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The bottomonium spectrum is systematically studied within an unquenched quark model. Based on a
good description of both the masses and widths for the well-established states, we further give predictions
for the higher S-, P-, and D-wave bottomonium states up to a mass region of ∼11.3 GeV. For the vector
states, the S-D mixing and dielectron decays are studied. Additionally, to understand the role of the higher
vector resonances in the eþe− annihilation reaction, we evaluate the cross section by combining our quark
model predictions for the mass, dielectron, and strong decay properties. It is found that (i) The mass shifts
of the high-bb̄ states due to the coupled-channel effects are on the order of a few tens of MeV; most of the
high-lying resonances contain significant non-bb̄ components. (ii) Theϒ1ð3D; 5D; 6DÞ states significantly
mix with ϒð4S; 6S; 7SÞ, respectively, which is mainly induced by the intermediate hadronic loops. (iii) The
non-bb̄ components will lead a significant suppression for the dielectron decay widths of some vector
resonances. (iv) The threshold effects of open-bottom meson pairs can cause rich bump structures in the
cross section of eþe− → bb̄. Our model shows that the ϒð10753Þ may arise from threshold effects due to
the strong coupling between ϒð4SÞ and B̄�B�.

DOI: 10.1103/6x3t-x15s

I. INTRODUCTION

The bottomonium (bb̄) spectrum was initially estab-
lished with the discovery of three vector states ϒð1SÞ,
ϒð2SÞ, and ϒð3SÞ by the E288 Collaboration at Fermilab
in 1977 through the proton-nucleus collisions [1,2].
Subsequently, these vector states can be produced by the
eþe− collisions at the Cornell Electron Storage Ring
(CESR). In the early 1980s, the low-lying P-wave states
χbJð1PÞ [3,4] and χbJð2PÞ [5,6] (J ¼ 0, 1, 2) were
established by the radiative decay processes of ϒð2SÞ
and ϒð3SÞ, respectively. Since then, more and more
bottomonium states have been discovered below the B̄B
threshold, including ηbð1S; 2SÞ, hbð1P; 2PÞ, χb1;2ð3PÞ, and
ϒ2ð1DÞ as listed in the Review of Particle Physics by the

Particle Data Group (PDG) [7]. However, above the B̄B
threshold, until now only four vector resonancesϒð10580Þ,
ϒð10750Þ, ϒð10860Þ, and ϒð11020Þ have been observed
by the eþe− collision experiments carried out at CESR,
CLEO, BABAR, and Belle [8–14].
Theoretically, the bottomonium spectrum has been

studied by using many approaches and models, such as
lattice QCD (LQCD) [15–17], QCD sum rules [18,19],
Bethe-Salpeter equation [20], light-front quark model [21–
23], relativistic flux tube model [24], various potential
models [25–40], and so on. All of the observed bb̄ states
below the B̄B threshold together with the ϒð10580Þ
slightly above the B̄B threshold can be well described in
theory. However, for the resonances far above the B̄B
threshold, ϒð10750Þ, ϒð10860Þ, and ϒð11020Þ, there still
exist some controversies about the nature. For example, the
ϒð10860Þ and ϒð11020Þ are commonly explained as the
ϒð5SÞ and ϒð6SÞ, respectively; however, they were sug-
gested as the bb̄ 5S − 4Dmixed states in a recent work [36]
due to a congruent matching for both masses and leptonic
widths. For the ϒð10753Þ, one difficultly explains it as any
conventional S-wave or D-wave bb̄ states with JPC ¼ 1−−

[24,28,31,39,41–43]. Thus, many explanations for the
ϒð10753Þ, such as a mixed state via ϒð4SÞ-ϒ1ð3DÞ or
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ϒð5SÞ-ϒ1ð4DÞ mixing [43–46], a hybrid [47,48], a tetra-
quark state [49–52], have been raised in the literature.
The puzzle surrounding these high-lying states

ϒð10750Þ, ϒð10860Þ, and ϒð11020Þ may mainly arise
from neglecting the “unquenched coupled-channel effects”
from the open-bottom meson pairs within in the conven-
tional quark model. These effects can play a crucial role in
the excited bb̄ states above the B̄B threshold. In order to
include the coupled-channel effects on the mass spectrum,
some screened potential models have been proposed in the
literature [30,31,39,42,53,54], where the widely used linear
confinement potential is replaced by a screened form.
However, a recent study of the charmonium spectrum
[55] has revealed that the mass shifts predicted by a
detailed treatment of coupled-channel effects do not follow
the typical increasing trend from lower to higher states as
often observed in screened potential models. A key aspect
of the coupled-channel dynamics is the involvement of
multiple channels with varying thresholds, which are
unevenly spaced relative to the mass of the bare valence
state. Additionally, states with different quantum numbers
couple to distinct channels, each with different coupling
strengths. As a result, the mass shifts for various bare states
induced by these effects are generally unordered, posing a
challenge for simple screened potential models to accu-
rately capture these complexities. Thus, a systematic study
of the bottomonium spectrum by seriously including the
coupled-channel effects within an unquenched quark model
is necessary.
The unquenched coupled-channel effects on hadron

spectrum have been discussed for over four decades.
Several pioneering works can be found in Refs. [56–60].
In the past decade, the coupled-channel effects on the
bottomonium spectrum have been also widely discussed in
the literature [41,61–68]. It should be emphasized that in
these studies the coupled-channel effects mostly focus on
the contributions from the ground meson pairs, B̄B, B̄B�,
B̄�B�, B̄sBs, B̄sB�

s , and B̄�
sB�

s ,
1 while the high-lying

channels involving excited bottom mesons are neglected.
In this work, we further study the bottomonium spectrum
within an unquenched quark model, which has achieved a
good description of the both the heavy-light meson and
charmonium spectrum, recently [55,69]. In this unquen-
ched quark model, all of the Okubo-Zweig-Iizuka (OZI)-
allowed channels with mass thresholds below the bare
states, as well as nearby virtual channels, are included,
while the contributions from the channels lying far above
the bare states are subtracted from the dispersion relation by
redefining the bare mass with the once-subtracted method
[70]. Furthermore, a factor is adopted to suppress the
unphysical contributions of the coupled-channel effects in

the high-momentum region as done in the literature
[55,69,71–79].
On the other hand, the dielectron decay widths of vector

bb̄ states are crucial for understanding their production
rates in the eþe− → hadron process and for revealing their
intrinsic nature. Several studies [28,30,31,36,39,80–82]
have analyzed the dielectron widths of vector bb̄ states,
many of which consider the S-D mixing effect, a phe-
nomenon that significantly influences the dielectron decay
width. However, these studies often overlook the under-
lying dynamic mechanisms responsible for S-D mixing,
with the mixing angle typically introduced arbitrarily. The
generation of this mixing angle, induced by intermediate
mesonic loops, has been discussed by Törnqvist et al.
[58,59] and Lu et al. [63]. However, their analyses are
primarily focused on ground-state BðsÞ mesons, considering

B̄ð�Þ
ðsÞB

ð�Þ
ðsÞ loops. Due to the limited number of coupling

channels considered, these studies are restricted in scope
and do not fully explore these effects for vector bb̄ states.
Therefore, a comprehensive and systematic investigation

of the mass spectra, strong decays, and dielectron decay
properties of bottomonium, within a unified framework that
incorporates unquenched coupled-channel effects, is cur-
rently essential. The main purposes of this work are as
follows: (i) To obtain a more comprehensive understanding
of the bb̄ spectrum within the unquenched quark model.
The strong decay properties, the mass shifts, and the bb̄-
core components for the high-lying states are systemati-
cally evaluated in a unified unquenched framework. (ii) To
better understand the S-D mixing dynamic mechanisms for
the vector states. The S-D mixing induced by the tensor
force and the intermediate hadronic loops i studied, and the
mixing angles are evaluated by using these two different
mechanisms. (iii) To deepen our understanding of the
dielectron decay properties of vector states in the
unquenched framework. The dielectron decay widths are
evaluated by considering both the S-D mixing effects and
the corrections from the non-bb̄ components due to the
coupled-channel effects. (iv) To explore the roles of the
high-lying vector resonances and the threshold effects of
the open-bottom meson pairs in the total cross section of
the eþe− → bb̄ reaction. By combining the dielectron
decay widths and spectral density functions derived within
the unquenched framework, the cross section for eþe− →
bb̄ is estimated. Then, the roles of the vector resonances
and threshold effects are shown by the line shape of the
cross section.
The paper is organized as follows. In Sec. II, we give an

introduction of the framework of the unquenched quark
model including coupled-channel effects. The mass spec-
trum of the S-, P-, and D-wave bottomonium states up to a
mass region of ∼11.3 GeV is presented, and related issues
are discussed. In Sec. IV, the two-body OZI-allowed strong
decay properties for the high-lying bb̄ resonances are given

1For convenience, throughout the paper we adopt abbrevia-
tions B̄B�, B̄sB�

s , and etc. to stand for the B̄B� þ c:c:,
B̄sB�

s þ c:c:, and etc., respectively.
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and discussed. In Secs. V and VI, the S-D mixing and
electron decay widths for the vector resonances are evalu-
ated, respectively. In Sec. VII, we further discuss the role of
the high-lying bb̄ vector resonances in the cross section of
the eþe− annihilation reaction. Finally, a summary is given
in Sec. VIII.

II. UNQUENCHED QUARK MODEL

A. Hamiltonian for bare states

The bare masses of bb̄ states are calculated in a quenched
semirelativistic potential model. In this model, the effective
Hamiltonian is

H0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q21 þm2

b

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q22 þm2

b̄

q
þ V0ðrÞ þ VsdðrÞ; ð1Þ

where q1 and q2 is the three momenta of quark and
antiquark, respectively. r is the distance between quark
and antiquarks, with mb and mb̄ representing their respec-
tive masses. The V0ðrÞ is spin-independent effective
potential and adopts the well-known Cornell form [56]

V0ðrÞ ¼ −
4

3

αs
r
þ brþ C0; ð2Þ

which includes the color Coulomb interaction, linear
confinement, and zero-point energy C0. The spin-depen-
dent part VsdðrÞ adopts the widely used form [27,83]

VsdðrÞ ¼
32παs · σ3e−σ

2r2

9
ffiffiffiffiffi
π3

p
mbmb̄

Sq · Sq̄

þ 4

3

αs
mbmb̄

1

r3

�
3Sq · rSq̄ · r

r2
− Sq · Sq̄

�
þHLS:

ð3Þ

This part includes the spin-spin contact hyperfine potential,
tensor potential, and spin-orbit interaction. The spin-orbit
interaction further decomposes into symmetric and anti-
symmetric terms, given as HLS ¼ Hsym þHanti, with

Hsym ¼ Sþ ·L
2

��
1

2m2
b

þ 1

2m2
b̄

��
4αs
3r3

−
b
r

�
þ 8αs
3mbmb̄r

3

�
;

ð4Þ

Hanti ¼
S− ·L

2

�
1

2m2
b

−
1

2m2
b̄

��
4αs
3r3

−
b
r

�
: ð5Þ

In these equations, L is the orbital angular momentum of
the bb̄ system; S� ≡ Sb � Sb̄, Sb and Sb̄ are the spins of the
quark and antiquark, respectively. It should be emphasized
that the antisymmetric term Hanti has no contribution to the
mass of bb̄ states since the masses of quark and antiquark
are equal. The parameter set fαs; b;mb=b̄; σg in the above

potentials is determined by fitting the spectrum of low-
lying bottomonium states. In this work, we solve the radial
Schrödinger equation using the Gaussian expansion
method [84]. The detailed discussions on the numerical
calculation techniques involving the Gaussian expansion
method can be found in our previous work [78].

