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We study the processes eþe− → ωχbJð1PÞ (J ¼ 0, 1, or 2) using samples at center-of-mass energiesffiffiffi
s

p ¼ 10.701, 10.745, and 10.805 GeV, corresponding to 1.6, 9.8, and 4.7 fb−1 of integrated luminosity,
respectively. These data were collected with the Belle II detector during special operations of the
SuperKEKB collider above the ϒð4SÞ resonance. We report the first observation of ωχbJð1PÞ signals atffiffiffi
s

p ¼ 10.745 GeV. By combining Belle II data with Belle results at
ffiffiffi
s

p ¼ 10.867 GeV, we find energy
dependencies of the Born cross sections for eþe− → ωχb1;b2ð1PÞ to be consistent with the shape of the
ϒð10753Þ state. These data indicate that the internal structures of the ϒð10753Þ and ϒð10860Þ states may
differ. Including data at

ffiffiffi
s

p ¼ 10.653 GeV, we also search for the bottomonium equivalent of the Xð3872Þ
state decaying intoωϒð1SÞ. No significant signal is observed for masses between 10.45 and 10.65 GeV=c2.

DOI: 10.1103/PhysRevLett.130.091902

Heavy quarkonium spectroscopy offers multiple oppor-
tunities for insight on the nonperturbative behavior of
quantum chromodynamics [1–3]. Four bottomonium-like
vector states have been identified above the BB̄ threshold
[4]. The ϒð10753Þ, observed in eþe− → πþπ−ϒðnSÞ
(n ¼ 1, 2, 3) by Belle [5] and in fits to the eþe− → bb̄
cross sections at energies

ffiffiffi
s

p
from 10.6 to 11.2 GeV [6], is

particularly interesting.
The ϒð10753Þ has been interpreted as a conventional

bottomonium [7–16], hybrid [17,18], or tetraquark state
[19–22]. Interpretations as an admixture of the conventional
4S and 3D states predict comparable branching fractions of
10−3 for ϒð10753Þ → πþπ−ϒðnSÞ [7] and ϒð10753Þ →
ωχbJ [8], where χbJ denotes χbJð1PÞ throughout. In this
interpretation, the branching fraction forϒð10753Þ → ωχb1
is expected to be about 1=5 of that forϒð10753Þ → ωχb2 [8].
In addition, the process eþe− → γXb,Xb → ωϒð1SÞ, which
shares the same final states as ϒð10753Þ → ωχbJ, provides
access to the Xb. The Xb is the posited bottomonium
counterpart of the Xð3872Þ [23] [χc1ð3872Þ [4] ]. Its exist-
ence has been predicted inmolecular [24–34] and tetraquark
models [35–38], with masses close to the BB̄� threshold
[24–34], or in the 10 to 11 GeV=c2 range [35–38], respec-
tively. Unlike in Xð3872Þ decays, due to negligible isospin-
breaking effects, the Xb may decay preferentially into
πþπ−π0ϒð1SÞ instead of πþπ−ϒð1SÞ [31–34]. Searches
for an Xb state in πþπ−ϒð1SÞ by CMS and ATLAS [39,40],
and in eþe− → γXb, Xb → πþπ−π0ϒð1SÞ near the
ϒð10860Þ [known as the ϒð5SÞ] energy by Belle [41],
yielded null results.
In this Letter we test the nature of the ϒð10753Þ using

measurements of Born cross sections for the eþe− → ωχbJ
(J ¼ 0, 1, 2) processes at

ffiffiffi
s

p
between 10.701 and

10.805 GeV with ω → πþπ−π0, χbJ → γϒð1SÞ, and

ϒð1SÞ → lþl− (l ¼ e or μ). We also search for the
Xb → ωϒð1SÞ process in eþe− → γXb at

