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Assuming that theϒð10753Þ is a 4S-3Dmixed state, we investigated the hidden-bottom hadronic decays
of the ϒð10753Þ → ηbð1SÞωðηð0ÞÞ via the intermediate meson loops. In a commonly accepted range of the
model parameter α in the form factor, the predicted branching ratios may reach to the order of 10−3–10−2.
The relative ratio of the partial decay widths of the ϒð10753Þ → ηbη

ð0Þ to ϒð10753Þ → ηbω is found to be
dependent on the η-η0 mixing angle. In addition, we also calculated the ratios of the partial decays widths of
the ϒð10753Þ → ηbω to ϒð10753Þ → ϒðnSÞπþπ− (n ¼ 1, 2), which are found to be around 0.4 and 0.2
for n ¼ 1 and n ¼ 2, respectively. These values are in accordance with the preliminary experimental
results. The calculations presented here tend to favor the ϒð10753Þ as the 4S-3D mixture. We hope these
predictions could be verified by the future Belle II experiments.
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I. INTRODUCTION

Decays of the heavy quarkonia can provide us insight of
the dynamics of quark interactions and the formation of
hadrons [1–3]. By means of comparing the theoretical
predictions based on quantum chromodynamics (QCD) to
the experimental data, we can test the validity of the model
and improve our understanding of the strong interaction in
the low energy region. Therefore, searching in experiments
for more new states in the cc̄ and bb̄ sectors and predicting
their properties from different theoretical models are of
particular importance. As summarized in the review of the
Particle Data Group (PDG) [4], huge data samples have
been accumulated. Among these samples, there are quite a
few complex structures that cannot be interpreted by the
conventional quark model, which are usually referred to as
exotic or XYZ states, e.g., the celebrated Xð3872Þ [5] and
Zbð10610Þ=Zbð10650Þ [6] (for a review, see Refs. [7–13]).

In the bb̄ sector, there are only four documented
bottomonium(-like) vector structures above the BB̄ thresh-
old: ϒð4SÞ, ϒð10753Þ, ϒð10860Þ, and ϒð11020Þ in
ascending order of their mass [4]. The ϒð10753Þ was
newly observed in 2019 when the Belle Collaboration
updated the measurement of the energy dependence of the
eþe− → ϒðnSÞπþπ− (n ¼ 1, 2, 3) cross sections; the Breit-
Wigner mass was measured to be ð10752.7� 5.9þ0.7

−1.1ÞMeV
with a width of ð35.5þ17.6

−11.3
þ3.9
−3.3Þ MeV, and its global

significance was reported to be 5.2σ [14]. The quantum
numbers of the ϒð10753Þ are determined to be JPC ¼ 1−−

in view of the production processes. Three years later, this
new structure ϒð10753Þ was also found in the eþe− →
ωχb1;b2ð1PÞ reactions at center-of-mass energy between
10.653 and 10.805 GeV [15].
Theϒð10753Þ is particularly peculiar since its mass does

not fit with any possible conventional bottomonia predicted
by various theoretical models [16–20]. Precisely speaking,
its mass is located between the theoretically predicted
masses of the ϒð5SÞ and ϒ1ð33D1Þ [16–20],

mϒð10753Þ −mϒ1ð33D1Þ ≳ 50 MeV;

mϒð5SÞ −mϒð10753Þ ≳ 50 MeV:

Due to the rather small dielectron widths of ∼1 eV for pure
n3D1 states [17,21], a direct observation of a pure D-wave
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vector state in eþe− experiments is impossible. Evidently,
assigning the ϒð10753Þ as the pure ϒ1ð33D1Þ is difficult.
The alternative assignment of the ϒð10753Þ as a ϒð5SÞ
state also makes a conflict, since under such a assignment
the ϒð10860Þ that possesses most of the properties of the
5S-wave state would have no space in the bottomonium
spectroscopy [16].
Previous theoretical efforts [7,16,22–34] have been

devoted to resolving the nature of the ϒð10753Þ, including
three main unusual interpretations: tetraquark state [22–25],
hybrid bottomonium with excited gluonic degrees of free-
dom [7,26], and S-D mixture [16,17,32–34]. Specifically,
Wang [22] took the ϒð10753Þ as a tetraquark state and
predicted, using the QCD sum rules, its mass and width to be
ð10.75� 0.10Þ GeV and ð33.60þ16.64

