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1 Introduction105

In the energy dependence of the e+e− → Υ(nS)π+π− (n = 1, 2, 3) cross sections, the106

Belle experiment observed a new structure, Υ(10753), with a global significance of 5.2σ [1].107

Its existence was further supported by fits to the ‘dressed’ cross sections σ(e+e− → bb̄) at108

center-of-mass (c.m.) energies
√
s from 10.6 to 11.2 GeV [2]. The Υ(10753) state has been109

interpreted as a conventional bottomonium [3–14], hybrid [15, 16], or tetraquark state [17–110

22]. To confirm this state and to study its properties, the Belle II experiment performed an111

energy scan, collecting four samples at energies 10653, 10701, 10745, and 10805 MeV and112

integrated luminosities of 3.6, 1.6, 9.9, and 4.7 fb−1, respectively. The Υ(10753) state was113

confirmed in the Υ(nS)π+π− channel [23]; from a combined fit to the Belle and Belle II data,114

its mass and width are (10756.6±2.7±0.9) MeV/c2 and (29.0±8.8±1.2) MeV, respectively,115

where the first and second uncertainties are statistical and systematic throughout this paper.116

Resonant substructure in the Υ(10753) → Υ(nS)π+π− decays was studied; no signal of117

intermediate Zb(10610, 10650)+ → Υ(nS)π+ states was found. In addition, contrary to118

expectations of the hybrid and tetraquark models [15, 17], no prominent f0(980)→ π+π−119

signal was observed.120
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Belle II searched for the e+e− → ηb(1S)ω process at
√
s = 10745 MeV, reporting a null121

result [24]. Belle II measured the energy dependence of the e+e− → χbJ(1P )ω (J = 1, 2)122

cross sections and observed an enhancement with a shape consistent with Υ(10753) [25].123

The ratio of χb2 and χb1 was measured to be 1.3 ± 0.6 at
√
s = 10.745 GeV, which is far124

below the expectation of 15 for a pure D-wave bottomonium state [26]. There is also a 1.8σ125

difference with the prediction of 0.2 for an S-D-mixed state [4]. The results are consistent126

with the χbJ(1P )ω production at the Υ(10860) energy, reported earlier by Belle [27], being127

due to the tail of the Υ(10753) state and not due to the decay of the Υ(10860) itself.128

In this paper, we perform a systematic study of the e+e− → χbJ(1P )ω and e+e− →129

χbJ (π+π−π0)non−ω cross sections in the energy range from 10653 to 11020 MeV using both130

Belle and Belle II data. We update the Belle II measurement of ref. [25] by exploiting131

the precise Ecm (e+e− c.m. energy) calibration which recently became available [28], and132

performing kinematic fits to better separate the χbJ(1P ) and χbJ(2P ) states. In the case133

of Belle, the energy dependence of e+e− → χbJ π
+π−π0 was reported earlier [29] without134

considering the ω and (π+π−π0)non−ω contributions separately. For brevity, we denote135

χbJ(1P ) as χbJ throughout this paper.136

The paper is organized as follows. We describe the Belle and Belle II detectors in137

section 2 and the data sets in section 3. The selection of events is presented in section 4.138

Sections 5 and 6 are devoted to the measurements of Born cross sections for e+e− →139

χbJ ω and e+e− → χbJ (π+π−π0)non−ω. The evaluation of the systematic uncertainties140

is described in section 7. The fits to the energy dependences of Born cross sections for141

e+e− → χb1,b2 ω and e+e− → χb1,b2 (π+π−π0)non−ω are described in section 8. The results142

are summarized in section 9.143

2 Belle and Belle II detectors144

We use data collected by the Belle detector [30, 31] at the KEKB asymmetric energy145

e+e− collider [32, 33] and the Belle II detector [34] at SuperKEKB [35].146

The Belle detector was a large-solid-angle magnetic spectrometer that consisted of a147

silicon vertex detector, a 50-layer central drift chamber (CDC), an array of aerogel threshold148

Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters149

(TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located150

inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-151

return yoke instrumented with resistive plate chambers located outside the coil was used to152

detect K0
L mesons and identify muons (KLM). A detailed description of the Belle detector153

can be found in refs. [30, 31].154

The Belle II detector is an upgraded version of the Belle detector that contains several155

completely new subdetectors, as well as substantial upgrades to others. The innermost sub-156

detector is the vertex detector (VXD), which uses position-sensitive silicon sensors to pre-157

cisely sample the trajectories of charged particles (tracks) in the vicinity of the interaction158

point. The VXD includes two inner layers of pixel sensors and four outer layers of double-159

sided silicon microstrip sensors. Only one sixth of the second pixel layer had been installed160

for the data analyzed here. Charged-particle momenta and charges are measured by a new161
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large-radius, helium-ethane, small-cell CDC, which also gives charged-particle-identification162

information through a measurement of particles’ specific ionization. The Belle PID system163

has been replaced. A Cherenkov-light angle and time-of-propagation (TOP) detector sur-164

rounding the CDC provides charged-particle identification in the central detector volume,165

supplemented by a proximity-focusing aerogel ring-imaging Cherenkov (ARICH) detector166

in the forward region. The readout electronics of the ECL have been upgraded, and in the167

KLM, the resistive plate chambers in the endcaps and the inner two layers of the barrel168

have been replaced by scintillator strips. A detailed description of the Belle II detector can169

be found in ref. [34].170

3 Data sets171

172

The results are obtained from Belle and Belle II data samples. We use Belle energy scan173

data at 18 energy points with approximately 1 fb−1 per point collected in the energy range174

from 10.73 GeV to 11.02 GeV. We also use a Υ(5S) energy region data sample collected175

at 10865.8 MeV with a total luminosity of 122 fb−1. Thus, there are 19 energy points176

in total at which we measure cross sections for e+e− → χbJ ω and χbJ (π+π−π0)non−ω at177

Belle. The energies and luminosities of these data samples are given in table 1. We also use178

Belle II data at
√
s = 10.653, 10.701, 10.745, and 10.805 GeV, corresponding to integrated179

luminosities of 3.6, 1.6, 9.9, and 4.7 fb−1, respectively.180

We generate signal Monte Carlo (MC) events with c.m. energies from 10.73 to 11.02 GeV181

at Belle and 10.653 to 10.805 GeV at Belle II using the evtgen generator [36] to determine182

the reconstruction efficiency and signal shape. Initial-state radiation (ISR) at next-to-183

leading order accuracy in quantum electrodynamics is simulated with phokhara [37].184

Both e+e− → χbJ ω and e+e− → χbJ (π+π−π0)non−ω samples are generated isotropically185

in the c.m. system; the χbJ (π+π−π0)non−ω sample is generated according to four-body186

phase space, and then reweighted to match the observed M(π+π−π0) distribution for this187

sample in data (see figure 8 left plot below). For ω → π+π−π0, the omega_dalitz188

model is used [36]. For χbJ → Υ(1S)γ, the helamp model is used [36]. For Υ(1S) →189

`+`−, the vll model is used [36]. Generic MC samples of e+e− → qq̄ (q = u, d, s, c) and190

Υ(5S) → B
(∗)
s B̄

(∗)
s produced with 4 times the luminosity of the data, are used to identify191

possible peaking backgrounds. MC samples of e+e− → Υ(2S)π+π− with Υ(2S) → χbJγ,192

e+e− → Υ2(1D)π+π− with Υ2(1D) → χbJγ, and e+e− → Υ(1S)π+π−π0π0 are produced193

to study possible backgrounds in e+e− → χbJ (π+π−π0)non−ω. The simulated events are194

processed with a detector simulation based on geant3 [38] and geant4 [39] at Belle and195

