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Abstract: Motivated by the observation of the doubly charmed tetraquark 7.-(3875)", we present a systematic
study of doubly heavy tetraquarks (7'g¢ 55 ) using heavy antiquark-diquark symmetry (HADS) within a constituent
quark model. By calibrating model parameters to known hadron spectra and incorporating the effective mass for-

mula, we predict the masses for 38 ground-state tetraquarks with cc, bb, and bc heavy quark pairs, including the

non-strange, single-strange, and double-strange configurations with quantum numbers J” = 0*,1% and 2*. Notably,

we identify several stable states below the relevant meson-meson thresholds, particularly in the bbgg’ sector. The

explicit connection between the doubly heavy tetraquark and the heavy baryon spectra through HADS reduces mod-

el dependence and reveals the fundamental systematics in the heavy-quark hadron landscape.
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I. INTRODUCTION

The discovery of exotic hadrons beyond the conven-
tional quark-antiquark (meson) and three-quark (baryon)
paradigms stands as a pivotal achievement of modern
particle physics. Since 2003, many exotic hadronic states
that cannot be well understood by the conventional con-
stituent quark model have been observed. Typically, in
the heavy flavor sector, the observations of the so-called
X,Y,Z states, the tetraquarks, the pentaquarks and so
forth, have extended the hadron spectra and deepened our
understanding of the strong interactions between quarks
in the nonperturbative region (see, e.g., Refs. [1-11] for
reviews).

In 2017, the doubly heavy baryon E!" was dis-
covered in the AfK n*n* mass spectrum by the LHCb
collaboration with a mass of 3621.4 MeV [12], which is
the first observed doubly heavy hadron. The observation
of the doubly charmed tetraquark candidate T} (3875) by
the LHCb collaboration in 2021 marked a highlight mo-
ment [13, 14]. Its striking proximity to the D**D° mass
threshold (within ~360 keV) and narrow width ignited
intense theoretical debate concerning its fundamental
nature. Two primary interpretations emerged: a loosely
bound hadronic molecule held together by residual strong

forces between D* and D mesons [15—19], and a com-
pact tetraquark state with internal structure dominated by
strong, short-distance correlations within the ccud
valence quarks [20—23]. Overall, no study has determ-
ined the internal structure and nature of 7..(3875)%;
doubly heavy tetraquarks need further investigations to
reveal their nature. While both pictures can qualitatively
accommodate the mass and quantum numbers of the
T:(3875), they predict significantly different properties
for its partners and the broader spectrum of doubly heavy
tetraquarks (DHTs). Unambiguously resolving this struc-
tural dichotomy remains a central challenge and has
aroused interests in studies on the doubly heavy hadrons
both theoretically and experimentally [15—47].

Current theoretical efforts to map the DHTs land-
scape employ diverse methodologies. In Ref. [20], the au-
thors have successfully predicted the existence of DHTs
before the discovery of T..(3875)* employing the con-
stituent quark model with a good light quark symmetry.
The masses of tetraquarks have been calculated in the
framework of the diquark-antidiquark picture in the re-
lativistic quark model [40], in a relativized quark model
within the variational method [42], and an extended chro-
momagnetic model [44]. Refs. [34, 41] systematically
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studied the mass splittings of DHT states with the color-
magnetic interaction by considering color mixing effects
and roughly estimate their masses. The masses and mag-
netic moments of tetraquarks were computed in a unified
framework of the MIT bag model [43] and diffusion
Monte Carlo method (DMC) [45]. In Ref. [46], the au-
thors used DMC to calculate the DHT system in two
kinds of constituent quark models: the pure constituent
quark model AL1/AP1 and chiral constituent quark model.

Phenomenological quark models offer intuitive struc-
tural insights, yet conventional treatments often yield
masses systematically higher than experimental candid-
ates, suggesting the necessity of incorporating crucial dy-
namical correlations. A powerful organizing principle
emerges from heavy-quark symmetry. In the heavy quark
mass limit (my — o, Q=c,b), the spin of the heavy
quark decouples and heavy diquark shares the same color
structure as heavy antiquark, giving rise to a heavy anti-
quark-diquark symmetry [48—50] (HADS, also known as
super flavor symmetry [51—53]). HADS establishes an
approximate symmetry between the color-antitriplet
heavy diquark (QQ) in a doubly heavy baryon (QQ'q,
g =u,d,s) and the color-triplet heavy antiquark (Q) in a
heavy-light meson (Qq). Consequently, the spectrum of
doubly heavy baryons (Z.., 2y, Q, etc.) and heavy-light
mesons (D™, B®, D etc.) exhibit remarkable parallels
dictated by light degrees of freedom [53—55]. Crucially,
this symmetry extends to compact DHTs (QQ’Gg’), where
the QQ’ diquark core plays a role analogous to the single
heavy antiquark Q, whereas the light antidiquark (§g') re-
mains unchanged. The QQ’'Gq tetraquark spectrum
should therefore reflect symmetries connecting the 0gg’
baryon spectrum.