−9.45 Þ MeV, which are in
excellent agreement with the experimental results [4,14].
Meanwhile, it was predicted that the open-bottom decays
of the ϒð10753Þ are BB̄ and B̄�B̄� modes with branching
fraction up to 92%, while the hidden-bottom decays are
ηbð1SÞω and ϒð1SÞπþπ− modes with fraction of about 8%.
Li et al. [16] explained the ϒð10753Þ as the 5S-4D mixture
with a mixing angle of (20–30)° and obtained a different
prediction that the open-bottom decay modes of the B�B̄�

and BB̄� þ c:c: are dominant, while the mode BB̄ is of
insignificance. Furthermore, Liu Xiang’s group [32–34]
suggested that the ϒð10753Þ is the 4S-3D mixed state
and predicted the branching fractions of the hidden-bottom
hadronic decays of ϒð10753Þ → ϒð1SÞηð0Þ, hbð1PÞη, χbJω,
ϒð13DJÞη, andϒðnSÞπþπ− (J ¼ 0; 1; 2;n ¼ 1, 2, 3) via the
intermediate meson loop mechanism. Note that the dynami-
cal diquark model proposed in Ref. [35] can be used to
study the exotic-to-exotic radiative transitions, such as
the ϒð10753Þ → γXb, where ϒð10753Þ and Xb are treated

as tetraquark states within the diquark-antidiquark con-
figuration [35].
A search in the literature yields that the investigations on

the decays of the ϒð10753Þ are scarce so that it is necessary
to study more possible decay modes to provide a theoretical
basis for the future experiments. In this work, we study
the processes of the ϒð10753Þ decaying into ηbð1SÞω,
ηbð1SÞη, and ηbð1SÞη0, considering the contributions of the
intermediate meson loops, which have been widely used
in the productions and decays of the bottomonium(-like)
states [32–34,36–47].
The rest of the paper is organized as follows. In Sec. II,

we present the theoretical framework used in this work.
Then in Sec. III, the numerical results are presented, and a
brief summary is given in Sec. IV.

II. THEORETICAL CONSIDERATIONS

Figure 1 shows the neutral bottom meson loops devoted
to the decays ϒð10753Þ → ηbωðηð0ÞÞ. Similar to the early
treatment [32–34], we also interpret the ϒð10753Þ as a
4S-3D mixed state [32–34]. A short discussion of the
4S-3D mixing scheme for the ϒð10753Þ from a physical
point of view is given in Refs. [17,21,32]. In terms of the
S-D mixing scheme, the wave function of the ϒð10753Þ is
given by [17,32]

ϒ̃ð10753Þ ¼ ϒ̃ð4SÞ sin θ þ ϒ̃1ð33D1Þ cos θ; ð1Þ

where θ is a mixing angle to describe the proportion of
the partial waves. ϒ̃ð4SÞ and ϒ̃1ð33D1Þ describe the wave
functions of the pure ϒð4SÞ and ϒ1ð33D1Þ states, respec-
tively. After taking into account the S-D mixing, the
ϒð10580Þ that was usually regraded as the 4S state [4]

FIG. 1. Feynman diagrams for the decay ϒð10753Þ → ηbωðηð0ÞÞ in the neutral bottom meson loop mechanism. The corresponding
charged and strange bottom meson loops are not shown but included in the calculations. The symbol ϒ in the diagrams stands for the
ϒð4SÞ and ϒ1ð33D1Þ.

LIU, CAI, JIA, LI, and XIE PHYS. REV. D 109, 014039 (2024)

014039-2



should be currently interpreted as another 4S-3D mixture
and accordingly, has the wave function,

ϒ̃ð10580Þ ¼ ϒ̃ð4SÞ cos θ − ϒ̃ð33D1Þ sin θ: ð2Þ

The mixing angle can be obtained from the dielectron
decay width [17,32],

Γee ¼
4πe2bα

2

3mϒð10580Þ
f2ϒβV

¼ 4e2bα
2

m2
ϒð10580Þ

jϒ̃ð10580Þð0Þj2ξβV: ð3Þ

Here, fϒ stands for the decay constant, eb ¼ −1=3 the
charge of the b quark in units of jej, α ¼ 1=137 the
fine structure constant,mϒð10580Þ ¼ 10579.4 MeV the mass
of the state ϒð10580Þ, and ϒ̃ð10580Þð0Þ the wave func-
tion of the ϒð10580Þ at the origin. In addition, ξ ¼ 0.968
is a relativistic factor, and βV ¼ 0.80� 0.01 describes
the QCD one-loop perturbative corrections [17]. In
view of ϒ̃ð4SÞð0Þ ¼ 1.506 GeV3=2 and ϒ̃1ð33D1Þð0Þ ¼
0.0956 GeV3=2 [17] together with Eq. (2), and with the
well established Γeeðϒð10580ÞÞ ¼ ð0.272� 0.029Þ keV
[4] for the physical states ϒð10580Þ, one finds the mixing
angle θ ¼ ð27.7� 5.0Þ°, where the error is from the uncer-
tainty of the dielectron decay width for the ϒð10580Þ. This
estimation is consistent with the recent predicted value of
ð33� 4Þ° by Li et al. [32].
Another way to estimate the mixing angle θ is to use the

