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We investigate the radiative decay ϒð10753Þ → γXb0 within the framework of nonrelativistic effective
field theory (NREFT). Theϒð10753Þ is treated as an S-Dmixed state of theϒð4SÞ andϒ1ð33D1Þ, while the
Xb0 is interpreted as a weakly bound BB̄ molecule with JPC ¼ 0þþ. The decay process was assumed to

occur via the intermediate meson loops involving the S-wave Bð�Þ and P-wave Bð0Þ
1 mesons. Our calculated

results indicate that the decay ϒð10753Þ → γXb0 is dominated by the Bð0Þ
1 meson loops. The partial decay

width is predicted to be 0.2–1.5 keV for a binding energy range of ϵX ¼ 0–10 MeV, corresponding to a
branching fraction of 10−6 − 10−5. The decay width is found to be insensitive to the full width of the B0

1

meson. Our study suggests that the radiative decay of theϒð10753Þ is a promising channel to search for the
Xb0 state, which is crucial for testing heavy quark symmetries and understanding the exotic hadron
spectrum in the bottom sector.

DOI: 10.1103/59l3-3wwk

I. INTRODUCTION

Over the past few decades, numerous new hadrons that
deviate from the properties expected in the conventional
quark model (i.e., qq̄ mesons and qqq baryons) have been
observed in quarkonium spectra [1]. These hadrons are
good candidates for the exotic states [2–7], usually referred
to collectively as XYZ states. A landmark breakthrough in
the study of exotic states occurred in 2003, when the Belle
Collaboration discovered the first charmonium exotic state
Xð3872Þ in B → Kπþπ−J=ψ [8]. Due to the narrow width
(1.19� 0.21 MeV), the mass (3871.64� 0.06 MeV) at the
D0D̄�0 threshold (3871.69 MeV) [1], and the quantum
numbers IGðJPCÞ ¼ 0þð1þþÞ [9], the Xð3872Þ is widely
interpreted as a loosely bound DD̄� molecular state [2–6].
This interpretation has laid the foundation for exploring
mesonic molecular systems in the heavy quark sector.
In terms of the heavy quark flavor symmetry (HQFS), it

is natural to conjecture the existence of the bottomonium
counterpart of Xð3872Þ [10–14], denoted as Xb. The Xb
has been extensively investigated both theoretically and
experimentally (see Refs. [15–25]). Experimentally, the
CMS and ATLAS Collaborations searched for the Xb via

Xb → ϒð1SÞπþπ− in pp collisions [15,16]. Although no
clear signal was observed, their analysis suggested that
isospin violation in the bottomonium system could sup-
press the signal strength in certain decay channels. The
isospin conserved channel Xb → ωϒð1SÞ was predicted to
have a partial width on the order of tens of keV [19].
Moreover, the decay Xb → ππχbJ is also expected to be
experimentally accessible [22]. Both tetraquark and
molecular state models predict the mass of Xb to lie in
the range 10.5–10.7 GeV [26–30]. Since the Xb is very
heavy and has JPC ¼ 1þþ, a direct discovery at current
electron-positron collision facilities is less likely, though
Super KEKB may provide an opportunity via ϒð5S; 6SÞ
radiative decays [31]. Inspired by the production of
Xð3872Þ from highly excited charmonia [32], radiative
decays of high-lying bottomonia are recognized as one of
the most promising production mechanisms. Consequently,
decays such as ϒð5S; 6SÞ → γXb and ϒð10753Þ → γXb
have been theoretically proposed [23,24].
Heavy quark spin symmetry (HQSS) further predicts the

existence of a complete set of spin partners. In particular,
the scalar partner of the Xb, a JPC ¼ 0þþ state (called Xb0

hereafter) is a possible BB̄ molecular state near the BB̄
threshold. Several theoretical approaches, such as Bethe-
Salpeter formalism [13,33], coupled-channel unitary
analyses [11], and chiral quark models [34,35], support
the feasibility of such a weakly bound BB̄ molecule.
However, in contrast to the well-studied Xb, the production
and decay properties of the Xb0 remain largely unexplored.
To our knowledge, the only dedicated theoretical study so
far is the work by Britto et al. [36], which calculated in the
molecular picture the Xb0 production in the radiative decay
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of theϒð4SÞ, giving a branching ratio of order 10−5 − 10−3.
To better understand the Xb0, it is helpful to look for other
possible production or decay channels.
Recently, the radiative production of exotic molecular

states via highly excited heavy quarkonia, especially those
with JPC ¼ 1þþ, has attracted considerable theoretical
attention [23,24,37]. In 2019, the Belle Collaboration
reported a new structure in a reanalysis of eþe− →
ϒðnSÞπþπ− (n ¼ 1, 2, 3) [38], which is listed in the
PDG as ϒð10753Þ with the quantum numbers JPC¼1−−

