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In this work, we propose the 4S-3D mixing scheme to assign the ϒð10753Þ into the conventional
bottomonium family. Under this interpretation, we further study its hidden-bottom hadronic decays with a
ηð0Þ or ω emission, which include ϒð10753Þ → ϒð1SÞηð0Þ, ϒð10753Þ → hbð1PÞη, and ϒð10753Þ → χbJω
(J ¼ 0, 1, 2) processes. Since the ϒð10753Þ is above the BB̄ threshold, the coupled-channel effect cannot
be ignored; thus, when calculating partial decay widths of theseϒð10753Þ hidden-bottom decays, we apply
the hadronic loop mechanism. Our result shows that these discussed decay processes own considerable
branching fractions with an order of magnitude of 10−4–10−3, which can be accessible at Belle II and other
future experiments.
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I. INTRODUCTION

When checking the status of the bottomonia collected by
the Particle Data Group (PDG) [1], it is easy to find that
compared with the charmonium family, the bottomonium
family is far from established. Until now, above the BB̄
threshold, experiments have only observed three vector
bottomonia: ϒð10580Þ, ϒð10860Þ, and ϒð11020Þ. Thus, in
order to construct the bottomonium family, finding more
bottomonia is a crucial step. Along this line, the Belle and
further Belle II experiments are playing important roles in
exploring new bottomonia [2].
Recently, the Belle Collaboration reanalyzed the cross

section of eþe− → ϒðnSÞπþπ− (n ¼ 1, 2, 3) and updated
their measurements to supersede the previous result [3,4].
In their new analysis, apart from the already known
resonances ϒð10860Þ and ϒð11020Þ [4–9], a new structure
near 10.75 GeV, which is referred to as ϒð10753Þ by the
PDG [1], appears in the ϒðnSÞπþπ− (n ¼ 1, 2, 3) invariant
mass spectrum, whose mass and width are fitted as

M¼ð10752.7�5.9þ0.7
−1.1ÞMeV and Γ¼ð35.5þ17.6þ3.9

−11.3−3.3 ÞMeV,
respectively. Additionally, its spin parity is indicated to be
JPC ¼ 1−− by the requirement of the production processes.
This new reported bottomonium-like structure quickly
inspired theorists’ interests in revealing its inner structure,
where the conventional bottomonium state assignment
[10,11] and several exotic state interpretations, which
include the tetraquark state [12,13], hybrid state [14,15],
and kinetic effect [16,17], were proposed.
When treating the ϒð10753Þ as a conventional botto-

monium state, we have to face a serious problem. The
calculation of the mass spectrum of the bottomonium
family [18–22] shows that the predicted masses of
ϒð4SÞ, ϒð3DÞ, ϒð5SÞ, and ϒð4DÞ are around (10607–
10640) MeV, (10653–10717) MeV, (10818–10878) MeV,
and (10853–10928) MeV, respectively. Obviously, the
mass of the observed ϒð10753Þ cannot fall into these
predicted mass ranges, which makes it difficult to assign
the ϒð10753Þ to a bottomonium state. Naturally, the exotic
state explanations [12–15] were given as a way to solve this
mass problem.
In fact, we should mention some experiences in con-

structing the charmonium family. In Ref. [23], in order to
understand the puzzling phenomenon involved in the
ψð3686Þ and ψð3770Þ, Rosner introduced the 2S and
1D state mixing scheme. Furthermore, when checking
the higher charmonia, such effects also should be empha-
sized. In Ref. [24], the predicted masses of ψð4SÞ and
ψð3DÞ are 4274 MeV and 4334 MeV, respectively. If one
assigns the Yð4220Þ [1] as a ψð4SÞ charmonium state, the
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mass of ψð4SÞ is about 54 MeV higher than the mass of
Yð4220Þ [24]. To solve this problem, the 4S-3D mixing
scheme is introduced in Ref. [24]. It is found that when the
mixing angle is around ð33� 3Þ°, the mass of Yð4220Þ can
be reproduced; simultaneously, a partner state has a mass of
4380 MeV [24]. Moreover, the study of these charmonium-
like states around 4.6 GeValso shows the important role of
the S-D mixing scheme when putting them into the
charmonium family [25]. So, from these previous experi-
ences in constructing the charmonium family, we may find
that the S-D mixing effect is universal and cannot be
ignored when depicting heavy quarkonium spectroscopy.
Inspired by the research experiences of constructing the

charmonium family [23–25], in this work we suggest that
introducing the S-Dmixing scheme can also solve the mass
problem of the ϒð10753Þ. First, checking PDG data [1],
one notices that the experimental mass of ϒð10580Þ
(10579.4 MeV) is lower than the prediction of ϒð4SÞ
(10607–10640 MeV) [18–22]. Furthermore, the mass of
the newly reported ϒð10753Þ is higher than the predicted
mass of ϒð3DÞ (10653–10717 MeV). This situation
satisfies the requirement of introducing 4S-3D mixing,
by which the mass problem of the ϒð10753Þ can be solved.
In Sec. II, we will present the details of the introduced
4S-3D mixing scheme.
It is obvious that the bottomonium assignment to the

