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We investigate the P-wave states T−
bb in the isospin singlet and three excited modes [excitation occurring

in the diquark ½bb�s1c1 (ρ-mode), antidiquark ½ū d̄�s2c2 (r-mode), or between them (λ-mode)] from diquarks in a
quark model. We analyze the dynamical behaviors of the diquark ½bb�s1c1 , antidiquark ½ū d̄�s2c2 , and their
correlations in the states T−

bb by decomposing the interactions from various sources in the model. The
absolute dominant color-spin configuration, more than 99%, in the ρ-mode with 11P1 is ½bb�0

3̄
½ū d̄�03. Its

energy is lower by about 18 MeV than the threshold B̄B̄ so that it can establish a compact bound state. The
chromomagnetic and meson-exchange interactions in the antidiquark ½ū d̄�03 are responsible for its binding
mechanism. Two other excited modes are higher than their respective threshold. The color configuration
6 ⊗ 6̄ need to be handled discreetly in the tetraquark states.

DOI: 10.1103/PhysRevD.109.056005

I. INTRODUCTION

Searching for multiquark hadrons is an extremely signi-
ficant topic in hadronic physics because they may contain
more abundant low-energy strong interaction information
than ordinary hadrons. Theoretical explorations on the
possible stable doubly heavy tetraquark states can be traced
back to the early 1980s [1,2]. Their properties have been
studied extensively in various theoretical frameworks in
recent years [3,4], in particular since the LHCb Collabo-
ration reported the doubly charmed state Tþ

cc with 01þ in the
D0D0πþ invariant mass spectrum [5,6]. The doubly heavy
tetraquark states are usually discussed as a diquark-anti-
diquark or meson-meson configuration. The former can
establish a compact state while the latter can produce a
relative loose molecular state [3,4]. The tendency to form
stable bound states is proportional to the mass ratio of heavy
quark and light antiquark. The majority of the exis-
ting theoretical investigations mainly concentrate on the
doubly heavy tetraquark ground states, which indicates that
the state T−

bb with 01þ can establish a deep bound state
though it has not been observed in experiments [3,4]. In this
case, its P-wave excited states are most likely to be stable
against the strong interactions in the low excited states of the
doubly heavy tetraquark states. Recently, the P-wave
excited states T−

bb were explored using the lattice quantum

chromodynamics (QCD) potential and Born-Oppenheimer
approximation [7,8], quark models [9,10], and the QCD
Laplace sum rule [11].
The concept of diquarks was first proposed by Gell-

Mann in his pioneering work on quarks [12]. Subsequently,
diquarks are usually regarded as an elementary constituent
to explore the properties of hadrons and hadron-hadron
interactions [13]. It seems that there exists some phenom-
enological evidence of the relevance of the diquarks in
hadron physics [14,15]. The sizes of diquarks are often
ignored for simplicity in some calculations [13], just like
the sizes of constituent quarks are neglected. In the consti-
tuent quark models, diquarks are not a pointlike funda-
mental object but a spatially extended object with various
color-spin-isospin-orbit configurations, which makes the
hadron world more fantastic.
The substructures of the diquarks usually affect the struc-

tures and properties of hadrons, and the diquark correla-
tions might be critical to the formation of multiquark
hadrons [16–18]. The doubly heavy tetraquark states can
provide a clear diquark picture so that they are extremely
beneficial to research the substructures, natures, and corre-
lations of diquarks. Inspired by the state Tþ

cc reported by
the LHCb Collaboration, the lattice QCD calculation on
the channel DD� with 01þ indicated that its short-range
attraction was related to the attractive diquark color-spin
configuration ½cc�0

3̄
½ū d̄�13 [19]. Similar short-range attrac-

tion was also found in the channel B̄B̄� with 01þ [19].
In this work, we prepare to explore the natures and

structures of the P-wave excited states T−
bb in the isospin

singlet and various excited modes from the perspective of
diquarks. We decode the natures of the diquark ½bb�s1c1 and
antidiquark ½ū d̄�s2c2 and their correlations in the nonrelativ-
istic quark model. The model can well describe the nature
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of the state Tþ
cc [20]. The motivation of this paper is to

broaden our visions on the properties and structures of the
excited states T−

bb from the perspective of the phenomeno-
logical model. We anticipate providing some valuable
information for the experimental establishment of the
doubly heavy tetraquark states in the future.
This paper is organized as follows. After the Intro-

duction, we give the details of the quark model in Sec. II.
We show the wave functions of the states T−

bb in Sec. III. We
present the numerical results and discussions in Sec. IV. We
list a brief summary in the last section.