and a mass around 10753 MeV. This mass provides enough
phase space for the radiative production of Xb0 near the BB̄
threshold. Since ϒð10753Þ can be interpreted as an S-D
mixture of ϒð4SÞ and ϒ1ð33D1Þ [39–42], it has been
considered as a promising source for producing Xb in
theoretical prediction [24]. Alternative interpretations of
ϒð10753Þ also exist, such as a conventional bottomonium
state [43], tetraquark [44,45], or hybrid state [46].
In this work, we consider the Xb0 as a BB̄molecular state

and adopt the interpretation of ϒð10753Þ as a 4S-3Dmixed
state. Using nonrelativistic effective field theory (NREFT),
we calculate the production of Xb0 in the radiative decay
ϒð10753Þ → γXb0. Specifically, we include the intermedi-
ate meson-loop contributions involving both S-wave Bð�Þ

mesons and P-wave Bð0Þ
1 mesons. Through numerical

evaluation, we predict the partial width of this process,
analyze the relative importance of different loop contribu-
tions, and systematically examine the impact of the finite

widths of Bð0Þ
1 .

The rest of this paper is organized as follows: In Sec. II,
we present the theoretical framework. Section III provides
the numerical results and discussions. A brief summary is
given in Sec. IV.

II. THEORETICAL CONSIDERATION

A. The 4S-3D mixing of ϒð10753Þ
When classifying the ϒð10753Þ into the conventional

bottomonium family, its experimentally measured mass [1]
deviates significantly from the predicted masses of pure bot-
tomonium states [47–53]. To address this discrepancy,
we adopt the physical interpretation proposed in
Refs. [39–41,54], in which the ϒð10753Þ is described as
an admixture of the ϒð4SÞ and ϒ1ð33D1Þ states [the partner
is the ϒð10580Þ]. Within this framework, the ϒð10753Þ is
expressed as the following linear combination:

�ϒð10580Þ
ϒð10753Þ

�
¼
�
cos θ − sin θ

sin θ cos θ

�� ϒð4SÞ
ϒ1ð33D1Þ

�
; ð1Þ

where θ is the mixing angle that determines the component
proportion of the 4S and 3D states in the physical states
ϒð10753Þ and ϒð10580Þ. ϒð4SÞ and ϒ1ð33D1Þ describe

the wave functions of the pure 4S and 3D bottomonium
states, respectively.
The value of the mixing angle θ can be constrained by

the experimental data. In Ref. [39], a combined analysis of
the measured dielectron width of ϒð10580Þ and the
mixing-induced mass shifts of the 4S and 3D states
determined θ to be ð33� 4Þ°. This indicates that the
ϒð10753Þ is dominated by the ϒ1ð33D1Þ component.
Following Refs. [39–41], we also adopt the same value.
In this work, we employ the decay widths of ϒð4SÞ and
ϒ1ð33D1Þ to bottom meson pairs as calculated from the
unquenched quark models in Ref. [51], which properly
account for coupled-channel effects such as S-D mixing
and resonance pole shifts. Although the 3P0 model can in
principle introduce nonphysical contributions from hard
vertices at high momentum, the specific decays considered
here occur near threshold and therefore involve only low
momentum transfer. Moreover, we adopt only the masses
and partial widths from Ref. [51], with the couplings
extracted from leading-order heavy-quark-symmetric
Lagrangians, ensuring that no double-counting or addi-
tional model dependence is introduced.

B. Intermediate bottom meson loops
for ϒð10753Þ → γXb0

Since the ϒð10753Þ lies above the open-bottom thresh-
old, its dominant decay mode is the strong decay into
bottom-antibottom meson pair. Meanwhile, the Xb0 with
JPC ¼ 0þþ is considered as a BB̄ molecular state.1

Therefore, the radiative decay of ϒð10753Þ to Xb0 can
proceed through a triangle meson-loop mechanism. In this
mechanism, the initial state ϒð10753Þ first decays into a
bottommeson pair and then rescatters into the final stateXb0

FIG. 1. Feynman diagrams for ϒð10753Þ → γXb0 via Bð�ÞB̄ð�Þ

meson loops. The symbol ϒ denotes the ϒð4SÞ and ϒ1ð33D1Þ
bottomonium states.

