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Abstract: The bottomonium spectrum, consisting of bound states of a b quark and77

an anti-b quark, provides an excellent laboratory for probing quantum chromodynamics in78

the non-perturbative regime. While S and P-wave bottomonium states are well studied79

experimentally, information on D-wave states remains scarce. We search for the D-wave80

bottomonium states Υ2(1D) and Υ3(1D) via the decay of a vector bottomonium-like state81

Υ(10753) in the reaction e+e− → π+π−Υ(1D), using 19.6 fb−1 of data collected with the82

Belle II detector at center-of-mass energies
√
s = 10.653, 10.701, 10.745, and 10.805 GeV, in83

the vicinity of the Υ(10753) resonance. No significant signals are observed. We set upper84

limits at the 90% credibility level on the products of the cross sections and branching85

fractions, σ[e+e− → π+π−Υ2(1D)] × B(Υ2(1D) → γχb1) and σ[e+e− → π+π−Υ3(1D)] ×86

B(Υ3(1D)→ γχb2), at each center-of-mass energy.87
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1 Introduction97

Bottomonium states, composed of a bottom quark (b) and an antiquark (b̄), offer a vital98

platform for probing quantum chromodynamics (QCD) in the non-perturbative regime [1].99

The substantial mass of the bottom quark (∼ 4.18 GeV/c2) leads to non-relativistic dy-100

namics, positioning bottomonium as an ideal system for validating potential models, such101

as the Godfrey-Isgur relativized quark model [2] and the Cornell potential model [3]. The102

bottomonium spectrum includes S-wave states (with orbital angular momentum L = 0),103

P-wave states (L = 1), D-wave states (L = 2) and higher orbital excitations. While S-wave104

and P-wave states have been extensively studied [4], much less is known about D-wave105

states. Completing the bottomonium spectrum not only tests lattice QCD calculations106

but also rigorously evaluates our comprehension of bottomonium within the quark model107

framework [1, 2, 5, 6], potentially revealing unexpected states that could hint at exotic108

structures.109

The 1D states of the D-wave bottomonia, characterized by radial quantum number110

n = 1, include the spin-triplet configurations (13DJ) with total angular momentum J =111

1, 2, 3 and the spin-singlet state (11D2) with J = 2. The CLEO Collaboration reported112

the first observation for the ΥJ(1D) states (corresponding to the 13DJ) via the radiative113

decay Υ(3S) → γγΥJ(1D) [7], favoring a J = 2 assignment among J = 1, 2, 3. This114

observation was subsequently confirmed by the BaBar Collaboration through the same115

decay process [8], providing the first definitive identification of the Υ2(1D) (13D2) state.116

Both experiments yielded inconclusive evidence for the Υ1(1D) (13D1) and Υ3(1D) (13D3)117

states. A theoretical prediction from the nonrelativistic screened-potential model estimates118
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only small mass differences of MΥ3(1D) − MΥ2(1D) ≈ 4 MeV and MΥ2(1D) − MΥ1(1D) ≈119

7 MeV [9], implying that the observed signals may represent a composite of contributions120

from the Υ1(1D), Υ2(1D), and Υ3(1D) states. Additional experimental insights into the121

D-wave states have emerged from the Belle experiment, which saw a low-significance (2.4σ)122

excess of the decay Υ(5S)→ π+π−ΥJ(1D) (J = 1, 2, 3) in an inclusive analysis of Υ(5S)→123

π+π−X decays [10]. However, these analyses did not resolve the individual contributions of124

the Υ1(1D), Υ2(1D), and Υ3(1D) states, highlighting the necessity for further experimental125

efforts to elucidate their distinct properties.126

In addition, exploring the ΥJ(1D) states in decays from other resonances beyond Υ(3S)127

and Υ(5S) presents an intriguing avenue for discovery, potentially revealing new production128

mechanisms and transition dynamics in the bottomonium spectrum. The Υ(10753), a129

vector bottomonium-like state with quantum numbers (JPC = 1−−), was first observed130

in e+e− collisions through the processes e+e− → π+π−Υ(nS) (n = 1, 2, 3) by the Belle131

Collaboration [11], with further confirmation and refined measurements by Belle II [12–132

15]. Additionally, its decay to ωχb1,b2, where χb1 and χb2 are P-wave bottomonium states,133

has been observed at Belle II [14], suggesting that the e+e− → ωχb1,b2 process observed134

near Υ(5S) from Belle [16] could be due to the tail of the Υ(10753). The production135

rate of ωχbJ compared to π+π−Υ(nS) at the Υ(10753) significantly exceeds that at the136

Υ(5S), despite their identical quantum numbers (JPC = 1−−) and small mass difference137