II. QUARK MODEL

At the hadron scale, QCD is highly nonperturbative due
to the complicated infrared behavior of the non-Abelian
SU(3) gauge group. The calculations of hadron spectra and
the hadron-hadron interaction directly from QCD are very
difficult at present. A less rigorous approach, the QCD-
inspired quark model, is a powerful implement in obtaining
physical insight for these complicated strong interacting
systems. The quark model is formulated under the assump-
tion that the hadrons are color-singlet nonrelativistic bound
states of constituent quarks with phenomenological effec-
tive masses and interactions. One expects the model dyna-
mics to be governed by QCD. The perturbative effect is the
well-known one-gluon-exchange (OGE) interaction. From
the nonrelativistic reduction of the OGE diagram in QCD
for pointlike quarks one gets

Voge
ij ¼ αs

4
λci · λ

c
j

�
1

rij
−
2πδðrijÞσi · σj

3mimj

�
; ð1Þ

where λci and σi stand for the color SUð3Þ Gell-Mann
matrices and spin SUð2Þ Pauli matrices, respectively. rij is
the distance between the quarks i and j, and mi is the mass
of the ith quark. The Dirac δðrijÞ function should be
regularized in the form [21]

δðrijÞ →
1

4πrijr20ðμijÞ
e
−

rij
r0ðμijÞ; ð2Þ

where r0ðμijÞ ¼ r̂0
μij
, μij is the reduced mass of two

interacting particles i and j. The quark-gluon coupling
constant αs adopts an effective scale-dependent form,

αsðμ2ijÞ ¼
α0

ln
μ2ij
Λ2
0

: ð3Þ

r̂0, Λ0, and α0 are adjustable parameters fixed by fitting the
ground state meson spectrum.
The constituent quark mass originates from the breaking

of the SUð3ÞL ⊗ SUð3ÞR chiral symmetry at some momen-
tum scale [22]. The chiral symmetry is spontaneously
broken in the light quark sector while it is explicitly broken

in the heavy quark sector. Once the light constituent quark
mass is generated, it has to interact through Gold-stone
bosons π, K, and η. In addition, the scalar meson σ
exchange interaction is involved. The explicit Gold-stone
boson exchange potentials Vπ

ij, VK
ij, Vη

ij and σ-meson
exchange potential Vσ

ij are taken from Ref. [21],

Vobe
ij ¼ Vπ

ij

X3
k¼1

Fk
iF

k
j þ VK

ij

X7
k¼4

Fk
iF

k
j

þ Vη
ij

�
F8
iF

8
j cos θP − sin θP

�
;

Vχ
ij ¼

g2ch
4π

m3
χ

12mimj

Λ2
χ

Λ2
χ −m2

χ
σi · σj

×

�
YðmχrijÞ −

Λ3
χ

m3
χ
YðΛχrijÞ

�
; YðxÞ ¼ e−x

x

Vσ
ij ¼ −

g2ch
4π

Λ2
σmσ

Λ2
σ −m2

σ

�
YðmσrijÞ −

Λσ

mσ
YðΛσrijÞ

�
: ð4Þ

Fi are the flavor SUð3Þ Gell-Mann matrices, and χ
represents π, K, and η. The mass parameters mχ take their
experimental values, while the cutoff parametersΛχ and the
mixing angles θP take the values from [21]. The mass
parameter mσ can be determined through the partial
conservation of axial vector current relation m2

σ ≈m2
π þ

4m2
u;d [23]. The chiral coupling constant gch can be

obtained from the πNN coupling constant through

g2ch
4π

¼
�
3

5

�
2 g2πNN

4π

m2
u;d

m2
N
: ð5Þ

In addition to the meson-exchange interactions, the
quark model also incorporates another nonperturbative
effect, color confinement, because observed hadrons in
experiments are color singlets. However, it is still impos-
sible to directly derive color confinement analytically from
its QCD Lagrangian so far. From the perspective of pheno-
menology, quark confinement potential should only emerge
from a model in which the interaction depends on color
charges. In addition, the coupling between color charges
increases with increasing separation. Quark confinement
potential in the quark model can be generally manmade
based on the two ingredients. In this work, the quark
confinement potential can be written as