In this work, we leverage the profound implications
of HADS within a robust constituent quark model (CQM)
framework to systematically investigate the mass spec-
trum of DHT states. Our approach transcends the limita-
tions of treating tetraquarks in isolation by explicitly in-
corporating the symmetry connecting compact tetra-
quarks to the well-established spectra of heavy baryons
and mesons. This imposes stringent constraints on model
dynamics and predicted masses. We employ a sophistic-
ated CQM incorporating effective mass formula calib-
rated on established hadron spectra [23, 56—58]. Within
this framework, we construct compact tetraquark config-
urations where the QQ’ pair forms a colored antitriplet
diquark, and the light g’ pair forms a color triplet, com-
bining to color-singlet states. Our study delivers compre-
hensive predictions for the ground states of ccqq’, bbqq’,
and bcgg’ systems with various light quark flavors and
quantum numbers. We critically compare predictions for
T.. and its partners with experimental data and other the-
oretical approaches. Key spectral features—state order-
ing, hyperfine splittings, and proximity to meson-meson
thresholds—serve as discriminants between compact tet-

raquark and molecular interpretations. Furthermore, we
predict masses and quantum numbers for unobserved
states, providing essential guidance for experimental
searches at LHCb, Belle II, and PANDA.

The rest of this paper is structured as follows: Sec. 11
introduces the doubly heavy tetraquark configurations
within HADS, the constituent quark model, and the mass
formulas. Sec. III presents the predicted mass spectra
with the corresponding meson-meson thresholds and a
comparisonwithotherstudies. Sec.IV summarizesthestudy.

II. THEORETICAL FRAMEWORK

In this section, we will first introduce the HADS that
correlates the DHTs with heavy baryons. Subsequently,
we will elaborate on how to utilize HADS to construct
the configurations of DHT states that are correlated with
heavy baryons. Finally, we will explain how to calculate
the mass spectra of these doubly heavy tetraquarks using
the mass formulas derived from the constituent quark
model.

HADS is a significant concept in the study of hadron-
ic physics [48—50, 59]. In the limit of heavy quark masses
approaching infinity in Quantum Chromodynamics
(QCD), this symmetry emerges, connecting the proper-
ties of hadrons with two heavy quarks QQ’ to those with
one heavy antiquark Q. Physically, HADS arises when a
diquark pair forms a tightly bound, nearly point-like ob-
ject. For instance, the attraction between two heavy
quarks in a diquark comes from a color Coulombic inter-
action in the color 3. channel. When the quark masses are
large enough, the heavy quarks move slowly, acting like
non-relativistic particle sources in a Coulombic potential.
As the size of a Coulombic bound state is inversely pro-
portional to its mass (for a fixed coupling), in the large
mass limit, the diquark becomes a heavy, small object
with color 3., effectively acting as a static point-like 3.
color source, similar to a heavy antiquark.

This symmetry has important implications for under-
standing the spectra and properties of hadrons. It relates
the quark structure of doubly heavy baryons to that of
heavy antimesons. For example, the masses of Z() bary-
ons and D" mesons serve the relation ms. —msz, =
3/4(mp- —mp), which has been numerically confirmed
with the masses observed by experiments (mz,.,, mp- and
mp)) and lattice QCD simulations (mz; )) [60—63]. Along
this line, the masses and configurations of DHTs can also
be related to those of heavy baryons by leveraging
HADS, which relates DHTs to heavy baryons by treating
the double-heavy diquark (QQ")) as a heavy antiquark X..
Combined with the constituent quark model—well-estab-
lished for describing meson and baryon spectra —this
symmetry allows us to predict the mass spectrum of
DHTs systematically. We extend previous studies to in-
clude not only doubly charmed (7..)) and doubly bot-
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tomed (7)) states but also bottom-charmed (7)) con-
figurations, covering non-strange, single-strange, and
double-strange light quark combinations. The predicted
states span spin-parity quantum numbers 0", 1*, and 2*,
providing a complete landscape of the ground states of
DHTs.

A. Configurations of DHTs

The configurations of DHTs are labeled with
[[G71<[QQ 15T, where C and S denote the color and spin
of the heavy diquark QQ’, respectively. ¢ and s denote
the color and spin of the light diquark gg’, respectively. /
is the isospin of the tetraquark, and J is the total angular
momentum of the tetraquark. DHTs with different num-
ber of strange quarks have different configurations. Since
we are establishing a connection between DHTs and
heavy baryons, we assign ¢ and C to be 3 and 3, respect-
ively. Color sextet combinations may also exist in the
color structure of DHT states. However, such configura-
tions have not been experimentally observed to date. In
diquarks, the Casimir coefficient for the 3.®3, = 6, rep-
resentation is 1/3, indicating a repulsive interaction
between the two quarks in this color configuration,
whereas the coefficient for 3,®3, =3, is —2/3, suggest-
ing a strong attractive interaction. Therefore, 3, ®3. = 3.
is likely the dominant form of diquark coupling. Ref. [42]
shows that the weight of the latter configuration in DHT
states exceeds 90%. Based on these theoretical and exper-
imental reasons, in this work, we consider only the 3, and
3. color configurations for diquarks. The values of s and
S can be either 0 or 1, depending on the flavor combina-
tion of the tetraquark. The configurations are listed be-
low with three combinations in the order of the number of
strange quarks; unflavored light quarks are denoted as »
with n=u,d.

1. DHTs with non-strange light quarks

(a) Configuration [[#72]}[QQ]}]}:

(AR QO
[[A71}[QQT} 1)
(A1 [QON]]
[[A71[ Q0T 1}
(b) Configuration [[77]’[cb]3 ]
(AR [cb131)
[aA]3[ch1}1}
[[A7]} [cbTy]]
[A7]}[cb1}1)
[[A7]} [cb]3]]
IHEIRE

2. DHTs with single-strange _light quarks
(a) Configuration [[A51}[QQON1] :

[1751[QQ]
[[75131Q0N]
(75101
[1751[Q01]

D= == Qo= =i

(b) Configuration [[ﬁf]i[Cb]g]é :

[[A513[chI3]
[[A5][cb]3]
[[A5E[chl3];