mass-mixing formula [4]. In terms of the quadratic mass
mixing scheme, the mixing angle θ is governed by

cos2θ ¼
m2

ϒð10753Þ −m2
ϒð4SÞ

m2
ϒð10753Þ −m2

ϒð10580Þ
: ð4Þ

A search in the literature yields that the mass of the pure
ϒð4SÞ were theoretically predicted to range from 10607
to 10635 MeV [17–21,48]. This mass range leads to the
mixing angle between 23.4° and 36.1°, agreeing with the
results obtained by the foregoing fitting procedure.
Moreover, such mass range of the ϒð4SÞ would require
the mass of the pure ϒ1ð33D1Þ to be 10698–10725 MeV,
coinciding also with the early theoretically predicted
masses from 10653 to 10717 MeV [17–21,48]. These
estimations provide ostensible feasibility of the formation
of the ϒð10753Þ by the 4S-3D mixing, which needs
verification by comparing various predictions of this
mixing scheme to the experimental results. Furthermore,
it also indicates that the ϒ1ð33D1Þ is the dominant compo-
nent to form the ϒð10753Þ.
In the following, we shall, based on the 4S-3D mixing

scenario, investigate the decays of the ϒð10753Þ to the
ηbð1SÞ with emission of the ω, η, and η0.

A. The effective Lagrangians

According to the heavy quark effective theory (HQET),
the interactions of the S-wave bottomonium ϒðnSÞ and
ηbðnSÞ with the bottom and antibottom mesons are
described by the Lagrangian [32,33,49,50],

LS ¼ igϒBBϒμB̄†
∂

↔μ
B†

þ gϒBB�ϵμναβ∂
μϒνðB̄�α†

∂

↔β
B† − B̄†

∂

↔β
B�α†Þ

þ igϒB�B�ϒμðB̄�†
ν ∂

↔ν
B�μ† þ B̄�†

μ ∂

↔ν
B�†
ν − B̄†

ν ∂
↔

μB�ν†Þ
− igηbBB�ηbðB̄†

∂

↔μ
B�†
μ þ B̄�†

μ ∂

↔μ
B†Þ

− gηbB�B�ϵμναβ∂
μηbB̄�ν†

∂

↔α
B�β† þ H:c: ð5Þ

Here, Bð�Þ ¼ ðBð�Þ0; Bð�Þþ; Bð�Þ0
s Þ and B̄ð�Þ ¼ ðB̄ð�Þ0; Bð�Þ−;

B̄ð�Þ0
s Þ. The coupling constants are linked to each other

by a global constant g1 and the mass of the involved
mesons, i.e.,

gϒBB ¼ 2g1mB
ffiffiffiffiffiffiffi
mϒ

p
; ð6aÞ

gϒB�B� ¼ 2g1mB�
ffiffiffiffiffiffiffi
mϒ

p
; ð6bÞ

gϒBB� ¼ 2g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mB�mB=mϒ

p
; ð6cÞ

gηbBB� ¼ 2g1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mB�mBmηb

p
; ð6dÞ

gηbB�B� ¼ 2g1mB�=
ffiffiffiffiffiffiffiffi
mηb

p
: ð6eÞ

The value of g1 could be determined by the experimental or
theoretical branching ratios of the open b-flavored strong
decays. For those below the BB̄ threshold, the g1 could be
calculated by [41,46]

g1 ¼
mϒ

2mBfϒ
; ð7Þ

with the decay constant fϒ, which could be extracted from
the dielectron width Γee using Eq. (3).
The coupling of theD-wave bottomoniumϒ1ð33D1Þ to a

pair of bottom and antibottom mesons is [32,33,49]

LD ¼ igϒ1BBϒ1μB̄†
∂

↔μ
B† − igϒ1B�B�ϒ1μðB̄�†

ν ∂
νB�μ†

− 4B̄�†
ν ∂

↔μ
B�ν† − B�ν†

∂νB̄�μ†Þ
− gϒ1BB�ϵμναβ∂

νϒα
1ðB̄�β†

∂

↔μ
B† − B̄†

∂

↔μ
B�β†Þ; ð8Þ

where the coupling constants are governed by another
global factor g2 in the following form:

gϒ1BB ¼ 10ffiffiffiffiffi
15

p g2mB
ffiffiffiffiffiffiffiffi
mϒ1

p
; ð9aÞ
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gϒ1BB� ¼ 5ffiffiffiffiffi
15

p g2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�=mϒ1

q
; ð9bÞ

gϒ1B�B� ¼ 1ffiffiffiffiffi
15

p g2mB�
ffiffiffiffiffiffiffiffi
mϒ1

p
: ð9cÞ

Based on the heavy quark limit and chiral symmetry, the
interactions of the light vector and pseudoscalar mesons
with the heavy bottom mesons read [36,51,52]