1Under the heavy quark spin symmetry (HQSS), the B�B̄� can
also couple into a 0þþ molecular state. However, a 0þþ state near
the B�B̄� threshold has its pole located on a remote Riemann
sheet [55], which is far from the physical region or lies on a
deeply unphysical sheet. Even if the pole indeed exists theoreti-
cally, its coupling to physical open channels (such as B�B̄�) may
be very weak. In this work, we only consider the BB̄(0þþ)
molecular state, and hence the contribution from the B�B̄�
molecular state is not included.
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and a photon by exchanging a bottom meson. In Fig. 1, we
show the contributions from the Bð�ÞB̄ð�Þ þ C:c. intermedi-
ate meson loops. Since the coupling ofϒð10753Þ to BsB̄s is
expected to be greatly weak [56], the contributions from the
loops involving Bs mesons are not considered.
The Xb0 with JPC ¼ 0þþ couples to a BB̄ meson pair

in an S-wave. Apart from the P-wave couplings to the two
S-wave bottom mesons as shown in Fig. 1, the initial 1−−

bottomonium and the final-state photon can also couple to
one S-wave and one P-wave bottom meson in an S-wave,
as shown in Fig. 2. The power-counting analysis in the
following section indicates that the loops in Fig. 2 provide
the dominant contribution to the radiative decay
ϒð10753Þ → γXb0, which is confirmed by our numerical
calculations.

C. The effective Lagrangians

In heavy quark effective theory, bottom mesons are
classified by the total angular momentum sPl of their light
degrees of freedom. For each value of sPl , the corresponding
degenerate doublet can be described uniformly by a
superfield [57,58]. In this work, we employ nonrelativistic
effective field theory to calculate the decay widths. We use
the symbols H, S, and T to describe the bottom mesons
with sPl ¼ 1=2−, 1=2þ, and 3=2þ, respectively [57,58]:

Ha ¼ V⃗a · σ⃗ þ Pa; ð2Þ

Sa ¼ V⃗ 0
1a · σ⃗ þ P0a; ð3Þ

Ti
a ¼ Vij

2aσ
j þ

ffiffiffi
2

3

r
Vi
1a þ i

1ffiffiffi
6

p ϵijkVj
1aσ

k: ð4Þ

Here, σ⃗ is the Pauli matrix. Va ¼ ðB�0; B�þÞ and Pa ¼
ðB0; BþÞ denote the vector and pseudoscalar bottom
mesons with sPl ¼ 1=2−, respectively. The sPl ¼ 1=2þ

doublet is represented by V 0
1a ¼ ðB00

1 ; B
0þ
1 Þ and P0a ¼

ðB0
0; B

þ
0 Þ. For sPl ¼ 3=2þ, we have V1a ¼ ðB0

1; B
þ
1 Þ and

V2a ¼ ðB0
2; B

þ
2 Þ. The V2a does not contribute in the

present calculations and is therefore omitted. The corre-
sponding fields for the charge-conjugated mesons are given
by [57,58]

H̄a ¼ − ⃗V̄a · σ⃗ þ P̄a; ð5Þ

S̄a ¼ − ⃗V̄
0
1a · σ⃗ þ P̄0a; ð6Þ

T̄i
a ¼ −V̄ij

2aσ
j þ

ffiffiffi
2

3

r
V̄i
1a − i

1ffiffiffi
6

p ϵijkV̄j
1aσ

k: ð7Þ

In the heavy quark limit, the leading-order Lagrangians
describing the couplings of S-wave and D-wave bottomo-
nia to bottom-antibottom meson pairs are given by [57,58]

Lϒð4SÞ ¼ i
gS
2
hH̄†

aσ⃗ · ∂
↔
H†

aJi

þ g0S
2
hðH̄†

aS
†
a þ S̄†aH

†
aÞJi þ H:c:; ð8Þ

Lϒð3DÞ ¼ i
gD
2
hH̄†

aσi ∂
↔j

H†
aJiji

þ g0D
2
hðT̄†j

a σiH
†
a − H̄†

aσiT
†j
a ÞJiji þ H:c:; ð9Þ

where A∂

↔
B ¼ Að∂BÞ − ð∂AÞB. The S-wave bottomonium

field is represented by the combination J ¼ ϒ⃗ · σ⃗ þ ηb,
while the D-wave bottomonium ϒ1ð33D1Þ is described by

the tensor field Jij ¼
ffiffiffiffi
15

p
10

ðϒi
1σ

j þ ϒj
1σ

iÞ − 1ffiffiffiffi
15

p δijϒ⃗1 · σ⃗

[37]. The values gS½gD� and g0S½g0D� are the coupling
constants of ϒð4SÞ½ϒ1ð33D1Þ� to a 1=2− − 1=2− pair and
a 1=2− − 1=2þ½3=2þ� pair of bottom mesons, respectively.
a is the light flavor index. The symbol h� � �i denotes a trace
in spinor space, and a dagger (†) indicates the outgoing
particle in the relevant vertex.
Utilizing the effective Lagrangians above and the theo-

retical decay widths for ϒð4SÞ→BB̄ and ϒ1ð33D1Þ → BB̄,
BB̄� þ C:c., B�B̄� from Ref. [51], we can extract the
corresponding coupling constants. For the S-wave, we
obtain gS ¼ 0.776 GeV−3=2. For the D-wave, the coupling
gD takes values 0.157 GeV−3=2, 0.376 GeV−3=2, and
1.879 GeV−3=2. Furthermore, applying the ratios g0S=gS ¼
1.5 GeV and g0D=gD ¼ 1.7 GeV derived from Ref. [24], we
determine the corresponding couplings g0S and g0D.
We now consider the vertices involving the Xb0. In