AP [cbl]
1%

- —— Owi-

[[75]3[ch]3]
(A5 [chT} 13

3. DHTs with double-strange quarks:
(a) Configuration [[55]3[QQOT31,:

[[5515[Q0 1
[[551[QOL T
[[55[Q0L ],

(b) Configuration [[5513[cb]3],:

[[5513[cbTs
[[5513[cb1}1o
[[5513[cbT s
[[551;[cb]i ]

B. Mass formula of DHT in CQM

In this subsection, we use a well established mass for-
mula in CQM that has been successful in interpreting the
spectra of mesons and baryons [23, 56, 58], to calculate
the masses of DHTs with HADS. In Ref. [20], this model
was used to study the doubly heavy tetraquarks with a
good light quark symmetry and successfully predict the
mass of T..(3875). In Ref. [23], the ground states of
heavy baryon spectrum is well described with the mass
formula
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Mp = Zmi + Z(Fi “F)IB;j+ (0 - 0j)a;j/mm;], (1)

i<j

where m;, B;; and a;; are the mass of the ith constituent
quark and the binding and hyperfine spin coupling con-
stant between the ith and jth quarks, respectively. F;,o;
are the color and spin operators with 7, j=1,2,3. This
simple formula yields a standard mass variance of
xu =7.6 MeV. The method has been successfully exten-
ded to doubly charmed and doubly bottomed tetraquarks
with non-strange light quarks [23]. We extend the previ-
ous investigations to the bottom-charmed sector and cases
with non-, single-, and double-strange quark(s). Thus, the
complete mass spectrum of the whole ground states of
DHTs correlated to the heavy baryons is displayed.

The mass formula in CQM can be extended to DHT
with HADS as

Mpur = myppc,y + Z(Fi “F)IBij+ (o~ opaij/mm;], (2)

i<j

where mp ¢4y = Myggryi + Mg + My is the constituent mass
of the quark components, with m, 3 and m, represent-
ing the effective masses of heavy diquark and light quark,
respectively. The coefficients of color structure operators
are determined by the color representations of the quark
components and the group theory of SU(3)., which is
-2/3 for 3. representation between two quarks in bary-
ons. B;; and «;; are the bindings and spin hyperfine coup-
ling constants between the light quarks and those between
the diquark [QQ’]§ and the light quark. The effective
mass of the heavy diquark mgoc can also be determined
by the mass formula in CQM:

@00 09 -0¢
Miggic = Mg + Mgy + Fo-Fy |Bgg + , 3
QOQ’

where mgyo is the heavy quark mass. The quark masses,
bindings, and spin hyperfine coupling constants are
needed to calculate the mass of the heavy diquark
[QQ')§.

The required parameters are listed in Table 1, and
their values are determined by fitting the baryon spectra
and corresponding hidden-flavor and bottom-charmed
heavy mesons [20, 58]. It should be noted that the masses

of constituent quarks in baryons are different from those
in mesons. In this work, since quarks are in the form of
diquarks, all the quark masses adopted for calculating the
mass spectra are based on the quark masses within bary-
ons. Only when determining the hyperfine splitting con-
stants @go and binding energies By, between heavy
quarks, given that the corresponding heavy baryons have
not yet been experimentally observed, we resort to meson
masses for such determinations. Taking bb asan ex-
ample, since my, =2m)" +(—4/3)[B), +app/(my)?]  and
my, =2m +(—4/3)[ By, — 3,/ (m))?*], we have a,/(mh)* ~
/(M) = =3/16(my —m,,) = —=11.6 MeV and By, ~ B}, =
-3/16[(Bmy, +m,,) —8mj']1 =422.0 MeV, neglecting the
small differences in the constituent quark masses between
baryons and mesons. The meson masses are taken from
experiments and the heavy quark mass in mesons
my' =5003.8 MeV and m” = 1663.2 MeV (the superscript
m/b denotes in mesons/baryons) are from Ref. [58] with-
in the same model. For B, and «,,, since B has not been
observed yet, we refer to the theoretical predictions. In
this work, we use the value in Ref. [58], mp: —mp, = 68
MeV, which is determined by an interpolation method
with the mass differences my, —m,, =62.3 MeV and
myy —my,, =113.2 MeV. The four heavy meson masses
are from experiments, and the interpolation method is
based on the same constituent quark model as in this
work. Other theoretical predictions of mg —mp_are also
alternative; for example, the lattice prediction yields a
value of 55(3) MeV [64]. The former value yields
By, =256.2MeV and «.,/(mym.) =127 MeV, whereas
the latter value yields By, =263.5 MeV and a.,/(mym.) =
10.3 MeV. This results in a shift of less than 10 MeV in
the finally obtained T,. mass spectrum, which does not
affect the main results and conclusions of this paper. We
adopt the former value mp —mg, =68 MeV considering
model consistency and the fact that according to the
heavy quark spin symmetry, the spin mass splitting of bc
mesons mg- —mp, should lie between that of cc and bb
mesons.