Vcon
ij ¼ −acλci · λcjr2ij: ð6Þ

To sum up, the complete Hamiltonian of the quark model
for the mesons and T−

bb can be presented as

Hn ¼
Xn
i¼1

�
mi þ

p2
i

2mi

�
− Tc þ

Xn
i<j

Vij

Vij ¼ Voge
ij þ Vcon

ij þ Vobe
ij þ Vσ

ij; ð7Þ
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where pi is the momentum of the ith quark and Tc is the
center-of-mass kinetic energy. Accurately solving the two-
body Schrödinger equation, we can obtain a set of model
parameters by fitting the ground state meson spectrum with
the Minuit program [24], which are presented in Tables I
and II, respectively.

III. WAVE FUNCTIONS

In the diquark configuration, the Jacobi coordinates
of the states T−

bb are presented in Fig. 1. Their specific
expressions can be written as

ρ ¼ r1 − r2; r ¼ r3 − r4;

λ ¼ m1r1 þm2r2
m1 þm2

−
m3r3 þm3r4
m3 þm4

; ð8Þ

where ri stand for the position of the ith particle in the
states T−

bb. Note that the coordinates are just a possible
choice of many possibilities, which is most propitious
to describe the natures of diquarks and their correlations.

The orbital angular momentum associated with those co-
ordinates is denoted as lρ, lr, and lλ, respectively. In the
present work, we mainly concentrate on the P-wave excited
states T−

bb. The single P-wave excitation can take place
in the diquark ½bb�s1c1 (ρ mode: lρ ¼ 1), antidiquark ½ū d̄�s2c2
(r mode: lr ¼ 1), or between the diquark ½bb�s1c1 and anti-
diquark ½ū d̄�s2c2 (λ mode: lλ ¼ 1). Similar orbital excited
modes were adopted to study the doubly heavy tetraquark
states [9].
Accurate numerical calculations are a primary require-

ment to exactly comprehend the natures of the states T−
bb.

The Gaussian expansion method (GEM) has been proven
to be rather powerful to solve the few-body problem in
nuclear physics [25]. A recent comparative study revealed
the superiority of the GEM over the resonating group
method and the diffusion Monte Carlo method for the
tetraquark bound states in quark models [26]. According
to the GEM, the relative motion wave functions ϕlmðxÞ can
be expanded as the superpositions of a set of Gaussian
functions with different sizes,

ϕlmðxÞ ¼
Xnmax

n¼1

cnNnlxle−νnx
2

Ylmðx̂Þ; ð9Þ

where x represents ρ, r, and λ. More details about the GEM
can be found in Ref. [25].
The color-spin configurations of the states T−

bb can be
denoted as ½bb�s1c1 ½ū d̄�s2c2 , where the subscripts ci and super-
scripts si are the color and spin, respectively. Both the
diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2 can be in the spin
singlet or triplet. The diquark ½bb�s1c1 is an isospin singlet,
and the antidiquark ½ū d̄�s2c2 can be in the isospin singlet or
triplet similar to its spin. The color representations of the
diquark ½bb�s1c1 can be antisymmetric 3̄ and symmetric 6.
Those of the antidiquark ½ū d̄�s2c2 can be antisymmetric 3 and
symmetric 6̄. The color configuration of the tetraquark state
½bb�½ū d̄� can be written as

ð3̄ ⊕ 6Þ ⊗ ð3 ⊕ 6̄Þ ¼ ð3̄ ⊗ 3Þ|fflfflfflffl{zfflfflfflffl}
1⊕8

⊕ ð3̄ ⊗ 6̄Þ|fflfflfflffl{zfflfflfflffl}
8⊕10

⊕ ð6 ⊗ 3Þ|fflfflfflffl{zfflfflfflffl}
8⊕10

⊕ ð6 ⊗ 6̄Þ|fflfflfflffl{zfflfflfflffl}
1⊕8⊕27

:

According to the colorless requirement, only two coupling
modes, 3̄ ⊗ 3 and 6 ⊗ 6̄, are permitted. In general, the
physical state should be the mixture of those two color
coupling modes.
The diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2 are a spatially

extended compound with various color-spin-isospin-orbit
configurations. Taking all degrees of freedom of identical
particles into account, the Pauli principle imposes some
restrictions on the quantum numbers of the diquark ½bb�s1c1

TABLE I. Adjustable model parameters, quark mass, and Λ0

unit in MeV; ac unit in MeV · fm−2; r0 unit in MeV · fm; and α0 is
dimensionless.

