [14],
Z.(3900) [15, 16], Z,(10610), and Z,(10650) [17] states.
In the fully heavy sector, the LHCb collaboration ob-
served 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 [18].
More details can be found in Refs. [19-26] and the refer-
ences therein.

The heavy quarks in these states are in hidden
flavor(s). In 2017, the LHCb Collaboration observed =/
in the AYK n*n* decay channel [27]. Its mass was de-
termined to be 3621.40 +0.72(stat.) +0.27(syst.) £ 0.14(A})

MeV. This is the first doubly heavy baryon observed in
experiments. The Z!* baryon gives implications for
doubly heavy tetraquarks [28, 29], which are exotic states
with open heavy flavors. Recently, the LHCb Collabora-
tion observed a very narrow state in the D°D°z* mass
spectrum [30-33]. Under the J* = 1* assumption, its mass

with respect to D** DY and width are

Smpw =—273+61+5"]] keV, )
and

Tpw =410+ 165+43" 8 keV, 2)

respectively. The statistic significance of the signal is
over 100, whereas that for dmpw < 0 is 4.30. This struc-
ture is consistent with the DD* molecule interpretation
predicted by Li et al. within the one-boson-exchange
(OBE) model [34]. The discovery of T, inspired many
related studies [35-44]. Actually, doubly heavy tetra-
quarks have been studied extensively, with models such
as the quark model [1, 45-72], QCD sum rules [73-83],
lattice QCD [84-102], OBE potentials [34, 103-107], and
chiral perturbation theory [108-111]. Their production
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has also been studied (for instance, see Refs. [112, 113]).
The studies suggest that the masses of some of the doubly
heavy tetraquarks are lighter than the thresholds of two
mesons, which makes them stable against strong and
electromagnetic decays. For example, Du et al. [76] stud-
ied Q0q7 (Q=c,b and ¢,q' =u,d,s) in the QCD sum
rules. They found that the bbgg''s are stable. The stable-
ness of doubly heavy tetraquarks is also supported by lat-
tice QCD calculations. Leskovec et al. [100] used lattice
QCD to investigate the spectrum of abbud four-quark
system with quantum numbers I(J”)=0(1%),and ob-
tained a binding energy of (—128 £24 +10) MeV, corres-
ponding to the mass, 10476 +24 +10 MeV. Mohanta and
Basak [102] studied bbiid states on a lattice using a non
relativistic QCD (NRQCD) action for a bottom and
highly improved staggered quark (HISQ) action for light
up/down quarks. They obtained the binding energy for
the 1* bbiid tetraquark system to be —189(18) MeV com-
pared to BB*. Using the E}" mass as the input, Karliner
and Rosner [29] predicted the mass of the ground state of
the 1JP=01" doubly charm tetraquark (T.) to be
3882.2+ 12 MeV in a chromomagnetic model.

In the quark model [114-118], the mass of a hadron
can be decomposed into the quark masses, kinetic energy
and potentials, which include the color-independent Cou-
lomb and confinement interactions, and hyperfine interac-
tions like spin-spin, spin-orbit, and tensor terms. If we re-
strict to the S-wave states, the spin-orbit and tensor inter-
actions do not contribute. We can use an extended chro-
momagnetic model [1, 58, 118-127]. In this model, the
masses of S-wave hadrons consist of effective quark
masses, color interaction, and chromomagnetic interac-
tion. This simplified model provides good account of all
S-wave mesons and baryons [125]. In this work, we use
an extended chromomagnetic model to study S-wave
doubly heavy tetraquarks. With the obtained wave func-
tion, we further use a simple method to estimate the par-
tial decay ratios of the tetraquark states. In Sec. Il we in-
troduce the methods of the present work, The numerical
results are presented and discussed in Sec. III. We con-
clude the study in Sec. IV.

II. FORMALISM
A. Hamiltonian
In a chromomagnetic model, the Hamiltonian of an S-

wave hadron is [123, 125-131]

H= ZmiJrHCEJrHCM, 3)
f

where m; is the effective mass of the ith quark, Hcg is the
chromoelectric (CE) interaction [123, 125-127], where

HCEz_ZaijFi'Fjs “4)

i<j

and Hcy is the chromomagnetic (CM) interaction [1, 26,
120-122], where

HCMZ—ZV,'J‘S,"S]‘F,"FJ‘. (5)

i<j

Here, aij and Vij & <aS(rij)6(rij)>/mimj are effective coup-
ling constants that depend on the constituent quark
masses and the spatial wave function. S;=0;/2 and
F; = A;/2 are the quark spin and color operators. For an
antiquark,

qu—SZ, qu—FZ. (6)

Since

> (mi+m))F;-F,

i<j

AR

and the total color operator, }; F; , nullifies any color-
singlet physical state, we can rewrite the Hamiltonian as
[125-127]

= __Zmzj ZVUVCM’ (8)
i<j i<j
where
4
m,-jz(m[+mj)+§a,-j, (9)

VCZF,"FJ' and
are the color and CM interactions

is the quark pair mass parameter.
CM _

VijM —S,"SjF,"Fj

between quarks.

B. Wave function

To investigate the masses of tetraquarks, we need to
construct wave functions. The total wave function is a
direct product of the orbital, color, spin, and flavor wave
functions. Here, the orbital wave function is symmetric
because we only consider the S-wave states. Because the
Hamiltonian does not contain a flavor operator explicitly,
we first construct the color-spin wave function, and then
incorporate the flavor wave function to account for the
Pauli principle.

The spins of tetraquarks can be 0, 1, and 2. In the
qq®qq configuration, the possible color-spin wave func-
tions, {ai’ }, are listed as follows:
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1. JP =0*:

o =@ @af) . ol =|@a)§ @),

o) =|@a}@ani) . o} =|@a)i@an),.  (10)

2. JP =1%:

al =|(61142)? (93174)?>1, ay = l(l]w]z)? (513514)8>1,

o=@ @ass) . ok =|@a)]@an]), .

aé=|(61142)?(%q4)3>], aé:‘(qlqz)g(%@)?)l’ (11)

3. JP =2+;

o} = @@ @as),. d=|@a)@ai),. (12)
where superscript 3, 3, 6 , or 6 denotes the color, and
subscript 0, 1, or 2 denotes the spin.

Next we consider the flavor wave function. There are
six types of total wave functions when we consider the
Pauli principle:

1. Type A: ¢a = {(nnQQ)=', 5500}

(a) JF=0%:
‘Pgl = ¢A®ag, ‘POA; = 90A®a(3), (13)

(b) JP =17
YL =pa®ay, (14)

(c) JP =2%:
P = pa®a3, (15)

2. Type B: ¢p = {(mn00)'="}
(@) JP=1%:
‘Pgl =¢B®a;, ‘1’1132 =<pB®a/é, (16)
3. Type C: ¢c = {(nnch)'=", ssch)
(a) JP =0%:

Y =pc®a), Y =pc®al, (17)

(b) JP = 1%

Y =ec®al, Yo, =¢c®ay, Yo, =gc®al, (18)
(c) JP =2%:
¥ = gc®a3, (19)

4. Type D: ¢p = {(nnch)'=")

(a) JP =0*:
¥, = ¢p®al, ¥, =¢p®al, (20)
(b) JF = 1*:

¥y, =¢p®al, Y, =¢p®a), Yh=¢p®a, (21)
(c) JP =2+:
Y2 = pp®ar, (22)

5. Type E: ¢ = {nsQQ}

(a) JP =0*:
‘Pgl = ¢ ®a/(2), ‘1’%2 = 90E®a(3), (23)
(b) JP = 1*:

YL =ee®a), YL, =¢e®,, VYL =@, (24)
(c) JF=2*:
¥ = pp®as, (25)
6. Type F: ¢p = {nsch}
¥ = er@ay, (26)

Diagonalizing the Hamiltonian [Eq. (8)] in these bases,
we can obtain the masses and eigenvectors of doubly
heavy tetraquarks.