The masses of the heavy diquarks are determined to
be m[m]? = 2mlc) + (_2/3)(31.1. + a’cc/(m?)z) =3300.8 MeV,
My =2m}+(=2/3)(Bpp+ap,/(m))*)=9821.0 MeV, My s =
m? +ml) +(=2/3)(Boy — 3@ /(m}-m?)) = 6567.0MeV,  and
My = m? +mb +(=2/3)(Bep + @ /(M- mb)) = 6600.9 MeV.
After determining the mass of the heavy diquark MiooC»
we need the binding and spin hyperfine coupling con-

Table 1. Masses, bindings, and spin hyperfine splittings of baryons in CQM (in unit of MeV).
Parameters My mg me mp Bes Bps
Values 364.3 536.2 1715.9 5047.3 53.4 62.6
B By By a/m Qoo /m? ey /memy, @pp /M
217.7 256.2 422.0 -76.8 -21.2 -12.7 -11.6
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stant between [QQ']S and the light quark to calculate the
masses of DHTs using Eq. (2). Refs. [20, 56, 58] indicate
that there are no bindings between the light quark pair
(¢¢’) and heavy-unflavored quark pair Qn. Since the col-
or and spin operators have been explicitly introduced in
Eq. (2), the binding between heavy diquark and light
quark should be independent of both color and spin, de-
noted as Bjgg),. Therefore, we have Bjpg ), = Bo, + Bog»
resulting in B[QQ’]n = O, B[cc]s = ZBCS =106.8 MCV,
B[hb]s = ZB},S =125.2 MeV, and B[cb]s =B+ By, = 116.0
MeV. For the spin hyperfine coupling constant «;;, the
constant is the same for the light-light quarks and heavy-
light quarks but is flavor dependent for the heavy-heavy
quarks. For @opiCe> since the heavy diquark is regarded
as a heavy quark X with HADS, @pp1c, should be ay,,
which is proved to be independent of the mass of heavy
quark X and share the same value as «,, (abbreviated as
a). For detailed discussions, refer to Refs. [20, 56, 58].

It should be noted that the hyperfine splitting con-
stant «;; is model-dependent [23, 41, 65], whereas the hy-
perfine splitting «;;/m;m;, combined with the spin factor,
reflects the mass splitting of different spin configurations
of DHTs. According to HADS, the spin splitting should
approach zero in the heavy quark limit. This is reflected
in Table I: spin splitting decreases as the heavy quark
mass increases (|a../m?| > |a./momy| > |y, /n;)). The im-
pact of HADS symmetry breaking is also worth discuss-
ing. In this work, HADS only affects the hyperfine split-
ting between the heavy diquark and light quark. We
therefore define ypaps = | Anaps(F 1001 - F)(opg1c - 079)
a[QQ,]gq/mqm[QQ,]gl, where Ayaps 1s defined as the degree
of HADS breaking. Considering 25% breaking of HADS
[23, 54], the uncertainties of HADS ypaps in this work
are estimated to be at the level of 11.3 MeV, 5.7 MeV,
and 3.8 MeV for the doubly charmed, bottom-charmed,
and doubly bottomed tetraquarks, respectively.

The masses, bindings, and spin hyperfine splittings
needed for calculating the masses of DHTs are listed in
Table 2. It should be noted that no new parameters are in-
troduced here. All parameters used to calculate the
masses of DHTs are derived from the 13 independent
parameters already listed in Table 1, which are obtained
by fitting the experimental data of the observed hadron
mass spectra. This approach ensures correlation between
the theoretical predictions of DHT masses and the experi-
mental data of baryon mass spectra, thereby enhancing
the reliability of the predictions in this work.

III. RESULTS AND DISCUSSIONS

In this section, we use the mass formula introduced in
the last section with the parameters listed in Table 2 to
calculate the mass spectra of DHTs. Based on different
combinations of quark flavors and quantum numbers, we
predict and calculate the masses of 38 DHT states linked
to heavy baryons through HADS. This includes:

e 14 DHT partners of Ay and X, baryons:
- 6 partners for isospin-0 A, baryons
- 8 partners for isospin-1 X, baryons

e 14 DHT partners of £, baryons
e 10 DHT partners of Q, baryons

The masses, quantum numbers, configurations, and
mass formulas of the 38 predicted DHTs are systematic-
ally categorized and presented across Tables 3, 4, and 5.
It should be noted that the states listed in the tables are
calculated one-to-one according to configurations using
the mass formula. Actually, since certain configurations
share the same quantum numbers and quark components,
mixing can occur between them. We can compute the
correlation matrix of states with different configurations
to determine the eigenmasses and eigenvectors of the
mixed eigenstates, thereby obtaining the mass spectrum
of DHT states considering mixing effects. The diagonal
elements of the correlation matrix correspond to the
masses of explicit configurations given in Tables 3, 4,
and 5, whereas the off-diagonal elements represent the
couplings between different configurations under the
mass Hamiltonian (i.e., Eq.(2)). This coupling originates
from the different projections of color operators and spin
operators onto different configurations. Considering that
we adopt HADS in this work, treating the heavy diquark
as an integral anti-heavy quark, configurations [QQ'T3
and [QQ']} are regarded as distinct "particles" and can-
not mix. Consequently, the mixing of DHT states is sim-
plified to a form similar to the mixing of three-quark
heavy baryon configurations. This is a key distinction
between the present work and other studies. By compar-
ing the mass spectrum of mixed states with and without
the HADS approximation, we can assess the impact of in-
troducing HADS on the DHT mass spectrum.

In Table 6, we present the mass correlation matrices

Table 2. Masses, bindings, and hyperfine couplings of quarks in doubly heavy tetraquark ground states (in unit of MeV).
Parameters e obi3 Mep} eyl
Values 3300.8 9821.0 6567.0 6600.9
Parameters Biecls Bipbs Biep)s o/ Mo
Values 106.8 125.2 116.0 -8.5
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Table 3. Doubly heavy tetraquark ground states aroused from heavy anti-baryons A.(A;) and £.(%,) with HADS.