(∼ 110 MeV/c2), which may indicate distinctly different internal structures for Υ(10753)138

and Υ(5S) [14]. However, experimental data on the Υ(10753) remain limited, leaving its139

nature unresolved.140

There is a broad range of theoretical interpretations for the Υ(10753), reflecting the141

complexity of its classification. Conventional bottomonium models propose it to be a higher142

radial excitation [17–26]. However, its measured mass [11, 12, 14] does not correspond to143

predicted masses of standard radial excitations [2] (e.g., Υ(5S) or Υ(6S)). Furthermore,144

its decay rate to ωχb1,b2 [14] is significantly enhanced compared to that of the Υ(5S) [16].145

Alternative hypotheses suggest it could be a hybrid state [27, 28], incorporating gluonic146

excitations, or a tetraquark [29–32]. These models predict distinct decay patterns and147

branching fractions, particularly for hadronic transitions, which could reveal signatures of148

exotic configurations.149

The decay Υ(10753)→ π+π−ΥJ(1D) is kinematically feasible due to the mass differ-150

ence of approximately 588 MeV, sufficient to produce two charged pions. In conventional151

bottomonium, dipion transitions are well-established, as seen in Υ(nS) → π+π−Υ(mS)152

(n > m;n = 2, 3, 4;m = 1, 2) decays [4]. If Υ(10753) is a conventional bottomonium state,153

potential models and non-relativistic QCD calculations predict that its dipion transition154

rate to the D-wave states ΥJ(1D) would be suppressed by one to two orders of magnitude155

relative to the corresponding S-wave transitions, owing to the angular-momentum barrier156

and the reduced overlap of the radial wave functions [1, 2, 5, 6]. Nevertheless, the mech-157

anism involving intermediate Zb states enhances the dipion transition rate to ΥJ(1D),158

yielding branching fractions of order 10−3, comparable to those for S-wave dipion tran-159

sitions [33]. Conversely, exotic interpretations for Υ(10753) may yield different rates, or160

distinct dipion mass spectra, due to different wave functions or selection rules [29]. The161
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study of Υ(10753)→ π+π−ΥJ(1D) decay is critical for testing these models and elucidating162

the Υ(10753)’s nature.163

In this analysis, we search for the processes e+e− → Υ(10753) → π+π−ΥJ(1D) (J =164

2, 3) at Belle II. The ΥJ(1D) candidates are reconstructed via the decays ΥJ(1D)→ γχbJ ′165

(J ′ = 0, 1, 2), with χbJ ′ → γΥ(1S) and Υ(1S) → `+`− (` = e, µ). By exploring these166

decay channels, we aim to probe the properties of the ΥJ(1D) states and provide new167

insights into the internal structure of the Υ(10753) resonance, advancing our understand-168

ing of bottomonium spectroscopy and the potential existence of exotic hadrons beyond169

bottomonium. The J = 1 case, corresponding to the Υ1(1D) state, is excluded from this170

study. Theoretical predictions indicate that its decay favors γχb0 [9], but the branching171

fraction for χb0 → γΥ(1S) is exceedingly small [4] which results in limited sensitivity for172

this channel. For Υ2(1D) (J = 2), theoretical predictions suggest that it primarily de-173

cays to γχb1 or γχb2, with the branching fraction for Υ2(1D) → γχb1 → γγΥ(1S) being174

approximately six times greater than that for Υ2(1D) → γχb2 → γγΥ(1S) [9]. To max-175

imize sensitivity by focusing on the mode with the highest expected signal yield relative176

to background, we exclusively consider the χb1 decay for the Υ2(1D) search. In the case177

of Υ3(1D) (J = 3), the branching fraction for Υ3(1D)→ γχb2 approaches 100% [9], lead-178

ing to a focus solely on this χb2 decay channel. We measure the products of the cross179

sections and branching fractions for σ[e+e− → π+π−Υ2(1D)] × B(Υ2(1D) → γχb1) and180

σ[e+e− → π+π−Υ3(1D)]× B(Υ3(1D)→ γχb2).181

2 Belle II Detector and Data Samples182

The Belle II experiment is located at SuperKEKB, which collides electrons and positrons183

at and near the Υ(4S) resonance [34]. The Belle II detector [35] has a cylindrical ge-184

ometry and includes a two-layer silicon-pixel detector (PXD) surrounded by a four-layer185

double-sided silicon-strip detector (SVD) [36] and a 56-layer central drift chamber (CDC).186

Position information from these detectors is used to reconstruct the trajectories of charged187

particles [37]. Only one sixth of the second layer of the PXD was installed for the data188

analyzed here. The symmetry axis of these detectors, defined as the z-axis, is almost coin-189

cident with the direction of the electron beam. Surrounding the CDC, which also provides190

dE/dx energy-loss measurements, is a time-of-propagation counter (TOP) [38] in the cen-191

tral region and an aerogel-based ring-imaging Cherenkov counter (ARICH) in the forward192

region. These detectors provide charged-particle identification. The TOP and ARICH are193

surrounded by an electromagnetic calorimeter (ECL) consisting of CsI(Tl) crystals that194

covers the central, forward and backward regions, primarily providing energy and timing195

measurements for photons and electrons. Outside of the ECL is a superconducting solenoid196

magnet. The magnet provides a 1.5 T magnetic field that is parallel to the z-axis. Its flux197

return is instrumented with resistive-plate chambers and plastic scintillator modules to198

detect muons, K0
L mesons, and neutrons.199

This analysis is performed using the Belle II Analysis Software Framework [39, 40].200