B. Coupled-channel effects

A bare state jAi described within the quenched quark
model can further couple to the two-hadron continuum BC
via hadronic loops, as illustrated in Fig. 1. The wave
function of the physical state jΨðMÞi with the mass
eigenvalue M is written as

jΨðMÞi ¼ cAðMÞjAi þ
X

BC

Z
cBCðp;MÞd3pjBC; pi; ð6Þ

where p ¼ pB ¼ −pC is final two-hadron relative momen-
tum in the initial hadron static system; cAðMÞ and
cBCðp;MÞ denote the probability amplitudes of the bare
valence state jAi and the continuum state jBC; pi,
respectively.
The full Hamiltonian for the jΨðMÞi is written as

H ¼ H0 þHc þHI; ð7Þ

where H0 is the Hamiltonian for describing the bare state
jAi based on the quark level, which has been given by
Eq. (1).Hc is the Hamiltonian for describing the continuum
state jBC; pi. In principle, Hc should include the kinetic
energy of the continuum state and the interaction part
between two continuum states. However, due to the
interactions between continuum states involving many
unknown parameters, such as the interaction potentials
of the t and u channels, the currently very limited bb̄
bottomonium spectrum data are insufficient to extract

(a)

(b)

FIG. 1. The BC hadronic loop coupled to a bare meson state
jAi, drawn at (a) the hadronic level and (b) the quark level.
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information about these interactions. Theoretically, we
could incorporate these interactions into HI; therefore,
Hc here only includes the kinetic energy term as follows:

HcjBC; pi ¼ EBCjBC; pi; ð8Þ

where EBC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

B þ p2
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

C þ p2
p

is the kinetic
energy of the jBC; pi continuum state.
The term HI plays a crucial role in describing the

coupling between the bare state jAi and the jBC; pi
continuum components. In this work, we adopt the widely
used 3P0 model [85–87] to depict the interactionHI. Within
the 3P0 model, the operator is expressed as

HI ¼ −3γ
ffiffiffiffiffiffiffiffi
96π

p X

m

h1m1 −mj00i
Z

dp3dp4δ3ðp3 þ p4Þ

× Ym
1

�
p3 − p4

2

�
χ341−mϕ

34
0 ω34

0 b†3iðp3Þd†4jðp4Þ; ð9Þ

where γ is a dimensionless constant that denotes the
strength of the quark-antiquark pair creation with momen-
tum p3 and p4 from vacuum; b†3iðp3Þ and d†4jðp4Þ are the
creation operators for the quark and antiquark, with indexes
i and j for the SU(3)-color indices of the created quark and
antiquark, respectively; ϕ34

0 ¼ ðuūþ dd̄þ ss̄Þ= ffiffiffi
3

p
and

ω34
0 ¼ δij=

ffiffiffi
3

p
correspond to flavor and color singlets,

respectively; χ341−m is a spin triplet state; and YlmðkÞ≡
jkjlYlmðθk;ϕkÞ is the lth solid harmonic polynomial.
More details of the 3P0 model can be found in our previous
works [88,89].
The Schrödinger-like equation of the composite hadron

including coupled-channel effects is expressed as

�
H0 HI

HI Hc

�� cAðMÞjAi
P

BC

R
cBCðp;MÞd3pjBC; pi

�

¼ M

� cAðMÞjAi
P

BC

R
cBCðp;MÞd3pjBC; pi

�
: ð10Þ

This equation gives rise to a system of coupled equations
for cA and cBCðp;MÞ:

cAðMÞMAþ
X

BC

Z
cBCðp;MÞd3phAjHIjBC;pi¼ cAðMÞM;

ð11Þ

cAðMÞhBC; p0jHIjAi þ
Z

cBCðp;MÞdp03EBCδ
3ðp0 − pÞ

¼ cBCðp0;MÞM: ð12Þ

Deriving cBCðp;MÞ from Eq. (12), and substituting it into
Eq. (11), we obtain the hadronic self-energy as follows:

gðMÞ ¼
X

BC

gBCðMÞ

¼
X

BC

Z
∞

0

jfðpÞj2
M − EBC þ iϵ

p2dpdΩp

¼
X

BC

Z
∞

0

jMA→BCðpÞj2
M − EBC þ iϵ

p2dp; ð13Þ

where fðpÞ ¼ hBC; pjHIjAi, and gBCðMÞ represents the
self-energy of the partial channel BC.
It should be emphasized that the infinitesimal term

iϵðϵ → 0þÞ is introduced in the self-energy function to
properly deal with the kinematic region where M > mBþ
mC. In this case, the self-energy function becomes
complex:

gðMÞ ¼ RegðMÞ − i Im gðMÞ: ð14Þ

The real part, RegðMÞ, represents the mass shift induced
by the coupling to intermediate hadronic channels. It is
given by

ΔMðMÞ ¼
X

BC

P
Z

∞

0

jMA→BCðpÞj2
M − EBC

p2dp; ð15Þ

where P is the principal part integral. It should be empha-
sized that calculating the mass shift while considering an
infinite number of channels is practically insurmountable.
In our calculations, we included all OZI-allowed two-body
hadronic channels with mass thresholds below the bare jAi
states. In addition, we include channels whose thresholds
lie slightly above the bare mass, within an upper limit of
100 MeV. This choice is motivated by the fact that the bare
masses predicted by potential models inherently carry
uncertainties of several tens of MeV. Due to these uncer-
tainties, certain channels may correspond either to open-
flavor thresholds or to nearby virtual channels. Moreover,
channels located close to the bare mass may couple to the
bottomonium state via S wave and induce sizable mass
shifts. Therefore, we include virtual meson pairs whose
thresholds lie within 100 MeV above the predicted bare
bottomonium mass to account for the most relevant
coupled-channel effects. This upper limit is consistent with
the typical uncertainty scale of potential models and
ensures the inclusion of channels most likely to induce
significant mass shifts. Unfortunately, with the current
model and the limited experimental input, we cannot
distinguish the contributions of all the hadron channels,
and in this situation, the best optimal choice is to include
the several closest channels. By contrast, virtual channels
with thresholds far above the bare jAi state are treated
separately using the once-subtracted dispersion relation
formalism, following Refs. [55,69,70,90,91]. These high-
lying channels are numerous, and their effects vary slowly
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across different states. As a result, their cumulative con-
tribution can be well approximated by a constant, which
can be absorbed into a redefinition of the bare mass.
Adopting the once-subtracted approach, the hadronic

mass shift can be rewritten as [55,69]

ΔMðMÞ¼
X

BC

P
Z

∞

0

ðM0−MÞjMA→BCðpÞj2
ðM−EBCÞðM0−EBCÞ

p2dp: ð16Þ

Here, M0 represents the subtracted zero point, which is
typically the mass of a bb̄ state nearly unaffected by
intermediate hadronic loops. In this work, we choose
ϒð1SÞ as the subtracted zero point with a value of
M0 ¼ 9460 MeV. It is important to emphasize that the
choice of M0 has minimal impact on our predictions of the
mass shifts. The reason for this lies in the factor F≡
ðM0 −MÞ=½ðM − EBCÞðM0 − EBCÞ� depending on M0 in
the mass shift as shown in Eq. (16). This factor can be
expressed as F ¼ 1=½ðM − EBCÞð1 − M−EBC

M−M0
Þ�. Note that the

mass shift ΔMðMÞ is primarily influenced by the integral
around the pole position M ∼ EBC, where M − EBC ≃ 0.
Since the subtracted zero-pointM0 is usually far below EBC

(i.e., M −M0 ∼ EBC −M0 ≫ 0), it follows that M−EBC
M−M0

∼ 0.
Therefore, the factor F is not significantly sensitive to the
selection of M0. In other words, the mass shift ΔMðMÞ
determined by the coupled-channel equation is not sensitive
to the chosen subtraction point.
The coupled-channel equation is obtained from

Eq. (11), i.e.,

M ¼ MA þ ΔMðMÞ: ð17Þ

Combining Eqs. (16) and (17), one can determine the
physical mass M and the mass shift ΔMðMÞ simultane-
ously. However, it should be emphasized that when using
the Eq. (16) to calculate the mass shift, the contribution in
the higher-p region may be nonphysical because the quark
pair-production rates via the nonperturbative interactionHI
should be suppressed [72,73,78]. The effective approach to
overcome this difficulty is to introduce a suppressed factor
into the transition amplitudes, i.e.,

hBC; pjHIjAi → hBC; pjHIe−p
2=ð2Λ2ÞjAi; ð18Þ

where Λ is the cutoff parameter. In this work, we adopt
Λ ¼ 0.78 GeV to be consistent with our recent studies of
heavy-light meson [69] and charmonium spectra [55]. This
value is also comparable to Λ ¼ 0.84 GeV used in the
literature [74,75,92]. In fact, a similar suppression factor,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Λ2=ðΛ2 þ q2Þ

p
, is widely adopted in the study of hadron

spectra and hadron-hadron interactions within the chiral
quark model [54,93–97]. This suppression factor is related
to the dynamics of quark-antiquark pair creation in the
vacuum. The cutoff parameter Λ determines the scale at

which chiral symmetry is broken. The typical range of Λ is
around 0.8� 0.2 GeV [54,93–97].
If the physical mass of the initial hadron exceeds the

threshold of the final states B and C, i.e., M > mB þmC,
the strong decay process A → BC will occur. The partial
decay width for this process is given by

ΓBC ¼ 2π
jpjEBEC

M
jMA→BCðpÞj2: ð19Þ

According to the optical theorem, the imaginary part of the
hadronic self-energy, Im gðMÞ, can be related to the decay
process through the cutting of the hadronic loop diagram,
as shown in Fig. 1. This imaginary part is determined by the
same transition amplitude MA→BCðpÞ that governs the
decay and satisfies the relation Im gBCðMÞ ¼ ΓBC=2. It is
important to emphasize that both the mass shift and the
decay width are determined by the same strong transition
mechanism, i.e., the 3P0 model, and by using consistent
wave functions and parameters. Therefore, in our model,
the real and imaginary parts of the self-energy are not
independent, but instead emerge from a unified theoretical
framework.
For the low-lying bb̄ states, whose mass is smaller than

the threshold of the lowest open-bottom channel, the
derivative of the self-energy is associated with the prob-
ability of finding the bare state within the wave function of
the physical state. The component of the bb̄ core is
determined by [98]

Pbb̄ ≡ jcAj2 ¼
�
1 −

∂

∂M
gðMÞjM¼Mphy

�
−1
: ð20Þ

The above equation can also be readily derived from the
normalization of the wave function of the bound state [99].
Furthermore, the probability of the presence of a BC
hadron pair is determined by

PBC ≡ jcBCj2 ¼ −jcAj2
∂

∂M
gBCðMÞjM¼Mphy

: ð21Þ

On the other hand, for the high-lying bb̄ resonances,
which have one or more OZI-allowed two-body strong
decay channels, Eqs. (20) and (21) are invalid for calculat-
ing the components of physical states, because the wave
function of the scattering state cannot be normalized
directly. To address this, a method known as the “spectral
density function” provides an effective scheme for estimat-
ing the probability density of the bare-state component.
This approach was originally introduced in Ref. [100] and
further developed in Refs. [99,101–106]. The spectral
density near a resonance is given by

ωRðMÞ ¼ 4πjpjEBEC

EBC
jcAðMÞj2: ð22Þ
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Here, cAðMÞ represents the probability density of a bare
state within the spectral density function, determined as

cAðMÞ ¼ f�ðpMÞ
M −MA − gðMÞ : ð23Þ

Substituting Eq. (23) into Eq. (22), one can obtain

ωRðMÞ ¼ 1

2π

ΓR

ðM −MRÞ2 þ Γ2
R=4

; ð24Þ

where MR and ΓR ≡P
BC ΓBC denote the mass and width

of the resonance, respectively. It is easy to see that the
spectral function in this case is the well-known Breit-
Wigner form. For a physical resonance state with a complex
energy MR − iΓR=2, the probability of the bb̄ core is
estimated to be

Pbb̄ ¼
Z

MRþΔ

MR−Δ
ωðMÞdM; ð25Þ

where Δ is the integral interval that we choose. If the
spectral function around the resonance pole shows a typical
Breit-Wigner line shape, we take Δ ¼ ΓR as usually
adopted in the literature [99]. However, the line shape of
the spectral function around the resonance pole is often
distorted by the strong couplings of multiple channels to the
bare bb̄ state, which is not a typical Breit-Wigner form. In
this case, to obtain more reliable predictions, the integration
interval is chosen by combining the line shape of the
spectral functions near the physical poles.

C. Model parameters

In our calculations, the potential model Hamiltonian H0

incorporates six parameters, fb; αs; mb; σ; C0; rcg, which
define the interactions within the quenched framework.
Additionally, the effective interaction HI in the 3P0 model
includes a single parameter γ, representing the quark-
antiquark pair-creation strength in vacuum.
The parameters of the potential model are specified as

follows: b ¼ 0.180 GeV2, αs ¼ 0.372, mb ¼ 4.80 GeV,
σ ¼ 2.42 GeV, and C0 ¼ −35.0 MeV. In our model, b
is fixed at a typical value 0.180 GeV2, commonly used in
relativistic potential models [27,107–109]. The bottom
quark mass mb is fixed at 4.80 GeV to ensure consistency
with our previous study on B and Bs mesons spectrum [69].
Consequently, only three parameters, αs, σ, and C0, are
treated as adjustable. These parameters are determined by
minimizing a χ2 function defined with respect to the masses
of well-established bb̄ states far below the open-bottom
threshold:

χ2 ¼
X

n

ðMthðnÞ −MexpðnÞÞ2
MerrðnÞ2

: ð26Þ

Here, Mth, Mexp, and Merr represent the theoretical mass,
experimental mass, and experimental uncertainty, respec-
tively. During the fitting, αs and C0 mainly control
the overall mass scale of low-lying bottomonium states.
The parameter σ, which appears in the spin-spin potential,
is primarily constrained by the hyperfine splitting
M½ϒð1SÞ − ηbð1SÞ�exp ≃ 61 MeV. The resulting compari-
son between theoretical predictions and experimental data
is presented in Table I, yielding a total χ2 value of 61.5.
It should be emphasized that stable solutions for some

states cannot be obtained due to the singularity of the 1=r3

term in the spin-orbit and tensor potentials. To address
this issue, we introduce a cutoff distance rc, following
the method adopted in Refs. [42,43,78,89,110,111].
Specifically, in the region r ≤ rc, the divergent term
1=r3 is replaced by a constant 1=r3c. The 13P0 state is
particularly sensitive to the choice of rc, due to its large
spin-orbit factor hSþ ·Li. To determine the optimal value
of rc, we fit the observed fine splitting M½χb1ð1PÞ −
χb0ð1PÞ�exp ≃ 33 MeV using the perturbative approach as
adopted in Refs. [89,111]. This procedure yields
rc ¼ 0.101 fm. In the perturbative approach, the spin-orbit
and tensor interactions with the 1=r3c term are treated as
small corrections. The procedure involves four steps:
(i) solving the system without 1=r3c terms to obtain the
zeroth-order mass M0 and the corresponding wave func-
tion; (ii) computing the mass correction δM using the
perturbative terms; (iii) adding the correction to obtain the
total mass M ¼ M0 þ δM; and (iv) determining the cutoff
parameter rc by fitting the total mass M. While the
perturbative method provides accurate mass estimates, it
neglects the feedback of spin-dependent interactions on the

TABLE I. The model parameter determination by fitting the
masses of the well-established states with the minimum χ2

method. The errors of the observed masses are uniformly taken
as Merr ¼ 5 MeV. The unit of mass is MeV.