L¼−igBBVB
†
i ∂
↔μ

BjðV†
μÞij−2fB�BVϵμναβð∂μVν†ÞijðB†

i ∂
↔α

B�βj

−B�β†
i ∂

↔α
BjÞþ igB�B�VB

�ν†
i ∂

↔μ
B�j
ν ðV†

μÞij
þ i4fB�B�VB

�†
iμ ð∂μVν†−∂

νVμ†ÞijB�j
ν

− igB�BPðBi†
∂
μP†

ijB
�j
μ −B�i†

μ ∂
μP†

ijB
jÞ

þ1

2
gB�B�PϵμναβB

�μ†
i ∂

νPij†
∂

↔α
B�β
j þH:c:; ð10Þ

where the V and P are, respectively, the nonet vector and
pseudoscalar mesons in the matrix form,

V ¼

0
BBB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCCA; ð11aÞ

P ¼

0
BB@

π0ffiffi
2

p þ βηþγη0ffiffi
2

p πþ Kþ

π− − π0ffiffi
2

p þ βηþγη0ffiffi
2

p K0

K− K̄0 −γηþ βη0

1
CCA: ð11bÞ

Here, β ¼ cosðθP þ arctan
ffiffiffi
2

p Þ and γ ¼ sinðθPþ arctan
ffiffiffi
2

p Þ
with the η-η0 mixing angle θP ranging from −24.6° to
−11.5° [4,36,53–56].
The coupling constants gBð�ÞBð�ÞV and gBð�ÞBð�ÞP could be

determined using the following relations [51]:

gBBV ¼ gB�B�V ¼ βgVffiffiffi
2

p ; ð12aÞ

fB�BV ¼ fB�B�V

mB�
¼ λgVffiffiffi

2
p ; ð12bÞ

gB�B�P ¼ gB�BPffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmB�

p ¼ 2g
fπ

: ð12cÞ

Here, β ¼ 0.9 and gV ¼ mρ=fπ with the pion decay con-
stant fπ ¼ 132 MeV [49] and the ρ meson mass
mρ ¼ 775.26 MeV [4]. Moreover, λ ¼ 0.56 GeV−1 and
g ¼ 0.59, based on the matching of the form factors
obtained from the light cone sum rule and from the lattice
QCD calculations [57].

B. Transition amplitudes

According to the mixed wave function of the ϒð10753Þ
in Eq. (1), the amplitude of the decays we consider is
written as

M ¼ MS sin θ þMD cos θ; ð13Þ

where MS and MD are the amplitudes due to the pure
ϒð4SÞ and ϒ1ð33D1Þ contributions, respectively, of which
the proportion is described by the mixing angle θ. The
amplitude Mω for the ϒð10753Þ → ηbω and MP for the
ϒð10753Þ → ηbP (P ¼ η; η0) are, respectively, given as

MSðDÞ
ω ¼ 1ffiffiffi

2
p εμðϒÞε�νðωÞðNSðDÞ

μν þ CSðDÞ
μν Þ; ð14aÞ

MSðDÞ
P ¼ εμðϒÞ½xðNSðDÞ

μ þ CSðDÞ
μ Þ þ ySSðDÞ

μ �; ð14bÞ

where εμðϒÞ and ε�νðωÞ are the polarization vectors of the
ϒð4SÞ=ϒ1ð33D1Þ and ω, respectively. The factors x and y
equal to β=

ffiffiffi
2

p
and −γ for the ϒð10753Þ → ηbη and to

γ=
ffiffiffi
2

p
and β for the ϒð10753Þ → ηbη

0. The tensor and
vector structures CμðνÞ’s, NμðνÞ’s, and Sμ correspond to
the summation of the charged, neutral, and strange
bottom meson loop integrals, governed by the foregoing
Lagrangians in Eqs. (5), (8), and (10). Due to the light
flavor symmetry, the charged, neutral, and strange loop
integrals have the same form, for which only masses of the
intermediate mesons are different.
Selecting the neutral loop in Fig. 1(a) as an example,

the tensor structures NSðDÞ
μν for the case of ϒðpÞ →

B�0ðp1ÞB̄�0ðp2Þ½B0ðqÞ� → ηbðp4Þωðp3Þ explicitly read

NSðaÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒB�B� ðp1σgμα − ðp1 − p2Þμgασ − p2αgμσÞ�½−2fB�BVpλ

3ðp1 þ qÞδϵλνδβ�

× ½−gηbBB�ðq − p2Þρ�Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDðq;mB0ÞFðq;mB0Þ; ð15aÞ

NDðaÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒ1B�B�ðp1σgμα − 4ðp1 − p2Þμgασ − p2αgμσÞ�½−2fB�BVpλ