Ref. [59], the charmonium-like X0 is interpreted as a DD̄
bound state. Based on heavy quark symmetry, Xb0 can be
regarded as a BB̄ molecular state. Assuming equal con-
tributions from the charged and neutral components, the
wave function of this state can be written as

jXb0i ¼
1ffiffiffi
2

p ðjB0B̄0i þ jBþB−iÞ: ð10Þ

The coupling of the Xb0 to the bottom-antibottom meson
pairs is given by

FIG. 2. Feynman diagrams for ϒð10753Þ → γXb0 via the

Bð0Þ
1 B̄ð�Þ meson loops.
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LX ¼ 1ffiffiffi
2

p X†
b0ðg1B0B̄0 þ g2BþB−Þ þ H:c: ð11Þ

The coupling constants gi (i ¼ 1, 2) are related to the
binding-energy relations established in Refs. [60,61]:

gi ¼
 
16π

μB

ffiffiffiffiffiffiffiffi
2ϵX
μB

s !
1=2

; ð12Þ

where μB ¼ mBmB̄=ðmB þmB̄Þ is the reduced mass and
ϵX ¼ mB þmB̄ −MXb0

is the binding energy. It should be
emphasized that Eq. (12) is merely a model-dependent
estimate and only valid for a shallow bound state to
guarantee a well-controlled EFT expansion. In the deeply
bound regime, higher-order terms and short-range dynam-
ics, which are not considered therein, may introduce
significant theoretical uncertainties. According to the cri-
terion for a shallow bound state discussed in Ref. [5], the
binding energy should satisfy Eb < 1=ð2μR2

confÞ, where Eb

is the binding energy, μ is the reduced mass, and Rconf is the
confinement radius. Hence, according to this condition,
when the Xb0 binding energy is smaller than 7.4 MeV, it
could be safely regarded as a loosely bound state. Hence,
the range of ϵX in the present work is taken as ∼0–10 MeV.
The effective Lagrangian describing the radiative tran-

sition of S-wave bottom mesons with photon emission
reads [24,37,58,62]

LHHγ ¼
eβ
2
hH†

aHbσ⃗ · B⃗Qabi þ
eQ0

2mQ0
hH†

aσ⃗ · B⃗Hai; ð13Þ

where Bk ¼ ϵijk∂iAj is the magnetic field. The first term
contains the light quark charge matrixQ¼diagð−1=3;2=3Þ,
while the second term involves the heavy quark electric
charge Q0 and mass mQ0 .
The effective Lagrangian LS=THγ describing the inter-

actions of the sPl ¼ 1=2þ or 3=2þ bottom mesons, photons,
and sPl ¼ 1=2− bottom mesons is given by [23,24,37]

LS=THγ ¼ −
ieβ̃
2

hH†
aSbσ⃗ · E⃗Qabi þ hTi

aH
†
bCabiEi: ð14Þ

Here, Ei is the electric field, and C is a 2 × 2 diagonal
matrix that parametrizes the coupling strength in the
second term.
The magnetic coupling parameters β, β̃, and Cab for

bottom mesons are determined from the radiative decay
processes described by the expanded Lagrangians in
Eqs. (A3) and (A4). The relations between the partial
widths and the coupling constants are given by

ΓðB� → γBÞ ¼ 1

12πMB�

���� eQ0

mQ0
þ eβQab

����2E3
γMB; ð15Þ

ΓðB0
1 → γBÞ ¼ 1

8πMB0
1

jeβ̃Qabj2E3
γMB; ð16Þ

ΓðB1 → γBÞ ¼ 1

3πMB1

jCabj2E3
γMB; ð17Þ

where the masses MB0
1
¼5739.20MeV and MB1

¼
5755.12MeV are taken from the potential model predic-
tions in Ref. [63]. Using these masses together with the
partial widths calculated in Refs. [63–65], we obtain β ¼
2.12 GeV−1, β̃¼1.84GeV−1, and C¼diagð−0.12GeV−1;
0.22GeV−1Þ.
The explicit expanded forms of the above effective

Lagrangians are provided in Appendix A. Using these
Lagrangians, we have derived the decay amplitudes for the
processes shown in Figs. 1 and 2. The complete expressions
are given in Appendix B. The partial decay width is

Γðϒð10753Þ → γXb0Þ ¼
EγjMϒð10753Þ→γXb0

j2
24πM2

ϒð10753Þ
; ð18Þ

where Eγ is the photon energy in the ϒð10753Þ rest frame.
The 1=2þ bottom meson B0