State Configuration 1(J%) Mass formula
T.c(3876) (a3 [cc 10 0(1%) 2y g5 + 20 Omy)?
. 2
T.c(4035) A3 [cc31) 1(0") 2mb + Mieed ™3 [a/(mb)? - 80[“]?" /(mﬁmm? )l
Te(4058) [[aaL[ccl3} 11" 2+ = %[a/(m’;)z —da 1, Ommy )
T.e(4103) (Al ec 1} 12%) 2y +my g3 = 2 Sl/my)? +4a “]xn/(mnm )l
|
Ty(10396) (ARl [bb 110 0(1%) 2mn g5 + 2 (mh)?
5 2
T, (10586) [[A713[bb131} 1(0%) 2+ g5 = 3Ll (m)? = 8ay, 5, /mym15)]
T(10593) (A1 [bb131} 11" 2+ 3 = %[a/(mﬁ)z — a3, /)]
. 2
T3(10608) [[a713 (6131} 12Y 2mb + My =3 [e/(md)? + Aty /(mflm[hb]? )
Top(7142) (A3 [cb1310 0(0*) 2+ my g + 2 (my)?
Top(7176) (a3 [cb131° 0(1*) 2+ 3+ 20 ()
Top(7347) (Al b))} 1(1%) 2+ 5 = (2/ 3)a/(mp)*]
Top(7358) (AR [eb 1) 100%) 2y gy = QY3 o) =8/ Gmm )]
T,5(7369) ([ [chb)]! 1(1%) 2mf + M) = @/3)a/(my)? ~4a/(mpm, 2l
T.(7392) (Al [cb131} 12%) 2mb + Mg = /3Nl (m5)? +4af (mnm[c,,ﬁ )l

Table 4. Doubly heavy tetraquark ground states aroused from heavy anti-baryons Q.(Q,) with HADS.

State Configuration JP Mass formula

Teess(4224) [[551[cclPlo 0+ 2m o my s = QII2By 1+ /() =8/ (mlm )]
Toess(4239) (ESHESRT 1+ 2ml+m i ™ (2/3)[23[ s +a/On)? 4o (mhm ]z)]
T e55(4270) (55  [ccli1a 2+ 2mb +my .:—(2/3)[23 s +a/(md)? +4a/(m] m, :)]
Tpp55(10740) (55160110 o+ 2mx+ml,,,,ﬁ (2/3)[231,,,,13 +a/(mb)? - 8(1/(mrm[,,bjz)]
Tps5(10745) (5513 [bb1 1y 1" 2m} +m[hb]?—(2/3)[23wb]z +a/(mb)? - 4&/(mym[bb]%)]
Thpss(10755) (551661 12 2t 2m3 + MoppE (2/3)[23[1;}:]?,; +af(m)? +4a/(m ‘m[hb]?)J
Top55(7508) IEQHEANN 1+ 2 +my o~ 2B, +afmb)]

Topss(7527) IESHEARN 0+ 23+ my s = 2U2By s+ @/ () =8a/(miim , 0)]
Tepss(7535) (ESHEAHT 1+ 2m +m[ o (2/3)[23[@]; +“/(m”>2—4a/<mvmkbvﬂ
T.p5:(7550) [ESHEIHN o+ 2mb +my 5= (2/3)2B, et +a/(mby? +daf(mb m(bg)]

of different configurations under the same quantum num-
bers considering HADS, along with the final eigen-
masses and eigenvectors. The results indicate that mixing
primarily occurs for the quantum number 1/2(1%): T,
Ty, and T,. each have two configurations that undergo
mixing, with mass differences of approximately several
MeV to over ten MeV compared to the unmixed cases. In
the alternative scenario where we do not consider the
HADS approximation and still treat DHT as a four-body
system, the projection values of color operators and spin
operators can be found in Tables II and III of Ref. [46].
The results for this case are listed in Table 7. Compared
to the HADS-included case, T,, has seven additional
mixed configurations, mainly due to the allowable mix-

ing between [cb]? and [cb]g without HADS. A comparis-
on of the results in Tables 6 and 7 shows that the intro-
duction of HADS has an impact of approximately ten-odd
MeV on the masses of mixed DHT states, consistent with
the aforementioned analysis.

The masses and quantum numbers of the 38 pre-
dicted DHTs with mixing effect are categorized and
presented across Tables 8, 9, and 10. These encompass
three distinct groups: 14 states linked to A./A, and Z./%,
baryons, 14 states associated with Z./Z, baryons, and 10
states corresponding to Q./Q, baryons. Each table
provides comparative mass predictions from multiple the-
oretical approaches, revealing an overall consistency in
spectral hierarchies, particularly the mass ordering
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Table 5. Doubly heavy tetraquark ground states aroused from heavy anti-baryons Z. (£,) with HADS.

State Configuration 1J%) Mass formula
Tees(4026) (sl %m i+ s = (UBBy s, =/ Oy
Tees(4127) [[,—,g]?[ccﬁ]o% %(on iy s = QUBB s, +Q/(mbmb) Aol ym 5) = daefnm )
Tees(4146) [nsRecl1? S0%) ey g3 = QUIBy s o+ el ) =2 (o) = 20/ (mEmy o))
Tear(4184) s ec3 e gy s = QBB+ /(o) + 20 O o) + 2 i )]
Tons(10534) AR %(ﬁ) mﬁ+m€+m[bb —2/3)[Byy, 5, —3a/(mhmb)]
Tn5(10660) (EHUARE %(ow g s = (2 3)[Byys o+ /o m”> Ao/l 3) = Aer ol )]
To15(10666) Hﬁﬂ?[bbﬁh% %(ﬁ) -+ +m[bb]‘ - (2/3)[3[1;;;1% +a/(mlmb) - 20/(mn’"[bbﬁ) - 20/(ms’"[bb]?)]
I AsK 66113 e s = QIR+ ) + 2 Onlm )+ 2 0]
Tera(7286) As3lebl1E 20 m’; el = QDB s = Saf ()]
T4s(1320) (AsT3lcb} Ja) s = QIBVB s, =30 ()
Teps(7425) (7R eb )2 %(1*) g+ s = 2U3)By 3+ )]
Ter3(7440) nsReb 12 20) s = QBB s+ el ) = A mmyy 3) = e O )]
Tes(7449) (s eb]2 %m i+ my s = QDB+ i) =2 Gy ) =20 )]
Teps(7468) (7513 [cbﬁ]z% %@) s = (2U3)By g 3, + @/ () + 2 Gy, 5) + 2a /Gy, )]

Table 6. Eigenmasses and eigenvectors of the DHT states with quantum numbers and mixing configurations with HADS.