Number n2Sþ1LJ Observed state Mexp [7] Merr Mth

1 11S0 ηbð1SÞ 9399 5 9399
2 13S1 ϒð1SÞ 9460 5 9460
3 21S0 ηbð2SÞ 9999 5 9991
4 23S1 ϒð2SÞ 10023 5 10013
5 33S1 ϒð3SÞ 10355 5 10348
6 13P0 χb0ð1PÞ 9859 5 9877
7 11P1 hbð1PÞ 9899 5 9916
8 13P1 χb1ð1PÞ 9893 5 9910
9 13P2 χb2ð1PÞ 9912 5 9930
10 23P0 χb0ð2PÞ 10233 5 10233
11 21P1 hbð2PÞ 10260 5 10261
12 23P1 χb1ð2PÞ 10255 5 10258
13 23P2 χb2ð2PÞ 10269 5 10273
14 13D2 ϒ2ð1DÞ 10164 5 10162

χ2 61.5
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wave function. By introducing the cutoff rc, these effects
can be included nonperturbatively. This allows both the
mass and the wave function to be consistently corrected by
the spin-orbit and tensor potentials.
In our calculations of strong decay widths, the wave

functions of the initial bb̄ states are adopted from our quark
model predictions. For the final B and Bs mesons in a decay
process, the wave functions are adopted from the pre-
dictions of our previous work [69]. To be consistent with
the mass calculations within the potential model, the
bottom quark mass is adopted as mb ¼ 4.80 GeV. For
the light quark masses, we adopt mu;d ¼ 0.35 GeV and
ms ¼ 0.55 GeV, which are consistent with those adopted
for the calculations of the B- and Bs-meson spectra [69].
For the well-established hadrons involved in the final states,
the masses are adopted from the averaged values from the
PDG [7], while for the missing states, the masses are
adopted from the theoretical predictions in a recent work
[69]. The creation quark pair strength γ ¼ 0.482 within the
3P0 model is determined by fitting the measured width of
ϒð10580Þ → B̄B ¼ 20.5 MeV [7].

III. MASS SPECTRUM

The mass spectrum obtained from the unquenched quark
model is given Table II, where some other model predictions
are also listed for comparison. Furthermore, the theoretical
mass spectrum compared with the data is plotted in Fig. 2. It
is shown that the observed bottomonium spectrumbelow the
B̄B threshold can be well described within the quark model.
Above the B̄B threshold, four vector resonances ϒð10580Þ,
ϒð10753Þ,ϒð10860Þ, andϒð11020Þ are observed in experi-
ments. The masses of the ϒð10580Þ and ϒð11020Þ can be
well understood in theory with the ϒð4SÞ and ϒð6SÞ
assignments in the unquenched quark model framework.
Assigning the ϒð10860Þ to the ϒð5SÞ state, our predicted
mass is about 30 MeV lower than the PDG average value
Mexp ¼ 10885 MeV. At last, the ϒð10753Þ cannot be
reasonably explained with any vector bottomonium states.
If assigning it to the 33D1 state, our predicted mass is about
100 MeV lower than the measured value.
Furthermore, in Table III, we present our predictions for

the hyperfine splittings of some S-wave states and the fine
splittings of some P-wave states. For comparison, we also
list the data and the predictions from other works [28–
30,39,42] in the same table. It is seen that our predicted
mass splittings are in good agreement with the observa-
tions. It is worth noting that after including the unquen-
ched coupled-channel effects, our predicted splittings
of mð43S1Þ −mð33S1Þ, mð53S1Þ −mð43S1Þ, and mð63S1Þ −
mð53S1Þ are more in agreement with the observations.

A. Mass shift due to coupled-channel effects

The bare masses of the high-bb̄ states may be signifi-
cantly shifted to the physical points due to some strong

couplings to their nearby strong decay channels. In Table II,
we give our predictions of the mass shifts contributed by
these coupled-channel effects. It is found that these effects
may contribute a sizable mass correction (∼tens of MeV) to
some high-lying states. It should be highlighted for under-
standing the ϒð10580Þ and ϒð11020Þ states. It is based on
mass shifts due to coupled-channel effects; the masses of
ϒð4SÞ and ϒð6SÞ experience shifts of about −40 and
−60 MeV, respectively. In contrast to the original quark
model predictions that did not account for the coupled-
channel effects [27,29], these mass shifts align much more
closely with experimental measurements, providing a solid
theoretical foundation for understanding these two states.
Later, from their component analysis, ϒð11020Þ indeed
shows rich continuum components. The contributions of
each coupled channel to the mass shifts of the bare states
are given in Tables IV–IX.

B. Components of physical states

The physical states with high masses may contain
significant continuum components of open-bottom meson
pairs. Within the unquenched framework, we estimate the
bb̄-core components for the nS (n ¼ 4, 5, 6, 7), nP, and nD
(n ¼ 3, 4, 5, 6) states. The results are given in Table II. It
should be pointed out that for the ηbð4SÞ and 3P states,
since the masses are slightly below the lowest threshold of
their opened-bottom decay channels, their bb̄ -core and
-continuum components are estimated with Eqs. (20) and
(21), while for the other high-mass resonances which
have OZI-allowed two-body strong decay channels, their
bb̄-core components are evaluated with Eq. (25) by combi-
ning the spectral-density functions.
Our results show that for the well-established reso-

nance ϒð10580Þ, besides the dominant bb̄ component,
Pbb̄ ≃ 60%, the B̄B� þ B̄�B� component may reach up to a
fairly large value ∼40%. While the ϒð11020Þ resonance
may be a continuum-rich state, the bb̄-core component is
only ∼40%. Generally, from Table II, it is found that the 4S,
5S, and 7S states may be bb̄-dominant states with a
component of Pbb̄ ≃ 55–75%; however, for the 6S states
the bb̄ component is estimated to be only a small value
∼40%. The small bb̄-core components are also predicted
for the 6P and 5D states, which are in the range of 10–40%.

C. Two-pole structures

It is interesting to note that two-pole structures arise from
the ϒ3ð3DÞ, ϒ3ð5DÞ, and ηb2ð5DÞ states when coupled-
channel effects are considered. This phenomenon is similar
to that observed in the case of χc1ð2PÞ [55].
First, let us focus on the ϒ3ð3DÞ state. Nearby the

threshold of B̄�B� channel, since the ϒ3ð3DÞ couples
strongly to this channel, as shown in the upper panel of
Fig. 8, there exists a notable dip of the mass shift function
ΔMðMÞ. By solving the coupled-channel equation (17), we
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TABLE II. Our theoretical masses (MeV) are compared with experimental data and predictions from other quark models. The mass
spectrum is presented within both quenched (Q) and unquenched ðUQÞ frameworks. The mass shifts due to the coupled-channel effects
are denoted as ΔM. For the low-lying states having no strong decay two-body open-bottom meson channels, the mass corrections due to
the coupled-channel effects are absorbed in the mass parameters with the once-subtracted method; thus, no mass shifts are given. In the
unquenched pictures, the bb̄-core components evaluated for the resonances are denoted as Pbb̄ð%Þ.
n2Sþ1LJ JPC Q ΔM UQ Pbb̄ Experiment [7] LC [30] EFG [29] WSLM [39] DLGZ [42] GI [27]

31S0 0−þ 10334 − 10334 − � � � 10330 10329 10336 10326 10336
41S0 0−þ 10608 −37 10571 68 � � � 10595 10573 10597 10584 10623
43S1 1−− 10619 −40 10579 61 10579 10611 10586 10612 10597 10635
51S0 0−þ 10846 −6 10840 53 � � � 10817 10851 10810 10800 10869
53S1 1−− 10856 −2 10854 75 10885 10831 10869 10822 10811 10878
61S0 0−þ 11062 −55 11007 35 � � � 11011 11061 10991 10988 11097
63S1 1−− 11071 −56 11015 37 11000 11023 11088 11001 10997 11102
71S0 0−þ 11262 −8 11254 60 � � � 11183 � � � 11149 � � � � � �
73S1 1−− 11269 −10 11259 55 � � � 11193 � � � 11157 � � � � � �
33P0 0þþ 10514 −16 10498 84 � � � 10502 10521 10513 10490 10522
31P1 1þ− 10538 −17 10521 88 � � � 10529 10544 10530 10519 10541
33P1 1þþ 10536 −22 10514 86 10513 10524 10541 10527 10515 10538
33P2 2þþ 10550 −27 10523 85 10524 10540 10550 10539 10528 10550
43P0 0þþ 10758 þ14 10772 53 � � � 10732 10781 10736 � � � 10775
41P1 1þ− 10780 −1 10779 50 � � � 10757 10804 10751 � � � 10790
43P1 1þþ 10777 −2 10775 49 � � � 10753 10802 10749 � � � 10788
43P2 2þþ 10790 þ1 10791 60 � � � 10767 10812 10758 � � � 10798
53P0 0þþ 10978 −21 10957 74 � � � 10933 � � � 10926 � � � 11004
51P1 1þ− 10998 −40 10958 51 � � � 10955 � � � 10938 � � � 11016
53P1 1þþ 10996 −30 10966 58 � � � 10951 � � � 10936 � � � 11014
53P2 2þþ 11008 −32 10976 47 � � � 10965 � � � 10944 � � � 11022
63P0 0þþ 11182 þ25 11207 46 � � � � � � � � � 11090 � � � � � �
61P1 1þ− 11199 þ6 11205 44 � � � � � � � � � 11101 � � � � � �
63P1 1þþ 11198 þ5 11203 56 � � � � � � � � � 11099 � � � � � �
63P2 2þþ 11209 þ7 11216 37 � � � � � � � � � 11106 � � � � � �
13D1 1−− 10154 − 10154 − � � � 10145 10154 10153 10146 10138
11D2 2−þ 10163 − 10163 − � � � 10152 10163 10163 10153 10148
13D3 3−− 10167 − 10167 − � � � 10156 10166 10170 10157 10155
23D1 1−− 10440 − 10440 − � � � 10432 10435 10442 10425 10441
21D2 2−þ 10449 − 10449 − � � � 10439 10445 10450 10432 10450
23D2 2−− 10448 − 10448 − � � � 10438 10443 10450 10432 10449
23D3 3−− 10454 − 10454 − � � � 10442 10449 10456 10436 10455
33D1 1−− 10688 −18 10670 62 � � � 10670 10704 10675 � � � 10698
31D2 2−þ 10697 −6 10691 91 � � � 10677 10713 10681 � � � 10706
33D2 2−− 10696 −11 10685 76 � � � 10676 10711 10681 � � � 10705
33D3 3−− 10702−52=þ 16 10650=10718 30=60 � � � 10680 10717 10686 � � � 10711
43D1 1−− 10911 −4 10907 68 � � � 10877 10949 10871 � � � 10928
41D2 2−þ 10920 þ6 10926 70 � � � 10883 10959 10876 � � � 10935
43D2 2−− 10919 −6 10913 72 � � � 10882 10957 10876 � � � 10934
43D3 3−− 10925 −7 10918 71 � � � 10886 10963 10880 � � � 10939
53D1 1−− 11116 −18 11098 33 � � � 11060 � � � 11041 � � � � � �
51D2 2−þ 11126−62= − 38 11064=11088 10=33 � � � 11066 � � � 11046 � � � � � �
53D2 2−− 11125 −44 11081 34 � � � 11065 � � � 11045 � � � � � �
53D3 3−− 11131−67= − 41 11064=11090 12=21 � � � 11069 � � � 11049 � � � � � �
63D1 1−− 11308 −6 11302 70 � � � � � � � � � � � � � � � � � �
61D2 2−þ 11318 −7 11311 76 � � � � � � � � � � � � � � � � � �
63D2 2−− 11317 −5 11312 72 � � � � � � � � � � � � � � � � � �
63D3 3−− 11323 −11 11312 64 � � � � � � � � � � � � � � � � � �
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obtain two physical solutions with masses 10650 and
10718 MeV; these two solutions correspond to the narrow
and broad resonance structures in the spectral function as

shown in the lower panel of Fig. 8, respectively. This
indicates that there may exist two physical states
ϒ3ð10650Þ and ϒ3ð10718Þ arising from the bare state

TABLE III. Our predicted hyperfine and fine splittings (MeV) in both quenched (Q) and unquenched (UQ) frameworks compared
with the data and other model predictions. The data are taken from the RPP [7].