The data sample corresponds to an integrated luminosity of 19.6 fb−1, recorded in Novem-201
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ber 2021 at center-of-mass energies near 10.75 GeV (
√
s = 10.653, 10.701, 10.745, and202

10.805 GeV). These energies were chosen to probe the Υ(10753) resonance.203

The Monte Carlo (MC) simulation samples are generated using a geant4-based soft-204

ware package [41], which incorporates a detailed geometric description of the Belle II de-205

tector and its response. These simulations are essential for evaluating detection efficiencies,206

optimizing event selection criteria, and estimating background contributions.207

At each center-of-mass energy, MC events for the signal processes e+e− → π+π−ΥJ(1D)208

(J = 2, 3), followed by ΥJ(1D) → γχb1 or γχb2, are produced using the evtgen pack-209

age [42]. The dynamics of the π+π−ΥJ(1D) production and the ΥJ(1D) decay are modeled210

using a phase-space (PHSP) approach. Initial-state radiation (ISR) is simulated at next-to-211

leading order accuracy in quantum electrodynamics using phokhara [43], with the initial212

input cross section line-shape proportional to 1
s . The maximum energy of ISR photons is213

set by the production threshold of the π+π−ΥJ(1D) system. Final-state radiation from214

charged particles is incorporated using photos [44].215

To investigate specific background sources that yield similar or identical final state par-216

ticles, MC samples are generated for processes including e+e− → ω[→ π+π−π0]χb1,b2[→217

γΥ(1S)], e+e− → γISRΥ(2S)[→ π+π−Υ(1S)], and e+e− → η[→ γγ]Υ(2S)[→ π+π−Υ(1S)].218

Additional simulated samples of continuum e+e− → qq̄ (q = u, d, s, c) processes, low-219

multiplicity quantum electrodynamic processes (e.g., Bhabha scattering, µ+µ−(γ), τ+τ−(γ),220

and γγ) [45, 46], ISR-produced hadron pair processes [47], and four-track processes with221

at least one lepton pair [48, 49] are examined to assess possible background contributions.222

Backgrounds from BB̄ production are negligible at the center-of-mass energies studied.223

3 Event Selection and Background Study224

Events are selected online using a hardware trigger that leverages information from the225

CDC and the ECL [50]. In the offline analysis, photon candidates are identified from226

clusters in the ECL within the angular acceptance of the CDC, spanning the polar angle227

range 17◦ < θ < 150◦. Each cluster must satisfy a quality condition where the sum228

of weights wi (wi ≤ 1, where wi refers to the energy-weighted contribution from the i-229

th crystal associated with this cluster) of all contributing crystals exceeds 1.5. The sum230

equals the number of crystals in non-overlapping clusters but can be non-integer for energy-231

shared clusters. This requirement is equivalent to demanding that the cluster receives232

contributions from more than one crystal. The deposited energy in the cluster must exceed233

region-specific thresholds: 20 MeV in the barrel region, 22.5 MeV in the forward endcap234

region, or 20 MeV in the backward endcap region of the ECL. In the signal process,235

typical photon energies in the laboratory frame range from 100 to 600 MeV, resulting in236

no efficiency loss due to these thresholds, as confirmed by MC simulations.237

Charged particles are identified using offline selection criteria applied to variables such238

as impact parameter, momentum, and ECL cluster energy. To ensure a track originates239

from the e+e− interaction point, we impose constraints:
√
d2
x + d2

y < 2.0 cm and |dz| <240

4.0 cm, where dx, dy, and dz are the coordinates in the x, y, and z directions, respectively,241

for the point (on the track) with the closest approach to the interaction point (determined242
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using di-muon events). Pion (π±) and lepton (`±) candidates are distinguished by their243

momenta: p(π±) < 1.0 GeV and p(`±) > 1.0 GeV, consistent with the kinematic properties244

of the signal process as verified by MC simulations. Lepton identification exploits the fact245

that electrons typically deposit most of their energy in the ECL, whereas muons deposit246

little. The e± (µ±) candidates are therefore differentiated based on ECL cluster energy:247

Ecluster(e
±) > 1.0 GeV and Ecluster(µ

±) < 1.0 GeV. In the signal processes, MC simulations248

indicate that the event-level efficiencies are 100.0% for identifying π+π−, 97.4% for the249

e+e−, and 96.7% for the µ+µ−. Misidentification rates are minimal, with 0.1% for e+e− as250