Parameter mu;d ms mc mb ac α0 Λ0 r0

Value 280 512 1602 4936 40.78 4.55 9.17 35.06

TABLE II. Ground state meson spectrum, units in MeV.

State π ρ ω K K� ϕ D�

Theory 142 826 780 492 974 1112 1867
Particle data group 139 775 783 496 896 1020 1869

State D� Ds D�
s ηc J=Ψ B B�

Theory 2002 1972 2140 2912 3102 5251 5301
Particle data group 2007 1968 2112 2980 3097 5280 5325

State Bs B�
s Bc ηb ϒð1SÞ

Theory 5377 5430 6261 9441 9546
Particle data group 5366 5416 6275 9391 9460

FIG. 1. Jacobi coordinates of the states T−
bb. Orange balls stand

for b quarks, and blue balls represent u quark and d quark.
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and antidiquark ½ū d̄�s2c2 [27]. The total wave function of the
states T−

bb with the isospin I and angular momentum J can
be constructed as a sum of the following direct products
of the diquark ½bb�s1c1 , antidiquark ½ū d̄�s2c2 , and their relative
motion wave function ϕlλmλ

ðλÞ:

ΦT−
bb

IJ ¼
X
α

cα
h
Ψ½bb�

i1j1c1lρ
Ψ½ū d̄�

i2j2c2lr
ϕlλmλ

ðλÞ
i
T−
bb

IJ
: ð10Þ

The summation index α represents all of the possible color-
spin-isospin-orbit combinations that can be coupled into
the total spin and isospin, and the coefficients cα are
determined by the model dynamics.

IV. NUMERICAL RESULTS AND ANALYSIS

We mainly concentrate on the natures of the P-wave
excited states T−

bb in the isospin singlet and three excited
modes, which are listed in Tables III and IV. In order to
exhibit the influences of the P-wave excitation on the
states, we also present the natures of the ground state T−

bb
with 13S1. By accurately solving the four-body Schrödinger
equation with the well-defined trial wave function, we can
arrive at their eigenenergy and eigenwave function. Using
the eigenwave function, we can calculate various energy
distributions in the diquark ½bb�s1c1 , antidiquark ½ū d̄�s2c2 , and
between them in the states T−

bb, which are listed in Table III.
Subsequently, we can achieve their binding energy, ΔE ¼
E4 −Mbū −Mbd̄, and the contributions coming from each
part of the Hamiltonian to ΔE to show the underlying
dynamic mechanism in detail, where E4 is the minimal
eigenenergy and Mbū þMbd̄ is its lowest two-meson

threshold. In addition, we calculate the average distances
and the ratio of each color spin ½bb�s1c1 ½ū d̄�s2c2 in the coupled
channels. We present those numerical results in Table IV.

A. Ground state T −
bb with 13S1

The ground state T−
bb with 13S1 is composed of two

possible color-spin configurations ½bb�1
3̄
½ū d̄�03 and

½bb�06½ū d̄�16̄. The chromomagnetic interaction and meson-

exchange interactions in the antidiquark ½ū d̄�03 can provide
extremely strong attractions about 600 MeV; see Table III.
The Coulomb interaction in the diquark ½bb�13 and anti-
diquark ½ū d̄�03 also gives strong attractions. These strong
attractions are beneficial to establish the deeply compact
bound state T−

bb with 13S1 because they do not appear in
the threshold B̄B̄�. In strong contrast, those attractions in
the diquark ½bb�06 and antidiquark ½ū d̄�1

6̄
are very weak

even repulsive, see Table III. Moreover, the color-electric
interaction, i.e., confinement potential plus Coulomb
interaction, between the diquark ½bb�06 and antidiquark
½ū d̄�1

6̄
is much stronger than that between the diquark ½bb�1

3̄

and antidiquark ½ū d̄�03. The color-electric interaction
between two colored subclusters in the color configura-
tions 3̄ ⊗ 3 and 6 ⊗ 6̄ has been discussed in detail in
Refs. [28,29]. On the whole, the mass of the configuration
½bb�1

3̄
½ū d̄�03 is much lower, about 334 MeV, than that of the

configuration ½bb�06½ū d̄�16̄. In fact, the relative strength of
those interactions is also revealed by the average distances
in Table IV. The stronger those interactions, the shorter
the distances.