3ðp1 þ qÞδϵλνδβ�

× ½−gηbBB� ðq − p2Þρ�Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDðq;mB0ÞFðq;mB0Þ: ð15bÞ
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Additionally, the vector structures NSðDÞ
μ for the case of ϒðpÞ → B�0ðp1ÞB̄�0ðp2Þ½B0ðqÞ� → ηbðp4Þηð0Þðp3Þ are

NSðaÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒB�B� ðp1σgμα − ðp1 − p2Þμgασ − p2αgμσÞ�½−gB�BPp3β�½−gηbBB� ðq − p2Þρ�

×Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDðq;mB0ÞFðq;mB0Þ; ð16aÞ

NDðaÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒ1B�B� ðp1σgμα − 4ðp1 − p2Þμgασ − p2αgμσÞ�½−gB�BPp3β�½−gηbBB� ðq − p2Þρ�

×Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDðq;mB0ÞFðq;mB0Þ: ð16bÞ

Here, D and Dμν, respectively, represent the propagators
for the scalar B and vector B� in the following form:

Dðp;mBÞ ¼
1

p2 −m2
B þ iϵ

; ð17aÞ

Dμνðp;mB� Þ ¼ −gμν þ pμpν=m2
B�

p2 −m2
B� þ iϵ

: ð17bÞ

Moreover, the Fðq;mB0Þ is a form factor to account for
the off shell effect as well as the inner structure of the
exchanged mesons [58–62]. Here, we adopt a dipole form
factor [52],

Fðq;mÞ ¼
�
m2 − Λ2

q2 − Λ2

�
2

; ð18Þ

where q and m stand for the momentum and mass of the
exchanged meson, respectively; Λ ¼ mþ αΛQCD with
ΛQCD ¼ 0.22 GeV [62], in which the α is usually regarded
as an undetermined parameter in the vicinity of unity. In
present calculations, we take the α ranging from 0.2 to 1.0.
To obtain the charged and strange terms CμðνÞ and Sμ in
Eq. (14), we only need to replace the neutral B’s by charged
and strange ones. The tensor and vector structures NμðνÞ for
the Figs. 1(b)–1(f) are given in the Appendix. The partial
decay widths of the ϒð10753Þ → ηbωðηð0ÞÞ are given by

Γ½ϒð10753Þ→ηbωðηð0ÞÞ�¼
jp⃗jjMϒð10753Þ→ηbωðηð0ÞÞj2

24πm2
ϒð10753Þ

; ð19Þ

where a summation over the polarizations of initial and
final vector mesons is included. p⃗ is the three momentum of
the final light mesons.

III. NUMERICAL RESULTS AND DISCUSSION

In Ref. [20], the total width of the pure ϒð4SÞ was
predicted to be 24.7 MeV, of which the branching fraction
for the ϒð4SÞ → BB̄ approaches unity. In view of the
experimental measurement that the branching fractions for

the ϒð10580Þ → B0B̄0 and ϒð10580Þ → BþB− are nearly
equal and their sum is larger than 0.96 [4], we therefore
assume that the total width of the pure ϒð4SÞ are saturated
by the two processes ϒð4SÞ → B0B̄0 and ϒð4SÞ → BþB−

with equal proportion. According to the two-body decay
model together with the interactions in Eq. (5), we get the
coupling constant of the ϒð4SÞ to BB̄ is about 13.343, and
g1 ¼ 0.388 GeV−3=2. Then, the other relevant constants
can be obtained using Eq. (6).
To determine the coupling constants for the interactions

of the pure ϒ1ð33D1Þ with the Bð�Þ
ðsÞB̄

ð�Þ
ðsÞ , we employ the

theoretically predicted partial widths of the ϒ1ð33D1Þ
decaying to B�B̄ð�Þ [20]. We obtain the coupling constants
of the ϒ1ð33D1Þ to the nonstrange BB̄, BB̄� þ c:c., and
B�B̄� are 3.492, 0.394GeV−1, and 4:215 , respectively.
It is worth mentioning that these above values go against
the relations in Eq. (9). Consequently, in our calculations,
we ignore the constraint among Eqs. (9a)–(9c) and use
three different g2’s instead, namely, for the coupling of
the ϒ1ð33D1Þ to BB̄, BB̄� þ c:c:, and B�B̄� and the cor-
responding strange bottom meson pairs, the global con-
stants g2’s equal to 0.078, 0.188 , and 0.938 GeV−3=2,
respectively.
In order to estimate the coupling constant of the ηb and

the possible bottom meson pairs, we need to calculate the
decay constant of the ϒð1SÞ using Eq. (3). In terms of
Γee ¼ 1.340 keV for the ϒð1SÞ [4], fϒ is about 0.715 GeV,
and thereby leading to g1 ¼ 0.407 GeV−3=2, which is
similar to the result in Ref. [41]. For easy reference, we
summarized the global factors g1 and g2 obtained above in
Table I.