µ+µ−, and 0.3% for µ+µ− as e+e−, and pions are never misidentified as leptons (or vice251

versa).252

To account for energy losses from bremsstrahlung in relativistic electrons (positrons),253

photons (satisfying the selection criteria described above) within a 0.05 rad cone around the254

electron’s (positron’s) initial momentum direction are identified, and their four-momenta255

are added to that of the electron (positron). This correction is applied to electrons and256

positrons only.257

Signal candidates are reconstructed from a pair of oppositely charged pions, a lepton258

pair (either e+e− or µ+µ−), and two photons. To improve the signal resolution and suppress259

backgrounds with incompatible final-states, a kinematic fit [51] is performed. The fit260

enforces four-momentum conservation by constraining the total four-momentum of the261

final state particles to equal that of the initial e+e− collision. Events with poor fit quality262

are rejected by requiring χ2/NDOF < 25, where χ2 is the goodness-of-fit statistic of the263

kinematic fit, and NDOF = 4 is the number of degrees of freedom in the fit. This loose264

requirement is chosen to maximize signal efficiency while effectively removing events with265

obviously incompatible kinematics; per MC simulations, 97.3% of signal events are retained.266

After this requirement, the average number of candidates per event is 1.1, with 94.5% of267

events yielding a single candidate. For the small fraction of events with multiple candidates,268

the candidate with the smallest χ2/NDOF is selected for further analysis.269

The Υ(1S) state is reconstructed from the lepton pair in each signal candidate. MC270

simulations show similar M(`+`−) invariant mass distributions for e+e− and µ+µ− after271

the kinematic fit, allowing a unified selection window of [9.430, 9.499] GeV/c2 for both272

modes. This window encompasses ±3σ around the Υ(1S) mass, with σ denoting the mass273

resolution derived from MC simulations.274

The χb1 and χb2 states are reconstructed by combining the Υ(1S) with one of the275

two signal photons. The energy distributions of these two photons overlap significantly in276

the laboratory frame, complicating the assignment of each photon to its originating decay.277

However, when evaluated in the ΥJ(1D) rest frame, the photon energies become nearly278

monoenergetic, greatly reducing the Doppler broadening present in the laboratory frame.279

This enables a clear distinction between the lower-energy photon (γL) from the ΥJ(1D)→280

γLχb1/χb2 decay, and the higher-energy photon (γH) from the χb1/χb2 → γHΥ(1S) decay.281

Simulations indicate that mis-reconstruction due to photon swapping occurs in less than282

0.1% of cases, making its impact negligible.283

– 5 –



The invariant mass M [γHΥ(1S)] of the χb1/χb2 candidate is defined as:284

M [γHΥ(1S)] ≡M(γH`
+`−)−M(`+`−) +m[Υ(1S)], (3.1)

where m[Υ(1S)] is the nominal mass [4]. This subtracts the lepton pair mass and adds the285

known Υ(1S) mass, which enhances the resolution of the χb1/χb2 mass peaks (7.9 MeV/c2).286

Signal windows are defined as [9.869, 9.915] GeV/c2 for χb1 and [9.888, 9.934] GeV/c2 for287

χb2, corresponding to ±3σ around their respective masses.288

Analysis of simulated background samples (as described in Section 2) reveals a sig-289

nificant accumulation of events near cos(θπ+π−) = 1, where θπ+π− is the opening angle290

between the two pions in the laboratory frame. These events arise from radiative Bhabha291

(e+e− → e+e−γ) and di-muon (e+e− → µ+µ−γ) processes in which the emitted photon292

converts to an e+e− pair that have a small opening angle. When these converted e+e−293

pairs are misidentified as π+π−, they lead to the observed accumulation. To mitigate this294

background, we apply a requirement of cos(θπ+π−) < 0.95. This cut eliminates essentially295

100% of these background events while retaining 97% of the signal efficiency, as validated296

by MC simulations.297

The process e+e− → ηΥ(2S), with a significant cross section near
√
s = 10.75 GeV [52],298

matches the final state studied in this analysis. MC simulations indicate that it produces a299

background peak in the key signal observable (the recoil mass against the π+π− pair) near300

the ΥJ(1D) signal region, necessitating its careful removal. We apply a veto on the photon301

pair invariant mass, excluding events where M(γγ) ∈ [0.511, 0.576] GeV/c2, corresponding302

to the η mass window. This criterion eliminates 99% of the ηΥ(2S) background while303

preserving 85% of the signal efficiency, as determined from MC studies.304

The primary remaining background after the event selection arises from e+e− →305

ωχb1/χb2, a well-studied process at Belle II [14]. This background, characterized by a306

broad distribution in the signal observable (π+π− recoil mass), is modeled using MC simu-307

lations and incorporated into the fit as a fixed shape, as detailed in the subsequent section.308

Contributions from other background sources are found to be negligible.309

4 Signal Extraction310

To analyze the ΥJ(1D) spectrum, we have evaluated two methods: the invariant mass of the311