TABLE III. Various energy distribution in the diquark ½bb�s1c1 , antidiquark ½ū d̄�s2c2 , and between them (½bb�s1c1 − ½ū d̄�s2c2 ) in the states T−
bb,

unit in MeV. The superscripts ρ, r, and λ denote that the P-wave excitation occurs in the ½bb�s1c1 , ½ū d̄�s2c2 , and between them, respectively.
T, Vcon, Vcoul, Vcm, Vσ , Vπ , and Vη are the kinetic energy, confinement, Coulomb, chromomagnetic, σ-, π-, and η-meson-exchange,
respectively.

n2Sþ1LJ Parts T Vcon Vcm Vcoul Vη Vπ Vσ Parts T Vcon Vcm Vcoul Vη Vπ Vσ

13S1 ½bb�1
3̄

124 16 1 −199 0 0 0 ½bb�06 51 −19 1 59 0 0 0

½ū d̄�03 789 55 −289 −257 57 −335 −40 ½ū d̄�1
6̄

249 −70 −10 68 −2 20 −14
½bb�1

3̄
− ½ū d̄�03 210 124 −2 −340 0 0 0 ½bb�06 − ½ū d̄�1

6̄
303 372 0 −764 0 0 0

13Pλ
0;1;2 ½bb�1

3̄
115 18 1 −193 0 0 0 ½bb�06 41 −24 1 52 0 0 0

½ū d̄�03 739 59 −273 −250 53 −316 −38 ½ū d̄�1
6̄

203 −85 −7 60 −1 14 −11
½bb�1

3̄
− ½ū d̄�03 282 216 −1 −232 0 0 0 ½bb�06 − ½ū d̄�1

6̄
449 552 0 −604 0 0 0

11Pρ
1 ½bb�0

3̄
138 39 0 −107 0 0 0 ½bb�16 97 −28 −7 44 0 0 0

½ū d̄�03 775 55 −283 −253 56 −328 −40 ½ū d̄�1
6̄

248 −70 −10 68 −2 20 −14
½bb�0

3̄
− ½ū d̄�03 200 140 −4 −320 0 0 0 ½bb�16 − ½ū d̄�1

6̄
302 396 −24 −740 0 0 0

11Pr
1 ½bb�1

3̄
116 17 1 −195 0 0 0 ½bb�06 41 −24 0 50 0 0 0

½ū d̄�13 435 218 4 −93 1 2 −5 ½ū d̄�0
6̄

375 −125 4 42 −1 −5 −4
½bb�1

3̄
− ½ū d̄�13 165 228 −6 −240 0 0 0 ½bb�06 − ½ū d̄�0

6̄
257 552 −2 −596 0 0 0

LIN, AN, and DENG PHYS. REV. D 109, 056005 (2024)

056005-4



The color-spin configuration ½bb�1
3̄
½ū d̄�03 has a binding

energy around −215 MeV in comparison to the threshold
B̄B̄�; see Table IV. In principle, the ground state T−

bb should
be the mixture of the two color-spin configurations. After
their channel coupling calculation, the binding energy of
the state reduces to −216 MeV so that the state is a deeply
compact bound state, which is in good agreement with the
conclusions of recent lattice calculations [30–33]. The
color-spin configuration ½bb�1