Δm Q UQ Experiment [7] GM [28] EFG [29] LC [30] DLGZ [42] WSLM [39]

mð13S1Þ −mð11S0Þ 61 61 62.3� 3.2 63 62 71 70 65
mð23S1Þ −mð21S0Þ 22 22 24� 4 27 33 29 25 28
mð33S1Þ −mð31S0Þ 14 14 18 26 21 17 20
mð43S1Þ −mð41S0Þ 11 8 12 13 16 13 15
mð53S1Þ −mð51S0Þ 10 14 9 18 14 11 12
mð63S1Þ −mð61S0Þ 9 8 5 27 12 9 10
mð73S1Þ −mð71S0Þ 7 5 � � � � � � 10 � � � 8
mð33S1Þ −mð23S1Þ 335 335 331.5� 0.13 351 332 335 328 339
mð43S1Þ −mð33S1Þ 271 231 224.3� 1.7 280 231 260 254 256
mð53S1Þ −mð43S1Þ 237 275 305.8þ3.8

−2.8 243 283 220 214 210
mð63S1Þ −mð53S1Þ 215 161 114.8þ6.6

−5.6 224 219 192 186 179
mð73S1Þ −mð63S1Þ 198 244 � � � � � � 170 � � � 156
mð13P2Þ −mð13P1Þ 20 20 19.10� 0.25 21 20 21 18 21
mð13P1Þ −mð13P0Þ 33 33 32.5� 0.9 29 33 32 39 31
mð23P2Þ −mð23P1Þ 15 15 13.10� 0.24 15 13 18 15 14
mð23P1Þ −mð23P0Þ 25 25 23.5� 1.0 20 22 25 29 20
mð33P2Þ −mð33P1Þ 14 9 10.6� 1.5 12 9 16 13 12
mð33P1Þ −mð33P0Þ 22 16 16 20 22 25 14

FIG. 2. Bottomonium spectrum compared with the observations. The well-established states are labeled with blue color. The results
obtained within the unquenched and quenched quark models are labeled by red crosses and solid green circles, respectively.

BOTTOMONIA IN AN UNQUENCHED QUARK MODEL PHYS. REV. D 111, 114027 (2025)

114027-9



ϒ3ð3DÞ. The narrow resonance ϒ3ð10650Þ lies slightly
below the B̄�B� threshold. This state is illustrated as a
B̄�B�-dominant state, since the bb̄-core component is only
Pbb̄ ≃ 30%. On the other hand, the broad resonance
ϒ3ð10718Þ is a bb̄-dominant state; the bb̄-core component
is estimated to be Pbb̄ ≃ 60%. It should be noted that an
unphysical solution can be found just above the B̄�B�
threshold, as shown in the upper panel of Fig. 8. This
solution does not correspond to any resonance structure in
the spectral function, as evidenced by the lower panel
of Fig. 8.
Then, we focus on the ϒ3ð5DÞ and ηb2ð5DÞ states. Both

ϒ3ð5DÞ and ηb2ð5DÞ couple strongly to the B̄�B�
2ð5747Þ

channel; the strong coupled-channel effects from this
channel will cause a notable dip in the mass shift function
of each bare state nearby their corresponding mass thresh-
olds. By solving Eq. (17) and combining the spectral
function as shown in the third panel of Fig. 8, we obtain
two physical states ϒ3ð11064Þ and ϒ3ð11090Þ arising from
the ϒ3ð5DÞ, and other two physical states ηb2ð11064Þ and
ηb2ð11088Þ arising from the ηb2ð5DÞ. Furthermore, it can
be seen that the ϒ3ð11064Þ and ηb2ð11064Þ are narrow
resonances, while the ϒ3ð11090Þ and ηb2ð11088Þ are broad
resonances. This is due to the opening of decay channels
for the S-wave mode, which significantly contributes to the
decay widths. Both the ϒ3ð11064Þ and ηb2ð11064Þ may be
B̄�B�ð5747Þ-dominant states; their bb̄-core components are
estimated to be Pbb̄ ≃ 12 and 10%, respectively. For the two
broad states ϒ3ð11090Þ and ηb2ð11088Þ, the bb̄-core
components are estimated to be Pbb̄ ≃ 21 and 33%,
respectively; their components are dominated by the
continuum states of various open-bottom meson pairs.

IV. STRONG DECAYS

For the high-lying states with a mass above the BB̄
threshold, the OZI-allowed two-body strong decay chan-
nels are open. The partial and total strong decay widths for
these high-lying nS (n ¼ 5, 6, 7), nP (n ¼ 4, 5, 6), and nD
(n ¼ 3, 4, 5, 6) states are estimated by using Eq. (19). Our
results have been given in Tables IV–IX. It should be
mentioned that in this work we take the measured width
Γexp ≃ 20.5 MeV [7] of the ϒð10580Þ as an input to
determine the strength of quark pair creation in the
3P0 model.

A. S-wave states

1. ϒð11020Þ
First, we give some discussions about a well-established

resonance ϒð11020Þ. It is often assigned to the ϒð6SÞ state
classified in the quark model. In the present work, it is
found that the ϒð11020Þ resonance may have significant
hadron continuum components, while the bb̄-core compo-
nent is only ∼40%. The decay width is predicted to be

Γ ≃ 16.5 MeV; ð27Þ

which is consistent with the PDG-averaged value Γexp ¼
24þ8

−6 MeV [7]. Our results show that the ϒð11020Þ
dominantly decays into the B̄Bð1P1Þ channel with a
branching fraction of ∼75%. Thus, the ϒð11020Þ may
provide a good source for looking for the missing orbitally
excited state Bð1P1Þð5656Þ predicted in the quark model
[69]. From Table IV, one finds that the decay rates of
ϒð11020Þ into the B̄B, B̄sBs, B̄B�, and B̄sB�

s channels are
predicted to be tiny; their branching fractions are on the
order of 1%, which may be a natural explanation why
ϒð11020Þ has not been established in these open-bottom
channels.

2. ϒð10860Þ
For the ϒð10860Þ resonance, as for the ϒð5SÞ assign-

ment, the decay properties cannot be well explained in
theory, although the observed mass is consistent with the
quark model predictions. If taking the measured mass
Mexp ¼ 10885 MeV, the width is predicted to be

Γ ≃ 8 MeV; ð28Þ

which is notably narrower than the observed one, Γexp ≃
37� 4 MeV [7]. It should be mentioned that the
B̄�Bð13P0Þ channel may open. By combining the predicted
mass of M ¼ 5573 MeV for the Bð13P0Þ state in our
previous work [69], the mass threshold of the B̄�Bð13P0Þ
channel is predicted to be ∼10.9 GeV, which is very close
to the mass of ϒð10860Þ. If the B̄�Bð13P0Þ channel opens,
it can contribute a fairly large partial width of
∼30–40 MeV due to its strong S-wave coupling to the
ϒð5SÞ. Then, the total width of ϒð5SÞ can reach up to
Γ ∼ 40–50 MeV, which is consistent with the measured
width of ϒð10860Þ. However, if the B̄�Bð13P0Þ channel
opens, the ϒð10860Þ should have a large decay rate
(∼70%) into the B̄�Bπ channel via the cascade decay,
which is inconsistent with the observation (∼7.3%) by the
Belle Collaboration [112].
On the other hand, if assigning ϒð10860Þ to the ϒð5SÞ

state, there also exists a puzzle in the decay modes.
According to our predictions, the ϒð5SÞ state mainly
decays into the B̄�

sB�
s , B̄sB�

s , and B̄B� channels if the
B̄�Bð13P0Þ channel does not open. However, the observa-
tion shows that theϒð10860Þ resonance dominantly decays
into the B̄�B�, B̄�

sB�
s , and B̄B� channels with branching

fractions of ∼38, ∼18, and ∼14%, respectively [7]. There
have been many studies of the decay properties of the
ϒð5SÞ in the literature [28,31,35,39,41,43,63,113]. In these
works, the B̄B� and B̄�

sB�
s are often predicted to be the main

channels, while the decay rate into the B̄�B� channel is
often small.
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The discrepancy between theoretical predictions and
observations may arise from the uncertainty of the wave
function of the ϒð5SÞ predicted in the quark model. To see
the wave-function dependency of our predictions, we first
fit the numerical wave function obtained from the potential
model by using a simple harmonic oscillator (SHO)
form, and obtain the size parameter βeff ¼ 0.559 GeV.
Then, we calculate the decay properties with the SHO wave
function by varying the size parameter around the region
of βeff ¼ 0.559 GeV estimated from the potential model.
When calculating the decay width, we adopted a mass of
M ¼ 10900 MeV, which is slightly above the B̄�Bð13P0Þ
threshold, to include this channel contribution. Our results
have been shown in Fig. 3. It is seen that the partial widths
of B̄�B�, B̄B�, B̄�

sB�
s , and B̄sB�

s are rather sensitive to the
details of the wave function. If taking βeff ¼ 0.500 GeV,
the B̄�B� and B̄B� are the main decay channels of the
ϒð5SÞ, which seems to favor the observation. However, in
this case the decay rates of ϒð5SÞ → B̄�

sB�
s ; B̄sB�

s are too
small to be comparable with the data.
Finally, it should be mentioned that the ϒð10860Þ may

be partly contributed by some exotic components as well.
For example, in Ref. [114] the analysis of the data of
eþe− → bb̄ cross section from the BABAR Collaboration
[12] may indicate two overlapping resonances in the ϒð5SÞ
mass region. One corresponds to the ϒð5SÞ state, while the
other may correspond to a bottomonium-like tetraquark
state. To uncover the puzzles of the ϒð10860Þ resonance,
more observations are waiting to be carried out in future
experiments.

3. Higher S-wave states

For the other missing S-wave states, n1S0 (n ¼ 5, 6, 7)
and 73S1, our predicted decay properties have been given in

Tables IV and V. These states may be very narrow states
with a width of Γ ≃ 1–20 MeV. The 51S0 state may have a
mass ofM ¼ 10 840 MeV, and dominantly decays into the
B̄�
sB�

s , B̄�B�, and B̄sB�
s channels with branching fractions

∼64, ∼25, and ∼10%, respectively. The 71S0 and 73S1
states have a nearly degenerated mass ofM ¼ 11255 MeV
and a comparable width of Γ ≃ 22 MeV. They mainly
decay into the channels containing excited B-meson states,

while their decay rates into the B̄ð�ÞBð�Þ and B̄ð�Þ
s Bð�Þ

s are
very tiny.

FIG. 3. The total and partial decay widths of ϒð5SÞ as a
function of its wave-function size parameter βeff. The B̄B and
B̄sBs channels are neglected due to their tiny contributions.

TABLE IV. The mass shifts and strong decay width of each
channel for the 4S-, 5S-, and 6S-wave bottomonium states, in
units of MeV. For the forbidden/unopened channels, the absence
values are labeled with “−.” The mass shifts labeled with bold
numbers are contributed by the nearby virtual channels whose
mass thresholds are slightly above the bare state. The exper-
imental data are taken from PDG [7].