ϒð10753Þ can survive. Thus, how to distinguish among
these several explanations of ϒð10753Þ becomes a key
point for now, which means that studies on the decay
behaviors of ϒð10753Þ under different assignments
should be given more attention. Till now, we notice that
although there exists a theoretical estimate on the corre-
sponding open-bottom hadronic decay modes [26], the
study of its hidden-bottom hadronic decays is still absent.
This status stimulates our interest in investigating the
hidden-bottom hadronic decays of ϒð10753Þ with the
bottomonium assignment.
When looking at PDG data [1], it is easy to find that for

some hidden-bottom hadronic decays of higher bottomo-
nia, their decay rates are anomalous [1]. For example,
even for some spin flip transitions forbidden by heavy
quark spin symmetry, their decay rates are still consider-
able [27–29]. Since these higher bottomonia mainly decay
into a pair of B mesons, it is easy to estimate that the
coupled-channel effect may be important. Thus, as an
equivalent description of the coupled-channel effect, the
hadronic loop mechanism was introduced in order to
understand the puzzling phenomena involved in hidden-
bottom hadronic decays of some higher bottomonia
[30–41]. For example, after introducing the contribu-
tion from the hadronic loop mechanism, the anomalous
branching fractions such as ϒð10580Þ → hbð1PÞη [42],
ϒð10580Þ → ϒðnSÞπþπ− [43], ϒð10580Þ → ϒð1SÞη [43],
ϒð10860Þ → ϒðnSÞπþπ− [3], ϒð10860Þ → hbðnPÞπþπ−
[44], andϒð10860; 11020Þ → πþπ−π0χbJ [7,9] can be well

understood [30–41]. Since ϒð10753Þ is also above the BB̄
threshold, borrowing the former experience of studying
these higher bottomonia like ϒð10580Þ, ϒð10860Þ, and
ϒð11020Þ [30–41], the hadronic loop mechanism cannot be
ignored when calculating the hidden-bottom hadronic
decays of ϒð10753Þ.
In this work, by taking into account the hadronic loop

mechanism, we perform a study on the hidden-bottom
decay channels ϒð10753Þ → ϒð1SÞηð0Þ, hbð1PÞη, and
χbJω, where the corresponding partial decay widths and
branching fractions are estimated. Our results must be an
important part of the physics around the newly reported
ϒð10753Þ, and can provide useful information to the
forthcoming experiments when exploring these processes.
With joint efforts from theorists and experimentalists, we
have reasons to believe that the feature of the discussed
ϒð10753Þ can be well understood.
This paper is organized as follows: After the Introduc-

tion, in Sec. II we introduce the 4S-3D mixing mechanism
to assign the ϒð10753Þ as a conventional bottomonium
state. Then, we illustrate the detailed calculation of
ϒð10753Þ → ϒð1SÞηð0Þ, hbð1PÞη, and χbJω in Sec. III.
After that, we present numerical results in Sec. IV. Finally,
the paper ends with a short summary.

II. THE 4S-3D MIXING SCHEME

Although there exist exotic state [12–15] and kinetic
effect [16,17] interpretations to the newly observed
ϒð10753Þ, we still need to meticulously study the pos-
sibility that this ϒð10753Þ can be included in the botto-
monium family. In Ref. [19], a systematic investigation
of the higher bottomonia was carried out by using a
modified Godfrey-Isgur model1 and predicted the mass
and width of the ϒð3DÞ state to be 10675 MeV and
54.1 MeV, respectively.
Although the predicted width of ϒð3DÞ is consistent

with the current measurement of the ϒð10753Þ [3], the
predicted mass is about 70 MeV lower than the measure-
ment. Furthermore, after checking other theoretical results

1As an unquenched quark model, the modified Godfrey-Isgur
model is an equivalent description of the coupled-channel effect
[19] since the screening potential was introduced [45,46]. With
the modified Godfrey-Isgur model, the mass of the ϒð33D1Þ state
was predicted [19]. In this work, we adopt this value as input. We
notice that there exists a systematic study of the bottomonium
meson family with a realistic coupled-channel calculation by
considering these open-bottom meson pair channels [47], where
the predicted mass of ϒð33D1Þ is 10650.9 MeV, which is
comparable with our adopted result 10675 MeV taken from
Ref. [47]. As emphasized in Refs. [19,47], the coupled-channel
effect is obvious, since the mass shift between bare mass and
physical mass for ϒð33D1Þ is around 90 MeV. This situation
inspires us to introduce the hadronic loop contribution when
estimating the branching ratios of the ϒð33D1Þ decays into
hidden-charm decay channels in this work.
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on the mass spectrum of the bottomonium family, we
find that the predicted mass of ϒð3DÞ is in the range
(10653–10717) MeV [18–22], which also shows that none
of the predicted mass of ϒð3DÞ is close to the current
measurement. In addition, after checking the PDG data [1],
we find that the mass of ϒð10580Þ is 10579.4 MeV,
which is also far away from the predicted mass of
(10607–10640) MeV [18–22].
The fact that the experimental masses of the ϒð10753Þ

and ϒð10580Þ are higher and lower than the corresponding
theoretical results stimulates the idea to introduce the
S-D mixing mechanism, which had been successfully
applied to understand the observed charmonium-like states
[23–25,48]. Particularly, in Ref. [24], after introducing
the 4S-3D mixing, the mass of Yð4220Þ, which is about
54 MeV lower than the prediction, is reproduced well.
Also, its partner ψð4380Þ was predicted, which has shown
some hints in the eþe− → DD̄�

2 → D0D−πþ, eþe− →
D0D�−πþ, and eþe− → ψð2SÞπþπ− processes [24].
Thus, in our view, it is meaningful to investigate whether

or not the introduction of 4S-3D mixing can solve the
mass problem of the ϒð10753Þ. Similar to the approach in
Refs. [23–25], we introduce

� ϒ0
4S

ϒ0
3D

�
¼

�
cos θ − sin θ

sin θ cos θ

�� ϒ4S

ϒ3D

�
ð2:1Þ

to describe the 4S-3D mixing, where θ denotes the mixing
angle. ϒ4S and ϒ3D are the wave functions of the pure 4S
and 3D bottomonium states, respectively. ϒ0

4S and ϒ0
3D are

the wave functions of the physical states, respectively.
To fix the mixing angle θ, in this work we focus on the

electronic decay of bottomonium states, since we already
have the experimental data of Γeeðϒð10580ÞÞ [1]. The
expressions we use to fit the electronic decay width are as
follows [49]:

ΓeeðnSÞ ¼
4α2e2b
M2

nS
jRnSð0Þj2

�
1 −

16

3

αs
π

�
;

ΓeeðnDÞ ¼ 4α2e2b
M2

nD

���� 5

2
ffiffiffi
2

p
m2

b

R00
nDð0Þ

����
2
�
1 −

16

3

αs
π

�
; ð2:2Þ

where eb ¼ 1=3 is the charge of the b quark, α is the fine
structure constant, and αs ¼ 0.18 [19]. Besides these,
RnSð0Þ is the radial S-wave function at the origin, while
R00
nDð0Þ is the second derivative of the radial D-wave

function at the origin. After considering the 4S-3D mixing,
the electronic decay width of the mixed ϒ0ð4SÞ state is

Γee ¼
4α2e2b
M2

ϒ0ð4SÞ

����RnSð0Þ cos θ − 5

2
ffiffiffi
2

p
m2

b

R00
nDð0Þ sin θ

����
2

×

�
1 −

16

3

αs
π

�
: ð2:3Þ

With Eq. (2.3) and the experimental data of the elec-
tronic decay width of the ϒð10580Þ [Γeeðϒð10580ÞÞ ¼
ð0.272� 0.029Þ KeV] [1], and after substituting the
RnSð0Þ and R00

nDð0Þ extracted from Ref. [19], the mixing
angle is fixed to be θ ¼ ð33� 4Þ°, which is close to the
results given in Refs. [21,22].
Then, we turn to illustrate the change of mass caused by

the mixing. In this mixing scheme, the mass eigenvalues of
the physical states ϒ0ð4SÞ and ϒ0ð3DÞ are determined by

m2
ϒ0ð4SÞ ¼

1

2

h
m2

ϒð4SÞ þm2
ϒð3DÞ

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ϒð4SÞ −m2
ϒð3DÞÞ2 sec22θ

q i
;

m2
ϒ0ð3DÞ ¼

1

2

h
m2

ϒð4SÞ þm2
ϒð3DÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ϒð4SÞ −m2
ϒð3DÞÞ2 sec22θ

q i
; ð2:4Þ

where mϒð4SÞ and mϒð3DÞ are the masses of pure 4S and 3D
bottomonium states, respectively. Based on Eq. (2.4), we
investigate the θ dependence of mϒ0ð4SÞ and mϒ0ð3DÞ. As
shown in Fig. 1, the mass of the physical state ϒ0ð4SÞ is
decreased while the mass of the physical state ϒ0ð3DÞ is
increased when increasing the mixing angle jθj. Thus,
introducing the 4S-3D mixing scheme can reproduce the
mass of the ϒð10753Þ and ϒð10580Þ well.
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FIG. 1. The θ dependence of the masses of the physical states
ϒ0ð4SÞ and ϒ0ð3DÞ. Here, the cyan and pink bands denote the
current measurements of mϒð10580Þ and mϒð10753Þ, respectively.
The masses of pure states ϒð4SÞ and ϒð3DÞ are taken as the
ranges ð10621–10643Þ MeV and ð10691–10712Þ MeV, respec-
tively, which are from theoretical predictions [18–22].
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In this section, we discuss the S-D mixing scheme for
ϒð10750Þ andϒð10580Þ. In fact, we have reason to believe
that there should exist mixing schemes for other pairs of
quantum numbers, and these mixing schemes would
modify the entire spectrum. However, the present exper-
imental information of heavy quarkonium, especially for
bottomonium, is not enough to be applied to test such a
scenario. For example, F-wave charmonium states are still
absent, which may have mixing with the corresponding
P-wave state. For bottomonium, the ϒð13D1Þ andϒð23D1Þ
states are still missing in experiment. We hope that this
situation can be changed with the running of Belle II.
Obviously, how the mixing scheme mentioned above
changes the spectroscopy behavior of heavy quarkonium
is an interesting research topic not only at present but also
in the future.
In general, by considering the 4S-3D mixing, we find a

way to resolve the mass puzzle of the ϒð10580Þ and
ϒð10753Þ simultaneously, where the ϒð10753Þ can be
assigned as the mixture of the 4S and 3D bottomonium
states. In the following, we adopt this mixing scheme to
present the corresponding hidden-bottom decay behavior.