TABLE I. Global parameters g1 and g2 (units: GeV−3=2) we
employed in the calculations. Their estimations are based on the
theoretical and experimental data in Refs. [4,20].

g1, g2 BðsÞB̄ðsÞ BðsÞB̄�
ðsÞ þ c:c: B�

ðsÞB̄
�
ðsÞ

ϒð4SÞ 0.388 0.388 0.388
ϒ1ð33D1Þ 0.078 0.188 0.938
ηb � � � 0.407 0.407
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Figure 2 shows the branching fractions for the decays of
ϒð10753Þ → ηbω, ηbη, and ηbη

0 as a function of the model
parameter α introduced in the form factor [see Eq. (18)].
The calculation were performed using the 4S-3D mixing
angle of 33° and the η-η0 mixing angle of −19.1° that was
determined by DM2 Collaboration [63]. The parameter α is
varied from 0.2 to 1.0. It is seen that the results are strongly
sensitive to the parameter α, changing from about 10−5 to
10−2. Explicitly,

Bðϒð10753Þ → ηbωÞ ¼ 3.3 × 10−5 ∼ 1.3 × 10−2;

Bðϒð10753Þ → ηbηÞ ¼ 1.5 × 10−5 ∼ 1.2 × 10−2;

Bðϒð10753Þ → ηbη
0Þ ¼ 1.5 × 10−5 ∼ 8.4 × 10−3:

In the absence of relevant experimental data, it seems
difficult to narrow down the α range. However, it is recalled
that the ϒð10753Þ have the same quantum numbers
JPC ¼ 1−− with ϒð10580Þ and ϒð10860Þ, and its mass
is between mϒð10580Þ and mϒð10860Þ. Within the S-D mixing
framework, it is, hence, plausible to expect that the
ϒð10753Þ has comparable decay modes to the ϒð10580Þ
and ϒð10860Þ. In view of the fact that the branching
fraction for the ϒð10580Þ → ηbω was measured to be less
than 1.8 × 10−4 and for theϒð10860Þ → ηbω it was smaller
than 1.3 × 10−3 [4], we could limit the α value to 0.3–0.5.
Such small α’s or even smaller ones were selected in
previous work [33,36]. In this range of the α, the predicted
partial widths for all the decays we consider are between 1
and 50 keV,

Γðϒð10753Þ → ηbωÞ ¼ ð5.6 ∼ 38.8Þ keV;
Γðϒð10753Þ → ηbηÞ ¼ ð2.8 ∼ 23.4Þ keV;
Γðϒð10753Þ → ηbη

0Þ ¼ ð2.7 ∼ 20.2Þ keV:

It should be noted that the partial decay widths of the
ϒð10753Þ → ηbω we obtained using the S-D mixing
scenario are much smaller than those predicted when
assigning the ϒð10753Þ as a tetraquark state, under which
the predicted width is ð2.46þ4.70

−1.60Þ MeV [22]. This great
difference is quite favorable for us to distinguish the
internal structure of the ϒð10753Þ when we have relevant
experimental data in the future. That is to say, when the
future experiments give smaller widths on the order of keV
for the ϒð10753Þ → ηbω, the ϒð10753Þ appears to favor
the 4S-3D mixed state.
In Fig. 3, the branching fractions of the decays

ϒð10753Þ → ηbη and ηbη
0 are plotted for different η-η0

mixing angles. These calculations were performed at the
fixed model parameter α ¼ 0.5. As seen, with increasing
the η-η0 mixing angle θP, the branching fraction for
the ϒð10753Þ → ηbη decreases distinctly, while for the
ϒð10753Þ → ηbη

0, the branching fraction exhibits only a
slight increase. In the vicinity of θP ¼ −18°, the branching
fractions for these two decays are more likely to be equal.
The strong α dependence is usually weakened when

considering the relative ratios between the branching
fractions of different processes. We here define the follow-
ing ratios:

Rη=ω ¼ Bðϒð10753Þ → ηbηÞ
Bðϒð10753Þ → ηbωÞ

; ð20aÞ

FIG. 2. Branching fractions of the processes ϒð10753Þ → ηbω,
ηbη, and ηbη0. The 4S-3D mixing angle is fixed to be 33°, and the
η-η0 mixing angle is taken to be the widely used value of −19.1°
that was determined by DM2 Collaboration [63]. The light-
colored bands indicate the margin of error resulting mainly from
the errors of the mass and width for the ϒð10753Þ and of the
4S-3D mixing angle.

FIG. 3. Branching factions of the decays ϒð10753Þ → ηbη and
ϒð10753Þ → ηbη

0 as a function of the η-η0 mixing angle θP. The
model parameter α is fixed at 0.5. The light-colored bands
describe the errors due to errors of the ϒð10753Þ mass and
width, and the 4S-3D mixing angle. Again, the 4S-3D mixing
angle is set to be 33°.
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Rη0=ω ¼ Bðϒð10753Þ → ηbη
0Þ

Bðϒð10753Þ → ηbωÞ
: ð20bÞ

The calculated relative ratios for two η-η0 mixing angles of
θP ¼ −19.1° and θP ¼ −14.4° are shown in Fig. 4. It is seen
that although the α dependence exists, it is actually
weakened strongly in comparison to the absolute branching
fractions shown in Fig. 2 that cover 3 orders of magnitude.