C. Partial decay rates

Next we consider the strong decay properties of tetra-
quarks. There are various methods for studying tetra-
quark decays, such as the dimeson decay through the
quark interchange model [132-135] and the dibaryon de-
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cay through the *Py model [136-139]. These models re-
quire the dynamical structures of hadrons, which is bey-
ond the power of a CM model. Here we adopt a simple
method to estimate the partial decay ratios of tetraquark
states.

In Sec. II.B, we have described the construction of a
wave function in the gg®gg configuration, wherein the
tetraquark states are superpositions of the bases. The tet-
raquark states can also be written as linear superpositions
of the bases in the ¢g®qg configuration (see Appendix
A). Normally, the gg component in a tetraquark can be
either a color-singlet or a color-octet. The former one can
easily dissociate into two S-wave mesons in a relative S
wave, which are called “Okubo-Zweig-lizuka- (OZI-) su-
perallowed” decays. The recoupling coefficient provides
the overlap between a tetraquark and a particular meson
x meson state. Then, we can determine the decay amp-
litude of that tetraquark into that particular meson X
meson channel. The latter one can only fall apart through
a gluon exchange [120, 140]. In this work, we focus on
the “OZI-superallowed” decays.

For each decay mode, the branching fraction is pro-
portional to the square of the coefficient, ¢;, of the corres-
ponding component in the eigenvectors, and also de-
pends on the phase space. For a two body decay through
an L-wave, the partial decay width is [126, 141]

2L+1 5
T =yie—sleil”, 27)

where m is the mass of the initial state, k£ is the mo-
mentum of the final states in the rest frame of the initial
state, a is the effective coupling constant, and 7y; is a
quantity determined by the decay dynamics. Generally, vy;
is determined by the spatial wave functions of both the
initial and final states, which are different for each decay
process. In the quark model, the spatial wave functions of
the pseudoscalar and vector mesons are the same. Thus,
for each tetraquark, we have

YM M, =YM M, = YM;M, = YM;M; (28)
where M; and M} are pseudoscalar and vector mesons,
respectively. Then, we can estimate the partial decay

width ratios of the tetraquark states.
III. NUMERICAL RESULTS

A. Parameters

To calculate tetraquark masses, one needs to estimate

parameters {mlj vt ;1. In Ref. [125], we used meson and

baryon masses to extract parameters {m;"I qn";n. qa} and
b b b b1 e
{m} 4.svo 4,). Baryon parameters {m} , v ,} between

two heavy quarks cannot be fitted from baryons because
of the lack of experimental data. For this reason, we ad-
opted the following assumptions:

6t =ab  ~ allg 0 9)

and

bm _. b
R‘I!% V%’iz/v%q

=2/3+0.30 (30)
to estimate them from meson parameters {mg‘ 0.0 v’& Q.Z}.
The resulting parameters are listed in Table 1. Because
the CM interaction strengths, v;;'s, are inversely propor-
tional to the quark masses, meson parameters {vcz, v, V5
between heavy flavors are quite small. Thus, the large un-
certainty of the ratio, Rq 4.» does not have much effect on
baryon parameters {v..,vep,Vep} and the mass spectra of
doubly heavy tetraquarks. As shown in Ref. [125], the in-
troduction of the first assumption makes the difference,

bm —, b _ _
omgy =mg , —my ., separable over the two quarks as fol
lows:

6mqlq ~(5m +6m 31)

where Sml"=m)—m}' is the difference of the effective
quark mass extracted from the baryons and mesons. In
this way, ten om)" 's reduce to four émi™'s. Actually,
such property can be achieved by a weaker assumption.
Namely, we assume that the difference, a’ is

f— am
019> 9.9,°
separable over the two quarks as follows:

asqu a;nl% 6 +6a (32)
Then, we have
6mq,q ~6mbm +5mbm (33)
where
4 4
6ﬁ1 _mZ my' + 36(1]"" (5m + 36(1]"" (34)

which includes the quark mass difference and the differ-
ences between the color interactions. We again reduce ten
om ZI”; 's into four degrees of freedom. All results are un-
changed except that we reinterpret the 6m2'” of Ref. [125]
as 6n~1f;’” (see Table 2 or Table 6 of Ref. [125]).

Now we consider tetraquarks. In Ref. [127], we used
the following scheme to estimate the masses of fully
heavy tetraquarks:
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Table 1. Parameters of the gg pairs for mesons and of the gg pairs for baryons [125] (in units of MeV).
Parameter my my my e m m’:[; m’:}; m’(’% m:’"l;
Value 615.95 794.22 936.40 1973.22 2076.14 3068.53 5313.35 5403.25 6322.27 944497
Parameter Vi Vil Vis Vi Ver Vi Vi Vi Vi
Value 477.92 298.57 249.18 106.01 107.87 85.12 33.89 36.43 47.18 45.98
Parameter mgn mzs m}s’s mﬁc mgc mZb m.};b mﬁh mZb
Value 724.85 906.65 1049.36 2079.96 2183.68 3171.51 5412.25 5494.80 6416.07 9529.57
Parameter vZn vﬁs v{;s vﬁc vf‘c VZb vl;b vﬁb va
Value 305.34 212.75 195.30 62.81 70.63 56.75 19.92 8.47 31.45 30.65
Table 2.  Values of the difference 6™ =mé —m!"+ 364" B. Th - = ¢
. . . N € nn systems
[125] (in units of MeV). 00 sy
(5}'7’1[”" 61’71'7"” 6mbm 6ﬁ,lbm _ o
" . b 1. The nnce and nnbb tetraquarks
Value 54.94 56.48 51.49 42.30

Table 3. Possible choices of tetraquark parameters.

'3 ! t

'
mqiq/ qu'l?j tiqj vqif?j
b m_ b mn_
Scheme [ Mgiq; Mga, Vaiq;j Vaia;
b b b N
Scheme II Myiq; Myiq; Vgiqj i)
b m b b
Scheme 1T mqiq/' mqﬂ?j Vq[q/ vqiq,‘
b b b b
Scheme IV Mgiq; Mgiq; Vaiq; Vaiq
r b
Myq, = Mg, > (35)
t . m
Myg, = Mg, (36)
t o .b
Vaaq, ¥ Vaa,» (37)
'
Vaa, = Vaa, - (38)

Within this scheme, we found that the ground states of
the fully heavy tetraquarks are dominated by color-sextet
configurations, which is consistent with dynamical calcu-
lations [142, 143]. Nonetheless, this scheme ignores the
difference in the spatial configurations between these tet-
raquarks and normal hadrons, which will evidently cause
large uncertainties [1, 143, 144]. To appreciate the uncer-
tainty, we introduce three additional schemes for compar-
ison (see Table 3). Scheme III (IV) differs from scheme I
(II) by

Voa Vaa, = Vaa ~Vaq,- (39)

Owing to the smallness of VZ o and v, the results of
scheme I (II) are very similar to those of scheme III (IV).
Thus, we will focus on scheme I and scheme II.

Inserting the parameters into the Hamiltonian, we can
determine tetraquark masses. The masses and eigen-
vectors of the nnQQ tetraquarks are listed in Table 4.
Here, we assume that the SU(2) flavor symmetry is ex-
act and denote u, d quarks collectively as n. In the follow-
ing, we use T;(nnQQ,m,1,J") to represent the nnQQ tet-
raquarks, where subscript i denotes the particular scheme
of the parameters. In Figs. 1-2, we plot the relative posi-
tions of the nnQQ tetraquarks and their meson-meson
thresholds.