III. THE TRANSITIONS VIA THE HADRONIC
LOOP MECHANISM

According to the latest Belle result, the ϒð10753Þ is
above the Bð�ÞB̄ð�Þ and BsB̄s thresholds. Thus, the
ϒð10753Þ should dominantly decay into a pair of bot-
tomed or bottom-strange mesons. Under the framework of
hadronic loop mechanisms [32,36–41], the hidden-bottom
hadronic decays ϒð10753Þ → ϒð1SÞηð0Þ, ϒð10753Þ →
hbð1PÞη, and ϒð10753Þ → χbJω can be achieved in the
following way: First, the initial ϒð10753Þ couples with
Bð�ÞB̄ð�Þ; then, the bottom meson pair converts into a low-
lying bottomonium and one light meson by exchanging a
Bð�Þ meson. We should emphasize here that since the
coupling between the ϒð10753Þ and BsB̄s is weak [26], in
this work we ignore the contributions from the intermediate
Bs meson loops.
According to the limits of quantum numbers and phase

space, the diagrams depicting the involved decays can be
determined. As discussed in Sec. II, the ϒð10753Þ can be
well understood as the dressedϒð3DÞ state mixing with the
ϒð4SÞ component, so when we calculate the decay proper-
ties of the ϒð10753Þ, we must consider not only the
contributions from the 3D component, but also those from
the 4S component. The diagrams depicting the decays to
ϒð1SÞηð0Þ, hbð1PÞη, and χbJð1PÞω are shown in Figs. 2–4,
respectively.
The general expression of the amplitude can be written as

M ¼
Z

d4q
ð2πÞ4

V1V2V3

P1P2PE
F 2ðq2; m2

EÞ; ð3:1Þ

where V i (i ¼ 1, 2, 3) are interaction vertices, and 1=P1;2

and 1=PE denote the propagators of intermediate bottomed
mesons. Here, F ðq2; m2

EÞ is the form factor, which is
introduced to compensate the off-shell effect of the
exchanged Bð�Þ meson and depict the structure effect of

FIG. 2. The schematic diagrams for depicting the ϒð4S; 3DÞ →
ϒð1SÞηð0Þ decay via the hadronic loop mechanism.

FIG. 3. The schematic diagrams for depicting the ϒð4S; 3DÞ →
hbð1PÞη decay via the hadronic loop mechanism.

FIG. 4. The schematic diagrams for depicting the ϒð4S; 3DÞ →
χbJω (J ¼ 0, 1, 2) decay via the hadronic loop mechanism.
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interaction vertices [50–52]. In this paper, the monopole
form factor [53] is adopted, which is written as

F ðq2; m2
EÞ ¼

Λ2 −m2
E

Λ2 − q2
; ð3:2Þ

where mE and q denote the mass and momentum of the
exchanged bottomed meson, respectively, and Λ is the
cutoff, which can be parametrized as Λ ¼ mE þ αΛΛQCD,
with ΛQCD ¼ 220 MeV [54–56], and αΛ being a free
parameter. Usually, the free parameter αΛ should be of
order 1 and is dependent on the concrete processes [52].
In order to write down the amplitudes, we adopt the

effective Lagrangian approach to describe the involved
vertices V i in Eq. (3.1). Considering the heavy quark limit
and chiral symmetry, the effective Lagrangians describing
the interactions involved in bottomonium, a bottomed (or
bottom-strange) meson pair, and the light pseudoscalar
(vector) meson are [57–60]

LS ¼ igSTr½SðQQ̄ÞH̄ðQ̄qÞγμ∂μ

↔
H̄ðQq̄Þ� þ H:c:;

LP ¼ igPTr½PðQQ̄ÞμH̄ðQ̄qÞγμH̄ðQq̄Þ� þ H:c:;

LD ¼ igDTr½DðQQ̄Þ
μν H̄ðQ̄qÞ∂μ

↔
γνH̄ðQq̄Þ� þ H:c:;

LP ¼ igHTr½HðQq̄Þjγμγ5ðAμÞijH̄ðQq̄Þ
i �;