On the other hand, the ratio Rη=ω changes strongly with
the η-η0 mixing angle, while the Rη0=ω varies slightly. This
finding is straightforward in view of the results shown
in Fig. 3.
Moreover, we calculated the ratio of Rηbω=ðϒðnSÞππÞ ¼

Bðϒð10753Þ → ηbð1SÞωÞ=Bðϒð10753Þ → ϒðnSÞπþπ−Þ
(n ¼ 1, 2). The calculation procedure for the ϒð10753Þ →
ϒðnSÞπþπ− are similar with that by Bai et al. in Ref. [34]
so that the related details are not repeated. The calculated
results are shown in Fig. 5. For comparison, we also show
the upper limits of the experimental data at 90% confidence
level as the points, which are extracted from Refs. [14,65]. It
is clearly seen that the ratios Rηbω=ϒðnSÞππ are nearly inde-
pendent of the model parameter α. The theoretical values of
Rηbω=ϒð1SÞππ and Rηbω=ϒð2SÞππ are, respectively, around 0.4
and 0.2, which are in line with the experimental measure-
ments with the upper limits of 2.5� 1.3 and 0.83� 0.28 for
the cases of ϒð10753Þ → ϒð1SÞππ and ϒð2SÞππ, respec-
tively. This finding, to some extent, supports the interpreta-
tion of the ϒð10753Þ as a 4S-3D mixture.

IV. SUMMARY

Calculations of partial decay widths of the ϒð10753Þ →
ηbω, ηbη, and ηbη

0 through the intermediate meson loop
mechanism have been performed using an effective
Lagrangian approach. In the calculations, we assumed that
theϒð10753Þ is a 4S-3Dmixed state with a mixing angle of
33°. The branching fractions of these decay processes are
predicted to be 10−4–10−3 when the model parameter α is
between 0.3 and 0.5, which correspond to partial widths of
1–50 keV. For the decays of ϒð10753Þ → ηbη and ηbη

0,
their branching fractions depend on the η-η0 mixing angle.
Moreover, the relative ratios of the process ϒð10753Þ →

ηbω to ϒð10753Þ → ϒðnSÞπþπ− (n ¼ 1, 2) are found to be
in accordance with the experimental results. Our calculated
results tend to support the interpretation of the ϒð10753Þ as
a 4S-3D mixture. It is hoped that the present calculated
results could be verified by the experiments in Belle II.
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FIG. 4. Calculated ratios Rη=ω and Rη0=ω defined in Eq. (20).
The light-colored bands depict the errors of the ratios that are
caused by the errors of the ϒð10753Þmass and the 4S-3Dmixing
angle. We select two η-η0 mixing angles of −19.1° [63] and
−14.4° [64], and the 4S-3D mixing angle is 33°.

FIG. 5. The ratio of Bðϒð10753Þ → ηbð1SÞωÞ=Bðϒð10753Þ →
ϒðnSÞπþπ−Þ (n ¼ 1, 2) for different model parameter α’s. The
4S-3D mixing angle is set to be 33°. As labeled by the texts in
the graph, the lines represent the theoretical predictions, and the
points stand for the upper limits of the experimental results at
90% confidence level, which are extracted from Refs. [14,65].
The errors indicated by the light-colored band only consider the
contribution from the ϒð10753Þ → ηbω.
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APPENDIX: TENSOR AND VECTOR STRUCTURES IN EQ. (14)

Here, we only give the tensor and vector structuresNμðνÞ in Eq. (14) for the Figs. 1(b)–1(f). The terms CμðνÞ and Sμ can be
readily obtained by changing the neutral Bð�Þ0 into corresponding charged and strange ones.
In the cases of the ϒðpÞ → B�0ðp1ÞB̄�0ðp2Þ½B0ðqÞ� → ηbðp4Þωðp3Þ depicted in the Figs. 1(b)–1(f), we have

NSðbÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒB�B� ðp1σgμα − ðp1 − p2Þμgασ − p2αgμσÞ�

× ½gB�B�Vðp1 þ qÞνgβκ − 4fB�B�Vðp3κgνβ − p3βgνκÞ�½−gηbB�B�pϕ
4 ðq − p2Þζϵζτϕρ�

×Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA1aÞ

NDðbÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒ1B�B� ðp1σgμα − 4ðp1 − p2Þμgασ − p2αgμσÞ�

× ½gB�B�Vðp1 þ qÞνgβκ − 4fB�B�Vðp3κgνβ − p3βgνκÞ�½−gηbB�B�pϕ
4 ðq − p2Þζϵζτϕρ�

×Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA1bÞ

NSðcÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒBB�pξðp1 − p2Þγϵξμαγ�½gB�B�Vðp1 þ qÞνgβκ − 4fB�B�Vðp3κgνβ − p3βgνκÞ�

× ½−gηbBB� ðq − p2Þτ�Dαβðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA2aÞ

NDðcÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒBB�pξðp1 − p2Þγϵξμαγ�½gB�B�Vðp1 þ qÞνgβκ − 4fB�B�Vðp3κgνβ − p3βgνκÞ�

× ½−gηbBB� ðq − p2Þτ�Dαβðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA2bÞ

NSðdÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½gϒBB�pξðp1 − p2Þγϵξμσγ�½2fB�BVpλ

3ðp1 þ qÞδϵλνδκ�½−gηbB�B�pϕ
4 ðq − p2Þζϵζτϕρ�

×Dðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA3aÞ

NDðdÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½gϒ1BB�pξðp1 − p2Þγϵξμσγ�½2fB�BVpλ

3ðp1 þ qÞδϵλνδκ�½−gηbB�B�pϕ
4 ðq − p2Þζϵζτϕρ�

×Dðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA3bÞ

NSðeÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒBBðp1 − p2Þμ�½2fB�BVpλ

3ðp1 þ qÞδϵλνδκ�½−gηbBB�ðq − p2Þτ�

×Dðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA4aÞ

NDðeÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½−gϒBBðp1 − p2Þμ�½2fB�BVpλ

3ðp1 þ qÞδϵλνδκ�½−gηbBB� ðq − p2Þτ�

×Dðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA4bÞ

NSðfÞ
μν ¼ i3

Z
d4q
ð2πÞ4 ½gϒBB�pξðp1 − p2Þγϵξμσγ�½−gBBVðp1 þ qÞν�½−gηbBB� ðq − p2Þρ�

×Dðp1; mB�0ÞDσρðp2; mB̄�0ÞDðq;mB0ÞFðq;mB0Þ; ðA5aÞ
NDðfÞ

μν ¼ i3
Z

d4q
ð2πÞ4 ½gϒ1BB�pξðp1 − p2Þγϵξμσγ�½−gBBVðp1 þ qÞν�½−gηbBB�ðq − p2Þρ�

×Dðp1; mB�0ÞDσρðp2; mB̄�0ÞDðq;mB0ÞFðq;mB0Þ: ðA5bÞ
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In the cases of the ϒðpÞ → B�0ðp1ÞB̄�0ðp2Þ½B0ðqÞ� → ηbðp4Þωðp3Þ depicted in the Figs. 1(b)–1(e), we have

NSðbÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒB�B�ðp1σgμα − ðp1 − p2Þμgασ − p2αgμσÞ�½−gB�B�Ppλ

1q
δϵλβδδκ�

× ½−gηbB�B�pϕ
4 ðq − p2Þζϵζτϕρ�Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA6aÞ

NDðbÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒ1B�B� ðp1σgμα − 4ðp1 − p2Þμgασ − p2αgμσÞ�½−gB�B�Ppλ

1q
δϵλβδκ�

× ½−gηbB�B�pϕ
4 ðq − p2Þζϵζτϕρ�Dαβðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA6bÞ

NSðcÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒBB�pξðp1 − p2Þγϵξμαγ�½−gB�B�Ppλ

1q
δϵλβδκ�½−gηbBB�ðq − p2Þτ�

×Dαβðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA7aÞ

NDðcÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒ1BB�pξðp1 − p2Þγϵξμαγ�½−gB�B�Ppλ

1q
δϵλβδκ�½−gηbBB� ðq − p2Þτ�

×Dαβðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA7bÞ

NSðdÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½gϒBB�pξðp1 − p2Þγϵξμσγ�½gB�BPp3κ�½−gηbB�B�pϕ

4 ðq − p2Þζϵζτϕρ�

×Dðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA8aÞ

NDðdÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½gϒ1BB�pξðp1 − p2Þγϵξμσγ�½gB�BPp3κ�½−gηbB�B�pϕ

4 ðq − p2Þζϵζτϕρ�

×Dðp1; mB�0ÞDσρðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA8bÞ

NSðeÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒBBðp1 − p2Þμ�½gB�BPp3κ�½−gηbBB� ðq − p2Þτ�

×Dðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ; ðA9aÞ

NDðeÞ
μ ¼ i3

Z
d4q
ð2πÞ4 ½−gϒ1BBðp1 − p2Þμ�½gB�BPp3κ�½−gηbBB� ðq − p2Þτ�

×Dðp1; mB�0ÞDðp2; mB̄�0ÞDκτðq;mB0ÞFðq;mB�0Þ: ðA9bÞ
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