1 is predicted to have a large
width. In Ref. [66], a large width of about 238 MeV was
predicted, whereas the prediction in Ref. [63] shows a small
value of 126 MeV. The latter work also provides a width
prediction of 16.4 MeV for the 3=2þ B1 meson, agreeing
with the measured data between 27.5 and 31 MeV [1]. This

large width effect for Bð0Þ
1 was taken into account in our

calculations by using the Breit-Wigner parametrization to

approximate the spectral function of the Bð0Þ
1 . The corre-

sponding mass distribution function is defined as

ρ
Bð0Þ
1

ðsÞ ¼ 1

π

M
Bð0Þ
1

Γ
Bð0Þ
1

ðs −M2

Bð0Þ
1

Þ2 þM2

Bð0Þ
1

Γ2

Bð0Þ
1

; ð19Þ

where s is the mass squared of Bð0Þ
1 and M

Bð0Þ
1

is the central

mass of Bð0Þ
1 . Then the amplitude is given by [23,24,67]

M
Bð0Þ
1

¼ 1

W
Bð0Þ
1

Z
sh

sl

ρ
Bð0Þ
1

ðsÞM̄
Bð0Þ
1

ðM
Bð0Þ
1

→
ffiffiffi
s

p Þds; ð20Þ

whereW
Bð0Þ
1

¼R shsl ρBð0Þ
1

ðsÞds is the normalization factor with

sl¼M2
B and sh¼ðM

Bð0Þ
1

þΓ
Bð0Þ
1

Þ2. The value M̄
Bð0Þ
1

ðM
Bð0Þ
1

→ffiffiffi
s

p Þ represents the loop amplitude of Bð0Þ
1 calculated using s

as the mass squared. The lower and upper limits of the
integral are based on a reasonable truncation determined by
the decay threshold and the spectral function of the broad
B0
1 resonance, which is approximated by the Breit-Wigner

parametrization [23,67].
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III. NUMERICAL RESULTS

To assess the relative importance of the different bottom
meson-loop contributions, we perform a power-counting
analysis in the nonrelativistic framework, using the velocity
v ≪ 1 of the intermediate mesons as the expansion
parameter. This method has been applied to study inter-
mediate meson loop effects [23,24,37,67–69]. In the
power-counting scheme, the momentum scales as v, and
the kinetic energy scales as v2.
For the diagrams in Fig. 1, the initial bottomonium

couples to the S-wave bottom mesons in a P-wave. This
momentum contracts with the external photon momentum
q from the photon vertex, and thus should be counted as q.
The vertex involving Xb0 is an S-wave coupling and
introduces no additional momentum or velocity factor.
The vertices involving the photon are also in a P-wave,
which should be counted as q. Consequently, the decay
amplitude for Fig. 1 scales as

N
v5

ðv2Þ3
q2

m2
B
¼ N

E2
γ

m2
Bv

; ð21Þ

where v is the average of intermediate bottom meson
velocities v1 and v2 at the two different cuts in the loop
diagram [70], estimated as v1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijm1 þm2 −Mij=m̄12

p
and v2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijm2þm3−Mfj=m̄23

p
. The value v ≈ 0.08–0.11.

The factor N denotes the product of the coupling constants
from the three interaction vertices. To render the amplitude
dimensionally consistent, the factor q2 is accompanied by
m−2

B , where mB is the bottom meson mass.
For the loops in Fig. 2, all the vertices in the Bð0Þ

1 B̄ð�Þ
meson loops are momentum-independent S-wave cou-
plings. Therefore, the corresponding amplitude scales as

N0 v05

ðv02Þ3
Eγ

mB
¼ N0 Eγ

mBv0
: ð22Þ

Here, the energy Eγ originates from the S-wave photon
vertex in the Lagrangians [Eqs. (A3) and (A4)]. The

quantity v0 is the average velocity of the Bð0Þ
1 B̄ð�Þ meson

loops, which falls in the range v0 ≃ 0.11 − 0.13.
Since the coupling constants in Figs. 1 and 2 are of the

same order (i.e., N ∼ N0), the relative contribution of
Figs. 1 and 2 is estimated as

r ¼ mBv
v0Eγ

≈ 21.0: ð23Þ

The above power-counting result demonstrates that the

Bð0Þ
1 B̄ð�Þ meson loops in Fig. 2 provide a significantly larger

contribution to the radiative decay than those in Fig. 1. We
note that the values of v, v0, and the ratio r obtained above
span a range because the mass of Xb0 has been varied

within MXb0
¼ 10.549–10.559 GeV, corresponding to a

binding energy ϵX ¼ 0–10 MeV.
In Fig. 3, we present the partial width of ϒð10753Þ →

γXb0 as a function of the binding energy from 0 to 10 MeV.
The partial width increases monotonically with ϵX. Across
the entire considered range, the contribution from the

Bð0Þ
1 B̄ð�Þ meson loops in Fig. 2 is significantly larger than

that from the Bð�ÞB̄ð�Þ meson loops in Fig. 1, which is
consistent with our previous expectations based on power-
counting analysis. For a certain binding energy, the error
arising from the 4S-3D mixing angle θ is about Oð0.05Þ.