γγΥ(1S) system (after the kinematic fit) and the recoil mass against the π+π− pair (prior to312

the kinematic fit). The recoil mass is defined as M(π+π−)recoil ≡
√

(Pe+e− − Pπ+ − Pπ−)2,313

where Pe+e− = (
√
s, 0, 0, 0) is the four-momentum of the initial e+e− system in the center-314

of-mass frame, and Pπ+ and Pπ− are the four-momenta of the π+ and π− candidates,315

respectively. MC simulations reveal that the π+π− recoil mass spectrum offers superior316

resolution (5.9 MeV/c2) compared to the γγΥ(1S) invariant mass spectrum (6.1 MeV/c2).317

This improvement stems from the Belle II detector’s precise tracking capabilities for low-318

momentum charged pions (π+ and π−). Consequently, we adopt the π+π− recoil mass319

spectrum for signal extraction to maximize sensitivity.320

The M(π+π−)recoil distributions for signal MC samples, illustrating the expected321

shapes for Υ2(1D), Υ3(1D), and Υ(2S), are shown in Fig. 1, normalized to unit area322
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for clarity. Figures 2 and 3 present the M(π+π−)recoil distributions for data events at323

each center-of-mass energy after applying all selection criteria, corresponding to the χb1324

and χb2 channels, respectively. No significant ΥJ(1D) signal is observed at any of the325

collision energies studied. A small number of Υ(2S) events are observed at
√
s = 10.745326

and 10.805 GeV, as expected, originating from the process e+e− → π+π−Υ(2S). The327

measured cross sections for this control process agree with prior Belle and Belle II results328

within uncertainties [11, 12, 53]; we do not report the obtained numerical values here, as the329

statistical precision is insufficient to impact the averages of those previous measurements.330

Signal yields are extracted via an unbinned extended maximum likelihood fit to each331

distribution. The fitted components are shown in Figs. 2 and 3. For the data sample at332 √
s = 10.701 GeV which contains zero events, a binned fit with a uniform bin width of333

5 MeV is employed instead. In this case, the number of entries in each bin is treated as an334

independent Poisson observable, and the likelihood function is constructed accordingly. The335

probability density functions (PDFs) for the Υ(2S) and ΥJ(1D) signals are parameterized336

using shapes derived from their respective MC simulations (MC histograms). The yields for337

the Υ(2S) and ΥJ(1D) signals are allowed to float freely in the fit. To mitigate potential338

anticorrelations between the fitted yields of the Υ2(1D) and Υ3(1D) states, which arise339

from their small mass difference and the resulting overlap of their signal shapes, we neglect340

cross-feed by fixing the contribution from the alternate state to zero. Specifically, for the341

χb1 channel, we set the Υ3(1D) yield to zero when extracting Υ2(1D), and vice versa for342

the χb2 channel. This approach ensures fit stability and yields more conservative upper343

limits. As a cross-check, we tested the impact of possible cross-feed between the Υ2(1D)344

and Υ3(1D) states by allowing both yields to float simultaneously in the fit; the resulting345

upper limits changed negligibly. The background PDF consists of a constant term, with346

its yield allowed to float freely in the fit, and the e+e− → ωχb1,b2 component. The ωχb1,b2347

contribution, shaped from MC simulations and normalized to the cross sections reported348

in Ref. [14], is fixed during the fit. Notably, this background vanishes at
√
s = 10.653 and349

10.701 GeV due to negligibly small production cross sections at these energies [14].350

To validate the reliability of the fitting procedure and the upper limit construction in351

this low-statistics regime, we performed an ensemble test using MC pseudo-experiments.352

We generate 2000 signal-plus-background pseudo-experiments and 2000 background-only353

pseudo-experiments according to the fit model employed above. Each pseudo-experiment354

is fitted with a model configuration identical to what is used for real data. The pull355

distributions of the fitted signal yields are well described by a Gaussian function, yielding356

a mean of 0.003±0.018 (−0.013±0.018) and a width of 0.997±0.013 (0.994±0.013) under357

the signal-plus-background (background-only) hypothesis. The zero mean and unit width358

confirm that the fit is unbiased and performs as expected.359

5 Cross Section Measurement360

Given the absence of a significant signal for ΥJ(1D) in the experimental data, we employ a361

Bayesian approach [4] to calculate the upper limit on the signal yield at 90% credibility for362

each center-of-mass energy. This method involves integrating the likelihood function over363
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Figure 1. Normalized M(π+π−)recoil distributions for signal MC events. The dot-dashed blue

line represents the Υ(2S) signal, the dashed violet line is the Υ2(1D) signal, and the solid cyan

line is the Υ3(1D) signal. The simulated peaks for the Υ2(1D) and Υ3(1D) states are separated by

approximately 4 MeV/c2, consistent with theoretical predictions [9, 54–56].