LV ¼ iβTr½HðQq̄Þjυμð−ρμÞijH̄ðQq̄Þ
i �

þ iλTr½HðQq̄ÞjσμνFμνðρijÞH̄ðQq̄Þ
i �; ð3:3Þ

with ∂↔ ¼ ∂⃗ − ∂⃖. In Eq. (3.3), SðQQ̄Þ, PðQQ̄Þμ and DðQQ̄Þ
μλ

denote the S-wave, P-wave and D-wave multiplets of
bottomonium, respectively. HðQq̄Þ and H̄ðQ̄qÞ are ð0−; 1−Þ
doublets of bottom and antibottom mesons, respectively.
Aμ is the axial vector current of Nambu-Goldstone fields,
which reads as Aμ ¼ ðξ†∂μξ − ξ∂μξ†Þ=2, with ξ ¼ eiP=fπ .
In addition, ρμ ¼ igVVμ=

ffiffiffi
2

p
and FμνðρÞ ¼ ∂μρν − ∂νρμ þ

½ρμ; ρν� [38,61–63]. For the detailed expressions of these
symbols, we collect them into Appendix A.
After expanding the above Lagrangians, the concerned

effective Lagrangians, as shown in Appendix A, can be
obtained. Thus, we can write down the concrete amplitudes
corresponding to the diagrams in Figs. 2–4. For example,
with the Feynman rules listed in Appendix B, the amplitude
of the first diagram in Fig. 2 can be obtained as

Mð1Þ
3D ¼ i3

Z
d4q
ð2πÞ4 gϒ1BBϵ

λ
ϒ1
ϵν�ϒ ðq1λ − q2λÞgϒBB�εμναβ

× pμ
2ðqβ2 − qβÞgBB�ηð0Þp

τ
1

1

q21 −m2
B

1

q22 −m2
B̄

×
−gατ þ qτqα=m2

B�

q2 −m2
B�

F 2ðq2; m2
B� Þ: ð3:4Þ

And then, the remaining amplitudes can be written down
similarly.
Finally, the decay widths of the transitions of the

ϒð10753Þ into a low-lying bottomonium by emitting a
light pseudoscalar meson ηð0Þ or ω can be evaluated by

Γ ¼ 1

3

jp⃗j
8πm2

jMTotalj2; ð3:5Þ

where the overbar denotes a sum over the polarizations of
ϒð1SÞ, hbð1PÞ, or χbJð1PÞ (J ¼ 0, 1, 2), and the vector
meson ω. The coefficient 1=3 comes from averaging over
polarizations of the initial state. p⃗ is the momentum of the
light meson. The general expression of total amplitudes is

MTotal ¼ 4
Ximax

i¼1

MðiÞ
4S sin θ þ 4

Xjmax

j¼1

MðjÞ
3D cos θ: ð3:6Þ

Here, the superscript iðjÞ denotes the iðjÞ-th amplitudes
from bottomed meson loops in the above diagrams, while
the subscripts 4S and 3D denote the contributions from
ϒð4SÞ or ϒð3DÞ components, respectively. θ ¼ 33° is used
in this work. In addition, the factor 4 comes from the charge
conjugation and the isospin transformations on the bridged
Bð�Þ meson.

IV. NUMERICAL RESULTS

Before presenting the numerical results, we need to
illustrate how to determine the relevant coupling constants.
The coupling constants gϒ1Bð�ÞBð�Þ depicting the coupling
between ϒð3DÞ and a pair of bottomed mesons are
extracted from the corresponding decay widths, which
are quoted from Ref. [19]. The decay widths and the
corresponding coupling constants are listed in Table I. As
for gϒð4SÞBBð�Þ, the value of gϒð4SÞBB is determined by the
corresponding partial decay width given in Ref. [19], while
gϒð4SÞBB� can be fixed by gϒð4SÞBB and Eq. (4.1) in heavy
quark symmetry. Numerically, gϒð4SÞBB ¼ 13.224 GeV−1

and gϒð4SÞBB� ¼ 1.251 GeV−1 are used in this work.
For gϒBð�ÞBð�Þ, ghbBð�ÞBð�Þ , and gχbJBð�ÞBð�Þ , defined in

Eqs. (A8), (A9), and (A10), respectively, the symmetry
implied by the heavy quark effective theory needs to be
considered. Under this symmetry, these coupling constants

TABLE I. The decay widths of ϒð3DÞ → Bð�ÞB̄ð�Þ given in
Ref. [19] and the extracted coupling constants gϒ1Bð�ÞBð�Þ ofϒð3DÞ
coupling with Bð�ÞB̄ð�Þ.

Channel Decay width (MeV) Coupling constant

BB̄ 5.47 3.480
BB̄� þ c:c: 15.2 0.393 GeV−1

B�B̄� 33.4 4.210
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are related to each other through the global constants gS and
gP, which are expressed as

gϒBB
mB

¼ gϒBB�mϒffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�

p ¼ gϒB�B�

mB�
¼ 2gS

ffiffiffiffiffiffiffi
mϒ

p
;

ghbBB�ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�

p ¼ ghbB�B�
mhb

mB�
¼ 2gP

ffiffiffiffiffiffiffiffi
mhb

p
;

gχb0BBffiffiffi
3

p
mB

¼
ffiffiffi
3

p
gχb0B�B�

mB�
¼ 2

ffiffiffiffiffiffiffiffiffi
mχb0

p
gP;

gχb1BB� ¼ 2
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�mχb1

p
gP;

gχb2BBmB ¼ gχb2BB�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�

p
mχb2 ¼

gχb2B�B�

4mB�
¼ ffiffiffiffiffiffiffiffiffi

mχb2

p
gP;