41S0 43S1

Channel ΔM½10608� Γ½10571� ΔM½10619� Γ½asϒð10580Þ�
B̄B − − −6.4 20.5
B̄sBs − − − −
B̄B� −22.0 − −15.8 −
B̄�B� −15.2 − −17.9 −
Total −37.2 − −40.1 20.5
Mth;Γth 10571;− 10579, 20.5
Mexp;Γexp −;− 10579; 20.5� 2.5

51S0 53S1

Channel ΔM½10846� Γ½10840� ΔM½10856� Γ½asϒð10860Þ�
B̄B − − þ0.1 0.8
B̄sBs − − ∼0 0.4
B̄B� þ1.4 0.2 þ0.3 2.4
B̄sB�

s þ1.8 1.2 þ0.3 1.5
B̄�B� þ5.1 3.0 þ4.2 0.5
B̄�
sB�

s −5.9 7.8 −0.9 2.4
B̄Bð13P0Þ −8.2 − − −
B̄�Bð13P0Þ − − −3.6 −
B̄Bð1P1Þ − − −2.7 −
Total −5.8 12.2 −2.3 7.9
Mth;Γth 10840, 12.2 10854, 7.9
Mexp;Γexp −;− 10885þ3

−2 ; 37� 4

61S0 63S1

Channel ΔM½11062� Γ½11007� ΔM½11071� Γ½asϒð11020Þ�
B̄B − − þ0.03 0.1
B̄sBs − − þ0.02 0.04
B̄B� þ0.1 0.4 þ0.06 0.2
B̄sB�

s ∼0 0.4 þ0.02 0.2
B̄�B� þ0.4 ∼0 þ0.3 ∼0
B̄�
sB�

s þ0.02 ∼0 −0.03 ∼0
B̄Bð21S0Þ − − −2.3 −
B̄ð21S0ÞB� −4.8 − −3.2 −

(Table continued)
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B. P-wave states

Since the 3P states χb1ð3PÞ and χb2ð3PÞ have been
established in experiments [7], the higher 4P states may
have large potentials to be observed in future experiments.
According to the quark model predictions, their masses
scatter in the range of 10.77–10.79 GeV; thus, some OZI-
allowed two-body strong decay channels open. We evaluate
the strong decay properties of the 4P states, and list the
results in Table VI. It is found that the 4P bb̄ states may be
narrow states. For the 0þ state χb0ð4PÞ, the width is
predicted to be Γ ≃ 10 MeV. This state mainly decays into
B̄B and B̄�B� channels with branching fractions ∼57 and
∼41%, respectively, while for the two JP ¼ 1þ states,
χb1ð4PÞ and hbð4PÞ, the widths are predicted to be only a
few MeV. They may dominantly decay into the B̄B�

channel. The 2þ state χb2ð4PÞ has a narrow width of
Γ ≃ 11 MeV. Besides the dominant decay channel B̄B�, it
also has sizable decay rates into the B̄B, B̄sBs, and B̄�B�
channels with a comparable branching fraction of ∼20%.
To establish the 4P states, the decay channels B̄B, B̄B�,
B̄�B�, and B̄sBs are worth observing in future experiments.
For the higher 5P and 6P excitations, the masses are

predicted in the ranges of 10.96–10.98 and 11.20–
11.22 GeV, respectively. By combining the predicted
masses and wave functions, we further evaluate the strong
decay properties. Our results are given in Tables VI and
VII. The 5P may be very narrow states with a width of
Γ ≃ 6–20 MeV, while the 6P may be relatively broader
states with a width of Γ ≃ 40–60 MeV. The 5P and 6P
states couple weakly to the common channels B̄ð�ÞBð�Þ and

TABLE IV. (Continued)

41S0 43S1

Channel ΔM½10608� Γ½10571� ΔM½10619� Γ½asϒð10580Þ�
B̄Bð23S1Þ −4.9 − −3.3 −
B̄�Bð23S1Þ −8.1 − −9.4 −
B̄Bð13P0Þ þ1.2 0.1 − −
B̄sBsð13P0Þ −0.5 − − −
B̄�Bð13P0Þ − − þ2.1 2.8
B̄�
sBsð13P0Þ − − −0.3 −

B̄B�
2ð5747Þ −10.5 − −6.1 −

B̄�B�
2ð5747Þ −9.7 − −13.3 −

B̄Bð1P1Þ − − þ3.1 12.4
B̄sBsð1P1Þ − − −0.3 −
B̄B1ð5721Þ − − −8.7 −
B̄�Bð1P1Þ −9.2 3.2 −8.1 0.8
B̄�B1ð5721Þ −8.9 − −6.2 −
Total −54.9 4.1 −55.6 16.5
Mth;Γth 11007, 4.1 11015, 16.5
Mexp;Γexp −;− 11000� 4; 24þ8

−6

TABLE V. The mass shifts and strong decay width of each
channel for the 7S-wave bottomonium states, in units of MeV.
The rest of the caption is the same as that of Table IV.

71S0 73S1

Channel ΔM½11262� Γ½11254� ΔM½11269� Γ½11259�
B̄B − − þ0.01 0.01
B̄sBs − − ∼0 ∼0
B̄B� þ0.1 0.1 þ0.05 0.08
B̄sB�

s þ0.02 ∼0 ∼0 ∼0
B̄�B� þ0.06 0.2 þ0.01 0.2
B̄�
sB�

s þ0.03 0.03 þ0.03 0.02
B̄Bð21S0Þ − − þ0.4 1.0
B̄sBsð21S0Þ − − −0.2 −
B̄ð21S0ÞB� þ0.05 1.6 −0.05 1.5
B̄sð21S0ÞB�

s −0.5 − −0.3 −
B̄Bð23S1Þ −0.07 2.5 −0.02 1.9
B̄sBsð23S1Þ −0.5 − −0.3 −
B̄�Bð23S1Þ þ6.3 1.9 þ6.0 0.6
B̄�
sBsð23S1Þ − − −0.9 −

B̄Bð13P0Þ þ0.2 0.5 − −
B̄sBsð13P0Þ þ0.4 0.7 − −
B̄�Bð13P0Þ − − þ0.1 0.2
B̄�
sBsð13P0Þ − − þ0.2 1.2

B̄B�
2ð5747Þ þ0.3 2.9 þ0.2 1.4

B̄sB�
s2ð5840Þ þ0.9 1.2 þ0.4 0.3

B̄�B�
2ð5747Þ þ0.7 0.6 þ0.4 1.7

B̄�
sB�

s2ð5840Þ −1.8 − −2.6 0.3
B̄Bð1P1Þ − − þ0.2 0.03
B̄sBsð1P1Þ − − −0.1 1.4
B̄B1ð5721Þ − − þ0.2 1.1

(Table continued)

TABLE V. (Continued)

71S0 73S1

Channel ΔM½11262� Γ½11254� ΔM½11269� Γ½11259�
B̄sBs1ð5830Þ − − −0.1 0.01
B̄�Bð1P1Þ þ1.4 ∼0 þ0.3 ∼0
B̄�
sBsð1P1Þ −1.2 0.7 þ0.2 0.6

B̄�B1ð5721Þ ∼0 1.7 þ0.7 1.5
B̄�
sBs1ð5830Þ −2.2 1.3 −0.7 1.7

B̄Bð13D1Þ þ1.7 3.6 þ0.3 0.3
B̄Bð13D3Þ −4.9 − −2.1 −
B̄Bð1D2Þ − − þ1.5 3.6
B̄Bð1D0

2Þ − − −1.5 −
B̄�Bð13D1Þ −5.0 − −1.5 −
B̄�Bð13D3Þ −0.5 − −6.8 −
B̄�Bð1D2Þ −3.5 − −4.2 −
B̄ð13P0ÞBð13P0Þ − − þ0.08 0.09
B̄ð13P0ÞB�

2ð5747Þ − − −0.8 −
B̄ð13P0ÞBð1P1Þ þ1.2 3.5 þ0.7 1.0
B̄ð13P0ÞB1ð5721Þ −0.9 − −0.1 −
Total −7.7 23.0 −10.3 21.7
Mth;Γth 11254, 23.0 11259, 21.7
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B̄ð�Þ
s Bð�Þ

s , while often couple strongly to the channels which
contain an excited Bmeson. For example, the χb2ð6PÞ state
weakly couples to the B̄ð�ÞBð�Þ and B̄ð�Þ

s Bð�Þ
s channels, while

it strongly couples to the B̄�Bð23S1Þ channel. To know
more details of the strong decay properties of the 5P and 6P
states, one can see Tables VI and VII.

C. D-wave states

From our model, the mass range of the 3D states is
10.67–10.72 GeV. They have phase spaces for decaying
into the low-lying OZI-allowed channels, such as B̄B, B̄B�,
B̄�B�, and so on. The strong decay properties are given in

Table VIII. For one case in JP ¼ 1− and two cases with
different total quark spins in JP ¼ 2−, there is only one
solution for each case. The predicted widths of
ϒ1ð3DÞð10670Þ, ϒ2ð3DÞð10685Þ, and ηb2ð3DÞð10691Þ
are Γ ≃ 31, 81, and 53 MeV, respectively. They mainly
decay into both the B̄B� and B̄�B� channels with a
comparable ratio ∼1∶2. On the other hand, there are two
physical solutions with JP ¼ 3−, ϒ3ð10650Þ and
ϒ3ð10718Þ, obtained in the unquenched quark model.
The lower mass resonance ϒ3ð10650Þ may have a narrow
width of Γ ≃ 19 MeV, and mainly decays into the B̄B
(∼45%) and B̄B� (∼55%) final states, while the higher
mass resonance ϒ3ð10718Þ has a relatively broader width

TABLE VI. The mass shifts and strong decay width of each channel for the 3P-, 4P-, and 5P-wave bottomonium states, in units of
MeV. The rest of the caption is the same as that of Table IV.

33P0 33P2 31P1 33P1

Channel ΔM [10514] Γ [10498] ΔM [10550] Γ [10523] ΔM [10538] Γ [10521] ΔM [10536] Γ [10514]

B̄B −15.5 − −3.5 − − − − −
B̄B� − − −6.9 − −17.3 − −21.9 −
B̄�B� − − −16.5 − − − − −
Total −15.5 − −26.9 − −17.3 − −21.9 −
Mth;Γth 10498;− 10523;− 10521;− 10514;−

43P0 43P2 41P1 43P1

Channel ΔM [10758] Γ [10772] ΔM [10790] Γ [10791] ΔM [10780] Γ [10779] ΔM [10777] Γ [10775]

B̄B −1.1 5.2 þ0.6 2.0 − − − −
B̄sBs þ2.1 0.3 þ0.1 1.8 − − − −
B̄B� − − −0.1 5.8 −0.4 5.5 −0.1 3.0
B̄sB�

s − − −2.2 0.5 −4.9 − −5.9 −
B̄�B� þ15.8 5.0 þ5.1 1.2 þ6.3 1.9 þ6.2 0.5
B̄�
sB�

s −3.1 − −2.8 − −2.0 − −1.7 −
Total þ13.7 10.5 þ0.7 11.3 −1.0 7.4 −1.5 3.5
Mth;Γth 10772, 10.5 10791, 11.3 10779, 7.4 10775, 3.5

53P0 53P2 51P1 53P1

Channel ΔM [10978] Γ [10957] ΔM [11008] Γ [10976] ΔM [10998] Γ [10958] ΔM [10996] Γ [10966]

B̄B þ0.2 1.3 þ0.1 0.2 − − − −
B̄sBs þ0.1 0.1 þ0.02 ∼0 − − − −
B̄B� − − þ0.4 0.9 þ0.3 1.8 þ0.2 2.0
B̄sB�

s − − þ0.2 0.3 þ0.2 0.7 þ0.2 0.5
B̄�B� þ0.4 1.4 þ0.1 1.9 þ0.1 1.1 þ0.2 1.4
B̄�
sB�

s −0.1 0.7 þ0.01 0.7 þ0.1 0.4 −0.1 0.8
B̄Bð21S0Þ − − −0.1 − − − − −
B̄Bð13P0Þ − − − − þ0.3 1.6 ∼0 ∼0
B̄�Bð13P0Þ − − þ0.1 0.8 ∼0 ∼0 þ0.8 0.1
B̄B�

2ð5747Þ − − −3.6 − −7.7 − −7.0 −
B̄�B�

2ð5747Þ − − −15.3 − −9.3 − −10.0 −
B̄Bð1P1Þ −0.3 17.8 þ4.0 4.9 ∼0 ∼0 þ3.2 10.6
B̄B1ð5721Þ −11.2 − −3.5 − ∼0 − −2.7 −
B̄�Bð1P1Þ −5.4 − −9.1 − −7.4 − −6.5 −
B̄�B1ð5721Þ −4.2 − −4.9 − −17.0 − −8.2 −
Total −20.5 21.3 −31.6 9.7 −40.4 5.6 −29.9 15.4
Mth;Γth 10957, 21.3 10976, 9.7 10958, 5.6 10966, 15.4
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of Γ ≃ 63 MeV, and dominantly decays into the B̄B�

(∼40%) and B̄�B� (∼53%) final states. Thus, to establish
the 3D states, the B̄B, B̄B�, and B̄�B� channels provide a
nice place for observing in future experiments.
The masses of the 4D states are estimated to be in the

range of 10.91–10.93 GeV, which is about 200 MeVabove
the 3D states. With our predicted masses, the strong decay
properties are analyzed, as listed in Table VIII. Here, it
shows that the 4D states are narrow resonances with a
width of Γ ≃ 10–20 MeV. These states dominantly decay
into the low-lying open-bottom channels, B̄ð�ÞBð�Þ and
B̄ð�Þ
s Bð�Þ

s . For example, the ϒ1ð4DÞ state may dominantly
decay into B̄�B� and B̄�

sB�
s channels with a comparable

decay rate of ∼35%, while it also has sizable decay rates

into the B̄B (∼8%) and B̄B� (∼10%) channels. To establish
the 4D states, the B̄B�, B̄�B�, and B̄�

sB�
s channels are worth

observing in future experiments; please note it is a bit
different from the case of 3D states.
For the higher 5D and 6D states, the masses are

predicted to be in the ranges of 11.06–11.10 and 11.30–
11.31 GeV, respectively. By using the predicted masses, we
further study the strong decay properties of these 5D and
6D states; the results are given in Tables VIII and IX,
respectively. The widths of these state are significant larger
than that of 4D states. These higher 5D and 6D states
mainly decay into the open-bottom channels containing a
B-meson excitation, while their decay rates into the

B̄ð�ÞBð�Þ and B̄ð�Þ
s Bð�Þ

s final states are tiny. Thus, the 5D

TABLE VII. The mass shifts and strong decay width of each channel for the 6P-wave bottomonium states, in units of MeV. The rest of
the caption is the same as that of Table IV.