We first consider the nnce tetraquarks. The quantum
number of their lightest state is 7J¥ =01*, namely, the
T;(nncc,3749.8,0,1%) or Ty (nncc,3868.7,0,1%) state. The
other isoscalar state is Tj(nnce,3976.1,0,17) or
T;/(nnce,4230.8,0,17). We find that scheme II always
provides larger masses than scheme 1. The reason is that
the two schemes choose different values of m . , which
result in different values of the color 1nteract10n More
precisely, the difference in the color interactions between
the two schemes is

11 1
AHc =H! - HI. = —42

i<j

—_ _Z ZémmeC

i<2 j>2

- —Z Z 6mbm +6mbm)

i<2 j>2

el

i<2

I C
—mj;)V;

where in the last line we ignore the terms proportional to
S;Fi. Note that both |(q142%(3g0%) and

|(q1q2)§"((}3(j4)3‘> are eigenstates of (F; + F»)?, with eigen-
values 10/3 and 4/3, respectively. In other words,
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Table 4. Masses and eigenvectors of the nnée, nnbb, and nnch tetraquarks. All masses are in units of MeV.

Scheme I Scheme I1
System JP
Mass Eigenvector Mass Eigenvector
(nned)'=! 0* 3833.2 {0.515,0.857} 3969.2 {0.350,0.937)
41274 {0.857,-0.515} 4364.9 {0.937,-0.350}
1" 3946.4 {1} 4053.2 {1}
2% 4017.1 {1} 4123.8 {1}
(nncey!=0 1* 3749.8 {0.354,-0.935} 3868.7 {0.212,-0.977}
3976.1 {0.935,0.354} 4230.8 {0.977,0.212}
(nnbb)'=! 0* 10468.8 {0.123,0.992} 10569.3 {0.086,0.996}
10808.9 {0.992,-0.123} 11054.6 {0.996,-0.086}
1" 10485.3 {1} 10584.2 {1}
2% 10507.9 {1} 10606.8 {1}
(nnbb)'=0 1" 10291.6 {0.058,-0.998} 10390.9 {0.043,-0.999}
10703.4 {0.998,0.058} 10950.3 {0.999,0.043}
(nnch)'=! 0* 7189.5 {0.366,0.931} 7305.6 {0.232,0.973}
7440.9 {0.931,-0.366} 7684.7 {0.973,-0.232}
1* 7211.0 {—0.311,-0.648,0.696} 7322.5 {—0.180,-0.687,0.704}
7264.2 {—0.048,0.742,0.669} 7367.3 {—0.029,0.719,0.694}
7417.0 {0.949,-0.175,0.262} 7665.1 {0.983,-0.104,0.150}
2% 7293.2 {1 7396.0 {1}
(nnch)™=0 0* 7003.4 {0.440,0.898} 7124.6 {0.266,0.964}
7220.3 {0.898,-0.440} 7459.0 {0.964,-0.266}
1* 7046.2 {0.228,-0.219,0.949} 7158.0 {0.122,-0.133,0.984}
72329 {0.899,-0.327,-0.292} 7482.4 {0.910,-0.381,-0.165}
7329.3 {—0.374,-0.919,-0.122} 7584.9 {—0.397,-0.915,-0.074}
2+ 7353.2 {1} 7610.3 {1}

5 ]
7 Zéﬁfzibm, for ’(6116]2)6‘ (6735]4)6‘>,
(AHC) = : (41)

: D dt™, for [(qig2)" (@)™ )

For the nnt¢ system, Y, 6m?™=212.9MeV. The
ground state, T;(nncc,3749.8,0,1%), is dominated by the
color-triplet configuration, and its mass is increased by
about 118.9 MeV. In contrast, the mass of the color-sex-
tet configuration dominated state, T;(nncc,3976.1,0,17),
is increased by 254.7 MeV. The deviation from Eq. (41)
is caused by the color mixing. In the isovector sector, we
have four tetraquark states. They are all above the corres-
ponding S-wave decay channels. It is interesting to note
that the 7;(nncc,3686.7,0,1%) state in scheme II is quite
close to the newly observed T/, state.

The nnbb tetraquarks are very similar to the nncc tet-
raquarks. Their lightest state also has quantum number

1JP =01", namely, the T;(nnbb,10291.6,0,1%) or
T1(nnbb,10390.9,0,1%) state. In both schemes, this state
lies below the BB threshold and is stable against strong
decays. In scheme 1, the T;(nnbb,10468.9,1,0%),
T;(nnbb,10485.3,1,1%), and T;(nnbb,10507.9,1,2*) states
also lie below the the BB threshold. However, they are
not stable in scheme II. Thus, we cannot draw a definite
conclusion.

Besides masses, eigenvectors also help understand the
nature of tetraquarks. Within the four possible quantum
numbers, the IJF = 10* one and the IJ* =01* one are of
particular interest because they both have two possible
color configurations, namely, the color-sextet,

(qq)6"®(Q_Q_)6‘>, and the color-triplet, |(gg)* ®(QQ)3L’>. For
simplicity, we denote them as 6.®6. and 3,.®3., respect-
ively. As pointed out by Wang et al. [142], there are two
competing effects in determining whether 6,86, or 3.®3,
dominates the tetraquark ground state. In the one-gluon-
exchange model, the color interactions in a color-triplet
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4231
_‘%1_2_7_ 4124
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4017 — =
...................... 59093976--0--- D*I *(,10]7)
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............................................................... 3800, o DD (3876)
L3833,
3750 o
..................................................................................................................... DD(3734)
0t 1+ 2+
(a) nnce states
11055
10950
10809
10703
..................................................................................................................... B* B*(10649)
10607
..................... I()S.Gg................................_1._(}:5_ e m e B B¥(10604)
P 10508 ................ BB(]()559)
10469 o e
10391
10292
0* 1+ 2+

Fig. 1.

(color online) Mass spectra of the 7=0 (solid) and 7=1 (dashed) nnee and nnbb tetraquark states in scheme I (black) and

scheme II (blue). The dotted lines indicate various meson-meson thresholds. All masses are in units of MeV.

diquark are attractive, whereas those in a color-sextet
diquark are repulsive. In contrast, both attractions
between the 6, diquark and the 6, anti-diquark and
between the 3.®3, counterpart are attractive, and the
former one is much stronger than the latter. The authors
of Refs. [127, 142, 143] found that the color-sextet con-
figuration has more net attraction for most fully heavy
tetraquarks. Thus, the ground states contain more color-
sextet components than the color-triplet ones. The only

exception is the cchb tetraquark in model II of Ref. [142],
whose ground state has 53% of the 3.®3, component. It
is also interesting to note that, when the mass ratio
between quarks and antiquarks deviates from one, the
color-triplet configuration becomes more important in the
ground states. For example, Ref. [127] found that
T(bbbb,18836.1,0"*) and T(ccee,6044.9,07) have 18.5%
and 30.5% of the 3,®3. components, respectively, where-
as T(cchb,12596.3,0t) has 48.4%. This tendency also
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7046
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Fig. 2. (color online) Mass spectra of the 7=0 (solid) and 7=1 (dashed) nnch tetraquark states in scheme I (black) and scheme II
(blue). The dotted lines indicate various meson-meson thresholds. All masses are in units of MeV.

exists in doubly heavy tetraquarks. As summarized in
Table 4, the 3,®3. components become dominant in the

whereas for the fully heavy tetraquarks,

ground states of the nnQQ tetraquarks. This phenomenon m(bbBB) — 44230 MeV (46)
can also be explained by the color interaction Hamiltoni- ’
an,
om(ccct) = +51.49 MeV, 47
(He (m00)) ) -
3 m(cchb) = +15.15 MeV . (48)
c C L yC . yC . yC
=‘z< 1y, iy + migg Vg + ) (V13+V24+V14+V23)>
3 c c . As the ratip, mg /mq,.increases, the 3.®3. components
=74 \"Mo Z Vij + 25’" Viat V34) become more important in the ground states.

i<j

Another interesting conclusion from the Hamiltonian

ot 3 3sm <VC N VC> is that the color interaction does not mix the 6,86, and
n0" 127 734 3.®3, configurations. Actually, this conclusion applies
ot -+ m -1 0 ’ @2) for a.ll S-wave tetrgquarks with g1 =¢» or ¢3 =4a. Lejt us
nQ 0 +2 consider the matrix element of the color interaction,

where we have expanded the Hamiltonian in the bases,

{ (o) (Qs Q4)§>0 |(1n2)3 (05 Q4)?>0}, inthe lastline and

1(m, +m
om= 3 (””TQQ —m' Q] (43)

Taking scheme I as an example, we have

{a|Hcg|B). Note that the color interaction is independent
of the spin operator and thus is a rank-0 tensor in the ¢1¢,
spin space. Its matrix elements over different ¢4, spin
states always vanish. If ¢; = ¢», the Pauli principle fur-
ther renders the matrix elements to vanish, unless bases «
and B possess the same color symmetry over g;q>. The
same argument applies to g3gs as well. In summary, the
color interaction does no mix the 6,86, and 3.®3. color
configurations if g; = ¢, or g3 = g4.