ð4:1Þ

where gS ¼ 0.407 GeV−3=2 [41], and gP ¼ −
ffiffiffiffiffiffiffi
mχb0
3

q
1

fχb0
,

with fχb0 ¼175�55MeV obtained by QCD sum rule [64].
Additionally, gBð�ÞBð�Þη can be expressed by the coupling

constant gH—i.e.,

gBB�ηffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�

p ¼ gB�B�η ¼
2gH
fπ

α;

gBB�η0ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�

p ¼ gB�B�η0 ¼
2gH
fπ

β; ð4:2Þ

where gH ¼ 0.569, fπ ¼ 131 MeV [37,40,41], and α and β
were defined in Eq. (A6). gBð�ÞBð�Þω is related to the global
coupling constant gV—i.e.,

gBBω ¼ gB�B�ω ¼ βgV
2

;

fBB�ω ¼ fB�B�ω

mB�
¼ λgV

2
; ð4:3Þ

where β ¼ 0.9, λ ¼ 0.56 GeV−1, and gV ¼ mρ=fπ [38].

A. The results of processes with ηð0Þ emission

In this subsection, we present our results of the
ϒð10753Þ → ϒð1SÞηð0Þ and ϒð10753Þ → hbð1PÞη proc-
esses. Apart from the fixed coupling constants, there still
exists a free parameter αΛ, which comes from the intro-
duced form factor. Following Refs. [37–40], in this work
we still set 0.5 ≤ αΛ ≤ 1.0 to calculate the decay widths
and the corresponding branching fractions for the
ϒð10753Þ → ϒð1SÞηð0Þ and ϒð10753Þ → hbð1PÞη proc-
esses, and the numerical results are shown in Fig. 5.
Thus, the decay widths of ϒð10753Þ → ϒð1SÞηð0Þ and

ϒð10753Þ → hbð1PÞη processes are

Γ½ϒð10753Þ → ϒð1SÞη� ¼ ð16.2–193.7Þ keV;
Γ½ϒð10753Þ → ϒð1SÞη0� ¼ ð4.04–48.0Þ keV;
Γ½ϒð10753Þ → hbð1PÞη� ¼ ð7.23–74.2Þ keV;

which are transferred from the branching fractions

B½ϒð10753Þ → ϒð1SÞη� ¼ ð0.46–5.46Þ × 10−3;

B½ϒð10753Þ → ϒð1SÞη0� ¼ ð0.11–1.35Þ × 10−3;

B½ϒð10753Þ → hbð1PÞη� ¼ ð0.20–2.09Þ × 10−3:

Our results show that the branching fractions of the
ϒð10753Þ → ϒð1SÞη and ϒð10753Þ → hbð1PÞη processes
can reach up to 10−3, and the branching ratio of
ϒð10753Þ → ϒð1SÞη0 is around 10−4, which indicates that
these discussed transitions can be accessible at the Belle II
experiment. In addition, we provide the ratio Rη0=η ¼
B½ϒð10753Þ → ϒð1SÞη0�=B½ϒð10753Þ → ϒð1SÞη� as

Rη0=η ≈ 0.25;

which is weakly dependent on the cutoff parameter αΛ.
The behavior of Rη0=η can be further tested in future
experiments.

B. The results of processes with ω emission

Next, we investigate the hadronic loop contribution to
the ϒð10753Þ → χbJω (J ¼ 0, 1, 2) decays, where the αΛ
dependences of branching fractions are shown in Fig. 6.
From Fig. 6, we can determine that the corresponding

branching fractions are

B½ϒð10753Þ → χb0ω� ¼ ð0.73–6.94Þ × 10−3;

B½ϒð10753Þ → χb1ω� ¼ ð0.25–2.16Þ × 10−3;

B½ϒð10753Þ → χb2ω� ¼ ð1.08–11.5Þ × 10−3:
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53
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/
']

0.5 0.6 0.7 0.8 0.9 1.0
10-4

10-3

10-2

[
(1
07
53
)
h b
]
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FIG. 5. The αΛ dependence of the branching fractions
B½ϒð10753Þ → ϒð1SÞηð0Þ� (left panel) and B½ϒð10753Þ →
hbð1PÞη� (right panel).

LI, BAI, HUANG, and LIU PHYS. REV. D 104, 034036 (2021)

034036-6



Thus, the corresponding decay widths are

Γ½ϒð10753Þ → χb0ω� ¼ ð25.9–246.5Þ keV;
Γ½ϒð10753Þ → χb1ω� ¼ ð8.79–76.8Þ keV;
Γ½ϒð10753Þ → χb2ω� ¼ ð38.2–407.7Þ keV:

Additionally, we also notice that the behavior of the
ratios Rij ¼ B½ϒð10753Þ → χbiω�=B½ϒð10753Þ → χbjω�
(see Fig. 6) are also weakly dependent on the parameter
αΛ—i.e.,

R10 ¼
B½ϒð10753Þ → χb1ω�
B½ϒð10753Þ → χb0ω�

¼ ð0.33–0.35Þ;

R12 ¼
B½ϒð10753Þ → χb1ω�
B½ϒð10753Þ → χb2ω�

¼ ð0.18–0.22Þ;

R02 ¼
B½ϒð10753Þ → χb0ω�
B½ϒð10753Þ → χb2ω�

¼ ð0.55–0.63Þ:

Obviously, experimental measurement for them will be an
interesting issue for future experiments such as Belle II.