the signal yield parameter, ranging from zero to infinity, and determining the upper limit as364

the value where the cumulative probability reaches 90% of the total. By excluding negative365

signal yields, this approach ensures a conservative estimation. To account for systematic366

uncertainties, we convolve the likelihood function with a Gaussian function centered at each367

assumed signal yield, with the width of the Gaussian corresponding to the total systematic368

uncertainty.369

At each center-of-mass energy, the upper limit on the signal yield of ΥJ(1D) is sub-370

sequently converted into an upper limit on the product of the dressed cross section and371

branching fraction for the specific decay channels e+e− → π+π−Υ2(1D) with Υ2(1D) →372

γχb1, and e+e− → π+π−Υ3(1D) with Υ3(1D)→ γχb2. The calculation is performed using373

the following expression:374

σ[e+e− → π+π−Υ2(1D)]× B[Υ2(1D)→ γχb1]

=
NΥ2(1D)(1−Rχb2

)

LB[χb1 → γΥ(1S)]B[Υ(1S)→ `+`−]εw(1 + δ)
,

(5.1)

and375

σ[e+e− → π+π−Υ3(1D)]× B[Υ3(1D)→ γχb2]

=
NΥ3(1D)

LB[χb2 → γΥ(1S)]B[Υ(1S)→ `+`−]εw(1 + δ)
.

(5.2)

Here, NΥJ (1D) represents the upper limit on the number of signal events for the respective376

ΥJ(1D) channel, L is the integrated luminosity, and B denotes the relevant branching377

fractions.378

MC simulations reveal an overlap between the χb1 and χb2 peaks, resulting in potential379

cross-contamination between them. For the Υ2(1D) channel, the contamination from the380
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Figure 2. Fits to the M(π+π−)recoil distributions for data events in the χb1 channel. Dots with

error bars represent the data, the solid red line is the total fit, the dashed violet line is the Υ2(1D)

signal component, the dot-dashed blue line is the Υ(2S) signal component, the double-dot-dashed

green line represents the ωχb1,b2 background, and the dotted blue line is the constant background

component. Note that the
√
s = 10.701 GeV sample contains zero events.

Υ2(1D)→ γχb2 decay is quantified by the ratio Rχb2
, which is computed as:381

Rχb2
=

εΥ2(1D)→γχb2 B[Υ2(1D)→ γχb2]B[χb2 → γΥ(1S)]∑2
i=1 ε

Υ2(1D)→γχbi B[Υ2(1D)→ γχbi]B[χbi → γΥ(1S)]
, (5.3)

where the selection efficiencies εΥ2(1D)→γχbi (i = 1, 2) are determined directly from the382

corresponding signal MC samples, the branching fractions B[Υ2(1D) → γχbi] are taken383

from the theoretical predictions of Ref. [9], and the remaining branching fractions B[χbi →384

γΥ(1S)] are taken from the PDG [4]. Conversely, for the Υ3(1D) channel, the contamina-385

tion from Υ3(1D)→ γχb1 is negligible, as the branching fraction for this decay is predicted386

to be nearly zero according to theoretical calculations [9].387

The re-weighted reconstruction efficiency, εw, is obtained by adjusting the 1
s cross388

section line-shape used in the MC generation to match the Υ(10753) resonance line-shape,389

following the methodology outlined in Refs. [12, 57]. The radiative correction factor, (1+δ),390

is defined as:391
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Figure 3. Fits to the M(π+π−)recoil distributions for data events in the χb2 channel. Dots with

error bars represent the data, the solid red line is the total fit, the long-dashed cyan line is the

Υ3(1D) signal component, the dot-dashed blue line is the Υ(2S) signal component, the double-

dot-dashed green line represents the ωχb1,b2 background, and the dotted blue line is the constant

background component. Note that the
√
s = 10.701 GeV sample contains zero events.

(1 + δ) =

∫ xm
0 σdress(s(1− x))W (x, s) dx

σdress(s)
, (5.4)

where σdress(s) is the energy-dependent dressed cross section modeled using the Υ(10753)392

resonance line-shape. The radiator function W (x, s) accounts for ISR effects, as described393

in Ref. [58]. The upper integration limit, xm = 1− sm/s, represents the maximum fraction394

of energy carried by the ISR photon, with sm = [m(π+) +m(π−) +m[ΥJ(1D)]]2 being the395

minimum energy squared required to produce the final state.396

Tables 1 and 2 present the measurements of σ[e+e− → π+π−Υ2(1D)]× B[Υ2(1D) →397

γχb1] and σ[e+e− → π+π−Υ3(1D)] × B[Υ3(1D) → γχb2], respectively, assuming the398

Υ(10753) resonance line-shape hypothesis for the cross section. To offer an alternative399

perspective, the same tables include values in parentheses, corresponding to estimates de-400

rived under the Υ(5S) resonance hypothesis, where the radiative correction factor (1 + δ)401

and the efficiency εw are recalculated to reflect the Υ(5S) line-shape. It is noteworthy402

that the center-of-mass energies of the data samples in this analysis (
√
s = 10.653, 10.701,403

10.745, and 10.805 GeV) lie well below the Υ(5S) peak, where its contribution is expected404

– 10 –



Table 1. Measurements on the product of the dressed cross section and branching fraction,

σ[e+e− → π+π−Υ2(1D)] × B[Υ2(1D) → γχb1], at various center-of-mass energies
√
s (in GeV).