ffiffiffi
s

p
between

10.653 and 10.805 GeV. After event selection, fits to the
two-dimensional invariant mass distributions for ω and χbJ
candidates are used to search for eþe− → ωχbJ enhance-
ments. Observed event yields as functions of collision
energy are used to extract cross sections, which, combined
with previous Belle measurements at higher energy, deter-
mine the energy dependence. Finally,M½ωϒð1SÞ� invariant
mass distributions are fitted to search for a Xb signal.
These analyses are based on electron-positron collisions

produced by the SuperKEKB collider [42] at
ffiffiffi
s

p ¼ 10.653,
10.701, 10.745, and 10.805 GeV. Data samples, collected
with the Belle II detector [43], correspond to integrated
luminosities of 3.5, 1.6, 9.8, and 4.7 fb−1 [44], respectively.
The Belle II detector is a nearly 4π magnetic spectrometer
surrounded by particle-identification detectors, an electro-
magnetic calorimeter, and muon and K0

L detectors [43].
Simulated events are used for optimization of event
selections and determination of reconstruction efficiencies
and resolution functions. We generate simulated signal
events with EVTGEN [45]. Initial-state radiation (ISR) at
next-to-leading order accuracy in quantum electrodynamics
is simulated with PHOKHARA [46]. Angular distributions for
the two-body decays in eþe− → ωχbJ and γXb are gen-
erated according to a phase-space model. Simulated events
are generated with varying Xb masses from 10.45 to
10.65 GeV=c2 [24–34]. The detector response is simulated
with the GEANT4 package [47]. Reconstruction of events
from simulated and collision data is performed with the
Belle II analysis software framework [48].
Events are selected online by a trigger [49] using central

drift chamber and electromagnetic calorimeter information.
In the off-line analyses, all charged-particle trajectories
(tracks) are required to originate from the vicinity of the
interaction point. We require four or five tracks to reduce
backgrounds while allowing for increased efficiency for
signal events with an additional misreconstructed track.
The identifications of pions, electrons, and muons are based
on likelihood information from subdetectors [50]. The
pions are identified with 90% efficiency and 8% kaon
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contamination. At least one of the leptons is identified with
95% efficiency for electrons and 90% efficiency for muons.
To reduce the effects of bremsstrahlung and final-state
radiation, photons within a 50 mrad cone of the initial
electron or positron direction are included in the calcula-
tion of the particle four-momentum. The ϒð1SÞ signal
regions are selected as 9.25 < Mðeþe−Þ < 9.58 GeV=c2

and 9.34 < Mðμþμ−Þ < 9.58 GeV=c2.
Energy deposits in adjacent electromagnetic calorimeter

crystals are treated as photon candidates if they are not
associated with charged particles. We require the energy of
the photon from the χbJ decay to exceed 50 MeV. Photons
used to reconstructπ0 candidates are required to have energies
greater than 25, 25, and 40MeV, when detected in the barrel,
forward end cap, and backward end cap, respectively, and
to satisfy 0.105 < MðγγÞ < 0.150 GeV=c2. We perform

mass-constrained fits for the ϒð1SÞ and π0 candidates to
improve momentum resolutions.
We perform kinematic fits to the πþπ−π0γϒð1SÞ combi-

nations constraining their four-momenta to the initial eþe−
collision four-momentum. An average of 1.18 candidates
per event is found in data. In events with multiple
candidates, only the candidate with the smallest fit χ2 is
retained. To avoid systematic effects from the modeling of
the beam-energy spread, we do not use the momenta after
the kinematic fit.
Figure 1 shows distributions of M½γϒð1SÞ� and

Mðπþπ−π0Þ for events restricted to 9.75 < M½γϒð1SÞ� <
10 GeV=c2 and 0.61<Mðπþπ−π0Þ<0.95GeV=c2, where
signals are clearly visible at

ffiffiffi
s

p ¼ 10.745 and 10.805 GeV.
We perform a two-dimensional unbinned likelihood fit to