Next, we consider their decay properties. For the de-
cays of the tetraquark states considered in this work, all

dm(nnce) = —12.52 MeV, (44) (k/m)?'s are of O(1072) or even smaller order. All higher
wave decays are suppressed. Thus, we only consider the

- S-wave decays in this work. First, we transform the wave

m (nnb b ) =-93.07MeV, (43) functions of the nnQQ tetraquarks into the nQ®nQ con-
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figurations. Then, we can calculate the k-|c;*'s and par-
tial decay width ratios. The corresponding results are lis-
ted in Tables 5-10. Note that the two schemes obtain very
similar results, and we mainly focus on scheme I in the
following. In the isovector sector, the nncc tetraquarks
are mostly above the S-wave decay channel and thus have
a wide state. Depending on the schemes, the J¥ = 2* state
may lie on or above the D*D* threshold, namely the
T/(nnce,4017.1,1,2%) or Ty(nncc,4123.8,1,2%) state. A
firm conclusion requires more detailed studies. The
T;(nncc,4127.4,1,0%) state can decay into both DD and
D*D* channels, with the partial decay width ratio,

rD*D' . FDD ~375. (49)

Thus, the D*D* mode is dominant. In the isoscalar

sector, the T;(nnéc,3749.8,0,1%) state lies below the DD*
threshold; thus, it is a narrow state. However, this state
lies above the DD threshold; therefore, it can decay radi-
atively into the DDy final states. The T;(nncc,3976.1,
0,1%) state is wide because it lies above the DD* and
D*D*  thresholds. The T;(nnbb,10808.9,1,07) and
T;(nnbb,10703.4,0,1%) states lie above all corresponding
S-wave decay channels. Their partial decay width ratios
are

['[T;(nnbb,10808.9,1,0")— B*B*]
I'[T;(nnbb,10808.9,1,0*)— BB]

~37 (50

and

T[T;(nnbb,10703.4,0, 1+)— B* B*]
T[T ;(nnbb,10703.4,0, 1+)— BB]

~0.9 (51)

Table 5. Eigenvectors of the nnée tetraquark states in the nc®nc configuration. All masses are in units of MeV.
Scheme I Scheme I1
System JP
Mass D*D* D*D DD* DD Mass D*D* D*D DD* DD
(nnce)'=! 0+ 3833.2 0.116 0.639 3969.2 -0.023 0.611
41274 0.755 0.093 4364.9 0.763 0.207
1* 3946.4 0 0.408 0.408 4053.2 0 0.408 0.408
2 4017.1 0.577 4123.8 0.577
(nnce)!=0 1* 3749.8 -0.177 0.415 -0.415 3868.7 -0.277 0.369 -0.369
3976.1 0.685 0.280 -0.280 4230.8 0.651 0.338 -0.338
Table 6. Values of k-|¢;[?> for the nnce tetraquarks (in unit of MeV).
Scheme I Scheme II
System Jr
Mass D*D* DD* DD Mass D*D* DD* DD
(nnce)'=! o* 3833.2 X 176.4 3969.2 x 251.3
4127.4 270.0 7.6 4364.9 497.6 48.5
1t 3946.4 61.9 4053.2 98.8
2t 4017.1 x 4123.8 155.3
(nnee)'=0 1* 3749.8 x x 3868.7 x x
3976.1 x 34.7 4230.8 281.1 96.8
Table 7. Partial width ratios for the nncc 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. All masses are in units of MeV.
Scheme I Scheme I1
System JP
Mass D*D* DD* DD Mass D*D* DD* DD
(nnce)'=! 0* 3833.2 X 1 3969.2 x 1
4127.4 35.7 1 4364.9 10.3 1
1t 3946.4 1 4053.2 1
2% 4017.1 x 4123.8 1
(nnee)'=0 1* 3749.8 x x 3868.7 x x
3976.1 X 1 4230.8 1.5 1
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Table 8. Eigenvectors of the nnbb tetraquark states in the nb®nb configuration. All masses are in units of MeV.

Scheme [ Scheme II
System JP
Mass B*B* B*B BB* BB Mass B*B* B'B BB* BB
(nnbb)'=! 0* 10468.8 -0.200 0.546 10569.3 -0.227 0.533
10808.9 0.737 0.344 11054.6 0.729 0.364
1* 10485.3 0 0.408 0.408 10584.2 0 0.408 0.408
2+ 10507.9 0.577 10606.8 0.577
(nnbb)!=0 1* 10291.6 -0.374 0.312 -0.312 10390.9 —-0.383 0.306 -0.306
10703.4 0.600 0.391 -0.391 10950.3 0.594 0.395 -0.395
Table 9. Values of k-|c;|> for the nnbb tetraquarks (in units of MeV).
Scheme I Scheme I1
System JP
Mass B*B* BB* BB Mass B*B* BB* BB
(nnbb)’=! 0* 10468.8 X X 10569.3 X 66.5
10808.9 503.0 136.5 11054.6 788.7 216.6
1* 10485.3 X 10584.2 x
2F 10507.9 X 10606.8 x
(nnbb)™=0 1+ 10291.6 x x 10390.9 x x
10703.4 193.6 111.0 10950.3 450.3 213.6
Table 10. Partial width ratios for the nnbb 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. All masses are in units of MeV.

P Scheme I Scheme II
System J
Mass B*B* BB* BB Mass B*B* BB* BB
(nnbb)’=! o+ 10468.8 x x 10569.3 x 1
10808.9 3.7 1 11054.6 3.6 1
1+ 10485.3 x 10584.2 x
2+ 10507.9 x 10606.8 x
(nnbb)'=0 1+ 10291.6 x x 10390.9 x x
10703.4 0.9 1 10950.3 1.1 1

respectively. All other nnbb tetraquark states are narrow
states.

2. The nneb tetraquarks

Next, we consider the nnch tetraquarks. We list the
masses and eigenvectors of their states in Table 4. Their
relative position and possible decay channels are plotted
in Fig. 2. There are two possible stable nnch tetraquark
states. The first state is T;(nnch,7003.4,0,0%), which lies
below the DB threshold by more than 100 MeV. Even in
scheme II, this state is about 20 MeV below the
threshold. The second state is T;(nnch,7046.2,0,17). It is
about 100 MeV lighter than the DB threshold. However,
this state lies above the threshold in scheme II. Nonethe-
less, it lies below its S-wave decay mode DB* and thus
should be a narrow state.

Because the two antiquarks do not have to obey the

Pauli principle, we have a much larger number of states
than the nnéc/nnbb cases. For each isospin, we have two
0* states, three 1* states, and one 2* state. From Table 4,
we see that for each possible quantum number, the lower
mass states are dominated by the color-triplet configura-
tion, whereas the color-sextet configuration is more im-
portant in the higher mass states. For example, the two
stable states, Tj(nnch,7003.4,0,07) and  T;(nnch,
7046.2,0,17), have 80.6% and 90.0% of the 3.®3, com-
ponents, respectively. This can be explained by the color
interaction,

<Hc (nnEE)) = M +m,j — gém' <Vf:2 + V3C4> , (52)

where

1
om' = 1 (M +mep —myz —m,;) = —36.41 MeV.  (53)
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Note that both the 6,®6, and 3,®3, configurations are
eigenstates of V§, + VS, with eigenvalues 2/3 and -4/3,
respectively. The negative value of ém’ indicates that the
color interaction favors the 3. ®3, configuration.