3̄
½ū d̄�03 absolutely predomi-

nates the properties of the ground state while the color-spin
configuration ½bb�06½ū d̄�16̄ can be completely ignored, which
is completely consistent with the conclusion in Ref. [34].
The vast majority of the binding energy comes from the
chromomagnetic interaction and meson-exchange inter-
actions in the antidiquark ½ū d̄�03. In addition, the color-
electric interaction also contributes an attraction about
120 MeV to the binding energy. The kinetic energy
provides a strong repulsion, which is an obvious obstacle
to forming this bound state.
In our previous work [see case (b) in Ref. [20] ], we

obtained a relative loose molecular state T−
bb with 01

þ using
the same model Hamiltonian and parameters, where the
binding mechanism is the weak residual interaction
between two colorless mesons. Combining with the present
work, the state T−

bb with 01þ can simultaneously exist in
two different structures in the same model, which also takes
place in the similar model study of the state [35]. The
phenomenon was deemed as a hadronic analog of cluster
formation in spectra of light nuclei, where cluster structures
made of α particles are developed around the α emission
thresholds, while the lower bound states are compact shell-
model-like states [35]. We discussed the correlation
between two structures based on the angular momentum

algebra and thought that their difference comes from the
different model spaces induced by different orbital excita-
tion modes [27].

B. P-wave states T −
bb with 13Pλ

0;1;2

In the excited states, the orbital excitation occurs
between the diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2 so that
their color-spin configurations are exactly the same with
those of the ground state T−

bb with
3S1; see Table III. In this

calculation, we do not introduce spin-orbit interaction,
and thus the states 13Pλ

0;1;2 are degenerate. We expect that
mass differences among the states will be tiny since the
differences are suppressed by the heavy quarks. The natures
of the diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2 do not
obviously change in the excited state T−

bb in comparison
to the ground state T−

bb. However, the color-electric inter-
actions between the diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2
increase significantly, which remarkably elevates the
energy of the P-wave excited state T−

bb with 1
3Pλ

0;1;2 relative
to the ground state.
The mass of the color-spin configuration ½bb�1

3̄
½ū d̄�03 is

much lower by about 450 MeV than that of the color-spin
configuration ½bb�06½ū d̄�16̄ because of their extremely differ-
ent meson-exchange and chromomagnetic interactions
between the antidiquarks ½ū d̄�03 and ½ū d̄�1

6̄
. The channel

coupling calculation indicates that the color-spin configu-
ration ½bb�1

3̄
½ū d̄�03 completely dominates the natures of the

excited states T−
bb with 13Pλ

0;1;2. Their masses are 55 MeV
higher than its threshold B̄B̄�, the main reason being that
the P-wave excitation between the diquark ½bb�1

3̄
and the

antidiquark ½ū d̄�03 enhances the color-electric interaction.

TABLE IV. Binding energy ΔE and the contribution from various interactions and kinetic energy to ΔE, unit in MeV. hρ2i12 and hr2i12
are the size of the diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2 , respectively, and hλ2i12 is their distance, unit in fm.

n2Sþ1LJ Color-spin, ratio ΔE ΔT ΔVcon ΔVcm ΔVcoul ΔVη ΔVπ ΔVσ hρ2i12 hr2i12 hλ2i12
13S1 ½bb�1

3̄
½ū d̄�03, > 99% −215 479 −50 −259 −67 57 −335 −40 0.39 0.71 0.64

½bb�06½ū d̄�16̄, < 1% 119 −38 40 94 19 −2 20 −14 0.60 1.13 0.53

Mixing −216 481 −51 −260 −68 57 −335 −40 0.39 0.71 0.64

13Pλ
0;1;2 ½bb�1

3̄
½ū d̄�03, > 99% 55 494 49 −243 56 53 −316 −38 0.40 0.74 0.91

½bb�06½ū d̄�16̄, < 1% 511 51 199 22 237 −1 14 −11 0.67 1.25 0.72

Mixing 55 494 49 −243 56 53 −316 −38 0.40 0.74 0.90

11Pρ
1 ½bb�0

3̄
½ū d̄�03, > 99% −18 409 7 −210 91 56 −331 −40 0.60 0.72 0.65

½bb�16½ū d̄�16̄, < 1% 203 −53 69 39 144 −2 20 −14 0.72 1.13 0.53

Mixing −18 412 6 −213 89 56 −328 −40 0.60 0.72 0.65

11Pr
1 ½bb�1

3̄
½ū d̄�13, < 1% 562 15 233 74 243 1 2 −5 0.40 1.42 0.71

½bb�06½ū d̄�06̄, > 99% 480 −30 176 80 265 −1 −5 −4 0.67 1.53 0.57

Mixing 480 −28 176 78 265 −1 −5 −4 0.67 1.53 0.57
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C. P-wave state T −
bb with 11Pρ