Belle II, respectively.196

4 Selection criteria197

198

We reconstruct the decay chain e+e− → χbJ π
+π−π0, χbJ → Υ(1S)γ, and Υ(1S) →199

`+`− (` = e or µ), where the decay to π+π−π0 may proceed via the ω.200
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For Belle data, the following selection criteria are applied. All charged tracks are201

required to originate from the vicinity of the interaction point; the impact parameters202

perpendicular to and along the beam direction with respect to the interaction point are203

required to be less than 1 cm and 4 cm, respectively. We require the number of charged204

tracks to be four. Additionally for each charged track, information from different detector205

subsystems including specific ionization in the CDC, time measurements in the TOF, and206

the response of the ACC are combined to form a likelihood Li for particle species i, where207

i = π, K, or p [40]. Charged tracks with Rπ = Lπ
LK+Lπ > 0.6 are identified as pions. With208

this selection, the pion identification efficiency is 94% and the kaon misidentification rate209

is 6%.210

Similar likelihood ratios are defined for lepton identification: Re = Le
Le+Lnon−e for elec-211

trons [41], and Rµ =
Lµ

Lπ+LK+Lµ for muons [42]. For lepton candidates we apply the212

requirements Re > 0.1 and Rµ > 0.8, which have efficiencies of 97% and 96%, respectively.213

For Υ(1S) → e+e−, in order to reduce the effect of bremsstrahlung and final state radia-214

tion, photons detected in the ECL within 50 mrad of the original e+ or e− direction are215

included in the calculation of the e+ or e− momentum. The Υ(1S) signal regions are 9.20216

< M(e+e−) < 9.61 GeV/c2 and 9.31 < M(µ+µ−) < 9.61 GeV/c2 (approximately ±2.0σ217

with σ being the mass resolution).218

An ECL cluster is treated as a photon candidate if it does not match the extrapolation219

of any charged track and its energy is greater than 30 MeV. In reconstructing π0 decays, we220

reject photon candidates if the ratio of energies deposited in the central 3 × 3 square of cells221

to that deposited in the enclosing 5 × 5 square of cells in its ECL cluster is less than 0.8.222

This suppresses photon candidates originating from neutral hadrons. The signal region for223

π0 candidates is 110 < M(γγ) < 150 MeV/c2 (approximately ±2.5σ with σ being the mass224

resolution). Hereinafter, the variable M denotes invariant mass. To calibrate the photon225

energy resolution function, three control channels D∗0 → D0γ, π0 → γγ, and η → γγ are226

used [43].227

To improve track momenta and photon energy resolutions and to reduce background,228

a 6C kinematic fit is performed, where the four-momentum of the final state system is229

constrained to match the initial e+e− c.m. system, the invariant mass of the lepton pair is230

constrained to the Υ(1S) nominal mass [44], and the invariant mass of the two photons is231

constrained to the nominal π0 mass [44]. The χ2
6C/ndof value of the 6C fit is required to be232

less than 10, which has an efficiency of 90%. This requirement removes events with one or233

more additional or missing particles in the final state. In events with multiple candidates,234

only the candidate with the smallest value of χ2
6C/ndof is retained. The fraction of selected235

events that have multiple candidates is 7% in signal MC samples. These values are con-236

sistent with the multiple candidate rates observed in the data. The fraction of correctly237

reconstructed candidates in the signal MC sample is 95%. The selection requirements are238

optimized using a figure of merit S/
√
S +B, where S and B are the numbers of expected239

signal and background events at
√
s =10.866 GeV [27].240

The event selection in Belle II is very similar to that in Belle. We use the same241

requirements as in the previous Belle II study [25], except for the kinematic fit. In ref. [25],242
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a 4C fit was used to suppress the background and select a single candidate, but the momenta243

of all particles were not updated after the fit because a reliable e+e− c.m. energy calibration244

was not yet available. In this paper, we perform a 6C fit and update the momenta, which245

helps to improve the resolution of M(Υ(1S)γ) by a factor of 1.9.246

At Belle II, all charged-particle tracks are required to originate from the vicinity of247

the interaction point. We require four or five tracks to reduce backgrounds while allowing248

for increased efficiency for signal events with an additional misreconstructed track. The249

identification of pions, electrons, and muons is based on likelihood information from sub-250

detectors [45]. The pion identification efficiency is 90% and the kaon misidentification rate251

is 8%. When forming Υ(1S) → `+`− candidates, we only impose a lepton identification252

requirement on one of the two tracks; the identification efficiency is 95% for electrons and253

90% for muons. To reduce the effects of bremsstrahlung and final-state radiation, photons254

within a 50 mrad cone of the initial electron or positron direction are included in the cal-255

culation of the particle four-momentum. Energy deposits in the ECL are treated as photon256

candidates if they are not associated with charged particles. We reject photon candidates257

if the ratio of energies deposited in the central 3 × 3 square of cells to that deposited in258

the enclosing 5× 5 square of cells (with corner cells omitted) in its ECL cluster is less than259

0.8. Photons used to reconstruct π0 candidates are required to pass energy requirements260

depending on the region of the ECL in which they are reconstructed: greater than 25 MeV261

in the barrel (32.2◦ < θ < 128.7◦) and the forward endcap (12.4◦ < θ < 31.4◦), and greater262

than 40 MeV in the backward endcap (130.7◦ < θ < 155.1◦). They are also required to263

satisfy 0.105 < M(γγ) < 0.150 GeV/c2 (approximately ±2.5σ).264

5 e+e− → χbJ ω at Belle and Belle II265

266

Figure 1 shows scatter plots of M(π+π−π0) versus M(Υ(1S)γ) for selected events in267

Belle and Belle II data, combining all energy points. There is a clear clustering of events268

in the signal region, which is defined as 0.75 < M(π+π+π0) < 0.81 GeV/c2 and 9.84 <269

M(Υ(1S)γ) < 9.93 GeV/c2.270
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Figure 1. Scatter plots of M(π+π−π0) versus M(Υ(1S)γ) for selected events in Belle and Belle II
data with all energies combined. The red boxes show the ω and χbJ signal regions.
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For well-populated samples (
√
s = 10.7712 and 10.8658 GeV at Belle, and

√
s =271

10.745 and 10.805 GeV at Belle II), we perform a two dimensional (2D) unbinned ex-272

tended maximum-likelihood fit to the M(Υ(1S)γ) and M(π+π−π0) distributions to ex-273

tract signal yields. The fitting function is a sum of four components: a 2D signal peak274

in (M(Υ(1S)γ), M(π+π−π0)), peaking background in the M(Υ(1S)γ) distribution from275

e+e− → χbJ π
+π−π0, peaking background in the M(π+π−π0) distribution from non-χbJ276

background with a ω, and combinatorial background. Each χbJ signal shape is described by277

a double Gaussian function, and the ω signal shape is described by a Breit-Wigner convolved278

with a Gaussian function. The mass resolutions for χbJ candidates at Belle and Belle II are279

11 MeV/c2 and 13 MeV/c2, respectively. Signal shape parameters are fixed according to sig-280

nal MC simulations. A first-order polynomial function is used to describe the combinatorial281

background. Fit projections for the signal region are shown in figure 2. Signal significances282

for each of χb0 ω, χb1 ω, and χb2 ω are estimated using
√
−2 ln(L0/Lmax), where L0 and283

Lmax are the maximized likelihoods without and with the signal, respectively [46].284
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Figure 2. Distributions ofM(Υ(1S)γ) andM(π+π−π0) in Belle data at
√
s = 10.7712 and 10.8658

GeV, and Belle II data at
√
s = 10.745 and 10.805 GeV with 2D fit results overlaid. The solid blue

and black curves show the total fit and total background; in the upper plots, the dashed red, violet,
and brown curves show the χb0, χb1, and χb2 signal components, respectively.

For other energy points, the M(Υ(1S)γ) distributions after applying the ω mass-285

window requirement are shown in figure 3. These distributions are very sparse, and instead286

of fitting, we use event counting. We count the numbers of events, Nobs, in the χb0, χb1,287

and χb2 signal regions of (9.84 – 9.875) GeV/c2, (9.875 – 9.905) GeV/c2, and (9.905 – 9.94)288

GeV/c2, respectively. The signal yield is defined as N sig = max(0, Nobs −Nbg). To deter-289

mine the number of background events in each signal region, Nbg, we perform a 2D fit to the290

data sample that combines all energies, as shown in figure 4. The combinatorial background291

is assumed to be non-resonant. For each energy point, the expected number of combinato-292

rial background events is determined from the corresponding integrated luminosity and the293

background yield in the combined sample. The number of χbJ (π+π−π0)non−ω background294

events is likewise assigned based on the luminosity, the yield in the combined sample, and295

the e+e− → χbJ (π+π−π0)non−ω cross section obtained from the energy-dependence fit296

(section 8). The statistical uncertainties on N sig are assigned based on 68.3% confidence297
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intervals provided by the Poissonian limit estimator (POLE) program [47], with systematic298

uncertainties set to zero; these are equivalent to the unified approach in ref. [48]. These299

values are given in tables 1, 2, and 7.300
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Figure 3. The M(Υ(1S)γ) distributions after requiring events within the ω signal region in data
at each energy point for the Belle and Belle II data samples. The vertical dashed lines (left to right)
show the χb0, χb1, and χb2 signal regions.