In Table 11, we summarize the transformation of the
nneh tetraquark states into the nc@nb configuration. Then,
we calculate the values of k-|c;|> and the relative partial
decay widths, which are listed in Tables 12-13. Besides
the two stable states discussed above, two heavier isoscal-
ar states T;(nnch,7220.3,0,0%) and T;(nnch,7232.9,0,1%)
are above the DB*mode, whereas the
T;(nnch,7329.3,0,1%) state can decay into both D*B and
DB* modes, with relative width

Tpp:Tpp ~112:1. (54)

In the isovector sector, the lower 0* state can only decay
into the DB mode, whereas the higher one can also decay
into D*B* mode. All 17 states can decay into the DB*
mode in an S-wave, whereas only the highest one can de-
cay into the D*B and D*B* modes, with partial decay
rates

Tpp :Tpp:Tpp~46:20:1 (55)

There is no doubt that the current results rely on the mass
estimation. In scheme II, the higher masses allow the
states to have more decay modes. Yet we find that the
partial decay width ratios are quite stable in the two
schemes.

Table 11. Eigenvectors of the nnch tetraquark states in the ne®nb configuration. All masses are in units of MeV.

Scheme I Scheme I1
System JP
Mass D*B D*B DB DB Mass D*B* D*B DB* DB
(nneh)!=! o+ 7189.5 -0.010 0.615 7305.6 -0.116 0.581
7440.9 0.764 0.197 7684.7 0.755 0.281
1" 7211.0 0.104 0.063 -0.592 7322.5 0.184 —-0.004 —-0.557
7264.2 0.245 0.515 0.090 7367.3 0.266 0.506 0.081
7417.0 0.655 —-0.383 0.241 7665.1 0.629 -0.401 0.316
2F 7293.2 0.577 7396.0 0.577
(nnch)!=° 0* 7003.4 0.269 0.570 7124.6 0.374 0.466
7220.3 -0.587 0.508 7459.0 -0.526 0.605
1" 7046.2 0.261 -0.231 0.495 7158.0 0.325 —-0.268 0.409
72329 —0.308 0.469 0.568 7482.4 —-0.287 0.417 0.633
7329.3 —0.580 -0.556 0.124 7584.9 -0.559 —-0.581 0.123
2+ 7353.2 0.817 7610.3 0.817
Table 12. Values of k-|c;[> for the nnch tetraquarks (in units of MeV).
Scheme I Scheme 11
System JP
Mass D*B* D*B DB* DB Mass D*B* D*B DB DB
(nneh)!=! o+ 7189.5 x 130.4 7305.6 x 226.3
7440.9 329.3 35.6 7684.7 590.5 99.9
1t 7211.0 X x 80.7 7322.5 X 0.004 188.4
7264.2 X x 3.7 7367.3 22.4 123.6 4.7
7417.0 213.2 90.8 46.4 7665.1 397.6 172.5 117.9
2% 7293.2 X 7396.0 143.3
(nnch)™=0 0* 7003.4 x x 7124.6 x x
7220.3 X 117.0 7459.0 169.3 347.6
1t 7046.2 X X X 7158.0 x X X
7232.9 X x 109.1 7482.4 55.0 132.7 367.1
7329.3 X 107.5 9.6 7584.9 271.9 320.1 16.2
2F 7353.2 161.3 7610.3 610.5
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Table 13.

Partial width ratios for the nnch 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. All masses are in units of MeV.

Scheme [ Scheme II
System Jr
Mass D*B* DB DB* DB Mass D*B* DB DB* DB
(nnch)™=! 0* 7189.5 x 1 7305.6 x 1
7440.9 9.2 1 7684.7 5.9 1
1" 7211.0 x x 1 7322.5 x 0.00002 1
7264.2 x x 1 7367.3 48 26.5 1
7417.0 4.6 2.0 1 7665.1 34 1.5 1
2% 7293.2 x 7396.0 1
(nnch)'=0 0* 7003.4 x x 7124.6 x x
7220.3 x 1 7459.0 0.5 1
1* 7046.2 x x x 7158.0 x x x
7232.9 x x 1 7482.4 0.1 0.4 1
7329.3 x 11.2 1 7584.9 16.8 19.7 1
2% 7353.2 1 7610.3 1

C. The ssQQ systems

We list the numerical results of the ssQQ tetraquarks
in Tables 14-23. We also plot the relative positions and
possible decay channels in Figs. 3-4. The pattern of the
mass spectrum is very similar to that of the nnQQ tetra-
quarks with isospin 7 = 1.

First, we focus on the sscc tetraquarks. Its ground
state is Tj(ss¢c,4043.7,0%). It can decay into the D Dj
mode in an S-wave, and thus, it might be a wide state.
The most heavy state, T;(sscc,4311.1,0%) lies above the
D*D? threshold. It decays into the D;D; and D:D? modes
with the ratios

T[T;(ss¢¢,4311.1,01)—D,D,]
T[T;(ssce,4311.1,00)—D: D]

~0.0008.  (56)

Thus, the D:D: mode is dominant. The other two
states, T;(sscc,4192.6,1%) and T(sscc,4264.5,2%), can de-
cay into the D;D* and D*D* modes, respectively.

Next, we turn to the sshb tetraquarks. In scheme I, the
T;(ssbb,10697.1,07) and T;(ssbb,10718.2,17) lie below
the BB, threshold, and the T;(ssbb,10742.5,2%) lies just
above the B,B; threshold, which suggests that they are
stable states. However, they become heavier than their S-
wave decay channels in scheme II. A detailed study with
a dynamical model or an experimental study is required
to distinguish which of the two schemes provides a better
description of the sshb tetraquarks. In both schemes, the
three states are dominated by the 3,®3. configuration.
Actually, their wave functions are nearly the same, ex-
cept that they have different total spins, which is the reas-
on for their different masses. The highest state can decay
into the BB, and B;B; modes, with nearly identical par-

tial width ratios

[[T)(ssbb,10928.8,0%)— B:B:]
T[T;(ssbb,10928.8,0%)—B,B,]

~44 (57)

and

[[T(ssbb,11154.3,0")— B B%]
T[T (ssbb,11154.3,0+)— B,B,]

~4.1. (58)

From Fig. 4, we see that all ssch tetraquarks are
above the S-wave decay channels and are probably broad
states. Among them, the T;(ssch,7534.3,2%) state is
slightly above the D:B:.Its decay width may be relat-
ively narrow. We also calculate the partial decay width
ratios of the ss¢b tetraquarks. It is interesting that some of
the ratios are different in the two schemes. For example,

in scheme I

T'[T;(ss¢h,7597.3,0*)—>D*B’]
T[T;(ss¢h,7597.3,0+)—>D,B,]

63.2 (59)

and in scheme II

[[T(ssch,7818.8,0")—D:B%]
[[T(ssch,7818.8,07)—D,B;]

~9.1, (60)

which can be used to distinguish the two schemes.

D. The nsQQ systems

We list the masses and wave functions of the nsQO
tetraquarks in Table 24. The ground states of the nsc¢ and
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Table 14. Masses and eigenvectors of the ssce, ssbb, and sscb tetraquarks. All masses are in units of MeV.