the M½γϒð1SÞ� versus Mðπþπ−π0Þ distributions for data
collected at

ffiffiffi
s

p ¼ 10.745 and 10.805 GeV [51]. The fit
function is a sum of four components: signals inM½γϒð1SÞ�
and Mðπþπ−π0Þ distributions, peaking background in the
M½γϒð1SÞ� distribution from eþe− → πþπ−π0χbJ, peaking
background in the Mðπþπ−π0Þ distribution from non-χbJ
backgrounds with a ω, and combinatorial background.
Each χbJ signal shape is described by a Crystal Ball
function [52] while the ω signal shape is described by a
Breit-Wigner function (BW) convolved with a Gaussian
function. The widths of the Crystal Ball and Gaussian
functions are approximately 15 and 13 MeV=c2, respec-
tively. Signal shape parameters are fixed from a fit to
simulated signal events. A product of linear functions is
used to describe the combinatorial background.
Fit results are presented in Table I. We find significant

signals of χb1 and χb2 at
ffiffiffi
s

p ¼ 10.745 GeV. The signifi-
cances of the χb0, χb1, and χb2 signals at 10.745 and
10.805 GeV are 11σ and 4.5σ, respectively. We report the
first observation of ωχbJ signals at

ffiffiffi
s

p ¼ 10.745 GeV.
These significances are estimated using Wilks’s theorem
[53]. We compute 90% Bayesian credibility upper limits on
the yields assuming uniform priors (Table I). Systematic
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FIG. 1. Distributions of (left) γϒð1SÞ and (right) πþπ−π0

masses in data at
ffiffiffi
s

p ¼ 10.701, 10.745, and 10.805 GeV with
fit results overlaid.

TABLE I. Measurements of eþe− → ωχbJ at
ffiffiffi
s

p ¼ 10.701, 10.745, and 10.805 GeV. Σ is the signal significance; Syst is the
systematic uncertainty. The first and second uncertainties (if available) indicate statistical and systematic contributions, respectively. The
common systematic uncertainties for all energy points are 15.8%, 9.4%, and 9.3% for ωχb0, ωχb1, and ωχb2, respectively.

Channel
ffiffiffi
s

p
(GeV) Nsig NUL ΣðσÞ ε j1 − Πj2 1þ δISR Syst (%) σB (pb) σULB (pb)

eþe− → ωχb0 10.701 0.0þ1.1
−0.0 3.0 � � � 0.182 0.931 0.67 16.6 0.0þ6.1

−0.0 16.6
eþe− → ωχb1 0.0þ2.1

−0.0 3.9 � � � 0.184 0.931 0.64 10.6 0.0þ0.7
−0.0 1.2

eþe− → ωχb2 0.1þ2.2
−0.1 4.0 � � � 0.182 0.931 0.62 10.6 0.1þ1.4

−0.1 2.5
eþe− → ωχb0 10.745 3.0þ5.5

−4.7 12.0 0.5 0.183 0.931 0.65 25.9 2.8þ5.1
−4.4 � 0.7 11.3

eþe− → ωχb1 68.9þ13.7
−13.5 � � � 5.9 0.183 0.931 0.65 12.7 3.6þ0.7

−0.7 � 0.5 � � �
eþe− → ωχb2 27.6þ11.6

−10.0 � � � 3.1 0.184 0.931 0.65 14.5 2.8þ1.2
−1.0 � 0.4 � � �

eþe− → ωχb0 10.805 3.6þ3.8
−3.1 9.9 1.2 0.182 0.932 1.12 24.9 4.1þ4.3

−3.5 � 1.0 11.4
eþe− → ωχb1 15.0þ6.8

−6.2 26.2 2.7 0.182 0.932 1.12 20.2 0.9þ0.4
−0.4 � 0.2 1.7

eþe− → ωχb2 3.3þ5.3
−3.8 12.8 0.8 0.183 0.932 1.11 29.1 0.4þ0.7

−0.5 � 0.1 1.6
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uncertainties in the Born cross-section measurements (dis-
cussed below) are approximately included by convolving
the likelihood with a Gaussian function whose width equals
the total systematic uncertainty.
For data collected at