The Born cross sections for e+e− → χbJ ω are calculated using301

σBorn(e+e− → χbJ ω) =
N sig |1−Π|2

L εBint (1 + δISR)
, (5.1)

where L is the integrated luminosity of the data sample, ε is the reconstruction efficiency,302

Bint = B(ω → π+π−π0)B(π0 → γγ)B(χbJ → Υ(1S)γ)B(Υ(1S)→ `+`−) is the product of303

the branching fractions of the intermediate states to the reconstructed final states, |1−Π|2304

= 0.93 is the vacuum polarization factor [2, 49], and 1 + δISR is the radiative correction305

factor [50–52]. In calculating the radiative correction factor, we use the energy dependence306

of the Born cross sections for e+e− → χbJ ω measured in this work: see section 8. (We307

initially assume the energy dependence measured in ref. [25]; for the energy dependence308

of χbJ (π+π−π0)non−ω in section 6, we use the measurement of ref. [29]. The procedure309
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Figure 4. The 2D fits to M(Υ(1S)γ) and M(π+π−π0) distributions from the data sample that
combines all energies at Belle (left) and Belle II (right). The solid blue and black curves show the to-
tal fit and total background; the dashed red, violet, and brown curves show the χbJ (π+π−π0)non−ω
background, non-χbJ ω background, and combinatorial background, respectively. At Belle II, only
combinatorial background is seen.

is then iterated. Two steps are sufficient for the result to converge.) The Born cross310

sections, efficiencies, and 1 + δISR factors for e+e− → χbJ ω at each energy point are listed311

in tables 1, 2, and 7. The Born cross sections for e+e− → χb1 ω and e+e− → χb2 ω at
√
s =312

10.745 GeV are (3.8+0.6
−0.5±0.4) pb and (2.6+0.8

−0.7±0.4) pb, which are consistent with the values313

(3.6+0.7
−0.7±0.5) pb and (2.8+1.2

−1.0±0.4) pb in ref. [25]. (Systematic uncertainties are discussed314

in section 7.) The ratio σBorn(e+e− → χb1 ω)/σBorn(e+e− → χb2 ω) is 1.5+0.5
−0.4 ± 0.2 at315 √

s = 10.745 GeV, where we take into account that some sources of systematic uncertainty316

cancel in the ratio. This ratio is consistent with the value 1.3+0.6
−0.5±0.2 in ref. [25]. The ratio317

σUL
Born(e+e− → χb0 ω)/σBorn(e+e− → χb1 ω) is less than 1.3 at 90% C.L. at

√
s = 10.745318

GeV.319

In cases where the signal counting method is used, the signal yields and Born cross
sections (σ′Born) are not corrected for the efficiency of the χbJ mass-window requirement
and the cross-feed between channels. The effect of cross-feed (“migration”) is determined
from the simulation to be [

0.86 0.05

0.14 0.95

][
σ1
σ2

]
=

[
σ′1
σ′2

]
, (5.2)

where subscripts 1 and 2 correspond to χb1 and χb2, and σ′i and σi show the measured and320

underlying yields, respectively. The migration matrix is taken into account in the fit to the321

energy dependence of the cross sections (section 8). Similarly, we estimate that 2.3% of any322

χb0 yield appears inside the χb1 mass window, but due to the insignificant χb0 signal, this323
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contribution is negligible.324

For insignificant signals, we set 90% confidence level (C.L.) upper limits (xUL) on yields325

and cross sections. For energy points at which signal yields are determined from a fit, upper326

limits are found by solving the equation327 ∫ xUL

0
L(x)dx/

∫ +∞

0
L(x)dx = 0.90, (5.3)

where x is the assumed Born cross section, and L(x) is the corresponding maximized like-328

lihood of the fit. To take into account the systematic uncertainties discussed in section 7,329

the above likelihood is convolved with a Gaussian function whose width equals the total330

multiplicative systematic uncertainty. Additive systematic effects are included by choosing331

the variation that gives the most conservative limit. For other energy points with small332

numbers of candidates, the upper limits are calculated directly using POLE, with the un-333

certainty on the background prediction set to the sum in quadrature of the statistical and334

additive systematic uncertainty; the relative uncertainty on the signal efficiency set to the335

total multiplicative uncertainty from table 5 (see also section 7); and the relative uncer-336

tainty on the background efficiency set to the “efficiency” term from Table 5. The signal337

and background efficiency uncertainties are treated as correlated. The upper limits on the338

Born cross sections at each energy point are listed in tables 1, 2, and 7.339

The results at each energy are used in section 8 to fit the energy dependence of the340

cross section. At c.m. energies with small numbers of candidates, Gaussian uncertainties341

give a poor description of the contribution to the likelihood. Figure 5 shows examples of the342

dependences of ∆(−2 lnL) on σBorn(e+e− → χb1 ω) and σBorn(e+e− → χb1 (π+π−π0)non−ω)343

for samples with Nobs = 0 and Nobs = 1. The cross section(s) corresponding to different344

∆(−2 lnL) values are obtained by requesting intervals at various confidence levels from345

POLE, in the approximation where the confidence level (1 − α) = Fχ2(∆(−2 lnL); 1). In346

POLE, the uncertainty on the background prediction is set to the sum in quadrature of347

the statistical and additive systematic uncertainties; the relative uncertainty on the signal348

efficiency is set to the uncertainty on the radiative correction factor (which is treated as349

uncorrelated — see section 7); the relative uncertainty on the background efficiency is set350

to zero.351

For Nobs = 0, the dependence is parameterized using the proportionality function

f(x) = ax. (5.4)

When Nobs = 1 or higher, the dependence is parameterized by the function [1]

f(x) = 2(p2x+ p3 − p1 + p1ln
p1

p2x+ p3
)P4(x), (5.5)

where P4 = 1 + q1x + q2x
2 + q3x

3 + q4x
4. The parameters a, pi, and qi of eqs. (5.4) and352

(5.5) are determined from fits. When fitting the energy dependence of the cross sections353

(section 8), instead of Gaussian uncertainties, we use eqs. (5.4) and (5.5) to account for the354

contributions of low-population scan samples to the function being minimized. A similar355

procedure was used in ref. [1]. The fitted values of a, pi, and qi are provided in the356

supplemental material (see appendix B).357
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Figure 5. The dependences of ∆(−2 lnL) on σBorn(e+e− → χb1 ω) (red dots) at
√
s = 10882.8

MeV (left) with Nobs = 0 and Nbg = 0.3 and on σBorn(e+e− → χb1 (π+π−π0)non−ω) at
√
s =

10829.5 MeV (right) with Nobs = 1 and Nbg = 0.3. The red curves show the results of the fit
discussed in the text. The blue curve in (b) shows the approximation using asymmetric Gaussian
uncertainties.