FIG. 3. Partial widths of the radiative decay ϒð10753Þ → γXb0
contributing fromdifferentmeson loops as a function of the binding
energy ϵX with Γ

Bð0Þ
1

¼ 0. The light-colored bands represent the

uncertainties arising from the 4S-3D mixing angle θ.

FIG. 4. Dependence of the ratio R ¼ B½ϒð10753Þ →
γXb�=B½ϒð10753Þ → γXb0� on the binding energy ϵX.

HUNTING FOR BB̄ MOLECULAR STATE Xb0 … PHYS. REV. D 113, 094027 (2026)

094027-5



The partial decay width is approximately proportional to
the coupling constant squared.
Furthermore, incorporating the results of Ref. [24], we

define the ratio R ¼ B½ϒð10753Þ → γXb�=B½ϒð10753Þ →
γXb0�. In Fig. 4, we plot the dependence of this ratio on the
binding energy. It is seen that although the binding energy
dependence exists, it is actually weakened strongly in
comparison to the absolute decay width shown in Fig. 3.
In Table I, we list the contributions of ϒð10753Þ → γXb0

from Bð�ÞB̄ð�Þ loops, Bð0Þ
1 B̄ð�Þ loops, and the total contri-

butions at several illustrative values ϵX ¼ 1, 2, 5, 10 MeV.
For the B0

1, we choose the ΓB0
1
to be 0, 100, 200, and

300 MeV, respectively. It can be seen that the contributions

from Bð�ÞB̄ð�Þ loops are about 10−3 keV. For Bð0Þ
1 B̄ð�Þ loops,

the decay width first increases and then decreases with the
increase of the B0

1 width, which can reach several keV.
In Fig. 5, we show the B0

1 width dependence of the
radiative decay width for ϒð10753Þ → γXb0. In our calcu-
lations, the B1 width is fixed to be 25 MeV due to its
smallness in comparison with that of the B0

1. It is seen that
the radiative decay width exhibits only a weak dependence

on the width of the B0
1. Within the considered range, its

variation falls into 1.02–1.12 keV. The decay width first
increases and then decreases with the increase of the B0

1

width and reaches its maximum around ΓB0
1
≃ 35 MeV. It

should be noted that the possible variation of the couplings

resulting from the change of the Bð0Þ
1 width is not considered

in our calculations, which might give rise to extra effects on
the radiative decay width.

IV. SUMMARY

In this work, we investigate the radiative decays
ϒð10753Þ → γXb0 using nonrelativistic effective field
theory. In the calculations, the Xb0 is assumed to be a
molecular state of BB̄þ C:c. with JPC ¼ 0þþ, and the
ϒð10753Þ is an S-D mixed state of the ϒð4SÞ and
ϒ1ð33D1Þ. The numerical calculations were performed
under two kinds of intermediate bottomed meson loops.
The first kind is a Bð�ÞB̄ð�Þ loop coupled with ϒð10753Þ in
the P-wave, and the second is a Bð0Þ

1 B̄ð�Þ loop coupled with
ϒð10753Þ in the S-wave.
It is found that the possible effect of the large width of

the B0
1 meson on the radiative decay width might be of

minor importance, if the couplings do not change sub-

stantially with the Bð0Þ
1 width. For a binding energy range of

0–10 MeV, the partial decay width of this reaction has been
estimated to be of the order of 0.2–1.5 keV, corresponding
to a branching fraction of 10−6 − 10−5. This appreciable of
the radiative width implies that searching for the Xb0 via the
process ϒð10753Þ → γXb0 is promising. The observation
of the Xb0 might help us to study the nature of the Xb
partner states related by the heavy quark symmetry.
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TABLE I. The predicted decay partial width (in units of keV) of ϒð10753Þ → γXb0 for different binding energies. Here, we choose
ΓB0

1
¼ 0, 100, 200, and 300 MeV.