63P0 63P2 61P1 63P1

Channel ΔM [11182] Γ [11207] ΔM [11209] Γ [11216] ΔM [11199] Γ [11205] ΔM [11198] Γ 11203]

B̄B þ0.1 0.1 þ0.02 ∼0 − − − −
B̄sBs ∼0 ∼0 ∼0 ∼0 − − − −
B̄B� − − þ0.1 0.03 þ0.2 0.2 þ0.2 0.2
B̄sB�

s − − ∼0 0.02 ∼0 0.02 ∼0 0.03
B̄�B� þ0.3 0.5 þ0.2 0.3 þ0.2 0.3 þ0.2 0.2
B̄�
sB�

s þ0.1 0.01 þ0.02 ∼0 þ0.03 ∼0 þ0.04 ∼0
B̄Bð21S0Þ þ1.8 6.9 þ0.1 0.1 − − − −
B̄sBsð21S0Þ − − −0.2 − − − − −
B̄ð21S0ÞB� − − −0.1 5.9 −0.3 4.7 þ1.0 2.1
B̄Bð23S1Þ − − þ0.6 6.1 −0.2 6.8 þ0.2 4.1
B̄�Bð23S1Þ þ22.7 14.1 þ10.8 6.5 þ12.5 14.7 þ13.2 9.0
B̄Bð13P0Þ − − − − −0.05 ∼0 ∼0 ∼0
B̄sBsð13P0Þ − − − − þ0.1 ∼0 ∼0 ∼0
B̄�Bð13P0Þ −0.04 0.2 −0.04 0.2 ∼0 ∼0 ∼0 0.1
B̄�
sBsð13P0Þ þ0.1 0.7 þ0.2 0.3 ∼0 ∼0 þ0.09 0.6

B̄B�
2ð5747Þ − − þ1.0 2.3 þ1.4 6.2 þ0.7 4.6

B̄sB�
s2ð5840Þ − − −0.7 0.9 −1.8 − −1.4 −

B̄�B�
2ð5747Þ −1.5 12.6 þ0.2 7.0 þ0.2 4.6 −1.0 7.5

B̄�
sB�

s2ð5840Þ − − −1.8 − −1.2 − −1.2 −
B̄Bð1P1Þ þ0.2 ∼0 þ0.1 ∼0 ∼0 ∼0 þ0.2 ∼0
B̄sBsð1P1Þ −0.2 0.8 ∼0 0.7 ∼0 ∼0 −0.2 0.6
B̄B1ð5721Þ þ0.9 5.6 þ1.1 1.2 ∼0 ∼0 þ0.2 1.2
B̄sBs1ð5830Þ −2.4 8.2 −0.7 0.6 ∼0 ∼0 −0.7 1.4
B̄�Bð1P1Þ þ0.7 0.6 þ0.7 0.5 þ1.0 1.0 þ0.7 0.7
B̄�
sBsð1P1Þ þ0.6 2.3 þ0.6 0.6 −0.5 0.6 þ0.4 3.0

B̄�B1ð5721Þ þ0.2 0.7 þ0.5 5.4 þ3.6 4.2 þ0.1 3.5
B̄�
sBs1ð5830Þ þ0.9 3.4 −0.6 − −1.1 − −0.9 −

B̄Bð13D1Þ − − −0.2 − −1.1 − −0.3 −
B̄Bð13D3Þ − − −1.7 − −4.7 − −3.3 −
B̄Bð1D2Þ − − −1.8 − ∼0 − −0.3 −
B̄�Bð13D1Þ − − ∼0 − −0.3 − −0.9 −
B̄�Bð1D2Þ − − −1.5 − −2.2 − −1.9 −
B̄ð13P0ÞBð13P0Þ − − þ0.1 0.01 − − − −
Total þ24.5 56.7 þ7.0 38.7 þ5.8 43.3 þ5.1 38.8
Mth;Γth 11207, 56.7 11216, 38.7 11205, 43.3 11203, 38.8
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TABLE VIII. The mass shifts and strong decay width of each channel for the 3D-, 4D-, and 5D-wave bottomonium states, in units of
MeV. The rest of the caption is the same as that of Table IV.

33D1 33D3 31D2 33D2

Channel ΔM [10688] Γ [10670] ΔM [10702] Γ [10650/10718] ΔM [10697] Γ [10691] ΔM [10696] Γ [10685]

B̄B −0.8 2.1 −0.8=þ 2.5 8.6=4.0 − − − −
B̄sBs −1.0 − −0.5= − 0.9 −=− − − − −
B̄B� þ8.0 8.6 −9.7=þ 2.7 10.6=25.3 −0.2 28.2 þ4.5 20.7
B̄sB�

s − − −0.6= − 0.9 −=− −1.9 − −2.0 −
B̄�B� −23.7 20.0 −40.4=þ 13.0 −=33.6 −4.2 52.5 −13.7 32.5
Total −17.5 30.7 −52.0=þ 16.4 19.2=62.9 −6.3 80.7 −11.2 53.2
Mth;Γth 10670, 30.7 10650; 19.2=10718, 62.9 10691, 80.7 10685, 53.2

43D1 43D3 41D2 43D2

Channel ΔM [10911] Γ [10907] ΔM [10925] Γ [10918] ΔM [10920] Γ [10926] ΔM [10919] Γ [10913]

B̄B þ0.6 1.4 þ0.3 0.1 − − − −
B̄sBs þ0.1 0.1 ∼0 0.04 − − − −
B̄B� þ0.2 1.8 þ1.1 1.3 þ1.7 3.2 þ1.4 4.1
B̄sB�

s þ0.07 0.6 þ0.4 0.3 þ0.6 0.7 þ0.6 1.4
B̄�B� þ1.1 6.7 þ0.7 5.4 þ1.1 4.7 þ1.0 4.8
B̄�
sB�

s −0.2 5.5 −0.04 2.3 þ0.3 2.7 þ0.1 3.4
B̄Bð13P0Þ − − − − þ2.5 − ∼0 −
B̄�Bð13P0Þ −4.5 1.6 −3.8 5.1 ∼0 0.03 −4.6 3.8
B̄Bð1P1Þ −1.8 − −2.6 − ∼0 − −2.0 −
B̄Bð5721Þ − − −2.6 − ∼0 − −2.1 −
Total −4.4 17.7 −6.5 14.5 þ6.2 11.3 −5.6 17.5
Mth;Γth 10907, 17.7 10918, 14.5 10926, 11.3 10913, 17.5

53D1 53D3 51D2 53D2

Channel ΔM [11116] Γ [11098] ΔM [11131] Γ [11064/11090] ΔM [11126] Γ [11064/11088] ΔM [11125] Γ [11081]

B̄B þ0.1 0.1 þ0.05=þ 0.04 0.02= ∼ 0 − − − −
B̄sBs −0.01 0.03 ∼0= ∼ 0 0.01=0.02 − − − −
B̄B� þ0.1 0.2 þ0.2=þ 0.2 0.2=0.1 þ0.3=þ 0.3 0.5=0.4 þ0.3 0.5
B̄sB�

s ∼0 ∼0 þ0.03= ∼ 0 ∼0= ∼ 0 þ0.1=þ 0.02 ∼0 þ0.04 ∼0
B̄�B� þ0.5 0.8 þ0.2=þ 0.3 0.9=0.9 þ0.2=þ 0.3 0.7=0.7 þ0.3 0.7
B̄�
sB�

s þ0.1 0.1 þ0.1=þ 0.1 0.3=0.1 þ0.1=þ 0.1 0.2=0.1 þ0.1 0.1
B̄Bð21S0Þ þ6.9 9.8 −2.8= − 4.8 −=7.3 −=− − − −
B̄ð21S0ÞB� −7.0 − −2.2= − 3.1 −=− −5.1= − 7.0 − −6.9 −
B̄Bð23S1Þ −8.8 4.1 −2.3= − 3.4 −=− −5.4= − 8.5 − −8.1 −
B̄�Bð23S1Þ −13.4 − −9.2= − 12.4 −=− −7.4= − 9.0 − −7.8 −
B̄Bð13P0Þ − − −=− −=− þ0.2=þ 0.06 − ∼0 −
B̄sBsð13P0Þ − − −=− −=− −0.4= − 0.2 − ∼0 −
B̄�Bð13P0Þ þ0.4 0.1 þ0.4=þ 0.4 0.6=0.2 ∼0= ∼ 0 ∼0= ∼ 0 þ0.5 0.3
B̄�
sBsð13P0Þ −0.4 − −0.1= − 0.2 −=− ∼0= ∼ 0 − −0.2 −

B̄B�
2ð5747Þ þ0.8 0.2 −1.6= − 0.3 7.7=7.2 þ1.6=þ 1.9 6.5=1.2 þ0.8 16.6

B̄sB�
s2ð5840Þ − − −0.2= − 0.2 −=− −0.1= − 0.1 − −0.5 −

B̄�B�
2ð5747Þ þ0.3 9.0 −42.0= − 12.4 −=41.4 −36.6= − 10.5 −=22.0 −17.4 18.0

B̄Bð1P1Þ þ0.6 1.1 þ0.1=þ 0.6 1.7=1.5 ∼0= ∼ 0 − þ0.4 1.4
B̄sBsð1P1Þ −0.3 − −0.2= − 0.2 −=− ∼0= ∼ 0 − −0.2 −
B̄B1ð5721Þ þ2.0 1.1 −2.8=þ 0.1 7.8=9.8 ∼0= ∼ 0 ∼0= ∼ 0 þ1.2 0.2
B̄sBs1ð5830Þ − − −0.2= − 0.2 −=− ∼0= ∼ 0 − −0.1 −
B̄�Bð1P1Þ þ0.1 2.4 þ2.5= − 0.2 0.02=3.3 þ2.2=þ 0.02 0.06=2.5 þ0.3 0.9
B̄�
sBsð1P1Þ − − −0.4= − 0.5 −=− −0.4= − 0.5 − −0.3 −

B̄�B1ð5721Þ þ0.1 23.9 −6.6= − 4.6 3.7=12.4 −11.5= − 5.2 8.0=21.8 −6.8 17.0
Total −17.9 52.9 −67.0= − 40.8 23.0=84.2 −62.2= − 38.3 16.0=48.7 −44.4 55.7
Mth;Γth 11098, 52.9 11064; 23.0=11090, 84.2 11064; 16.0=11088, 48.7 11081, 55.7
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and 6D states may be difficult to be established in the

B̄ð�ÞBð�Þ and B̄ð�Þ
s Bð�Þ

s final states. For example, to look for
the ϒ1ð5DÞ state one should select its dominant decay
channel B̄�B1ð5721Þ.

V. S−D MIXING

The n3S1 and m3D1 (n ¼ mþ 1) states with JPC ¼ 1−−

usually have a similar mass. A sizable mixing between the
n3S1 andm3D1 should be induced by the tensor force and/or

TABLE IX. The mass shifts and strong decay width of each channel for the 6D-wave bottomonium states, in units of MeV. The rest of
the caption is the same as that of Table IV.