1J7) Configuration (HY/MeV Mass/MeV Eigenvector
%(P) [[sz]g[cc]*?]I% (4026 40 > {4014} [(=0.957,0.290)) |
[Wﬁ[wﬁ]é 40 4146 4158 L (0.290,0.957) ]
%(1*) [[ﬁi]g[bb]?]l% (10534 13 ) {10533} [(~0.995,0.097))]
[["lfl?[l’bﬁ]? 13 10666 10667 L (0.097,0.995) ]
%(ﬁ) [[ﬁﬁ]g[cb]?]l% (7320 20 ) {7317} [(-0.989,0.150))
[[ﬁf]?[cb]‘?]l% 20 7449 7452 L (0.150,0.989) ]

Too < Togs < Togss, while highlighting method-depend-
ent variations in absolute values. Notably, our predic-
tions derive from a framework exploiting HADS to estab-
lish rigorous connections between tetraquark spectra and
the experimentally measured heavy baryon spectrum.
This approach contrasts with complementary methodolo-
gies: relativistic quark models employing diquark-anti-
diquark configurations [40] or variational methods [42];
effective interaction models including color-magnetic in-
teractions [41] and extended chromomagnetic model
[44]; and non-perturbative techniques such as diffusion
Monte Carlo [45] and MIT bag model calculations [43].
The tabulated comparisons demonstrate that our
HADS-constrained predictions show closer agreement
with near-threshold states like 7,..(3876) while providing
systematic coverage of strange quark effects across all

configurations. Unlike molecular models that struggle
with hyperfine splittings, our approach delivers precise
mass differences between spin partners, a critical discrim-
inator for exotic state identification. These comprehens-
ive spectral predictions establish reliable benchmarks for
experimental searches at LHCb and Belle II while under-
scoring HADS as a fundamental symmetry bridging con-
ventional baryon and exotic tetraquark spectroscopy.

The mass spectra of DHTs are presented in Figs. 1, 2
and 3, which reveal systematic patterns across different
flavor sectors. All figures share common features: states
are categorized by J” quantum numbers (0*, 1%, 2*) and
color-coded by strangeness content (non-strange: red,
single-strange: blue, double-strange: black), with dashed
lines indicating relevant meson-meson thresholds.

Figure 1 displays the doubly charmed tetraquark
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Table 7. Eigenmasses and eigenvectors of the DHT states with quantum numbers and mixing configurations without HADS.

I1(JP) Configuration (H)/MeV Mass/MeV Eigenvector
1 1
) (513 [ccl?1? (4026 -10 ) {4025} {(0.995,0.097))}
1 ~10 412 412 ~0.097,0.
(T et 0 8 9 (~0.097,0.995)
1 1
79 (A5 [6b1]2 (10534 -3 ) {10534} {(0.999,0.023))}
_ 5,1 -3 10660 10660 —0.023,0.999
(ESHUARE ( )
1) [l [chl; 1} (7347 20 ) [7329] {(—0.741,0.671))}
[[ﬁﬁ]:;[cb]?]} 20 7351 17369 ] (0.671,0.741)
1 1 - .
50" TN 7286 -4 7286
2 [[3slole ]0]01 ( [(0.999.0.032))  (~0.032.0.999)]
__aosd -4 7410 17410}
[[7517 [cb] 15
1 L1 _
719 IESHEIHE 7320 2 -7 7319 (0.997,-0.029,0.065))
= 1
sl -7 17 7434 7447 (—0.034,0.605,0.795)
[[75]y[cb]]]1} T
a+) (551 cbl3 T (7508 14 ) [7499] {(—0.851,0.526))}
[[55]?[Cb]?]1 14 7522 17531 (0.526,0.851)
Table 8. Spectrum of DHTS aroused from heavy anti-baryons A.(A,) and £.(Z) with HADS (values in brackets are without HADS)

in this work and comparisons with different models or methods. DMC: diffusion Monte Carlo method. CMI: color-magnetic interac-
tion model; RQM(VM): relativized quark model within the variational method; RQM(DA): relativized quark model within diquark-an-
tidiquark picture; MIT: MIT bag model; ECM: extended chromomagnetic model.