Parameters include integrated luminosity L (in fb−1), re-weighted efficiency εw, radiative correction

factor (1 + δ), signal yield NΥ2(1D), contamination ratio Rχb2
, and the resulting product σ ×B (in

pb, incorporating systematic uncertainties), estimated under the Υ(10753) line-shape hypothesis

for the cross section. Values in the parentheses are for the Υ(5S) line-shape hypothesis.
√
s L εw (1 + δ) NΥ2(1D) Rχb2

σ × B (pb)

10.653 3.5 0.180 (0.172) 0.895 (0.819) < 4.6 0.099 < 0.43 (< 0.49)

10.701 1.6 0.202 (0.177) 0.723 (0.923) < 2.3 0.100 < 0.52 (< 0.46)

10.745 9.8 0.215 (0.191) 0.587 (0.885) < 6.8 0.099 < 0.29 (< 0.21)

10.805 4.7 0.176 (0.216) 1.039 (0.732) < 3.0 0.100 < 0.18 (< 0.21)

Table 2. Measurements on the product of the dressed cross section and branching fraction,

σ[e+e− → π+π−Υ3(1D)] × B[Υ3(1D) → γχb2], at various center-of-mass energies
√
s (in GeV).

Parameters include integrated luminosity L (in fb−1), re-weighted efficiency εw, radiative correction

factor (1+δ), signal yield NΥ3(1D), and the resulting product σ×B (in pb, incorporating systematic

uncertainties), estimated under the Υ(10753) line-shape hypothesis for the cross section. Values in

the parentheses are for the Υ(5S) line-shape hypothesis.
√
s L εw (1 + δ) NΥ3(1D) σ × B (pb)

10.653 3.5 0.177 (0.169) 0.893 (0.827) < 3.6 < 0.73 (< 0.83)

10.701 1.6 0.202 (0.180) 0.724 (0.901) < 2.3 < 1.12 (< 1.01)

10.745 9.8 0.212 (0.194) 0.587 (0.883) < 7.4 < 0.69 (< 0.53)

10.805 4.7 0.170 (0.209) 1.042 (0.728) < 5.2 < 0.71 (< 0.83)

to be minimal, in contrast to the Υ(10753) resonance, where these energies cover the peak405

region of the resonance.406

6 Systematic Uncertainty407

The systematic uncertainties in the cross section measurement stem from several sources.408

These include uncertainties in integrated luminosity, trigger simulation, tracking efficiency,409

photon detection efficiency, branching fractions, decay model, MC statistics, signal param-410

eterization, and background modeling. Each contributing factor is elaborated below.411

The integrated luminosity at Belle II is determined with a precision of 0.6% using412

Bhabha, di-photon and di-muon events, as documented in Ref. [59]. The systematic un-413

certainty associated with the trigger simulation is conservatively evaluated at 1.0%. This414

estimate is based on discrepancies in trigger efficiencies between data (99.9%) and MC415

simulations (99.3%), analyzed through the e+e− → 2(π+π−π0) control sample. The re-416

construction efficiency of a single high-momentum charged track (p > 0.2 GeV/c) carries a417

systematic uncertainty of 0.3%, derived from tracking efficiency comparisons between data418

and MC using τ -pair events; for the two high-momentum leptons in the signal, this yields419
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a total uncertainty of 0.6%. For pion tracks, the reconstruction efficiency uncertainty is420

0.3% per track at high momentum (p > 0.2 GeV/c), while efficiencies for low-momentum421

pions (p < 0.2 GeV/c) in the signal MC are reweighted to match data based on studies of422

B0 → D∗−π+ decays; the combined uncertainty for the pion tracks is estimated at 0.9%.423

Photon detection efficiencies in the signal MC are adjusted to align with data, using the424

data-to-simulation ratios of photon efficiency measured with e+e− → µ+µ−γISR events.425

These ratios are provided in bins of the photon polar and azimuthal angles over the energy426

range [0.2, 7] GeV, which substantially covers the photon energies of the signal process427

(approximately 100–600 MeV). Photons below 200 MeV constitute only about 1% of the428

total and are not corrected; their contribution to the overall uncertainty is negligible. The429

associated systematic uncertainty on the photon efficiency, derived from the uncertainties430

on these correction ratios, is 3.6%.431

The branching fractions B[χb1 → γΥ(1S)], B[χb2 → γΥ(1S)], B[Υ(1S) → e+e−], and432