Scheme I Scheme 11
System JP
Mass Eigenvector Mass Eigenvector
SSCC 0* 4043.7 {0.650,0.760} 4199.1 {0.442,0.897}
4311.1 {0.760,-0.650} 4532.1 {0.897,-0.442}
1" 4192.6 {1} 4300.2 {1}
2% 4264.5 {1} 4372.1 {1}
ssbb 0* 10697.1 {0.196,0.981} 10792.1 {0.124,0.992}
10928.8 {0.981,-0.196} 11154.3 {0.992,-0.124}
1" 10718.2 {1} 10809.8 {1}
2% 10742.5 {1} 10834.1 {1}
ssch 0t 7404.4 {0.547,0.837} 7531.3 {0.325,0.946}
7597.3 {0.837,-0.547} 7818.8 {0.946,-0.325}
1" 7431.8 {—0.537,-0.551,0.639} 7553.6 {—0.265,-0.662,0.701}
7503.3 {—0.096,0.792,0.603} 7603.5 {—0.047,0.735,0.677}
7569.4 {0.838,-0.263,0.478} 7795.3 {0.963,-0.146,0.226}
2% 7534.3 {1} 7633.8 {1}
Table 15. Eigenvectors of the sscc tetraquark states in the sé®sc configuration. All masses are in units of MeV.
Scheme I1
System Jr — — — — — —
Mass bD* DD DDy Mass bD* s DD DDy
ssCC 0 4043.7 0.240 0.645 4199.1 0.054 0.629
4311.1 0.725 -0.015 4532.1 0.762 0.145
1t 4192.6 0 0.408 4300.2 0 0.408 0.408
2%t 4264.5 0.577 4372.1 0.577
Table 16. Values of k-|c;|> for the sscc tetraquarks (in units of MeV).
Scheme I1
System Jr — — — —— — —
Mass DD D,D* DDy Mass DDt DD DDy
§SCC o* 4043.7 192.5 4199.1 x 289.1
4311.1 226.4 0.2 4532.1 476.6 23.6
1t 4192.6 80.3 4300.2 113.0
2%t 4264.5 97.5 4372.1 187.9
Table 17. Partial width ratios for the sscc 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. All masses are in units of MeV.
Scheme 11
System JP = — — —— — —
Mass D DDj DDy Mass DiD; D;Dj DDy
SSCC 0* 4043.7 1 4199.1 x 1
4311.1 1185.7 1 4532.1 20.2 1
1t 4192.6 1 4300.2 1
2* 4264.5 4372.1 1
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Table 18. Eigenvectors of the ssbb tetraquark states in the sb®sbh configuration. All masses are in units of MeV.

Scheme I Scheme I1
System Jr
Mass BB BB, BB’ B,B, Mass BB BB, B,B: B,B,
ssbb 0* 10697.1 -0.144 0.570 10792.1 -0.199 0.547
10928.8 0.750 0.302 11154.3 0.737 0.343
1" 10718.2 0 0.408 0.408 10809.8 0 0.408 0.408
2F 10742.5 0.577 10834.1 0.577
Table 19. Values of k-|¢;]* for the ssbb tetraquark states (in units of MeV).
Scheme I Scheme I1
System JP
Mass B;B; BB} BBy Mass B;B; BB} BB,
ssbb 0* 10697.1 x x 10792.1 x 167.6
10928.8 410.8 93.8 11154.3 725.3 178.5
1t 10718.2 X 10809.8 64.3
2% 10742.5 X 10834.1 44.4
Table 20. Partial width ratios for the ssbb 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. All masses are in units of MeV.
Scheme I Scheme I1
System JP
Mass B;B; BB BBy Mass B;B; BB BBy
ssbb ot 10697.1 x x 10792.1 X 1
10928.8 4.4 1 11154.3 4.1 1
1t 10718.2 x 10809.8 1
2+ 10742.5 X 10834.1 1
Table 21. Eigenvectors of the sseb tetraquark states in the s¢®sb configuration. All masses are in units of MeV.
Scheme I Scheme 11
System JP - - - - - - - -
Mass DiB; D B; DB} DB, Mass DB; DB DB; DB
ssch 0* 7404.4 0.145 0.642 7531.3 —0.043 0.606
7597.3 0.750 0.068 7818.8 0.763 0.224
1* 7431.8 —-0.049 0.179 -0.629 7553.6 0.133 0.040 —-0.581
7503.3 0.191 0.536 0.110 7603.5 0.249 0.515 0.085
7569.4 0.679 -0.311 0.097 7795.3 0.648 —-0.388 0.268
2 7534.3 0.577 7633.8 0.577
Table 22. Values of k-|¢;]*> for the ssch tetraquarks (in units of MeV).
Scheme I Scheme I1
System JP - - - - - - - -
Mass DB; Di By DBy DB Mass D B; D;B; DBy DB
s5Ch 0* 7404.4 o 184.9 7531.3 0.2 279.4
7597.3 260.2 4.1 7818.8 557.2 61.0
1* 7431.8 x X 147.8 7553.6 5.0 0.8 239.1
7503.3 x 78.3 7.2 7603.5 29.9 164.1 5.9
7569.4 165.0 51.1 6.9 7795.3 385.6 150.0 80.7
2F 7534.3 47.8 7633.8 190.8
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Table 23. Partial width ratios for the ss¢b 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. All masses are in units of MeV.
Scheme [ Scheme I1
System JP - - - — - - - —
Mass D'B: DB, D,B: D,B; Mass D:B: DB, D,B: D, B,
ssch 0* 7404.4 X 1 7531.3 0.0007 1
7597.3 63.2 1 7818.8 9.1 1
1* 7431.8 X X 1 7553.6 0.02 0.003 1
7503.3 X 10.9 1 7603.5 5.1 27.8 1
7569.4 23.7 7.4 1 7795.3 4.8 1.9 1
2+ 7534.3 1 7633.8 1
4532
4372
4311 4300
4265
...................... BEQ-+eooeserenssesene s g e D*D*(4224)
............ 4044 DSD:(4()81)
..................................................................................................................... DyD, (3937)
0* 1+ 2+
(a) sscc states
11154
10929
10834 .
.............................................................. TORTO:worerewreeeeeesssseeso e B¥ B (10831)
10792
..................... T T . BB (10782)
10743
.................................................... TOTES +vvvvveeeevn T BB (10734)
10697
ot 1+ 2+
(b) ssbb states
Fig. 3. (color online) Mass spectra of the sscc and ssbb tetraquark states in scheme I (black) and scheme II (blue). The dotted lines in-

dicate various meson-meson thresholds. All masses are in units of MeV.
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Fig. 4.

various meson-meson thresholds. All masses are in units of MeV.
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7554
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7432
..................................................................................................................... DSB;'(7384)
..................................................................................................................... D,sBs(7335>
ot 1+ 2+

(color online) Mass spectra of the ss¢b tetraquark states in scheme I (black) and scheme II (blue). The dotted lines indicate