V. SUMMARY

Recently, the Belle Collaboration released a new analysis
on the eþe− → ϒðnSÞπþπ− processes (n ¼ 1, 2, 3) and
found evidence of a new structure near 10.75GeV [3], whose
mass and width are fitted asM ¼ ð10752.7� 5.9þ0.7

−1.1Þ MeV
and Γ ¼ ð35.5þ17.6þ3.9

−11.3−3.3 Þ MeV, respectively. Although the
width of this state is consistent with the prediction of
ϒð3DÞ given by Ref. [19], its mass cannot match any of
the previous theoretical results of ϒð3DÞ [18–22].
To solve the mass problem of this ϒð10753Þ, based on

the experience with the charmonium family [23–25,48],
4S-3D mixing is introduced. It is found that when the
mixing angle is around ð33� 4Þ°, the masses of the

ϒð10580Þ and ϒð10753Þ can be reproduced simultane-
ously. Besides, the obtained masses of pure 4S and 3D
states are consistent with Refs. [18–22]. Thus, in our view,
the newly observed ϒð10753Þ can be assigned as a
bottomonium state with 4S-3D mixing.
To further understand the nature of this ϒð10753Þ, study

of its decay behavior is necessary. Since the study of its
hidden-bottom hadronic decays is still absent, in this work
we carry out a study on some hidden-bottom decays of
the ϒð10753Þ, which include ϒð10753Þ → ϒð1SÞηð0Þ,
ϒð10753Þ → hbð1PÞη, andϒð10753Þ → χbJω (J ¼ 0, 1, 2).
Due to the typical feature that the ϒð10753Þ has a mass

above theBB̄ threshold, the coupled-channel effect should be
considered; thus, in this work we absorb the hadronic loop
mechanism into the realistic study on the ϒð10753Þ. We
obtain the partial decay widths and the corresponding
branching fractions of these discussed hidden-bottomdecays,
which show that ϒð10753Þ → ϒð1SÞηð0Þ, ϒð10753Þ →
hbð1PÞη, and ϒð10753Þ → χbJω (J ¼ 0, 1, 2) have consid-
erable decay rates, which we think are accessible in future
experiments such as Belle II. Furthermore, we obtain some
typical values which are almost independent of the free
parameter introduced by the form factor, which can be
important values for us to study the decay behavior of this
ϒð10753Þ and understand its nature.
In conclusion, it is obvious that future experimental

search for these discussed hidden-bottom hadronic decays
of the ϒð10753Þ will be an intriguing task, by which the
nature of the ϒð10753Þ should be decoded. Thus, we
strongly encourage the running Belle II experiment to pay
attention to this issue.
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APPENDIX A: THE EFFECTIVE LAGRANGIANS

In this Appendix, we give the adopted Lagrangians in

detail. SðQQ̄Þ, PðQQ̄Þμ, and DðQQ̄Þ
μλ denote the S-wave,

P-wave, and D-wave multiplets of the bottomonia with
the expressions

SðQQ̄Þ ¼ 1þ =υ
2

½ϒμγμ − ηbγ5�
1 − =υ
2

; ðA1Þ

PðQQ̄Þμ ¼ 1þ =υ
2

�
χμαb2γα þ

1ffiffiffi
2

p εμαβγυαγβχb1γ

þ 1ffiffiffi
3

p ðγμ − υμÞχb0 þ hμbγ5

�
1 − =υ
2

; ðA2Þ
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FIG. 6. The αΛ dependence of the branching fractions
B½ϒð10753Þ → χbJω� (left panel), and the αΛ dependence of
the ratios Rij ¼ B½ϒð10753Þ → χbiω�=B½ϒð10753Þ → χbjω�
(right panel).
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DðQQ̄Þμν ¼ 1þ =υ
2

�
ϒμνα

3 γα þ
1ffiffiffi
6

p ðεμαβρυαγβϒν
2ρ þ εναβρυαγβ

×ϒμ
2ρÞ þ

ffiffiffiffiffi
15

p

10
½ðγμ − υμÞϒν

1 þ ðγν − υνÞϒμ
1�

−
1ffiffiffiffiffi
15

p ðgμν − υμυνÞγαϒα
1 þ ημνb2γ5

�
1 − =υ
2

; ðA3Þ

respectively. HðQq̄Þ represents the spin doublet of bottom-
meson field ðB;B�Þ, and HðQ̄qÞ corresponds to the anti-
meson counterpart. Their concrete expressions are [58,59]