1(JP)  Configuration ~ Thiswork ~ DMC[45] CMI[41] MIT[43] RQM(VM)[42] RQM(DA)[40] ECMI[44] ECM II [44]
0%)  [[AAllec31 3876 3892 4007 3925 4041 3935 3749.8 3868.7
10%)  [[#allecP1) 4035 4062 4078 4032 4159 4056 3833.2 3969.2
11 [[Aallech1 4058 4104 4021 4117 4268 4079 3946.4 4053.2
12 (Al lecP1) 4103 4207 4271 4179 4318 4118 4017.1 4123.8
0%y [[aaly[bb11° 10396 10,338 10686 10654 10550 10502 10291.6 10390.9
10%)  [[aal}[bb131) 10586 10,624 10841 10834 10765 10648 10468.8 10569.3
114 [aalbb1] 10593 10,680 10875 10854 10779 10657 10485.3 10584.2
12%) ([} [bb131} 10608 10702 10897 10878 10799 10673 10507.9 10606.8
00" [[Aal3[cb131) 7142 7108 7256 7260 7297 7239 7003.4 7124.6
01y [[aal[cb1 7176 7084 7321 7288 7325 7246 7046.2 7158.0
10%) (Al [ebl1) 735 7396 7457 7438 7519 7383 7189.5 7305.6
10%)  [[AAR[eblill 7347(7329) 7510 7473 7465 7537 7396 7211.0 73225
[Aaal b3l 7369(7369) 7542 7548 7509 7561 7403 7211.0 7322.5
124 [[AAl b1} 7392 7568 7582 7531 7586 7422 7293.2 7396.0

(Tecz) spectrum, with a total of 11 particles, consisting
of 3 T, states, 4 T, states, and 5 T,. states. Notably,
the T,.(3876) state with J” =1* aligns closely with the
experimentally observed T/(3875), positioned near the
D+ DO threshold. The T,(4014) mass is above the DD?
and D*D; thresholds but below that of D*D?, while the
other T,z states lie above the relevant meson-pair
thresholds. Figure 2 shows the mass spectrum of ground

doubly bottomed heavy tetraquarks 7),;z. The numbers
of Ty in Fig. 2 are consistent with that in Fig. 1 be-
cause they share the same configurations. However, un-
like the ground doubly charmed heavy tetraquarks, many
states exist with masses below the corresponding meson
pair thresholds. All the states in the 1* and 2* configura-
tions are below the corresponding meson pair masses,

particularly the T,,(10396) with J* = 17, which sits ~160
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Table 9. Spectrum of DHTs aroused from heavy anti-baryons =.(Z,) with HADS (values in brackets are without HADS) in this work
and comparisons with different models or methods. DMC: diffusion Monte Carlo method. CMI: color-magnetic interaction model;
RQM(VM): relativized quark model within the variational method; RQM(DA): relativized quark model within diquark-antidiquark pic-
ture; MIT: MIT bag model; ECM: extended chromomagnetic model.

1(JP)  Configuration Thiswork ~ DMC[45] CMI[41] MIT[43] RQM(VM)[42] RQM(DA)[40] ECMI[44] ECMII [44]

1 < 1

307 [AsBlecli1d 4127 4165 4236 4165 4323 4221 3937.6 4085.7

1 -

309 (s [CC]?L% 4014(4025) 4056 4225 4091 4232 4143 3919.0 4051.5
[[ﬁg]?[ca]?]l% 4158(4129) 4128 4363 4247 4394 4239 4073.0 4180.2

1 -

3@ sect]] 25 4184 4314 4434 4305 4440 4271 41443 42515

1 -

XU HH! é 10660 10721 10999 10955 10883 10802 10586.4 10684.1

1 -

S [[ﬁg]g[bh]?]l% 10533(10534) 10684 10911 10811 10734 10706 10473.1 10569.0
[[ﬁﬂ?[bbml% 10667(10660) 10736 11010 10974 10897 10809 10605.3 10700.5

1 R

SR 2% 10679 10747 11060 10997 10915 10823 10628.7 10723.9

1 < 1

300 [EsRleblyl;  7286(7286) - 7461 - 7483 7444 7156.5 7296.2
A5 [cb] é 7440(7410) - 7615 - 7643 7540 7299.0 7421.0

1 < 1

5(1+) [[715](3)[cb]?]12 7317(7319) - 7530 - 7514 7451 7212.8 7336.1
EHEIR 15 7452(7447) - 7706 - 7682 7552 7330.5 7487.8
[[ﬁi]?[cb]g]l% 7425(7412) - 7634 - 7659 7555 7323.9 7440.9

1 < 1

5@ (asBIebl) 7468 - 7718 - 7705 7572 7415.1 7517.1
] I 5, (6 . . . S

Table 10. Spectrum of DHTs aroused from heavy anti-baryons Q. (Q,) with HADS (values in brackets are without HADS) in this

work and comparisons with different models or methods. DMC: diffusion Monte Carlo method. CMI: color-magnetic interaction mod-
el; RQM(VM): relativized quark model within the variational method; RQM(DA): relativized quark model within diquark-antidiquark
picture; MIT: MIT bag model; ECM: extended chromomagnetic model.

JP Configuraton  Thiswork ~ DMC[45] CMI[4]] MIT[43] RQM(VM)[42] RQM(DA)[40] ECMI[44] ECMII[44]
0t [I558ccl o 4224 4205 4395 4300 4417 4359 4043.7 4199.1
1t 55 Pleeln 4239 4323 4526 4382 4493 4375 4192.6 43002
2t ([55Plecl 4270 4381 4597 4433 4536 4402 4264.5 43721
0t [I55Bbb1E 10740 10868 11157 11078 10972 10932 10697.1 10792.1
1t SRR 10745 10908 11199 11099 10986 10939 10718.2 10809.8
2 (sERbbE L 10755 10926 11224 11119 11004 10950 10742.5 10834.1
0t [[55BLeblo 7527 7653 7774 7693 7735 7673 7404.4 7531.3
1+ [SPlebll  7508(7499) 7711 7793 7716 7752 7683 7431.8 7553.6
[[55B[cbl],  7535(7531) 7764 7872 7757 7775 7684 7503.3 7603.5
2t [55PLebl 7550 7862 7908 7779 7798 7701 7534.3 7633.8