6 e+e− → χbJ (π
+π−π0)non−ω at Belle and Belle II358

359

To measure the e+e− → χbJ (π+π−π0)non−ω cross sections, we require the mass of360

π+π−π0 combinations to be outside the ω signal region, M(π+π−π0) < 0.75 GeV/c2361

or M(π+π−π0) > 0.81 GeV/c2. In principle, the χbJ (π+π−π0)non−ω final state may362

be contaminated by background from higher-Υ processes such as e+e− → Υ(2S)π+π−363

and Υ2(1D)π+π−. We check this by examining the spectrum of the π+π− recoil mass364

in combined data samples: no Υ(2S) or Υ2(1D) signals are seen. To further study and365

check possible backgrounds, we produce MC samples for each of the following processes:366

e+e− → Υ(2S)π+π− with Υ(2S) → χbJγ, e+e− → Υ2(1D)π+π− with Υ2(1D) → χbJγ,367

and e+e− → Υ(1S)π+π−π0π0. After applying all the signal selection criteria of e+e− →368

χbJ (π+π−π0)non−ω, the efficiencies are very low (< 10−3). The events from the process369

e+e− → Υ(1S)π+π−π0π0 do not peak in the M(Υ(1S)γ) distribution. Thus, we neglect370

all the above backgrounds.371

For
√
s = 10.8658 GeV at Belle and

√
s = 10.745 GeV at Belle II, the signal yields372

are extracted using an unbinned extended maximum-likelihood fit to the M(Υ(1S)γ) dis-373

tributions, as shown in figure 6. Each χbJ signal shape is described by a double Gaussian374

function, and signal shape parameters are fixed from signal MC simulations. A first-order375

polynomial function is used to describe the background.376

For the other energy points, theM(Υ(1S)γ) distributions withM(π+π−π0) outside the377

ω signal region are shown in figure 7. For these sparse distributions, we use the same signal378

counting procedure as in the χbJ ω case. The signal yield and Born cross section, and upper379

limits on the Born cross section are determined using the method described for e+e− →380

χbJ ω above, treating components in the figure 4 fit other than “e+e− → χbJπ
+π−π0” as381

background. These values are listed in tables 3, 4, and 8. To determine the efficiency of382

the ω-veto requirement, we perform a simultaneous fit to the M(π+π−π0) distributions383
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Table 1. Results for e+e− → χb1 ω as a function of c.m. energy at Belle II (points marked with an
asterisk) and Belle (all other points). Uncertainties in the N sig and σBorn columns are statistical
only; σadd

syst is the additive systematic uncertainty; and σUL
Born is the upper limit on the Born cross

section. The underlined N sig values are obtained by fitting; corresponding statistical significances
Σ are also shown. The remaining N sig values are obtained using event counting: these values,
and the corresponding Born cross sections, are not corrected for the efficiency of the χbJ mass
window requirement and cross-feed among the χbJ channels. These corrections are included in the
energy-dependence fit (section 8).

√
s (MeV) L (fb−1) ε 1 + δISR N sig Σ(σ) σBorn (pb) σadd

syst (pb) σUL
Born (pb)

∗ 10701.0 1.640 0.146 0.640 0.4+1.4
−0.4 - 0.2+0.5

−0.2 0.1 1.4

10731.3 0.946 0.100 0.634 0.8+1.5
−0.7 - 0.8+1.5

−0.7 0.1 4.1

∗ 10745.0 9.870 0.178 0.630 71.8+10.3
−9.5 10 3.8+0.6

−0.5 0.3 –

10771.2 0.955 0.106 0.784 4.7+2.9
−2.2 2.8 3.6+2.3

−1.7 0.7 7.3

∗ 10805.0 4.690 0.177 0.940 6.8+4.0
−3.0 2.6 0.5+0.3

−0.2 0.1 1.0

10829.5 1.697 0.100 0.941 0.7+1.4
−0.7 - 0.3+0.5

−0.3 0.1 1.5

10848.9 0.989 0.101 0.924 2.8+1.9
−1.4 - 1.8+1.2

−0.9 0.1 4.6

10857.4 0.988 0.101 0.916 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.4

10865.8 122.0 0.109 0.909 82.8+10.9
−10.8 12 0.4+0.1

−0.1 0.1 –

10877.8 0.978 0.104 0.899 0.8+1.5
−0.7 - 0.5+1.0

−0.5 0.1 2.7

10882.8 1.848 0.104 0.895 0.0+0.5
−0.2 - 0.0+0.2

−0.1 0.1 0.7

10888.9 0.990 0.104 0.891 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.4

10898.3 2.408 0.104 0.885 0.6+1.4
−0.6 - 0.2+0.4

−0.2 0.1 1.1

10907.3 0.980 0.106 0.879 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.4

10928.7 1.149 0.106 0.869 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.2

10957.5 0.969 0.106 0.859 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.6

10975.3 0.999 0.106 0.854 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.4

10990.4 0.985 0.107 0.851 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.4

11003.9 0.976 0.107 0.849 0.8+1.5
−0.7 - 0.5+1.0

−0.5 0.1 2.6

11014.8 0.771 0.107 0.848 0.0+0.5
−0.2 - 0.0+0.4

−0.2 0.1 2.0

11018.5 0.859 0.107 0.847 0.0+0.5
−0.2 - 0.0+0.4

−0.2 0.1 1.8

11020.8 0.982 0.108 0.847 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.4

in the well-populated Υ(5S) sample and the Υ(6S) sample obtained by combining the six384

highest-energy scan samples, as shown in figure 8. The (π+π−π0)non−ω components are385

described by products of a second-order polynomial that is common to the Υ(5S) and386

Υ(6S) samples and phase-space factors. This model describes the data well; therefore, we387

use it to determine the shapes of the (π+π−π0)non−ω components at other energies. The388

inefficiency due to the ω-veto requirement decreases with
√
s; it is 14% at the Υ(5S) and389

4% at the Υ(6S).390

As shown in table 4, the χb2 (π+π−π0)non−ω fit for the
√
s = 10.745 GeV point returns391
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Table 2. Results for e+e− → χb2 ω at each energy point at Belle and Belle II. Column descriptions
are the same as in table 1.

√
s (MeV) L (fb−1) ε 1 + δISR N sig Σ(σ) σBorn (pb) σadd

syst (pb) σUL
Born (pb)

∗ 10701.0 1.640 0.146 0.620 0.0+0.5
−0.2 - 0.0+0.4

−0.2 0.1 1.3

10731.3 0.946 0.095 0.629 0.8+1.5
−0.7 - 1.7+3.2

−1.5 0.1 8.6

∗ 10745.0 9.870 0.179 0.630 24.6+7.5
−6.6 4.6 2.6+0.8

−0.7 0.4 –

10771.2 0.955 0.106 0.782 3.3+2.6
−1.8 2.4 5.0+3.9

−2.7 1.7 11.7

∗ 10805.0 4.690 0.178 0.940 10.7+4.4
−3.6 3.5 1.6+0.7

−0.5 0.3 2.6

10829.5 1.697 0.096 0.936 0.0+0.5
−0.2 - 0.0+0.4

−0.2 0.1 1.5

10848.9 0.989 0.096 0.920 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.8

10857.4 0.988 0.097 0.912 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.8

10865.8 122.0 0.109 0.905 14.7+7.3
−6.4 2.5 0.1+0.1

−0.1 0.1 0.2

10877.8 0.978 0.099 0.895 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.9

10882.8 1.848 0.099 0.892 0.0+0.5
−0.2 - 0.0+0.4

−0.1 0.1 1.4

10888.9 0.990 0.100 0.887 0.8+1.5
−0.7 - 1.1+2.0

−0.9 0.1 5.5

10898.3 2.408 0.100 0.882 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 0.9

10907.3 0.980 0.101 0.876 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.9

10928.7 1.149 0.101 0.866 0.0+0.5
−0.2 - 0.0+0.6

−0.2 0.1 2.5

10957.5 0.969 0.101 0.857 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 3.0

10975.3 0.999 0.102 0.852 2.8+1.9
−1.4 - 3.8+2.6

−1.9 0.1 9.7

10990.4 0.985 0.102 0.849 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.9

11003.9 0.976 0.102 0.847 1.7+1.8
−1.1 - 2.4+2.5

−1.5 0.1 7.7

11014.8 0.771 0.102 0.846 0.0+0.5
−0.2 - 0.0+0.9

−0.4 0.1 3.7

11018.5 0.859 0.103 0.845 0.0+0.5
−0.2 - 0.0+0.8

−0.3 0.1 3.3

11020.8 0.982 0.104 0.845 0.8+1.5
−0.7 - 1.1+2.1

−1.0 0.1 5.6
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Figure 6. Distributions of M(Υ(1S)γ) outside the ω signal region in Belle II data at
√
s = 10.745

GeV and Belle data at
√
s = 10.8658 GeV with fit results overlaid. The solid blue and black curves

show the total fit and total background; the dashed red, violet, and brown curves show the χb0,
χb1, and χb2 signal components, respectively.

– 12 –



a best-fit yield N sig = 0.0+1.1
−0.0. We find that the distribution of −2 lnL for this fit is linear392

in N sig: accordingly, we fit the distribution using Eq. (5.4) and treat this as a poorly-393

populated point in the energy-dependence fit of section 8, using a likelihood profile rather394

than a χ2 term.395
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Figure 7. M(Υ(1S)γ) distributions after requiring events outside the ω signal region in data at
the lower-population energy points in the Belle and Belle II data samples. The vertical dashed lines
(left to right) show the χb0, χb1, and χb2 signal regions.