Table 24. Masses and eigenvectors of the nscc, nsbb, and nsch tetraquarks. All masses are in units of MeV.
Scheme I Scheme I1
System JP
Mass Eigenvector Mass Eigenvector
nscc 0* 3937.6 {0.606,0.795} 4085.7 {0.410,0.912}
4209.3 {0.795,-0.606} 4436.2 {0.912,-0.410}
1* 3919.0 {—0.534,-0.006,0.845} 4051.5 {0.284,0.005,-0.959}
4073.0 {-0.032,-0.999,-0.027} 4180.2 {0.003,0.99997,0.007}
4086.5 {0.845,-0.041,0.534} 4328.9 {0.959,-0.005,0.284}
2% 41443 {1} 4251.5 {1}
nsbb 0* 10586.4 {0.163,0.987} 10684.1 {0.107,0.994}
10854.6 {0.987,-0.163} 11090.2 {0.994,-0.107}
1* 10473.1 {0.082,0.005,-0.997} 10569.0 {0.056,0.005,-0.998}
10605.3 {0.007,0.99996,0.006} 10700.5 {0.004,0.99998,0.005}
10778.7 {0.997,-0.007,0.082} 11016.1 {0.998,-0.004,0.056}
2% 10628.7 {1} 10723.9 {1}
nsch 0+ 7156.5 {0.647,0.029,0.038,0.761} 7296.2 {0.375,0.036,0.050,0.925}
7299.0 {0.030,0.473,0.876,—0.087} 7421.1 {0.044,0.283,0.955,-0.080}
7333.2 {—0.762,0.070,0.052,0.642} 7547.8 {—0.926,0.055,0.058,0.370}
7506.6 {-0.023,-0.878,0.477,0.029} 7738.5 {-0.026,-0.957,0.287,0.032}
1* 7212.8 {0.423,-0.343,0.031,0.024,—-0.025,0.838} 7336.1 {0.181,-0.185,0.035,0.023,-0.030,0.965}
7323.9 {-0.210,0.057,-0.413,-0.589,0.635,0.180} 7440.9 {-0.044,0.030,-0.225,-0.675,0.698,0.060}
7330.5 {—0.818,0.168,0.161,0.095,-0.225,0.466} 7487.8 {—0.089,-0.033,0.041,-0.720,-0.687,0.005}
7386.1 {0.004,0.224,-0.056,0.749,0.615,0.089} 7565.3 {0.901,-0.351,-0.047,-0.090,-0.010,-0.233}
7416.2 {0.329,0.894,0.062,—-0.169,—-0.144,0.198} 7665.0 {—0.381,-0.916,-0.042,0.039,0.048,-0.102}
7479.9 {0.013,-0.040,0.892,-0.233,0.383,-0.038} 7716.8 {—0.014,0.042,-0.971,0.129,-0.194,0.037}
2% 7415.1 {0.297,0.955} 7517.7 {0.064,0.998}
7439.0 {0.955,-0.297} 7690.6 {0.998,-0.064}
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nsbb tetraquarks are both of 1*. They are strange coun-
terparts of the 1J = 01* nnQQ tetraquarks. Among them,
the T;(nsce,3919.0,1%) state lies above the DD, threshold,
whereas the T;(nsbb,10473.1,1%) state lies deeply below
the BB, threshold. In scheme II, the former one lies
above its S-wave decay channels D*D; and DD?, where-
as the latter one is still stable. We hope that future experi-
ments can aim for this state.

The last class of the doubly heavy tetraquarks is the
nsch system. It is composed of four different quarks.
Similar to the nnch tetraquarks, the ground state of the
nsch tetraquarks has quantum number 0*. Depending on
the scheme used, it may be a stable state. A full dynamic-
al quark model study is needed to have a better under-
standing of these states.

We also study the decay properties of the nsQQ tetra-
quarks, which can be found in Tables 25-34.

IV. CONCLUSIONS

In this work, we systematically study the mass spec-
tra of the doubly heavy gqQQ tetraquarks in the frame-
work of an extended CM model. In addition to the CM
interaction, the effect of the color interaction is con-
sidered in this model. The model parameters are fitted
from the mesons and baryons. Because the spatial config-
urations of the ggq (Gg) and gg pairs are different in the
conventional hadrons and tetraquarks, applying these
parameters to tetraquarks may cause errors. To appreci-
ate this uncertainty, we adopt two schemes of parameters
to study the ggQQ tetraquarks. As indicated in Eq. (41),
scheme II obtains larger masses than scheme 1. However,
the wave functions and decay properties of the two
schemes are very similar for the ggQQ tetraquarks. We
find three states that are stable in both schemes. They are

Table 25. Eigenvectors of the nsce tetraquark states in the né®sc configuration. All masses are in units of MeV.
Scheme I Scheme I1
System JP — — — — — — — —
Mass b*D: DD Db DD, Mass D*D: D*Dy Db DD,
nscc 0t 3937.6 0.199 0.645 4085.7 0.026 0.623
4209.3 0.737 0.022 4436.2 0.763 0.168
1* 3919.0 0.036 —0.464 0.460 4051.5 -0.227 0.395 -0.391
4073.0 -0.029 -0.413 -0.403 4180.2 —-0.005 —-0.408 —-0.409
4086.5 0.706 0.174 -0.207 4328.9 0.670 0.307 —-0.311
2% 41443 0.577 4251.5 0.577
Table 26. Values of k-|¢;/*> for the nséc tetraquarks (in units of MeV).
Scheme I Scheme II
System JP —— — — — — — — —
Mass D*D; D*Dy DD; DDy Mass D*D; D*Dy DD; DDy
nscc ot 3937.6 x 185.3 4085.7 x 273.5
4209.3 233.6 0.4 4436.2 478.6 31.3
1" 3919.0 x x x 4051.5 x 60.4 58.0
4073.0 x 75.1 70.3 4180.2 0.008 107.1 106.8
4086.5 x 14.2 20.0 4328.9 297.3 80.7 82.5
2F 41443 73.7 4251.5 174.4
Table 27. Partial width ratios for the nscc 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. All masses are in units of MeV.
Scheme I Scheme II
System JP —— — — — — — — —
Mass D*Dy D* Dy DD; DDy Mass D*Dj D* Dy DD DDy
nscc 0t 3937.6 X 1 4085.7 x 1
4209.3 569.1 1 4436.2 15.3 1
1* 3919.0 x x x 4051.5 x 1.04 1
4073.0 x 1.1 1 4180.2 0.00007 1.003 1
4086.5 x 0.7 1 4328.9 3.6 0.98 1
2% 4144.3 1 4251.5 1
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Table 28. Eigenvectors of the nsbb tetraquark states in the nb®sb configuration. All masses are in units of MeV.

Scheme I Scheme 11
System JP
Mass B*B; B*B; BB} BB Mass B*B; B*B; BB; BB
nsbb 0* 10586.4 -0.170 0.560 10684.1 -0.212 0.541
10854.6 0.745 0.321 11090.2 0.734 0.353
1t 10473.1 —-0.360 0.323 -0.319 10569.0 -0.375 0.313 -0.309
10605.3 —-0.006 —0.409 —-0.407 10700.5 —-0.004 —-0.408 —-0.408
10778.7 0.609 0.380 —-0.386 11016.1 0.599 0.390 -0.393
2t 10628.7 0.577 10723.9 0.577
Table 29. Values of k-|¢;* for the nsbb tetraquarks (in units of MeV).
Scheme I Scheme I1
System JP
Mass B*B: B*B, BB* BB, Mass B*B: B*B, BB BB,
nsbb 0* 10586.4 X x 10684.1 x 131.4
10854.6 436.2 109.4 11090.2 744.5 193.1
1* 10473.1 x x x 10569.0 x x X
10605.3 X x x 10700.5 x 36.6 28.9
10778.7 168.9 99.0 100.0 11016.1 439.9 201.8 204.1
2* 10628.7 x 10723.9 x
Table 30. Partial width ratios for the nshb 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. All masses are in units of MeV.