ffiffiffi
s

p ¼ 10.701 GeV, the signal yield
is calculated as Nsig ¼ maxð0; Nobs − NbÞ. The observed
yield Nobs is obtained by counting events in the χb0, χb1,
and χb2 signal regions of 9.80<M½γϒð1SÞ�<9.89GeV=c2,
9.84<M½γϒð1SÞ�<9.93GeV=c2, and 9.86<M½γϒð1SÞ�<
9.95GeV=c2, respectively, in which about 95% of signal
candidates are retained; the background yieldsNb in the χbJ
signal regions are obtained by scaling background events
with the luminosity using

ffiffiffi
s

p ¼ 10.745 GeV data. The
statistical uncertainty for Nsig is estimated using a Bayesian
approach including background uncertainties [54]. The
upper limit at 90% Bayesian credibility on Nsig (NUL) is
also determined with the same approach. Signal yields and
upper limits are listed in Table I.
The eþe− → ωχbJ Born cross section is calculated using

σBðeþe− → ωχbJÞ ¼
Nsigj1 − Πj2

LεBintð1þ δISRÞ
; ð1Þ

where L is the integrated luminosity, ε is the reconstruction
efficiency, Bint is the product of the branching fractions of
the intermediate states, j1 − Πj2 is the vacuum polarization
factor [6,55], and ð1þ δISRÞ is the radiative-correction
factor [56–58]. In calculating the radiative-correction
factor, we use the energy dependence of the Born cross
sections measured in this Letter. Values of the inputs,
resulting Born cross sections, and their upper limits for
nonsignificant signals are listed in Table I.
Combining σBðeþe− → ωχb1 and ωχb2Þ ¼ ð0.76�

0.16Þ and ð0.29� 0.14Þ pb at
ffiffiffi
s

p ¼ 10.867 GeV from
Belle [41] and those from this Letter, we show the Born
cross sections for eþe− → ωχb1 and ωχb2 as functions of
collision energy in Fig. 2. We observe a strong enhance-
ment of the cross section near 10.75 GeV. We fit these

distributions with a coherent sum of a two-body phase
space and a BW function [59]

����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ð

ffiffiffi
s

p Þ
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeeBfΓ

p
s −M2 − iMΓ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ð

ffiffiffi
s

p Þ
Φ2ðMÞ

s
eiϕ

����2; ð2Þ

where M is the mass of the ϒð10753Þ, Γ (Γee) is its
total (electron) width, Bf is the branching fraction for the
decay ϒð10753Þ → ωχb1 or ωχb2, Φ2 is the two-body
phase-space factor, and ϕ is the relative phase between
the amplitudes. In the fits, the mass and total width in
the BW function are fixed to 10752.7 MeV=c2 and
35.5 MeV [5], respectively. There are two solutions for
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2�. One corresponds to
constructive interference and yields ½0.63� 0.39ðstatÞ �
0.20ðsystÞ� and ½0.53� 0.46ðstatÞ � 0.15ðsystÞ� eV (solu-
tion I). The other corresponds to destructive interference
and yields ½2.01� 0.38ðstatÞ � 0.76ðsystÞ� and ½1.32�
0.44ðstatÞ � 0.55ðsystÞ� eV (solution II). The systematic
uncertainties are discussed below. The fit qualities for ωχb1
and ωχb2 are χ2=ndf ¼ 0.5=1 and 0.1=1. An alternative
model with two interfering BW functions for theϒð10 753Þ
and ϒð10 860Þ states shows little interference and
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2� ¼ ½1.24� 0.56ðstatÞ�
and ½0.92� 0.37ðstatÞ� eV (solution I) and ½1.28�
0.57ðstatÞ� and ½1.09� 0.40ðstatÞ� eV (solution II). The
fit qualities for ωχb1 and ωχb2 are χ2=ndf ¼ 0.4=1 and
0.1=1. We also test a single BW of ϒð10 753Þ with a free
mass and width to fit the energy dependence, and find a less
satisfactory χ2=ndf of 12=6.
In addition, we search for the Xb in eþe− → γXb with