Bð0Þ
1 B̄ð�Þ loops Total decay width

ϵX Bð�ÞB̄ð�Þ loops ΓB0
1
¼ 0 ΓB0

1
¼ 100 ΓB0

1
¼ 200 ΓB0

1
¼ 300 ΓB0

1
¼ 0 ΓB0

1
¼ 100 ΓB0

1
¼ 200 ΓB0

1
¼ 300

1 MeV 4.278þ2.373
−1.883 × 10−4 0.509þ0.019

−0.018 0.534þ0.024
−0.022 0.512þ0.025

−0.022 0.485þ0.025
−0.021 0.527þ0.023

−0.022 0.552þ0.027
−0.026 0.528þ0.028

−0.026 0.500þ0.027
−0.024

2 MeV 6.116þ3.392
−2.692 × 10−4 0.685þ0.026

−0.025 0.720þ0.033
−0.030 0.693þ0.034

−0.030 0.659þ0.034
−0.029 0.708þ0.030

−0.030 0.742þ0.036
−0.034 0.713þ0.037

−0.034 0.678þ0.036
−0.032

5 MeV 1.005þ0.557
−0.442 × 10−3 1.022þ0.039

−0.037 1.075þ0.049
−0.044 1.040þ0.052

−0.046 0.996þ0.051
−0.044 1.053þ0.044

−0.043 1.105þ0.052
−0.050 1.068þ0.055

−0.051 1.021þ0.053
−0.048

10 MeV 1.518þ0.842
−0.668 × 10−3 1.404þ0.054

−0.051 1.478þ0.067
−0.061 1.438þ0.071

−0.064 1.383þ0.071
−0.062 1.442þ0.059

−0.058 1.514þ0.070
−0.067 1.470þ0.073

−0.068 1.414þ0.072
−0.066

FIG. 5. Dependence of the partial width as a function of the B0
1

width. The B1 width is fixed at 25 MeV, and the binding energy
is ϵX ¼ 5 MeV.
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APPENDIX A: LAGRANGIAN EXPANSION

The Lagrangians in Eqs. (8), (9), (13), and (14) are expanded as

Lϒð4SÞ ¼ igSϒiðV̄†j
a ∂

↔i
V†j
a − V̄†j

a ∂

↔j
V†i
a − V̄†i

a ∂

↔j
V†j
a Þ − gSϵijkϒiðV̄†k

a ∂

↔j
P†
a þ P̄†

a ∂
↔j

V†k
a Þ þ igSϒiP̄†

a ∂
↔i

P†
a

þ ϵijkgSηbV̄
†i
a ∂

↔j
V†k
a þ igSηbðP̄†

a ∂
↔i

V†i
a − V̄†i

a ∂

↔i
P†
aÞ þ g0SηbðP̄†

0aP
†
a þ P̄†

aP
†
0aÞ − g0SηbðV̄ 0†i

1aV
†i
a þ V̄†i

a V
0†i
1aÞ

þ g0SϒiðP̄†
aV

0†i
1a þ P̄†

0aV
†i
a − V̄†i

a P
†
0a − V̄ 0†i

1aP
†
aÞ þ ig0Sϵ

ijkϒiðV̄†k
a V 0†j

1a þ V̄ 0†k
1a V

†j
a Þ þ H:c:; ðA1Þ

Lϒð3DÞ ¼ igD

ffiffiffiffiffi
15

p

3
ϒi

1P̄
†
a ∂
↔i

P†
a þ gD

ffiffiffiffiffi
15

p

6
ϵijkϒi

1ðP̄†
a ∂
↔j

V†k
a þ V̄†k

a ∂

↔j
P†
aÞ þ i

gD
2
ffiffiffiffiffi
15

p ϒi
1ð4V̄†j

a ∂

↔i
V†j
a − V̄†j

a ∂

↔j
V†i
a − V̄†i

a ∂

↔j
V†j
a Þ

þ g0D

ffiffiffiffiffi
10

p

2
ϒi

1ðV̄†i
1aP

†
a − P̄†

aV
†i
1aÞ þ ig0D

ffiffiffiffiffi
10

p

4
ϵijkϒi

1ðV̄†k
1aV

†j
a þ V̄†k

a V†j
1aÞ þ H:c:; ðA2Þ

LHHγ ¼ ieβQab∂
iAjðV†i

a V
j
b − V†j

a Vi
bÞ þ eβQabϵ

ijk
∂
iAjðP†

aVk
b þ V†k

a PbÞ þ i
eQ0

mQ0
∂
iAjðV†j

a Vi
a − V†i

a V
j
aÞ

þ eQ0

mQ0
ϵijk∂iAjðV†k

a Pa þ P†
aVk

aÞ; ðA3Þ

LS=THγ ¼ eβ̃Qabϵ
ijk
∂
0AiV†j

a V 0k
1b − ieβ̃Qab∂

0AiðV†i
a P0b þ P†

aV 0i
1bÞ þ i

ffiffiffi
2

3

r
Cabϵ

ijk
∂
0AiVj

1aV
†k
b þ 2

ffiffiffi
2

3

r
Cab∂

0AiP†
bV

i
1a: ðA4Þ

APPENDIX B: TRANSITION AMPLITUDES

In the rest frame of the initial particle, the transition amplitude for ϒð4SÞðpÞ→ ½B�ðlÞB̄ðp−lÞ�Bðl−qÞ→γðqÞXb0ðp−qÞ
reads