7 Systematic uncertainty396

397

The systematic uncertainties in the measurements of Born cross sections for e+e− →398

χbJ ω and e+e− → χbJ (π+π−π0)non−ω include contributions from the photon energy cal-399
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Figure 8. A simultaneous fit to the M(π+π−π0) distributions in the well-populated Υ(5S) sample
at
√
s from 10829.5 MeV to 10957.5 MeV and the Υ(6S) sample obtained by combining the six

highest-energy scan samples. The blue solid curves show the total fits. The blue dashed curves
show the (π+π−π0)non−ω components. The red dashed curves show the ω signal.

Table 3. Results for e+e− → χb1 (π+π−π0)non−ω as a function of c.m. energy at Belle and Belle
II. Column descriptions are the same as in table 1.

√
s (MeV) L (fb−1) ε 1 + δISR N sig Σ(σ) σBorn (pb) σadd

syst (pb) σUL
Born (pb)

∗ 10653.0 3.550 0.117 0.644 0.0+0.5
−0.2 - 0.0+0.1

−0.0 0.1 0.3

∗ 10701.0 1.640 0.091 0.656 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 0.9

10731.3 0.946 0.064 0.685 0.0+0.5
−0.2 - 0.0+0.6

−0.3 0.1 2.7

∗ 10745.0 9.870 0.126 0.690 2.1+3.1
−2.8 1.4 0.1+0.2

−0.2 0.1 0.5

10771.2 0.955 0.084 0.692 0.0+0.5
−0.2 - 0.0+0.5

−0.2 0.1 2.0

∗ 10805.0 4.690 0.149 0.682 1.8+2.1
−1.5 - 0.2+0.2

−0.2 0.1 0.7

10829.5 1.697 0.092 0.666 0.7+1.4
−0.7 - 0.4+0.7

−0.4 0.1 2.0

10848.9 0.989 0.093 0.648 0.8+1.5
−0.7 - 0.7+1.4

−0.6 0.1 3.7

10857.4 0.988 0.093 0.639 0.0+0.5
−0.2 - 0.0+0.5

−0.2 0.1 1.9

10865.8 122.0 0.099 0.631 35.6+8.6
−7.9 5.6 0.3+0.1

−0.1 0.1 –

10877.8 0.978 0.095 0.631 0.0+0.5
−0.2 - 0.0+0.5

−0.2 0.1 1.9

10882.8 1.848 0.095 0.642 3.6+2.4
−1.7 - 1.7+1.2

−0.8 0.1 4.0

10888.9 0.990 0.095 0.670 1.8+1.8
−1.1 - 1.5+1.6

−0.9 0.1 4.7

10898.3 2.408 0.095 0.743 0.5+1.4
−0.5 - 0.2+0.4

−0.2 0.1 1.2

10907.3 0.980 0.097 0.826 0.8+1.5
−0.7 - 0.6+1.0

−0.5 0.1 2.8

10928.7 1.149 0.098 0.964 0.8+1.5
−0.7 - 0.4+0.7

−0.3 0.1 2.0

10957.5 0.969 0.101 0.852 0.8+1.5
−0.7 - 0.5+1.0

−0.5 0.1 2.7

10975.3 0.999 0.103 0.707 0.0+0.5
−0.2 - 0.0+0.4

−0.1 0.1 1.6

10990.4 0.985 0.105 0.627 1.8+1.8
−1.1 - 1.5+1.5

−0.9 0.1 4.6

11003.9 0.976 0.106 0.673 0.8+1.4
−0.6 - 0.6+1.1

−0.5 0.1 3.0

11014.8 0.771 0.106 0.843 3.8+2.4
−1.7 - 3.0+1.9

−1.3 0.1 6.6

11018.5 0.859 0.106 0.912 2.8+1.9
−1.4 - 1.8+1.2

−0.9 0.1 4.6

11020.8 0.982 0.107 0.956 0.8+1.5
−0.7 - 0.4+0.8

−0.4 0.1 2.2
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Table 4. Results for e+e− → χb2 (π+π−π0)non−ω at each energy point at Belle and Belle II.
Column descriptions are the same as in table 1. See the section 7 text for the special treatment of
the
√
s = 10.745 GeV point.

√
s (MeV) L (fb−1) ε 1 + δISR N sig Σ(σ) σBorn (pb) σadd

syst (pb) σUL
Born (pb)

∗ 10653.0 3.550 0.153 0.597 0.0+0.5
−0.2 - 0.0+0.2

−0.1 0.1 0.6

∗ 10701.0 1.640 0.083 0.612 0.0+0.5
−0.2 - 0.0+0.6

−0.3 0.1 2.2

10731.3 0.946 0.050 0.669 0.0+0.5
−0.2 - 0.0+1.7

−0.7 0.1 7.0

∗ 10745.0 9.870 0.112 0.679 0.0+1.1
−0.0 - 0.0+0.2

−0.0 0.1 0.6

10771.2 0.955 0.077 0.686 0.0+0.5
−0.2 - 0.0+1.0

−0.4 0.1 4.4

∗ 10805.0 4.690 0.143 0.679 0.0+1.3
−0.0 - 0.0+0.3

−0.0 0.1 0.7

10829.5 1.697 0.088 0.665 0.0+0.5
−0.2 - 0.0+0.5

−0.2 0.1 2.2

10848.9 0.989 0.088 0.648 0.0+0.5
−0.2 - 0.0+0.9

−0.4 0.1 3.9

10857.4 0.988 0.089 0.639 1.8+1.8
−1.1 - 3.4+3.4

−2.1 0.1 10.3

10865.8 122.0 0.099 0.631 22.6+7.5
−6.8 3.9 0.3+0.1

−0.1 0.1 –

10877.8 0.978 0.090 0.631 0.8+1.5
−0.7 - 1.5+2.8

−1.3 0.1 7.7

10882.8 1.848 0.090 0.641 0.6+1.4
−0.6 - 0.5+1.4

−0.6 0.1 4.0

10888.9 0.990 0.091 0.670 0.8+1.5
−0.7 - 1.4+2.6

−1.2 0.1 7.1

10898.3 2.408 0.091 0.742 0.0+0.5
−0.2 - 0.0+0.3

−0.1 0.1 1.2

10907.3 0.980 0.092 0.825 0.8+1.5
−0.7 - 1.1+2.1

−1.0 0.1 5.8

10928.7 1.149 0.094 0.964 0.0+0.5
−0.2 - 0.0+0.5

−0.2 0.1 2.1

10957.5 0.969 0.096 0.852 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.8

10975.3 0.999 0.099 0.707 2.8+1.9
−1.4 - 4.2+2.9

−2.1 0.1 11.7

10990.4 0.985 0.100 0.627 0.0+0.5
−0.2 - 0.0+0.9

−0.3 0.1 3.6

11003.9 0.976 0.101 0.673 1.8+1.8
−1.1 - 2.9+2.9

−1.8 0.1 8.8

11014.8 0.771 0.101 0.843 0.0+0.5
−0.2 - 0.0+0.8

−0.3 0.1 3.4

11018.5 0.859 0.102 0.912 0.0+0.5
−0.2 - 0.0+0.7

−0.3 0.1 2.8

11020.8 0.982 0.103 0.956 0.0+0.5
−0.2 - 0.0+0.5

−0.2 0.1 2.3

ibration, fit model, reconstruction efficiency, radiative correction factor, angular distribu-400

tions, beam-energy calibration, trigger simulation, integrated luminosity, and branching401

fractions of intermediate states. The additive systematic uncertainties are those from the402

photon energy calibration and fit model. The other sources of systematic uncertainties are403

multiplicative.404

We study the additive systematic uncertainties from the photon energy calibration and405

fitting procedure as follows. A photon energy calibration has been performed with three406

processes, D∗0 → D0γ, π0 → γγ, and η → γγ [43]. The resulting uncertainties of the407

peak positions are 1.0, 1.1, and 1.2 MeV/c2 for χb0, χb1, and χb2 decays, respectively;408

the uncertainty in the width is 0.09 MeV/c2 for all states. For the results obtained with409

the fitting method, we change the M(Υ(1S)γ) peak positions and resolutions by ±1σ.410