Xb → ωϒð1SÞ at
ffiffiffi
s

p ¼ 10.653, 10.701, 10.745, and
10.805 GeV. Distributions of M½ωϒð1SÞ� for events within
0.70 < Mðπþπ−π0Þ < 0.86 GeV=c2 are shown in Fig. 3.
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FIG. 2. Energy dependence of the Born cross sections for (left)
eþe− → ωχb1 and (right) eþe− → ωχb2. Circles show the mea-
surements reported here, triangles are the results of the Belle
experiment [41]. Error bars represent combined statistical and
systematic uncertainties. Curves show the fit results and various
components of the fit function.
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FIG. 3. Distributions of ωϒð1SÞ mass from data at
ffiffiffi
s

p ¼
10.653, 10.701, 10.745, and 10.805 GeV. The red dash-dotted
histograms are from simulated events eþe− → γXb½→ωϒð1SÞ�
with the Xb mass fixed at 10.6 GeV=c2 and yields fixed at the
upper limit values.
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Prominent reflections of eþe− → ωχbJ signals are
observed, but no narrow structure as expected from a Xb
signal is found. We set upper limits at 90% Bayesian
credibility [54] with M½ωϒð1SÞ� in the 100 MeV=c2

interval centered at the test Xb mass (95% signal effi-
ciency). The observed yield is obtained by counting events,
and the background yield is estimated using an unbinned
maximum likelihood fit to the M½ωϒð1SÞ� distribution. A
straight line is used to describe the smooth background. Atffiffiffi
s

p ¼ 10.701, 10.745, and 10.805 GeV, additional normal-
ized shapes from simulations for each χbJ state are used to
describe eþe− → ωχbJ signals.
We calculate the upper limits at 90% Bayesian credi-

bility on the products of the Born cross section for the
eþe− → γXb process and the branching fraction for Xb →
ωϒð1SÞ [σULB ðeþe− → γXbÞBðXb → ωϒð1SÞ] with vary-
ing Xb masses from 10.45 to 10.65 GeV=c2 using a similar
relationship as Eq. (1). The least stringent limits on signal
yields are 10.0, 8.1, 8.1, 10.7 with mðXbÞ ¼ 10.59, 10.45,
10.45, and 10.53 GeV=c2 at

ffiffiffi
s

p ¼ 10.653, 10.701, 10.745,
10.805 GeV, respectively, with an efficiency of about 16%.
The values of σULB ðeþe− → γXbÞB½Xb → ωϒð1SÞ� range in
(0.14–0.55), (0.25–0.84), (0.06–0.14), and (0.08–0.37) pb,
respectively [51].
The individual sources of systematic uncertainties con-

sidered in the measurements of σBðeþe− → ωχbJÞ and
σBðeþe− → γXbÞB½Xb → ωϒð1SÞ� are listed in the
Supplemental Material [51] and the total systematic
uncertainties are listed in Table I. Detection efficiency
uncertainties include momentum-dependent tracking
uncertainties [1.3% per pion and 0.3% per lepton, as
derived from B̄0 → D�þð→ D0πþÞπ− and eþe− → τþτ−],
particle identification [1.1% per pion, as derived from
D�þ → D0ð→ K−πþÞπþ], lepton identification (0.4% per
electron and 0.7% per muon, as derived from J=ψ decays,
Bhabha, dimuon, and two-photon processes), photon
reconstruction (3.5% per photon, as derived from
eþe− → γμþμ−), and π0 reconstruction (4.8% per π0, as
derived from η → π0π0π0). The uncertainties on the
branching fractions, 14.7%, 7.4%, and 7.3% for χb0, χb1,
and χb2 decays, are taken from Ref. [4]. For
σBðeþe− → ωχbJÞ, we change the mass and width values
of ϒð10 753Þ by one standard deviation [5], and the fit
model from the coherent sum of a two-body phase-space
and a BW function to two interfering BW functions
for the ϒð10 753Þ and ϒð10 860Þ. The differences on the
radiative correction factors are 2.0%, 5.1%, and 13.7% forffiffiffi
s