63D1 63D3 61D2 63D2

Channel ΔM [11308] Γ [11302] ΔM [11323] Γ [11312] ΔM [11318] Γ [11311] ΔM [11317] Γ [11312]

B̄B þ0.02 0.01 ∼0 ∼0 − − − −
B̄sBs ∼0 0.01 ∼0 ∼0 − − − −
B̄B� þ0.03 0.02 ∼0 ∼0 þ0.05 0.01 þ0.06 0.02
B̄sB�

s ∼0 0.01 ∼0 ∼0 ∼0 0.03 ∼0 0.03
B̄�B� þ0.1 0.06 þ0.1 0.1 þ0.08 0.05 þ0.07 0.03
B̄�
sB�

s ∼0 ∼0 ∼0 ∼0 ∼0 ∼0 ∼0 0.02
B̄Bð21S0Þ þ0.5 0.08 ∼0 ∼0 − − − −
B̄sBsð21S0Þ þ0.3 3.2 −0.4 0.7 − − − −
B̄ð21S0ÞB� þ0.5 1.0 þ0.7 0.3 þ1.4 1.2 þ1.4 1.5
B̄sð21S0ÞB�

s −0.2 − −0.2 − −0.5 − −0.6 −
B̄Bð23S1Þ þ0.5 0.7 þ0.5 0.06 þ1.1 0.6 þ1.2 0.8
B̄sBsð23S1Þ −0.2 − −0.2 − −0.6 − −0.7 −
B̄�Bð23S1Þ þ3.1 13.1 þ2.2 9.3 þ2.3 7.9 þ2.8 7.9
B̄�
sBsð23S1Þ −0.9 − −0.9 − −0.4 − −0.3 −

B̄Bð13P0Þ − − − − þ0.05 0.2 ∼0 ∼0
B̄sBsð13P0Þ − − − − ∼0 0.03 ∼0 ∼0
B̄�Bð13P0Þ ∼0 0.2 þ0.02 ∼0 ∼0 ∼0 þ0.02 ∼0
B̄�
sBsð13P0Þ þ0.02 ∼0 þ0.01 ∼0 ∼0 ∼0 þ0.01 ∼0

B̄B�
2ð5747Þ þ0.3 0.3 þ0.2 0.07 þ0.2 0.1 þ0.6 0.4

B̄sB�
s2ð5840Þ −0.04 0.2 þ0.1 0.3 −0.01 0.3 þ0.06 0.6

B̄�B�
2ð5747Þ þ0.1 0.6 þ1.8 4.7 þ1.5 2.9 þ2.0 2.9

B̄�
sB�

s2ð5840Þ þ0.1 0.3 þ0.6 2.1 þ0.1 2.1 −0.2 2.6
B̄Bð1P1Þ þ0.01 0.07 þ0.02 0.1 ∼0 ∼0 ∼0 0.1
B̄sBsð1P1Þ þ0.06 0.02 þ0.03 ∼0 ∼0 ∼0 þ0.04 ∼0
B̄B1ð5721Þ þ0.6 0.5 þ0.1 0.1 ∼0 ∼0 þ0.2 0.03
B̄sBs1ð5830Þ −0.1 0.7 þ0.1 0.1 ∼0 ∼0 þ0.03 0.2
B̄�Bð1P1Þ þ0.2 ∼0 þ0.3 ∼0 þ0.3 ∼0 þ0.2 ∼0
B̄�
sBsð1P1Þ þ0.1 0.6 þ0.2 0.6 þ0.2 0.6 ∼0 0.4

B̄�B1ð5721Þ þ0.6 1.7 þ0.7 0.5 þ1.0 1.0 þ0.2 1.5
B̄�
sBs1ð5830Þ þ0.3 0.3 −0.05 1.1 ∼0 1.2 þ0.2 0.9

B̄Bð13D1Þ þ0.01 0.2 þ0.1 0.1 þ0.6 1.1 ∼0 0.4
B̄Bð13D3Þ −2.7 1.1 −2.0 3.4 −1.9 14.1 þ2.2 10.9
B̄Bð1D2Þ þ1.5 4.7 þ0.7 2.3 ∼0 ∼0 þ0.3 0.4
B̄Bð1D0

2Þ −2.7 − −1.1 − ∼0 − −1.8 −
B̄�Bð13D1Þ þ1.6 2.6 −0.7 3.5 −0.1 0.9 ∼0 1.8
B̄�Bð13D3Þ −5.7 − −11.7 − −6.2 − −6.1 −
B̄�Bð1D2Þ −2.3 3.2 þ0.6 3.0 −0.5 6.5 −0.8 6.4
B̄�Bð1D0

2Þ − − −1.9 − −4.0 − −3.4 −
B̄ð13P0ÞBð13P0Þ þ0.05 0.01 þ0.03 0.05 − − − −
B̄ð13P0ÞB�

2ð5747Þ −1.0 − − − ∼0 − −1.3 −
B̄ð13P0ÞBð1P1Þ þ0.05 − þ0.3 0.1 þ0.3 0.6 þ0.4 0.9
B̄ð13P0ÞB1ð5721Þ −0.4 0.5 −0.2 0.07 −0.9 3.4 −0.3 1.1
B̄ð1P1ÞBð1P1Þ − 0.3 −0.9 − −1.2 − −1.8 −
Total −5.6 36.3 −11.1 32.7 −7.1 44.8 −5.3 41.8
Mth;Γth 11302, 36.3 11312, 32.7 11311, 44.8 11312, 41.8
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the intermediate hadronic loops. Considering the S −D
mixing, the physical states ϒ0ðnSÞ and ϒ0

1ðmDÞ, which are
dominated by the n3S1 andm3D1 components, respectively,
are defined by

� ϒ0ðnSÞ
ϒ0

1ðmDÞ
�

¼
�

cosϕS sinϕS

− sinϕD cosϕD

�� ϒðnSÞ
ϒ1ðmDÞ

�
; ð29Þ

where ϕS=D is the mixing angle. In the literature, the S-D
mixing are often artificially introduced to explain the
dielectron decay widths of the vector resonances.
However, the underlying dynamic mechanisms for the
S-D mixing are often overlooked. Here, we will introduce
the mixing mechanisms based on this unquenched
quark model.

A. Mixing induced by the tensor force

First, we consider the S-D mixing induced by the
following tensor force:

VTðrÞ ¼
4

3

αs
mbmb̄

1

r3

�
3Sq · rSq̄ · r

r2
− Sq · Sq̄

�
: ð30Þ

The mixing angle can be determined by

�
MnS ṼT

ṼT MmD

��
aS
aD

�
¼ M

�
aS
aD

�
; ð31Þ

where the MnS and MmD are the bare masses of the ϒðnSÞ
and ϒ1ðmDÞ states, respectively. The values of these
masses have been determined within the potential
model. The nondiagonal element ṼT is determined by
ṼT ¼ hn3S1jVTðrÞjm3D1i. By solving Eq. (31), one can
obtain the physical masses and the eigenvectors of the
mixed states. Finally, the mixing angle is given by
ϕS ¼ ϕD ¼ arctanðaD=aSÞ. Our calculations obtain a tiny
mixing angle for this mechanism, ϕS=D ≃ −0.2°, for the
S-Dmixing induced by the tensor term, which is consistent
with the predictions in Refs. [63,81].

B. Mixing induced by hadronic loops

Then, we further consider the S-Dmixing induced by the
intermediate hadronic loops. The mixing angle can be
approximately determined by

�
MSþΔMSðMÞ ΔMSDðMÞ
ΔMDSðMÞ MDþΔMDðMÞ

��
aS
aD

�
¼M

�
aS
aD

�
:

ð32Þ

The mass shifts ΔMSðMÞ and ΔMDðMÞ of bare states
ϒðnSÞ and ϒ1ðmDÞ are estimated by Eq. (16), respectively,
while the off-diagonal elements ΔMSDðMÞ and ΔMSDðMÞ
are determined by

ΔMSDðMÞ¼ΔM�
DSðMÞ

¼
X

BC

P
Z ðM0−MÞM�

S→BCðpÞMD→BCðpÞ
ðM−EBCÞðM0−EBCÞ

p2dp:

ð33Þ

Equation (32) can be transformed into an eigenvalue
problem, i.e.,

det

����
MS þ ΔMSðMÞ −M ΔMSDðMÞ

ΔMDSðMÞ MD þ ΔMDðMÞ −M

���� ¼ 0:

ð34Þ

With the constraint of Eq. (17), one can determine the
physical masses, M, for the ϒ0ðnSÞ and ϒ0

1ðmDÞ, and their
corresponding eigenvector by diagonalizing Eq. (34). The
mixing angles ϕS and ϕD for the ϒ0ðnSÞ and ϒ0

1ðmDÞ are
given by ϕS ¼ arctanðaD=aSÞ and ϕD ¼ − arctanðaS=aDÞ.
The obtained S-Dmixing angles induced by the hadronic

loops are listed in Table X. It is interestingly found that
there are fairly large mixing angles ϕD ≃ −ð14–18Þ° for the
ϒ0

1ðmDÞ (m ¼ 3, 5, 6) states. In other words, in the bb core
of ϒ0

1ðmDÞ (m ¼ 3, 5, 6), besides the dominant nD-wave
component, there is a sizable ϒðnSÞ (n ¼ mþ 1) compo-
nent due to the coupled-channel effects. However, for the
S-wave dominant state ϒ0ðnSÞ (n ¼ 4, 5, 6, 7), the D-wave
bb̄-core component is small, with the mixing angle of only
a few degrees.
In a previous work by our group [43], the ϒð10753Þ is

suggested to be a 4D-wave dominant state via the
ϒ1ð4DÞ − ϒð5SÞ mixing if the mixing angle reaches up
to a fairly large value, ϕD ¼ 20°–30°. However, with the
hadronic loops and tensor forces we cannot explain such a
fairly large mixing angle. There is only a small mixing
angle, ϕD ≃ 4°, induced by the hadronic loops.
Finally, it should be mentioned that the strong decay

properties of the ϒ1ð4DÞ and ϒ1ð5DÞ may be significantly
changed by the S-Dmixing. Considering this mixing effect,
the physical state ϒ0

1ð3DÞ has a broad width

TABLE X. The ϒðnSÞ − ϒ1ðmDÞ mixing coefficients cS and
cD, as well as the mixed masses (in MeV), within the hadron
loop-induced S-D mixing framework.

aS aD Mass ϕnS=mD

ϒ0ð4SÞ −0.9999 0.0139 10579 −0.79°
ϒ0

1ð3DÞ −0.2770 −0.9609 10676 −16.01°
ϒ0ð5SÞ −0.9999 0.0050 10854 −0.29°
ϒ0

1ð4DÞ −0.0672 −0.9977 10907 −3.85°
ϒ0ð6SÞ −0.9995 0.0310 11015 −1.78°
ϒ0

1ð5DÞ −0.3108 −0.9505 11104 −18.11°
ϒ0ð7SÞ −0.9933 0.1152 11258 −6.62°
ϒ0

1ð6DÞ −0.2408 −0.9706 11304 −13.93°
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Γ½ϒ0
1ð3DÞ� ¼ 57 MeV; ð35Þ

which is nearly saturated by the B̄�B� channel (∼92%). The
decay width is about a factor of 2 broader than the case
without mixing, while for the mixed state ϒ0

1ð5DÞ, the
decay width is predicted to be

Γ½ϒ0
1ð5DÞ� ≃ 64 MeV; ð36Þ

and it mainly decays into the B̄�B�
2ð5747Þ (∼53%),

B̄�B2ð5721Þ (∼24%), and B̄Bð21S0Þ (∼8%) final states.
The S-D mixing significantly increases the decay width
of ϒ1ð5DÞ.

VI. DIELECTRON DECAY OF VECTOR STATES

Taking into account QCD radiative corrections with the
Van Royen–Weisskopf formula [115], the dielectron decay
widths of the vector bb̄ states are given by [116–118]

Γee½ϒðnSÞ� ¼
4α20e

2
b

M2
nS

jRnSð0Þj2
�
1 −

16α0s
3π

�
; ð37Þ

Γee½ϒ1ðnDÞ�¼4α20e
2
b

M2
nD

����
5

2
ffiffiffi
2

p
m2

b

R00
nDð0Þ

����
2
�
1−

16α0s
3π

�
; ð38Þ

where MnS and MnD are the masses of the ϒðnSÞ and
ϒ1ðnDÞ, respectively; eb ¼ −1=3 is the charge of b quark,
α0 ≃ 1=137 is the fine-structure constant, and α0s is the
strong coupling constant. Here, we take α0s ¼ 0.18 as
adopted in Refs. [30,39,45]. RnSð0Þ is the wave func-
tion of ϒðnSÞ at the zero point, while R00

nDð0Þ is the
second derivative of the wave function of ϒ1ðnDÞ at the
zero point.
It should be emphasized that the dielectron decay widths

of some vector resonances may be significantly affected by
the following two aspects: (i) The continuum components
of a vector state at the long range should significantly
suppress the dielectron width. As we know, the dielectron
decay width is contributed by the zero-point wave function,
which is governed by the short-range qq̄-core component
rather than the long-range continuum components. The
anomalously small dielectron width of ϒð10580Þ may be
due to the suppression of the significant continuum
components [63]. (ii) The S-D mixing induced by the
intermediate hadronic loops can affect the dielectron
decay width as well. Thus, in the unquenched quark
model framework, and including the S-D mixing effects,
the dielectron decay widths for the physical states are
given by