We increase the order of the polynomial describing the background by one, change the fit411
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interval, and exclude the χb0 component from the fit.412

In each of the fits shown in figures 2 and 6, we perform all possible combinations of413

the above variations and conservatively consider the largest deviation of fit results as the414

additive systematic uncertainty for the corresponding energy point. The same variations415

are performed in the fit shown in figure 4 that sets the background estimates Nbg for the416

poorly-populated energy points. At each such point, the largest resulting deviation in Nbg
417

is taken as the additive systematic uncertainty. These uncertainties are listed in the σadd
syst418

columns of tables 1–4, 7, and 8, and are assumed to be uncorrelated for different energy419

points. The effects of the photon calibration and the changes to the background shape420

dominate these uncertainties.421

The contributions to the multiplicative systematic uncertainty are given in Table 5.422

Detection efficiency uncertainties for Belle include momentum-dependent tracking uncer-423

tainties (1% per pion and 0.35% per lepton, as derived from D∗+ → D0(→ K0
Sπ

+π−)π+),424

pion identification (0.9% per pion, as derived from D∗+ → D0(→ K−π+)π+), lepton iden-425

tification (1.6% per electron and 1.2% per muon, as derived from γγ → `+`− (` = e, µ)),426

photon reconstruction (2.0% per photon, as derived from e+e− → γe+e−), and π0 recon-427

struction (2.3% per π0, as derived from τ− → π−π0ντ ). Detection efficiency uncertainties428

for Belle II include momentum-dependent tracking uncertainties (1.3% per pion and 0.3%429

per lepton, as derived from B̄0 → D∗+(→ D0π+)π− and e+e− → τ+τ−), pion identification430

(1.1% per pion, as derived from D∗+ → D0(→ K−π+)π+), lepton identification (0.4% per431

electron and 0.7% per muon, as derived from J/ψ decays, Bhabha, dimuon, and two-photon432

processes), photon reconstruction (3.5% per photon, as derived from e+e− → γµ+µ−), and433

π0 reconstruction (4.8% per π0, as derived from η → π0π0π0). The total uncertainty in the434

reconstruction efficiency is 5.5% for Belle and 7.2% for Belle II; the higher value in Belle II435

is due to the γ and π0 contributions.436

The distribution in the π+π−π0 polar angle measured in the e+e− rest frame, θ3π, is437

uniform in the nominal simulation. When the distribution is changed to 1 ± cos2θ3π, the438

maximal deviations in the efficiency are 2.7% and 2.4% for e+e− → χbJ ω and e+e− →439

χbJ (π+π−π0)non−ω, respectively; these deviations are considered as a systematic uncer-440

tainty. We generated MC samples of e+e− → Z+
b π
− at

√
s = 10.866 GeV, with Z+

b →441

χbJρ
+ and ρ+ → π+π0. The efficiency for this sample differs from that of e+e− →442

χbJ (π+π−π0)non−ω at 10.866 GeV by only 0.9%. We neglect the resulting uncertainty.443

A 1.4% systematic uncertainty is assigned due to the trigger simulation. The uncertainties444

in the center of mass energies are about 1 MeV. We change the collision energies in the 6C445

kinematic fit by ±1σ and find the deviations in the signal yield are less than 1.0%, which446

is negligible. In calculating the radiative correction factor, the measured energy depen-447

dence of the Born cross sections is used. We change all of the parameters in eq. (8.1) below448

by ±1σ according to the fitted results from the distributions of σ(e+e− → χb1,b2 ω) and449

σ(e+e− → χbJ (π+π−π0)non−ω) as a function of e+e− c.m. energy, and take the maximum450

difference in the radiative correction factor across all energy points, 5.1%, as the resulting451

uncertainty. This value is dominated by the uncertainties on the widths of the Υ(10753)452

and Υ(11020); these uncertainties are uncorrelated. Belle measures luminosity at 1.4%453

precision using wide angle Bhabha events. Belle II measures luminosity at 0.6% precision454
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Table 5. The multiplicative systematic uncertainties (%) in the measurements of Born cross
sections for e+e− → χbJ (π+π−π0)non−ω and e+e− → χbJ ω at Belle and Belle II. When using
individual σBorn values from tables 1–4 and 7–8, the total multiplicative uncertainty should be
taken into account; it is already included in the upper limits σUL

Born. In the energy dependence fits,
correlations between uncertainties are taken into account: see the text.

Source
e+e− → χb0,b1,b2 (π

+π−π0)non−ω e+e− → χb0,b1,b2ω

Belle Belle II Belle Belle II
Efficiency 5.5 7.2 5.5 7.2
Angular distributions 2.4 1.0 2.7 1.0
Trigger 1.4 1.0 1.4 1.0
Radiative correction factor 5.1 5.1 5.1 5.1
Luminosity 1.4 1.0 1.4 1.0
Branching fractions 14.6, 7.3, 7.2 14.6, 7.3, 7.2 14.7, 7.4, 7.3 14.7, 7.4, 7.3
Total 16.7, 10.9, 10.9 17.1, 11.6, 11.5 16.8, 11.0, 10.9 17.1, 11.6, 11.5

using Bhabha and digamma events [54]. The branching fractions of all intermediate decays455

are taken from ref. [44].456

For the Born cross section measurements reported in sections 5 and 6, we add all457

the multiplicative systematic uncertainties in quadrature to obtain the final multiplicative458

systematic uncertainty, listed in table 5. For the energy dependence fits in section 8, multi-459

plicative systematic uncertainties are treated as follows. Uncertainties due to the radiative460

corrections at different energies are assumed to be uncorrelated; uncertainties due to the461

branching fractions are correlated for all energies; the remaining uncertainties are assumed462

to be correlated separately for Belle and Belle II points. To obtain the total uncorrelated463

uncertainty, we combine the statistical uncertainty, additive systematic uncertainty, and un-464

certainty due to the radiative corrections. For the results obtained with the fitting method,465

we add the contributions in quadrature (to include the multiplicative uncertainty, we use466

eq. (3) from ref. [24]). For the results obtained with the counting method, the contributions467

are combined using the POLE program; the profile likelihoods shown in the Supplemental468

Material contain contributions of all the uncorrelated uncertainties. The correlated uncer-469

tainties for Belle and Belle II points are taken into account in the energy-dependence fit470

function as described in the next section.471

8 Energy dependence of Born cross sections472

473

The Born cross sections for e+e− → χbJ ω and e+e− → χbJ (π+π−π0)non−ω as a func-474

tion of c.m. energy are shown in figure 9. For visualization, the low-population points475

are adjusted for the effects of migration using the inverse of the matrix shown in equa-476

tion (5.2). In the χbJ ω channel, a pronounced Υ(10753) signal is visible, but there are477

no clear Υ(10860) or Υ(11020) signals. In contrast, in the χbJ (π+π−π0)non−ω channel,478

Υ(10860) and Υ(11020) peaks are seen (with low significance), but there is no Υ(10753)479

signal.480
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We fit the cross sections as a function of energy by minimizing the sum of the χ2 values481

for the well-populated points and the ∆(−2 lnL) values (obtained using equations 5.4 or 5.5)482

for the poorly-populated ones. The fit function is a coherent sum of the Υ(10753), Υ(10860),483

and Υ(11020) Breit-Wigner amplitudes:484

∣∣∣ 3∑
i=1

√
12πΓ

(0)
ee,iBikΓi

s−M2
i − iMiΓi

√
Φ(
√
s)

Φ(Mi)
eiφik

∣∣∣2, (8.1)

where the index i runs over the Υ(10753), Υ(10860), and Υ(11020) states; the index k485

runs over the channels χb1 ω, χb2 ω, χb1 (π+π−π0)non−ω, and χb2 (π+π−π0)non−ω; Mi, Γi,486

and Γ
(0)
ee,i are the mass, total width, and Born level electron width of the Υ states; Φ is487

the phase-space factor; and φik are complex phases. The physical electron width Γee,i is488

obtained as Γee,i = Γ
(0)
ee,i/|1 − Π|2. We use two-body phase space factors for both χbJ ω489

and χbJ (π+π−π0)non−ω. For χbJ (π+π−π0)non−ω, at each energy, the invariant mass of490

the π+π−π0 system is set to (
√
s − 10.866 + 0.9) GeV/c2. The motivation is that in the491

well-populated sample at
√
s = 10.866 GeV, we see that M(π+π−π0) peaks at 0.9 GeV/c2,492

as shown in figure 8 (left). At each energy, we considered several lower M(π+π−π0) values493

down to the π+π−π0 mass threshold. There is no change in the results. The phases of the494