1

In the excited state, the orbital excitation takes place in
the diquark ½bb�s1c1 . The state consists of two color-spin
configurations ½bb�0

3̄
½ū d̄�03 and ½bb�16½ū d̄�16̄. The properties

of the antidiquark ½ū d̄�s2c2 in the state are almost exactly
consistent with those in the ground state T−

bb, and the
correlation between the diquark ½bb�s1c1 and antidiquark
½ū d̄�s2c2 just changes a little bit; see Table III. The
Coulomb interaction in the antidiquark ½bb�0

3̄
is reduced by

about 92 MeV because the interaction is sensitive to the
distance change induced by the P-wave excitation. Other
natures of the diquark ½bb�s1c1 do not dramatically vary
although its orbit is in the P-wave excitation because of the
suppression of the large mass of b quarks.
The dominant color-spin configuration of the state T−

bb

with 11Pρ
1 is ½bb�03̄½ū d̄�03, in which the chromomagnetic and

meson-exchange interactions in the antidiquark ½ū d̄�03 can
still provide an extremely strong attraction. Relative to the
threshold B̄B̄, the binding energy of the state is about
−18 MeV so that it can establish a compact bound state. Its
binding mechanism originates from the chromomagnetic
and meson-exchange interactions in the antidiquark ½ū d̄�03;
see Table IV. The color-electric interaction, especially for
the Coulomb interaction, is not a binding mechanism
anymore because of the P-wave excitation in the diquark
½bb�0

3̄
. The contributions from the Coulomb interaction in

the excited state T−
bb with 11Pρ

1 and the ground state T−
bb

with 13S1 are the main reason resulting in their binding
energy difference.
Bicudo et al. studied the state T−

bb with 01−, where the
P-wave excitation occurs in the diquark ½bb�, using the
lattice QCD potentials, Born-Oppenheimer approximation,
and emergent wave method [7]. Its mass is 10576−4þ4 MeV,
which is close to our prediction on the state but 16 MeV
higher than the threshold B̄B̄. The state can decay into two
B̄ mesons via strong interaction so that it is a resonance.
Subsequently, Hoffmann et al. refined the investigation of
the state by including heavy quark spin effects via the mass
difference between B and B� mesons [8]. They did not find
any indication for the existence of the resonance [8].

D. P-wave state T −
bb with 11Pr

1

In the excited state, the orbital excitation occurs in the
antidiquark ½ū d̄�s2c2 , which induces a huge impact on its
natures relative to its ground state because of the changes
of its spin and size, especially for the diquark ½ū d̄�13; see
Table III. The meson-exchange and chromomagnetic inter-
actions in the antidiquark ½ū d̄�13 are weak, just several
MeVs, while they can provide strong attractions, around
600 MeV, in the antidiquark ½ū d̄�03. In addition, the color-
electric interaction in the antidiquark ½ū d̄�13 is much higher,
about 320 MeV, than that in the antidiquark ½ū d̄�03.

Relatively speaking, the natures of the antidiquark ½ū d̄�0
6̄

do not dramatically vary in comparison to its ground
state ½ū d̄�1

6̄
.

The total mass of the antidiquark ½ū d̄�13 is about
280 MeV higher than that of the antidiquark ½ū d̄�0

6̄
mainly

because of the color-electric interaction. The fact directly
results in that the dominant color-spin configuration
in the excited state is ½bb�06½ū d̄�06̄ rather than ½bb�1

3̄
½ū d̄�13.

Therefore, the color configuration 6 ⊗ 6̄ should not be
unhesitatingly discarded in the tetraquark excited states.
The mass of the color-spin configuration ½bb�06½ū d̄�06̄ is
much higher, about 480 MeV, than its threshold B̄B̄; see
Table IV. The chromomagnetic and color-electric inter-
actions cannot provide any attractions. Furthermore, the
meson-exchange interactions just give an attraction of
10 MeV. However, the kinetic energy contributes an
attraction of about 30 MeV to the binding energy mainly
because of the spatial extension of the diquark ½bb�06 and
antidiquark ½ū d̄�0

6̄
due to the absence of strong binding

forces in them. The channel coupling calculation of the two
color-spin configurations does not change the mass of
the state.