HðQq̄Þ ¼ 1þ =υ
2

ðB�μγμ þ iBγ5Þ;

HðQ̄qÞ ¼ ðB̄�μγμ þ iB̄γ5Þ
1 − =υ
2

; ðA4Þ

with H̄ðQq̄Þ ¼ γ0H†ðQq̄Þγ0 and H̄ðQ̄qÞ ¼ γ0H†ðQ̄qÞγ0.
In addition, the pseudoscalar octet P reads as

P¼

0
BBB@

π0ffiffi
2

p þαηþβη0 πþ Kþ

π− − π0ffiffi
2

p þαηþβη0 K0

K− K̄0 γηþδη0

1
CCCA ðA5Þ

with

α ¼ cos θ −
ffiffiffi
2

p
sin θffiffiffi

6
p ; β ¼ sin θ þ ffiffiffi

2
p

cos θffiffiffi
6

p ;

γ ¼ −2 cos θ −
ffiffiffi
2

p
sin θffiffiffi

6
p ; δ ¼ −2 sin θ þ ffiffiffi

2
p

cos θffiffiffi
6

p ;

ðA6Þ

and the mixing angle θ ¼ −19.1° [37,41,65,66], while the
expression of V reads as

V ¼

0
BB@

1ffiffi
2

p ðρ0 þ ωÞ ρþ K�þ

ρ− 1ffiffi
2

p ð−ρ0 þ ωÞ K�0

K�− K̄�0 ϕ

1
CCA: ðA7Þ

With the above preparation, the compact Lagrangians in
Eq. (3.3) can be expanded as

LϒBð�ÞBð�Þ ¼ igϒBBϒμð∂μB†B−B†∂μBÞ
þgϒBB�εμναβ∂μϒνðB�α∂↔β

B†−B∂↔β
B�α†Þ

þ igϒB�B�ϒμðB�ν∂νB
�†
μ −B�†ν∂νB�

μ−B�ν∂↔μB
�†
ν Þ;

ðA8Þ

LhbBð�ÞBð�Þ ¼ −ghbBB�ðB†B�
μ þ B�†

μ BÞhμb
− ighbB�B�εαβμνB�αB�†β∂νhμb; ðA9Þ

LχbJBð�ÞBð�Þ ¼ igχb0BBχb0BB
†− igχb0B�B�χb0B�μB�†

μ

− igχb1BB�χμb1ðB�
μB†−BB�†

μ Þ
þ igχb2BBχ

μν
b2∂μB∂νB†þ igχb2B�B�χμνb2B

�
μB

�†
ν

þgχb2BB�εμναβ∂αχμρb2ð∂ρB�ν∂βB†−∂βB∂ρB�†νÞ;
ðA10Þ

Lϒ1Bð�ÞBð�Þ ¼ igϒ1BBϒ
μ
1ð∂μB†B − B†∂μBÞ

− gϒ1BB�εμναβ∂νϒα
1ðB�β∂↔μ

B† − B∂↔μ
B�β†Þ

þ igϒ1B�B�ϒμ
1ð−4B�ν∂↔μB

�†
ν þ B�ν∂νB

�†
μ

− B�ν†∂νB�
μÞ; ðA11Þ

LBð�ÞBð�ÞP ¼ igBB�PðB�†
μ B − B†B�

μÞ∂μP

− gB�B�Pεμναβ∂μB�†ν∂αB�βP; ðA12Þ

LBð�ÞBð�ÞV ¼ −igBBVB†
i ∂
↔μ

BjðVμÞij
− 2fBB�Vεμναβ∂μðVνÞijðB†

i ∂
↔α

B�βj − B�β†
i ∂↔α

BjÞ

þ igB�B�VB
�ν†
i ∂↔μ

B�j
ν ðVμÞij

þ 4ifB�B�VB
�μ†
i ð∂μVν − ∂νVμÞijB�νj; ðA13Þ

where Bð�Þ† and Bð�Þ are defined as Bð�Þ† ¼ ðBð�Þþ; Bð�Þ0;
Bð�Þ0
s Þ and Bð�Þ ¼ ðBð�Þ−; B̄ð�Þ0; B̄ð�Þ0

s ÞT , respectively.

APPENDIX B: THE FEYNMAN RULE FOR
INTERACTION VERTEX

In this Appendix, the Feynman rules for each interaction
vertex involved in our calculation are collected. We list the
concrete information as follows:

ðB1Þ

ðB2Þ

ðB3Þ
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ðB4Þ

ðB5Þ

ðB6Þ

ðB7Þ

ðB8Þ

ðB9Þ

ðB10Þ

ðB11Þ

ðB12Þ

ðB13Þ

ðB14Þ

ðB15Þ

ðB16Þ

ðB17Þ

ðB18Þ

ðB19Þ
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ðB20Þ

ðB21Þ

ðB22Þ

ðB23Þ

ðB24Þ

ðB25Þ

ðB26Þ

ðB27Þ

ðB28Þ

ðB29Þ
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[14] J. Tarrús Castellà, Spin structure of heavy-quark hybrids,
AIP Conf. Proc. 2249, 020008 (2020).
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