p ¼ 10.701, 10.745, and 10.805 GeV, respectively. We
assume σðeþe− → γXbÞ to be proportional to 1=s2 to
determine the radiative-correction factor for eþe−→γXb.
The maximum difference on the radiative-correction factor
observed by using 1=s or 1=s3 is included as an uncertainty,
which is less than 1%. The uncertainty associated with the
assumption of uniform distribution for the ωχbJ (or γXb)

particles is assessed by using an alternative signal
efficiency based on a 1� cos2 θ distribution, where θ is
the ω (γ) angle in eþe− center-of-mass frame. For
σBðeþe− → ωχbJÞ at

ffiffiffi
s

p ¼ 10.745 and 10.805 GeV, we
estimate the systematic uncertainties associated with the fit
by changing the order of the background polynomial and
the range of the fit, and comparing the fit results without a
χb0 component. The resulting systematic uncertainties are
16.3%, 4.6%, 8.2% and 10.9%, 8.9%, 20.0% for χb0;b1;b2
decays at

ffiffiffi
s

p ¼ 10.745 and 10.805 GeV. Studies in the
control channel eþe− → πþπþπ−π−π0π0 show that a 1%
uncertainty needs to be included due to mismodeling in the
trigger simulation. We assume a beam-energy calibration
uncertainty of 5 MeV and take the fractional differences in
signal yields as uncertainties. These are 10.5%, 2.5%,
3.0%, and 6.5%, 5.0%, 12.2% for χb0;b1;b2 decays at

ffiffiffi
s

p ¼
10.745 and 10.805 GeV. Belle II measures the luminosity at
a 0.6% precision [44]. Systematic uncertainties on the
ΓeeB½ϒð10 753Þ → ωχb1 and ωχb2� determination come
from variations of the ϒð10 753Þ parameters and collision
energies within their uncertainties.
In summary, we use a unique sample of electron-positron

data collected at center-of-mass energies between 10.653
and 10.805 GeV to measure the Born cross sections for the
eþe− → ωχbJ process and search for the Xb state decaying
into ωϒð1SÞ. A significant ωχb1 signal and evidence for the
eþe− → ωχb2 process at

ffiffiffi
s

p ¼ 10.745 GeV are found. The
corresponding Born cross sections are ½3.6þ0.7

−0.7ðstatÞ �
0.5ðsystÞ� pb and ½2.8þ1.2

−1.0ðstatÞ � 0.4ðsystÞ� pb.We observe
a strong enhancement of the cross section near 10.75 GeV
whose energy dependence is consistent with the ϒð10 753Þ
state.Wemeasure the productsΓeeB½ϒð10753Þ → ωχb1 and
ωχb2� to be in the range 0.20–2.9 and 0.05–2.0 eV.
The observed ratio σBðeþe− → ωχb1Þ=σBðeþe− →

ωχb2Þ ¼ 1.3� 0.6 at
ffiffiffi
s

p ¼ 10.745 GeV, where the stat-
istical uncertainties and all the uncommon systematic
uncertainties are included, contradicts the expectation for
a pure D-wave bottomonium state of 15 [60,61]. There is
also a 1.8σ difference with the prediction for a S-D-mixed
state of 0.2 [8].
This analysis shows that the eþe− → ωχbJ process

observed near ϒð10 860Þ by Belle could be due to the tail
of the ϒð10 753Þ. The large difference between the small
value of the ωχbJ to πþπ−ϒðnSÞ production rate at the
ϒð10 860Þ and the value at the ϒð10 753Þ may indicate
different internal structures for these two states, which
otherwise have the same quantum numbers and are only
110 MeV=c2 apart.
No evidence of a Xb signal is obtained for Xb masses

between 10.45 and 10.65 GeV=c2, and upper limits at 90%
Bayesian credibility on the products of Born cross section
for eþe− → γXb and branching fraction for Xb → ωϒð1SÞ
are set to be 0.55, 0.84, 0.14, and 0.37 pb at

ffiffiffi
s

p ¼ 10.653,
10.701, 10.745, and 10.805 GeV, respectively.
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