M4S ¼
ffiffiffi
2

p

2
gigS

�
eβQab þ

eQ0

mQ0

�
½2q · εð−qÞq · εðpÞ − 2q · qεðpÞ · εð−qÞ�Ið1ÞðMB� ;MB;MB; q⃗Þ: ðB1Þ

The amplitude for ϒ1ð33D1ÞðpÞ → ½B�ðlÞB̄ðp − lÞ�Bðl − qÞ → γðqÞXb0ðp − qÞ reads

M3D ¼ −
1

2

ffiffiffi
5

6

r
gigD

�
eβQab þ

eQ0

mQ0

�
½2q · εð−qÞq · εðpÞ − 2q · qεðpÞ · εð−qÞ�Ið1ÞðMB� ;MB;MB; q⃗Þ: ðB2Þ

Since ϒð10753Þ is a mixed state of ϒð4SÞ and ϒ1ð33D1Þ, the amplitude for ϒð10753ÞðpÞ → ½B�ðlÞB̄ðp − lÞ�Bðl − qÞ →
γðqÞXb0ðp − qÞ in Fig. 1 is given by

MFig:1 ¼ 2
X

ðM4S sin θ þM3D cos θÞ; ðB3Þ

where the factor 2 accounts for charge conjugation, and the summation runs over amplitudes from both neutral and charged
bottom meson intermediate states.
The amplitude for ϒð4SÞðpÞ → ½B0

1ðlÞB̄ðp − lÞ�Bðl − qÞ → γðqÞXb0ðp − qÞ reads

M0
4S ¼

ffiffiffi
2

p

2
gig0Seβ̃QabEγεðpÞ · εð−qÞIðMB0

1
;MB;MB; q⃗Þ: ðB4Þ

The amplitude for ϒ1ð33D1ÞðpÞ → ½B1ðlÞB̄ðp − lÞ�Bðl − qÞ → γðqÞXb0ðp − qÞ reads
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M0
3D ¼ −i

ffiffiffiffiffi
10

3

r
gig0DCabEγεðpÞ · εð−qÞIðMB1

;MB;MB; q⃗Þ: ðB5Þ

The amplitude corresponding to the process ϒð10753ÞðpÞ → ½Bð0Þ
1 ðlÞB̄ðp − lÞ�Bðl − qÞ → γðqÞXb0ðp − qÞ shown in

Fig. 2 is written as

MFig:2 ¼ 2
X

ðM0
4S sin θ þM0

3D cos θÞ: ðB6Þ

It should be noted that these amplitudes must be multiplied by the appropriate nonrelativistic normalization factorffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mϒð10753ÞMXb0

p
m1m2m3. mi (i ¼ 1, 2, 3) represents the mass of the intermediate meson.

The scalar three-point loop integral associated with the triangle diagram in Fig. 2 follows from Ref. [68] and is given by

Iðm1; m2; m3; q⃗Þ ¼ i
Z

ddl
ð2πÞd

1

ðl2 −m2
1 þ iϵÞ½ðp − lÞ2 −m2

2 þ iϵ�½ðl − qÞ2 −m2
3 þ iϵ�

≈
μ12μ23

16πm1m2m3

1ffiffiffi
a

p
�
arctan

�
c0 − c
2
ffiffiffiffiffi
ac

p
�
þ arctan

�
2aþ c − c0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðc0 − aÞp �	

; ðB7Þ

where μij are the reduced masses, b12 ¼ m1 þm2 −M, b23 ¼ m2 þm3 þ q0 −M, with M being the mass of the initial
particle, and

a ¼
�
μ23
m3

�
2

q⃗2; c ¼ 2μ12b12; c0 ¼ 2μ23b23 þ
μ23
m3

q⃗2: ðB8Þ

The vector loop integral Ið1Þðm1; m2; m3; q⃗Þ in the decay amplitudes for Fig. 1 is [68]

qiIð1Þðm1; m2; m3; q⃗Þ ¼ i
Z

ddl
ð2πÞd

li

ðl2 −m2
1 þ iϵÞ½ðp − lÞ2 −m2

2 þ iϵ�½ðl − qÞ2 −m2
3 þ iϵ� ; ðB9Þ

Ið1Þðm1; m2; m3; q⃗Þ ≈
μ23
am3

�
Bðc0 − aÞ − BðcÞ þ 1

2
ðc0 − cÞIðm1; m2; m3; q⃗Þ

�
: ðB10Þ

Here, the function BðcÞ is

BðcÞ ¼ −
μ12μ23

4m1m2m3

ffiffiffiffiffiffiffiffiffiffiffiffi
c − iϵ

p

4π
: ðB11Þ
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