Υ(10753) and Υ(10860) amplitudes are set to zero for the χbJ ω and χbJ (π+π−π0)non−ω495

channels, respectively. The fit functions for the poorly-populated samples are corrected for496

migration between the χb1 and χb2 signal regions using eq. (5.2); the χb1 and χb2 channels497

are then fitted simultaneously. The mass and width of Υ(10753) are free parameters for498

the χb1,b2 ω channels and are fixed to the results of ref. [23] for the χb1,b2 (π+π−π0)non−ω499

channels. The masses and widths of the Υ(10860) and Υ(11020) are fixed to the world-500

average values [44]. The fitted results are shown in figure 9 and summarized in table 6. For501

the χb1,b2 (π+π−π0)non−ω channels, we find two solutions that correspond to constructive502

and destructive interference between the Υ(10860) and Υ(11020) amplitudes.503

Systematic uncertainties in the cross section energy dependence fit results include the504

beam-energy calibration, the fit model, and the correlated systematic uncertainties of cross-505

section measurements.506

• We change the c.m. energy by ±1 MeV for each energy point independently, and507

take the differences in the mass, width, and ΓeeBf as the uncertainties due to the508

beam-energy calibration.509

• We change the masses and widths of the Υ(10860) and Υ(11020) by ±1σ [44]. We510

include an additional non-resonant component which has the shape of phase space;511

we find its contribution is consistent with zero and the change in the fit results is neg-512

ligible. For the χb1,b2 ω channels, we exclude the Υ(10860) and Υ(11020) components513

from the fit.514

• We re-scale the fit function Eq. (8.1) for the Belle points to take the Belle-specific515

correlated multiplicative uncertainties into account, and repeat the fits; we do the516

same for the Belle II points; and finally, we re-scale the fit function for all points to517

take the uncertainties due to branching fractions into account.518
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We estimate the systematic uncertainty of a given source as the maximum deviation of the519

fit result. The uncertainties due to the masses and widths of the Υ(10860) and Υ(11020)520

are dominant. The total systematic uncertainty is obtained by adding the contributions of521

the various sources in quadrature.522

The measured mass and width of Υ(10753) → χb1,b2 ω are consistent with those in523

refs. [1, 23]. The products ΓeeB(Υ(10753)→ χb1 ω) and ΓeeB(Υ(10753)→ χb2 ω) are con-524

sistent with the results reported in ref. [25] and supersede them. The statistical significances525

of the decays Υ(10753)→ χb1 ω and Υ(10753)→ χb2 ω are 6.0σ and 4.1σ, respectively. We526

measure B(Υ(10753)→ χb1 ω)/B(Υ(10753)→ χb2 ω) = 1.13± 0.38± 0.34.527

The statistical significances of the decays Υ(10860)→ χbJ (π+π−π0)non−ω and Υ(11020)528

→ χbJ (π+π−π0)non−ω, where the J = 1 and J = 2 channels are combined, are 4.5σ and529

2.5σ, respectively. For the combined J = 1 and 2 channels, we find ΓeeB(Υ(10860) →530

χbJ (π+π−π0)non−ω) = (0.46±0.10±0.07) eV / (0.33±0.07±0.07) eV and ΓeeB(Υ(11020)→531

χbJ (π+π−π0)non−ω) = (0.67± 0.24± 0.16) eV / (0.51± 0.21± 0.14) eV from destructive /532

constructive solutions.533
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Figure 9. Energy dependences of the Born cross sections for (a) e+e− → χb1 ω, (b) e+e− → χb2 ω,
(c) e+e− → χb1 (π+π−π0)non−ω, and (d) e+e− → χb2 (π+π−π0)non−ω. Filled circles show the
measurements at Belle, and triangles show the measurements at Belle II. Error bars represent the
total uncorrelated uncertainties. Curves show the fit results.
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Table 6. The fitted mass and width of Υ(10753), and ΓeeBf for Υ(10753), Υ(10860), and Υ(11020)

decaying into χb1,b2 ω and χb1,b2 (π+π−π0)non−ω. The upper limits on ΓeeB(Υ(10753, 10860) →
χb1,b2 ω) and ΓeeB(Υ(10753)→ χb1,b2 (π+π−π0)non−ω) at 90% C.L. are shown in parentheses. For
ΓeeB(Υ(10860, 11020)→ χb1,b2 (π+π−π0)non−ω), the destructive / constructive solutions are shown.

M(Υ(10753)) (10756.1± 3.4± 2.7) MeV/c2

Γ(Υ(10753)) (32.2± 11.3± 14.9) MeV
ΓeeB(Υ(10753)→ χb1 ω) (1.57± 0.27± 0.22) eV
ΓeeB(Υ(10753)→ χb2 ω) (1.39± 0.41± 0.33) eV
ΓeeB(Υ(10860)→ χb1 ω) (0.02± 0.04± 0.04) eV (< 0.10 eV)
ΓeeB(Υ(10860)→ χb2 ω) (0.00± 0.04± 0.02) eV (< 0.07 eV)
ΓeeB(Υ(11020)→ χb1 ω) (0.01± 0.02± 0.03) eV (< 0.07 eV)
ΓeeB(Υ(11020)→ χb2 ω) (0.18± 0.17± 0.05) eV (< 0.46 eV)

ΓeeB(Υ(10753)→ χb1 (π+π−π0)non−ω) (0.00± 0.05± 0.02) eV (< 0.08 eV)
ΓeeB(Υ(10753)→ χb2 (π+π−π0)non−ω) (0.00± 0.03± 0.02) eV (< 0.07 eV)
ΓeeB(Υ(10860)→ χb1 (π+π−π0)non−ω) (0.28± 0.09± 0.06) eV / (0.16± 0.05± 0.06) eV
ΓeeB(Υ(10860)→ χb2 (π+π−π0)non−ω) (0.18± 0.05± 0.04) eV / (0.17± 0.05± 0.04) eV
ΓeeB(Υ(11020)→ χb1 (π+π−π0)non−ω) (0.52± 0.20± 0.12) eV / (0.37± 0.16± 0.10) eV
ΓeeB(Υ(11020)→ χb2 (π+π−π0)non−ω) (0.15± 0.13± 0.10) eV / (0.14± 0.13± 0.10) eV

9 Summary534

535

In summary, we study the processes e+e− → χbJ ω and e+e− → χbJ (π+π−π0)non−ω536

(J = 0, 1, 2) using Belle datasets with c.m. energies from 10.73 to 11.02 GeV and Belle II537

datasets at
√
s = 10.653, 10.701, 10.745, and 10.805 GeV. The results for the Born cross538

sections are given in tables 1, 2, 3, 4, 7, and 8. The energy dependences of the e+e− → χbJ ω539

cross sections show a prominent Υ(10753) signal, but no clear signals of the Υ(10860) or540

Υ(11020). The energy dependences of the e+e− → χbJ (π+π−π0)non−ω cross sections show541

low-significance peaks for the Υ(10860) and Υ(11020), but no signal for the Υ(10753). We542

measure the mass and width of the Υ(10753) to be M = (10756.1± 3.4± 2.7) MeV/c2 and543

Γ = (32.2± 11.3± 14.9) MeV. The results for electron widths times branching fractions are544

shown in table 6. The ratio B(Υ(10753)→ χb1 ω)/B(Υ(10753)→ χb2 ω) = 1.13±0.38±0.34545

is consistent with the prediction for an S −D mixed state of 0.2 [4] at the 1.8σ level.546

Using the results of ref. [1], we estimate
∑3

n=1 B(Υ(10753) → Υ(nS)π+π−)/
∑2

J=1547

B(Υ(10753)→ χbJ ω) < 0.9 and
∑3

n=1 B(Υ(10860)→ Υ(nS)π+π−)/
∑2

J=1 B(Υ(10860)→548

χbJ ω) > 28. Such a distinct decay pattern for two states with the same JPC quantum549

numbers, separated by 100MeV, indicates that they have different internal structures.550

The Υ(10860) state, and possibly the Υ(11020) state, decay with a noticeable proba-551

bility to χbJ (π+π−π0)non−ω, while the corresponding decay of Υ(10753) is not observed.552

This decay pattern is expected if the χbJ (π+π−π0)non−ω final states are produced via in-553

termediate Zb(10610) and Zb(10650) states [55], Υ(10860, 11020) → Zb π → χbJ ρ π. The554

decay Zb → χbJ ρ was predicted in ref. [56]. With larger data samples collected around555
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Υ(10860) and Υ(11020) resonances at Belle II in the future, the χbJ ρ mass spectrum will556

be further investigated to search for Zb states.557
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10 Appendix A750

Values of the inputs, resulting Born cross sections, and their upper limits for e+e− →751

χb0 ω and e+e− → χb0 (π+π−π0)non−ω are listed in tables 7 and 8, respectively.752
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Table 7. Results for e+e− → χb0ω at each energy point at Belle and Belle II. Column descriptions
are the same in table 1.