MeV beneath the B*B threshold, suggesting exceptional
stability. By contrast, in the 0* configuration, the
Typ55(10740) is slightly higher than BB, threshold,
T,,5(10660) is higher than BB,, and T,,(10586) is higher
than BB, respectively. Figure 3 shows the bottom-charm
Tye5 sector, featuring 13 states due to asymmetric spin
couplings. Among them, there are 4 T, states, 6 T
states, and 6 T, states. Among the five states in 0" con-

figuration, T.,;(7286) is higher than DB, and D,B, but
much lower than D*B* and DB, T.,(7142) is below the
DB threshold, while the remaining states are above the
corresponding meson pair thresholds. In the 1* and 2*
configurations, most of the 7)., states are above the cor-
responding meson-meson thresholds, except T.,;(7317),
which is above the threshold of DB: but below that of

D*B,.
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4300 | —
4250 | T...cx(4224) Tecss(4239)
4200 DiD. Toes(4184)
T,c5(4158) i St
4150 b 7 (a127) Leex(2158)
> T,.(4103)
> 4100 F pipr ==t
‘ T..(4058
S 4050 [ Tee(a035)  DiDs Le(4058)
g’ Tec5(4014) D*D
A 4000 | DD* —
S D*D
3950 s
= D, D,
3900 D Tec(3876)
3850 FD DD, — .
3800 — e
3750 £ 1D — Ties
11055
3700 v
0+ 1t o+
¢71)
Fig. 1.  (color online) Mass spectrum and spin-parity of

doubly charmed tetraquarks with nonstrange (red), single-
strange (blue) and double-strange quarks (black).

10850
10800 |- o BB,
B:B; Tips5(10755
10750 |Tovss(10740) Tinss(10745) 5 B hbss (10755
BB _ 3
+Bs 5 B*B
10700 | BB Th5(10679
S Th5(10660) 13 13, Tows(10667) Tour(10675)
o 10650 55
- Ds D Ty, (10608
510600 -Tbb(10586) B*B Tbb(10593) L)
- il i —
w
g 10550 |55 Tis(10533)
10500
10450 | — T
10400 | T;,(10396) — Thes
— Thpss|
10350
0t 1t 2%t
JP
Fig. 2.  (color online) Mass spectrum and spin-parity of

doubly bottomed tetraquarks with nonstrange (red), single-
strange (blue) and double-strange quarks (black).

Common characteristics include the universal mass
hierarchy Tpo < Too's < Tooss, reduced hyperfine split-
tings in heavier flavor sectors, and enhanced binding for
b-quark systems due to diminished kinetic energy. The
progressive stabilization from cc to bb systems high-
lights the mass-dependence of binding mechanisms. Fur-
thermore, by systematically comparing the obtained mass
spectrum of DHTs with the corresponding meson-meson
thresholds, we find that most of the DHT masses are
above or far from the thresholds. Considering that mo-
lecular states are generally close to and below the
thresholds, this provides crucial diagnostics for distin-
guishing compact tetraquarks from corresponding mo-

7600
Tebss(7550
7550 | Tebss(7527) Tebss(7535) D*B L)
T b55(7508) e
00 DB, T,5(7468)
To5(7452) -

7450 T.»5(7440)

Tz (7425) DB’

)
2 7400 DB D*BY Tu(1392)
= T (7358) DB Tw(7369) il it
C 7350 5 DB, TTa(73a7)
« DB, Tos(7317) .
g DB - D*B
g 7300 [ Tevs(7286) /)&/))
3 DB
7250 | D .
DB,
T DB 1,(r176) — T
7150 | Ten(7142) - e
DB e
7100
ot 1+ ot
JP
Fig. 3. (color online) Mass spectrum and spin-parity of bot-

tom-charmed tetraquarks with nonstrange (red), single-strange
(blue) and double-strange quarks (black).

lecular states.

IV. SUMMARY

In this work, we provide a comprehensive investiga-
tion of the DHTSs (T ;7)) spectrum using HADS within
a well-accepted constituent quark model framework cal-
ibrated to established hadron data. By correlating QQgg’
states with experimentally measured heavy baryon
(Qqq")) spectrum through HADS, we systematically pre-
dict masses for 38 ground-state tetraquarks with
JP=0%,1%,2* across cc, bb, and bc flavor sectors with
varying strange quark content. All parameters are de-
rived from baryon spectra fits, ensuring model consist-
ency with QCD phenomenology without new inputs. Key
findings reveal that bb—containing tetraquarks predomin-
antly lie below the meson-meson thresholds, indicating
strong binding and potential stability, whereas cc and bc
configurations generally reside near or above thresholds
except for specific cases like the T7..(3876) state that
matches the observed 7.(3875). The universal mass or-
dering Too < Togs < Togss and method-independent hy-
perfine splittings provide critical discriminants between
compact tetraquarks and molecular interpretations.

Our study shows that the hyperfine splitting of DHT
states decreases with an increase in the mass of heavy
diquarks, which is consistent with the requirements of
heavy quark symmetry. We have also estimated the im-
pact of HADS symmetry breaking on the mass of DHTs,
and found that for double-charmed, bottom-charmed, and
double-bottomed tetraquark states, the impact levels are
about 11.3 MeV, 5.7 MeV, and 3.8 MeV respectively.
This order relationship also reflects the heavy quark mass
dependence of heavy quark symmetry. These predictions
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establish essential benchmarks for experimental searches
at LHCb, Belle II, and PANDA, while demonstrating

HADS as a fundamental symmetry unifying convention-
al and exotic heavy-quark hadrons.
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