E. P-wave states T −
bb in other models

The P-wave states T−
bb in the three excited modes were

investigated in the potential chiral-diquark model [9]. The
states T−

bb were described as a three-body system composed
of two heavy quarks and an antidiquark only in the color
configuration 3̄ ⊗ 3. The P-wave excited states T−

bb with
0−, 1−, and 2− in the excited λ mode were investigated in a
constituent quark model [10], where the four-body problem
is solved in a variational method. None of the P-wave
bound states T−

bb can be found because their predicted
masses are much farther away from their corresponding
threshold [9,10]. The predicted masses for the 01− states in
the ρmode and λmode are over 100 MeV higher than those
of the present work because of the absence of meson
exchange interactions providing strong attractions, which is
held true for the ground state T−

bb with 01þ. The excited
state with 01− in the ξP mode is close to that in the r mode
of the present work because the meson exchange inter-
action is very weak [9].
The tetraquark states with diquark configuration include

two color configurations 3̄ ⊗ 3 and 6 ⊗ 6̄. The configu-
ration 3̄ ⊗ 3 is usually preferred over the configuration
6 ⊗ 6̄ in the studies of tetraquark states with diquark
configuration [15]. In fact, the configuration 6 ⊗ 6̄ plays
an important role in some systems, such as the fully heavy
tetraquark states [29,36,37]. For the S-wave state T−

bb with
diquark configurations, its main configuration is widely
regarded as 3̄ ⊗ 3 in various theoretical studies [3,4], which
is supported by the comparative research [27,34]. For the
P-wave states T−

bb in the r mode, the present comparative
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study indicates that the color configuration 6 ⊗ 6̄ instead of
3̄ ⊗ 3 is its dominant component [9]. In this way, the color
configuration 6 ⊗ 6̄ needs to be handled discreetly in the
tetraquark states.

V. SUMMARY

We study the P-wave excited states T−
bb in the isospin

singlet and three excited modes from diquarks with the
Gaussian expansion method in the quark model. We decode
the dynamical natures of the diquark ½bb�s1c1 , antidiquark
½ū d̄�s2c2 , and their correlations in the states T−

bb by decom-
posing the interactions from various sources in the quark
model. The ground state antidiquark ½ū d̄�03 can provide
extremely strong attractions coming from meson-exchange,
Coulomb, and chromomagnetic interactions. Those inter-
actions in the antidiquark ½ū d̄�s2c2 with other quantum
numbers are weak even repulsive. The Coulomb interaction
predominates the natures of the diquark ½bb�s1c1 , especially
½bb�1

3̄
and ½bb�0

3̄
(P wave), because the interaction is propor-

tional to 1
r and the large mass of b quarks allows two b

quarks to be as close as possible. The correlations between
the diquark ½bb�s1c1 and antidiquark ½ū d̄�s2c2 through the color-
electric interaction only depend on the color representations
of the states T−

bb. Either in the ground state or in the P-wave
states, the correlations in the color configuration 6 ⊗ 6̄ are
stronger than those in the color configuration 3̄ ⊗ 3.

The dominant color-spin configurations of the states T−
bb

with 3Pλ
0;1;2 and

1Pρ
1 are ½bb�13̄½ū d̄�03 and ½bb�0

3̄
½ū d̄�03, respec-

tively, which are more than 99%. In strong contrast, those
of the state T−

bb with
1Pr

1 is ½bb�06½ū d̄�06̄ instead of ½bb�13̄½ū d̄�13,
which indicates that the color configuration 6 ⊗ 6̄ needs to
be handled discreetly in the tetraquark states. The mass of
the state with 11Pρ

1 is 18 MeV lower than the threshold B̄B̄
so that it can form a compact bound state. The meson-
exchange and chromomagnetic interactions in the antidi-
quark ½ū d̄�03 are responsible for its binding mechanism. The
masses of the other two excited modes are higher than their
respective threshold so that they may be resonances.
The discovery of the state Tþ

cc has opened a new window
for the doubly heavy tetraquark states. The current study
on the states T−

bb may be beneficial to understand their
underlying behaviors and nonperturbative QCD dynamics.
We sincerely expect more theoretical and experimental
investigations to inspect the tetraquark states from various
perspectives in the near future.
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