Scheme I Scheme 11
System JP
Mass B*B; B*By BB; BB Mass B*B; B*Bg BB BBy
nsbb 0+ 10586.4 x x 10684.1 X 1
10854.6 4.0 1 11090.2 39 1
1" 10473.1 x x x 10569.0 x X x
10605.3 x x x 10700.5 x 1.3 1
10778.7 1.7 1.0 1 11016.1 22 1.0 1
2% 10628.7 x 10723.9 X
Table 31. Eigenvectors of the nscb tetraquark states in the né®sb configuration. All masses are in units of MeV.
Scheme I Scheme IT
System JP - - - - - = - =
Mass D*B; D*B; DB DB Mass DB D*B; DB DBy
nsch ot 7156.5 0.126 0.708 7296.2 -0.320 -0.572
7299.0 —-0.026 -0.627 7421.1 0.134 -0.601
7333.2 —-0.666 0.299 7547.8 -0.585 0.496
7506.6 -0.735 -0.128 7738.5 -0.733 -0.256
1t 7212.8 0.152 —-0.148 0.655 7336.1 0.295 -0.263 0.491
7323.9 0.127 -0.039 —0.685 7440.9 0.197 -0.012 —-0.589
7330.5 0.289 -0.630 -0.237 7487.8 -0.273 -0.575 -0.115
7386.1 0.384 0.574 0.042 7565.3 -0.329 0.424 0.544
7416.2 0.574 0.362 -0.120 7665.0 -0.575 -0.517 0.109
7479.9 0.633 —0.346 0.171 7716.8 —-0.600 0.391 -0.302
2°* 7415.1 0.794 7517.7 0.629
7439.0 0.608 7690.6 0.778
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Table 32. Eigenvectors of the nsch tetraquark states in the nb®se configuration. All masses are in units of MeV.
Scheme 1 Scheme 11
System JP - — — — - - — -
Mass B*D* B*D, BD* BD; Mass BD: B*D, BD* BD;
nsch (0 7156.5 0.107 0.646 7296.2 —-0.298 -0.493
7299.0 0.137 0.635 7421.1 -0.018 0.584
7333.2 -0.598 0.407 7547.8 —0.541 0.599
7506.6 0.783 0.112 7738.5 0.786 0.238
1* 7212.8 -0.136 0.596 -0.128 7336.1 -0.279 0.426 -0.236
73239 -0.086 0.500 -0.261 7440.9 0.114 0.549 —0.048
7330.5 -0.286 -0.576 —-0.447 7487.8 —-0.240 0.042 0.443
7386.1 0.054 -0.169 —-0.438 7565.3 0.266 0.649 0.465
7416.2 -0.621 -0.116 0.634 7665.0 0.566 0.140 -0.612
7479.9 0.710 -0.146 0.351 7716.8 -0.679 0.273 —-0.395
2* 7415.1 —-0.308 7517.7 -0.524
7439.0 0.951 7690.6 0.852
Table 33. Values of k-|¢;[?> for the ns¢b tetraquarks (in units of MeV).
Scheme 1 Scheme I1
System JP - — — — - - — -
Mass b*B: D*B, DB* DB, Mass b*B: D*B, DB* DB,
nscb 0* 7156.5 x x 7296.2 x 136.2
7299.0 x 167.7 7421.1 x 263.8
7333.2 x 47.1 7547.8 207.8 234.9
7506.6 267.1 14.5 7738.5 527.0 80.5
1t 7212.8 x x x 7336.1 x x 93.3
7323.9 x x 159.4 7440.9 8.7 0.07 232.6
7330.5 x x 20.6 7487.8 324 190.9 10.2
7386.1 x 58.5 1.0 7565.3 70.5 135.6 267.3
7416.2 x 453 8.9 7665.0 282.4 250.9 12.7
7479.9 162.8 66.8 22.0 7716.8 340.3 156.4 103.6
2% 7415.1 x 7517.7 208.5
7439.0 71.7 7690.6 544.2
Scheme I Scheme IT
System JP - - - - - - - -
Mass B*D; B*Dy BD; BD; Mass B*D; B*Dy BD; BDy
nsch o+ 7156.5 x x 7296.2 x 90.9
7299.0 x 155.3 7421.1 x 243.7
7333.2 x 82.7 7547.8 170.9 339.5
7506.6 282.8 11.0 7738.5 601.5 69.5
1t 7212.8 x x x 7336.1 x 64.1 x
7323.9 x 74.7 x 7440.9 1.4 198.4 0.9
7330.5 x 109.2 x 7487.8 22.6 1.4 106.4
7386.1 X 14.8 X 7565.3 44.6 379.9 158.0
7416.2 x 8.0 109.6 7665.0 269.8 20.7 345.5
7479.9 182.6 15.8 63.8 7716.8 431.6 84.8 157.8
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Table 33-continued from previous page

Scheme I Scheme 11
System JP - — - - - - - —
Mass B'D: B*D, BD: BD; Mass B*D? B*D, BD: BD;
2+ 7415.1 X 7517.7 136.4
7439.0 75.0 7690.6 646.2
Table 34. Partial width ratios for the nsch 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. All masses are in units of MeV.

Scheme I Scheme II
System JP - = - - - = ~ -
Mass D*B; D* By DBy DB, Mass D*B; D* By DB DB
nsch (0 7156.5 x % 7296.2 x 1
7299.0 x 1 7421.1 x 1
7333.2 x 1 7547.8 0.9 1
7506.6 18.4 1 7738.5 6.6 1
1* 7212.8 x x x 7336.1 % x 1
7323.9 x x 1 7440.9 0.04 0.0003 1
7330.5 x x 1 7487.8 32 18.8 1
7386.1 x 61.5 1 7565.3 0.3 0.5 1
7416.2 x 5.1 1 7665.0 22.3 19.8 1
7479.9 7.4 3.0 1 7716.8 33 1.5 1
2+ 7415.1 x 7517.7 1
7439.0 1 7690.6 1
Scheme I Scheme 11
System JP — — - - - - - -
Mass B*Dj B*Dy BDy BD; Mass B*Dj B*D; BD;, BD;
nsch 0+ 7156.5 x X 7296.2 x 1
7299.0 X 1 7421.1 N 1
7333.2 x 1 7547.8 0.5 1
7506.6 25.8 1 7738.5 8.7 1
1* 7212.8 x x x 7336.1 x 1 x
7323.9 x 1 x 7440.9 0.007 1 0.005
7330.5 x 1 x 7487.8 16.7 1 78.4
7386.1 x 1 x 7565.3 0.1 1 0.4
7416.2 x 1 13.6 7665.0 13.0 1 16.7
7479.9 11.5 1 4.0 7716.8 5.1 1 1.9
2+ 7415.1 x 7517.7 1
7439.0 1 7690.6 1

the nnbb tetraquark with quantum number 1J? =01%,
nneh tetraquark with quantum number 1J7 =00*, and
nsbb tetraquark with quantum number J” = 17. They all
lie below the thresholds of two pseudoscalar mesons,
which can only decay through weak processes. Mean-
while, many narrow states that lie below the S-wave de-
cay channels are also found. It shall be interesting to
search for these states.

Tetraquarks have two possible color configurations,
namely the color-sextet configuration, |(qq)6‘(Q_Q_)6‘ >, and

the color-triplet one, |(qq)§‘(QQ_)3‘>. Unlike the fully
heavy tetraquarks, the ground states of the doubly heavy
tetraquarks favor the color-triplet configurations. Com-
bining the results of the fully and doubly heavy tetra-
quarks, we can clearly see the trend that the color-triplet
configuration becomes more and more important when

013102-20



Doubly heavy tetraquarks in an extended chromomagnetic model Chin. Phys. C 46, 013102 (2022)

4436
4329
4251
4209
4180
4144
...................... G s D*D*(4121)
4073 4052
DDz(3979) (
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" D*D4(3977)
3938 3919
..................................................................................................................... DD, (3836)
o+ 1" 2+
(a) nsce states
11090
11016
10855
10779
................................. 10724...... 0740
10700 —HBBI(1 (()E )
--------------------- lQ(’84 B* B (10692)
.................................................... 1060510629 BB,(10646)
10586 10569
10473
ot 1+ 2+

(b) nsbb states
Fig. 5. (color online) Mass spectra of the nsée and nsbb tetraquark states in scheme I (black) and scheme 1T (blue). The dotted lines in-
dicate various meson-meson thresholds. All masses are in units of MeV.

the mass ratio between the quarks and antiquarks in- struct the tetraquark wave functions in the ¢g®qg config-

creases. uration. The possible color-spin wave functions, {8/}, are
Besides the mass spectra, we estimate the decay prop-  [isted as follows:
erties of the tetraquarks. We hope these states can be

searched for in future experiments.

1.JP=0"
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(color online) Mass spectra of the nseh tetraquark states in scheme I (black) and scheme II (blue). The dotted lines indicate
various meson-meson thresholds. All masses are in units of MeV.

B =|@a}@ant), B=|aai@ant), (A3

where the superscript 1 or 8 denotes the color, and the
subscript 0, 1, or 2 denotes the spin. Among them, the

1.®1. bases can also be written as combinations of two

mesons. For example, |(n163)} (n254)}>1 = |D*D*>J.
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