√
s (MeV) L (fb−1) ε 1 + δISR N sig Σ(σ) σBorn (pb) σadd

syst (pb) σUL
Born (pb)

∗ 10701.0 1.640 0.150 0.650 0.0+0.5
−0.2 - 0.0+3.3

−1.3 0.8 11.4

10731.3 0.946 0.101 0.637 0.0+0.5
−0.2 - 0.0+9.0

−3.6 0.5 41.6

∗ 10745.0 9.870 0.178 0.630 0.0+1.1
−0.0 - 0.0+1.1

−0.0 0.3 4.1

10771.2 0.955 0.106 0.786 1.0+1.4
−0.7 1.5 14.0+19.4

−10.0 3.8 55.7

∗ 10805.0 4.690 0.177 0.940 0.0+1.0
−0.0 - 0.0+1.4

−0.0 0.3 5.1

10829.5 1.697 0.104 0.943 0.0+0.5
−0.2 - 0.0+3.3

−1.3 0.3 13.9

10848.9 0.989 0.104 0.927 0.0+0.5
−0.2 - 0.0+5.8

−2.3 0.3 24.3

10857.4 0.988 0.104 0.919 0.0+0.5
−0.2 - 0.0+5.8

−2.3 0.3 24.5

10865.8 122.0 0.108 0.911 0.0+3.4
−0.0 - 0.0+0.3

−0.0 0.1 0.6

10877.8 0.978 0.106 0.901 0.0+0.5
−0.2 - 0.0+5.8

−2.3 0.3 24.5

10882.8 1.848 0.106 0.897 0.0+0.5
−0.2 - 0.0+3.1

−1.2 0.3 13.0

10888.9 0.990 0.106 0.893 0.0+0.5
−0.2 - 0.0+5.8

−2.3 0.3 24.5

10898.3 2.408 0.107 0.886 0.0+0.5
−0.2 - 0.0+2.4

−1.0 0.3 9.1

10907.3 0.980 0.107 0.881 0.0+0.5
−0.2 - 0.0+5.9

−2.4 0.3 24.8

10928.7 1.149 0.108 0.871 0.0+0.5
−0.2 - 0.0+5.1

−2.0 0.3 23.3

10957.5 0.969 0.108 0.860 0.0+0.5
−0.2 - 0.0+6.1

−2.4 0.3 27.9

10975.3 0.999 0.109 0.856 0.0+0.5
−0.2 - 0.0+5.9

−2.3 0.3 24.6

10990.4 0.985 0.109 0.852 0.0+0.5
−0.2 - 0.0+6.0

−2.4 0.3 25.1

11003.9 0.976 0.110 0.850 0.0+0.5
−0.2 - 0.0+6.0

−2.4 0.3 25.1

11014.8 0.771 0.110 0.849 0.0+0.5
−0.2 - 0.0+7.6

−3.0 0.3 34.9

11018.5 0.859 0.110 0.848 0.0+0.5
−0.2 - 0.0+6.8

−2.7 0.3 31.4

11020.8 0.982 0.111 0.848 0.0+0.5
−0.2 - 0.0+5.9

−2.4 0.3 24.8

11 Appendix B753

The fitted values of a, p1, p2, p3, q1, q2, q3, and q4 (see eqs. (5.4) and (5.5)) for the754

processes e+e− → χbJ ω and e+e− → χbJ (π+π−π0)non−ω at each energy point are provided755

in the supplemental material [53].756

For the convenience of the reader, we also provide profile likelihoods for well-populated757

energy points. Uncorrelated systematic uncertainties are included in these profile likeli-758

hoods, allowing them to be used directly in fits to the energy dependence on the same759

footing as sparsely populated points.760

This procedure yields results identical to those obtained by treating well-populated761

points with asymmetric statistical uncertainties, adding uncorrelated systematic uncer-762

tainties in quadrature, and including the corresponding χ2 contributions in the energy-763
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Table 8. Results for e+e− → χb0(π+π−π0)non−ω at each energy point at Belle and Belle II. Column
descriptions are the same as in table 1.

√
s (MeV) L (fb−1) ε 1 + δISR N sig Σ(σ) σBorn (pb) σadd

syst (pb) σUL
Born (pb)

∗ 10653.0 3.550 0.086 0.682 0.0+0.5
−0.2 - 0.0+2.4

−0.9 0.6 8.1

∗ 10701.0 1.640 0.102 0.692 0.0+0.5
−0.2 - 0.0+4.2

−1.7 0.6 14.4

10731.3 0.946 0.077 0.701 0.0+0.5
−0.2 - 0.0+9.6

−3.8 0.4 40.2

∗ 10745.0 9.870 0.143 0.701 0.0+0.9
−0.0 - 0.0+0.9

−0.0 0.3 3.6

10771.2 0.955 0.091 0.698 0.0+0.5
−0.2 - 0.0+8.1

−3.2 0.4 33.9

∗ 10805.0 4.690 0.157 0.684 0.5+2.2
−0.5 - 1.0+4.3

−1.0 0.6 8.5

10829.5 1.697 0.095 0.668 0.6+1.4
−0.6 - 5.5+12.7

−5.5 0.3 37.3

10848.9 0.989 0.095 0.649 0.0+0.5
−0.2 - 0.0+8.0

−3.2 0.3 33.7

10857.4 0.988 0.095 0.640 0.0+0.5
−0.2 - 0.0+8.2

−3.3 0.3 34.3

10865.8 122.0 0.098 0.631 10.8+7.0
−6.3 1.8 1.4+0.9

−0.8 0.3 2.7

10877.8 0.978 0.097 0.631 2.8+1.9
−1.4 - 45.6+30.9

−22.8 0.3 115.5

10882.8 1.848 0.097 0.642 0.0+0.5
−0.2 - 0.0+4.2

−1.7 0.3 16.1

10888.9 0.990 0.097 0.670 0.0+0.5
−0.2 - 0.0+7.6

−3.0 0.3 31.8

10898.3 2.408 0.098 0.743 0.4+1.5
−0.4 - 2.2+8.3

−2.2 0.3 20.6

10907.3 0.980 0.098 0.826 0.0+0.5
−0.2 - 0.0+6.1

−2.5 0.3 25.8

10928.7 1.149 0.101 0.964 0.7+1.4
−0.7 - 6.1+12.2

−6.1 0.3 34.1

10957.5 0.969 0.104 0.853 0.0+0.5
−0.2 - 0.0+5.7

−2.3 0.3 24.0

10975.3 0.999 0.107 0.708 0.8+1.5
−0.7 - 10.4+19.5

−9.1 0.3 53.2

10990.4 0.985 0.108 0.627 0.0+0.5
−0.2 - 0.0+7.4

−2.9 0.3 30.9

11003.9 0.976 0.109 0.674 0.0+0.5
−0.2 - 0.0+6.8

−2.7 0.3 28.6

11014.8 0.771 0.110 0.843 0.0+0.5
−0.2 - 0.0+6.9

−2.7 0.3 28.8

11018.5 0.859 0.110 0.912 0.0+0.5
−0.2 - 0.0+5.7

−2.3 0.3 23.8

11020.8 0.982 0.111 0.956 0.0+0.5
−0.2 - 0.0+4.7

−1.9 0.3 19.7

dependence fit.764
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