Γee½ϒ0ðnSÞ� ¼ 4α20e
2
b

M2
nS

�
1 −

16αs
3π

�����cnSRnSð0Þ cosϕþ 5

2
ffiffiffi
2

p
m2

b

cmDR00
mDð0Þ sinϕ

����
2

; ð39Þ

Γee½ϒ0
1ðmDÞ� ¼ 4α20e

2
b

M2
mD

�
1 −

16αs
3π

����� − cnSRnSð0Þ sinϕþ 5

2
ffiffiffi
2

p
m2

b

cmDR00
mDð0Þ cosϕ

����
2

; ð40Þ

where cnS and cmD are the probability amplitudes of the bb̄-
core components for the ϒðnSÞ and ϒ1ðmDÞ states,
respectively.
According to Eqs. (39) and (40), we evaluate the

dielectron decay widths for the vector ϒðnS=nDÞ states.
Our results are listed in column 9 of Table XI, labeled as
case A. It is found that our predictions for the ϒðnSÞ
(n ¼ 1–6) are in good agreement with the observations [7].
For a comparison, we also give the quenched quark model
results predicted with Eqs. (37) and (38) in column 11 of
Table XI, labeled as case C. One can see that neglecting the
affects of the continuum components, the dielectron decay
widths for the high-lying resonances ϒð10580Þ, ϒð10860Þ,
and ϒð11020Þ seem to be notably overestimated in the
quenched quark model framework. Moreover, to examine
the S-D mixing effects, we further evaluate the dielectron
decay widths without mixing, i.e., ϕ ¼ 0 for Eqs. (39) and
(40); the results are listed in column 10 of Table XI, labeled
as case B. It is seen that the S-Dmixing has small effects on
the dielectron decay widths of the S-wave states, while it

has notable effects on those of the high-lyingD-wave states
ϒ1ðnDÞ ðn ¼ 3–6Þ.
Finally, it should be mentioned that recently, the Belle II

Collaboration reported their new measurements of the
eþe− → B̄�B� cross sections [119]. There seems to be a
rapid increase in the cross section around the B̄�B�
threshold, which may be caused by the missing ϒ0

1ð3DÞ
state predicted in the quark model. The reasons are given as
follows. (i) The predicted mass, 10670 MeV, for the
ϒ0

1ð3DÞ state is consistent with that of the observed
structure in the cross section. (ii) For the ϒ0

1ð3DÞ, there
may be enough production rates via eþe− annihilation at
Belle/Belle II. According to our prediction, the ϒ0

1ð3DÞ
may have a relatively large dielectron decay width,
Γee ≃ 0.028 keV, due to the significant S-D mixing
induced by the hadronic loops. (iii) The ϒ0

1ð3DÞ has a
relatively narrow width of Γ ≃ 57 MeV, and dominantly
decays into the B̄�B� final state with a branching fraction of
∼92%. This is also consistent with the Belle II
observations.
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VII. THE ROLES OF VECTOR RESONANCES IN

e + e− → B̄ð�Þ
ðsÞB

ð�Þ
ðsÞ CROSS SECTION

In experiments, the production of bb̄ vector resonances
mainly depends on the eþe− annihilation reaction
eþe− → bb̄. The high-lying bb̄ vector resonances are most
likely to be reconstructed in the open-bottom meson pair
channels. Thus, the study of the cross section for the
process eþe− → bb̄ → B̄ð�Þ

ðsÞB
ð�Þ
ðsÞ (where Bð�Þ and Bð�Þ

s

denote both the ground-state Bð�Þ and Bð�Þ
s mesons, as well

as their excitations) is essential for understanding the
properties of bb̄ vector resonances. If we neglect the
contribution from the no-resonance backgrounds, the total
cross section for the eþe− → B̄ð�Þ

ðsÞB
ð�Þ
ðsÞ above the BB̄

threshold could be roughly estimated by [120,121]

σðeþe− → B̄ð�Þ
ðsÞB

ð�Þ
ðsÞÞ ≃

X

R

3π

M2

Γeþe−ΓR

ðM −MRÞ2 þ Γ2
R=4

; ð41Þ

where MR and ΓR stand for the mass and width of the
intermediate vector bb̄ resonances and M is the center-of-
mass energy.
By using Eq. (41), we calculate the cross section of

eþe− → B̄ð�Þ
ðsÞB

ð�Þ
ðsÞ in the center-of-mass energy range of

(10.55,11.35) GeV. In this energy range, 8 vector states,
ϒðnSÞ (n ¼ 4, 5, 6, 7) and ϒ1ðmDÞ (m ¼ 3, 4, 5, 6), are
included according to our quark model prediction. Our
results are plotted in Fig. 4. It should be mentioned that

TABLE XI. Our predicted dielectron widths (in units of keV) for the vector bb̄ states compared with the data and predictions from
other literature. Case A stand for the unquenched quark model results predicted with Eqs. (39) and (40), where the corrections from both
the S-D mixing and the continuum components due to coupled-channel effects are included. Case B stands for the results neglecting the
corrections from the S-D mixing. Case C stands for the quenched quark model results predicted with Eqs. (37) and (38).

State BBD [80] GVGV [82] LC [30] GM [28] SOEF [31] WSLM [39] Exp [7] Case A Case B Case C

ϒð1SÞ 1.317 0.980 1.600 1.440 0.710 1.650 1.340� 0.018 1.344 1.344 1.344
ϒð2SÞ 0.614 0.410 0.640 0.730 0.370 0.821 0.612� 0.011 0.557 0.557 0.557
ϒð3SÞ 0.448 0.270 0.440 0.530 0.270 0.569 0.443� 0.008 0.408 0.408 0.408
ϒð10580Þ 0.370 0.200 0.350 0.390 0.210 0.431 0.272� 0.029 0.209 0.209 0.343
ϒð10860Þ 0.316 0.160 0.290 0.330 0.180 0.348 0.220� 0.120 [9] 0.224 0.224 0.298
ϒð11020Þ 0.274 0.120 0.250 0.270 0.150 0.286 0.130� 0.030 0.100 0.101 0.273
ϒð7SÞ � � � 0.100 0.220 � � � � � � 0.243 � � � 0.130 0.137 0.250
ϒ1ð1DÞ 0.62 × 10−3 3.70 × 10−3 � � � 1.38 × 10−3 1.40 × 10−3 1.88 × 10−3 � � � 1.08×10−3 1.08 × 10−3 1.08 × 10−3
ϒ1ð2DÞ 1.08 × 10−3 5.80 × 10−4 � � � 1.99 × 10−3 2.50 × 10−3 2.81 × 10−3 � � � 2.13×10−3 2.13 × 10−3 2.13 × 10−3
ϒ1ð3DÞ 1.44 × 10−3 6.70 × 10−4 � � � 2.38 × 10−3 � � � 3.00 × 10−3 � � � 0.028 1.95 × 10−3 3.16 × 10−3
ϒ1ð4DÞ 1.71 × 10−3 7.90 × 10−4 � � � 2.18 × 10−3 � � � 3.00 × 10−3 � � � 7.19×10−3 2.80 × 10−3 4.11 × 10−3
ϒ1ð5DÞ 1.90 × 10−3 7.10 × 10−4 � � � � � � � � � 3.02 × 10−3 � � � 0.019 1.66 × 10−3 5.03 × 10−3
ϒ1ð6DÞ � � � � � � � � � � � � � � � � � � � � � 0.023 4.14 × 10−3 5.92 × 10−3

FIG. 4. Estimation of the cross section of the eþe− → B̄ð�Þ
ðsÞB

ð�Þ
ðsÞ process (dashed curve). It should be emphasized that label Bð�Þ

ðsÞ includes
both the ground-state Bð�Þ

ðsÞ mesons and their excited states. For clarity, the contributions from the vector resonances and some important

threshold effects of coupled channels are labeled in the figure as well.
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similar analysis was carried out recently by Ortega et al.
[113]. In Fig. 4, one can see four prominent peak structures,
contributed by four S-wave states ϒð4SÞ, ϒð5SÞ, ϒð6SÞ,
and ϒð7SÞ, respectively. The ϒð4SÞ, ϒð5SÞ, and ϒð6SÞ
have been established in experiments, which should cor-
respond to the ϒð10580Þ, ϒð10860Þ, and ϒð11020Þ,
respectively. However, the ϒð7SÞ with a mass of
∼11260 MeV is still missing: this state may be hard to

observe in the B̄ð�Þ
ðsÞB

ð�Þ
ðsÞ channels due to their tiny decay

rates; however, it may be observed in the B̄ð�ÞB1ð5721Þ
channels.
For the 3D state, by including S-D mixing effect, the

physical state ϒ0
1ð3DÞð10670Þ has a relatively clear role in

the cross-section distribution, which suggests to be
observed by the Belle II Collaboration, recently [119].
However, it is notable that the high statistic data will be
required to extract the clean signal of the ϒ0

1ð3DÞð10670Þ,
since it would suffer from the interference due to the
threshold effects of the B̄B�, B̄�B� channels. On the
contrary, the high-lying D-wave states, ϒ1ðmDÞ (m ¼ 4,
5, 6), do not show a clear peak in the total cross-section
distribution.
At last, let us make further discussion about the threshold

effects of the coupled channels. As we know, the threshold
effects can make a bump or cusp around the threshold.
Here, as shown in Fig. 4, there are two bumps due to the
threshold effects of B̄B� and B̄�B� channels around 10.63
and 10.71 GeV, respectively. Actually, the bump near
10.71 GeV in our prediction provides a possible explan-
ation for the bump, known as ϒð10753Þ resonance,
observed at Belle/Belle II [13,122]. As discussed before,
ϒð10753Þ resonance cannot be assigned as ϒ1ð3DÞ or
ϒ1ð5SÞ. Even a mixed state via ϒð4SÞ-ϒ1ð3DÞ or
ϒð5SÞ-ϒ1ð4DÞ is ruled out in our current model due to
the small mixing angle. Now, it is clear in our model that
such bump is just the threshold effect of B̄�B� coupling
withϒð4SÞ, rather than a genuine state. Similar phenomena
are also reported by Ortega et al. in their recent work [113].
Of course, more evidence is still needed to confirm it. The
interpolations of ϒð10753Þ as a hybrid [47,48] or a
tetraquark state [49–52] are also possible.

VIII. SUMMARY

In this work, the bottomonium spectrum and the OZI-
allowed two-body strong decay widths are systematically
studied within an unquenched quark model. Furthermore,
we study the S-Dmixing and dielectron decay properties in
the same framework to extract more detail of these vector
states. Moreover, by combining the spectral-density func-
tions and dielectron decay widths, we discuss the roles of
the vector bb̄ states in the cross section of the eþe−
annihilation reaction. Some key results from this study
are summarized as follows:

(i) The mass shifts of the bare states due to the
unquenched coupled-channel effects are estimated
to be Oð10Þ MeV. Including the coupled-channel
effects, the theoretical description of the masses for
the high-lying resonances, such as ϒð10580Þ,
ϒð11020Þ, χb1;2ð3PÞ, is systematically improved.

(ii) Most of the high-lying resonances may contain
significant non-bb̄ components. For example, for
the ϒð11020Þ resonance the non-bb̄ component may
reach up to ∼60%.

(iii) The intermediate hadronic loops can cause a sig-
nificant S-D mixing for the high-lying vector states.
The D-wave states, ϒ1ð3DÞ, ϒ1ð5DÞ, and ϒ1ð6DÞ,
will significantly mix with their nearby S-wave
states. The mixing angles are estimated to
be ϕ ≃ −ð14–18Þ°.

(iv) The dielectron widths of some high-lying vector
resonances may be significantly suppressed by their
non-bb̄ components due to the coupled-channel
effects. Including these effects, the better description
of the dielectron widths of the ϒð10580Þ, ϒð10860Þ,
and ϒð11020Þ is achieved in this work.

(v) The threshold effects of open-bottom meson pairs
can cause rich bump structures in the total cross-
section distribution of eþe− → bb̄. There are com-
plex structures around the c.m. energy region of
10.62–10.75 GeV, which are mainly contributed by
the ϒ1ð3DÞ resonance together with the threshold
effects of the B̄B� and B̄�B�. In the current model,
we do not favor the existing ϒð10753Þ resonance,
while the bump in the eþe− → bb̄ around
10.71 GeV is just due to the threshold effect of B̄�B�.
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APPENDIX: MASS SHIFT
AND SPECTRAL-DENSITY FUNCTION

In this appendix, we present the total mass shifts as a
function of the physical mass, along with the spectral-
density function for the bb̄ states, as shown in Figs. 5–8.
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FIG. 5. The line shapes of the mass-shift function ΔMðMÞ (upper panel) and spectral-density function ωðMÞ (lower panel) for the
ηbð5S; 6S; 7SÞ states. The solution of the coupled-channel equation (17) corresponds to the intersection point between two linesΔMðMÞ
and M −MA in the upper panel. Some important coupled channels are also marked in the upper panel. The shaded area in the spectral-
density function is the integral interval for estimating the bb̄ component.

FIG. 6. The line shapes of the mass-shift function ΔMðMÞ (upper panel) and spectral-density function ωðMÞ (lower panel) for the
vector bb̄ states. The rest of the caption is the same as that of Fig. 5.
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FIG. 7. The line shapes of the mass-shift functionΔMðMÞ (upper panel) and spectral-density function ωðMÞ (lower panel) for the 4P-,
5P-, and 6P-wave states. The rest of the caption is the same as that of Fig. 5.
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FIG. 8. The line shapes of the mass-shift function ΔMðMÞ (upper panel) and spectral-density function ωðMÞ (lower panel) for the
ϒ2;3ðnDÞ and ηb2ðnDÞ (n ¼ 3, 4, 5, 6) states. The rest of the caption is the same as that of Fig. 5.
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