B[Υ(1S)→ µ+µ−] have uncertainties of 5.7%, 5.6%, 3.3%, and 1.6%, respectively, as given433

by the PDG [4]. These uncertainties are treated as uncorrelated for the χb1 and χb2 chan-434

nels. The combined systematic uncertainties for the product B[χbJ ′ → γΥ(1S)]B[Υ(1S)→435

`+`−] are computed as 6.3% for both J ′ = 1 and J ′ = 2.436

The factor (1−Rχb2
) is applied to correct for the small contamination from Υ2(1D)→437

γχb2 decays that are reconstructed in the χb1 selection. Owing to the nearly identical final438

state topologies and kinematics of the two decay chains, the reconstruction efficiencies439

εΥ2(1D)→γχb1 and εΥ2(1D)→γχb2 are highly correlated; their uncertainties therefore cancel440

in the ratio Rχb2
. The theoretical branching fractions B[Υ2(1D) → γχb1/b2], taken from441

the same model [9], are likewise strongly correlated, and their uncertainties also cancel.442

Furthermore, independent theoretical calculations [54–56] predict similar values for these443

branching fractions, yielding identical results for the ratio. Consequently, propagating444

only the uncertainties on B[χb1 → γΥ(1S)] (5.7%) and B[χb2 → γΥ(1S)] (5.6%) [4] yields445

a relative uncertainty of 0.8% on (1−Rχb2
).446

The default signal MC simulation employs a three-body PHSP model for π+π−ΥJ(1D)447

production. To evaluate the systematic uncertainty associated with the π+π− dynamics,448

an alternative model incorporating the scalar resonance f0(500) (JPC = 0++) is used. This449

resonance is the most relevant contribution in the kinematically allowed π+π− invariant450

mass region of lower than 0.6 GeV in this analysis. (The possible resonance f0(980) is also451

examined and contributes only marginally due to its higher mass. ) The relative difference452

in reconstruction efficiency between the default PHSP and the f0(500) models is 3.6%,453

which is assigned as the systematic uncertainty for the decay model. The estimate also454

accounts for effects from the γ-conversion background veto applied to cos(θπ+π−).455

The systematic uncertainty due to the size of the MC sample is determined using the456

expression

√
ε(1−ε)
N /ε, where ε represents the signal reconstruction efficiency and N is the457

number of generated MC events. This uncertainty is estimated to be 0.4%.458

Direct comparisons of fits to data can be significantly affected by statistical fluctu-459

ations, potentially masking true systematic effects. To address this, we conduct a MC460

pseudo-experiment study to quantify the systematic uncertainty associated with signal461
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parameterization. We generate 2000 MC pseudo-experiment samples using the default462

signal PDF, derived from the signal MC shape. Each sample is fitted with two signal463

models: the default signal PDF and an alternative model defined as a Crystal Ball func-464

tion [60]. To account for possible differences in resolution between data and MC simu-465

lation, the resolution parameter of the Crystal Ball function is first adjusted to match466

the signal MC shape and then varied within ±2.2 MeV. This ±2.2 MeV range corre-467

sponds to the resolution difference between data and MC measured from the control sample468

e+e− → π+π−Υ(2S)[→ `+`−] [12], where the difference is determined to be (0.1±2.2) MeV.469

The resulting relative difference in fitted signal yield between the two models is 0.5%, which470

is assigned as the systematic uncertainty due to signal parameterization.471

We assess the systematic uncertainty associated with the background modeling using472

a similar MC pseudo-experiment approach. We generate 2000 MC pseudo-experiment473

samples, each containing signal and background events. The signal is modeled with the474

default signal PDF, while the background is modeled with the default 0th-order polynomial475

(constant term). Each sample is fitted with two background models: the default model and476

an alternative model defined as a first-order polynomial. By comparing the signal yield477

distributions from the two fits, we estimate the impact of varying the background PDF478

shape. The relative difference in signal yield is calculated to be 0.2%, which is assigned as479

the systematic uncertainty due to the background shape.480

The radiative correction in e+e− collisions depends on the line-shape of the cross481

section for the process e+e− → π+π−ΥJ(1D). Due to uncertainty in the exact line-shape,482

we refrain from assigning a systematic uncertainty to the radiative correction. Instead, we483

adopt an approach where the cross section is evaluated under two distinct hypotheses, as484

mentioned earlier: one assuming it follows the Υ(10753) resonance line-shape, and another485

assuming the Υ(5S) resonance line-shape. Results based on both hypotheses are reported486

in Tables 1 and 2.487

The systematic uncertainty from the Υ(1S) signal window on the M(`+`−) invariant488

mass is negligible, due to the accurate modeling of lepton resolution in the MC. This is489

supported by lepton performance studies using τ -pair events, as well as resolution inves-490

tigations in the control sample e+e− → π+π−Υ(2S) → π+π−`+`− [12]. The systematic491

uncertainty from the χb1,b2 signal window on the M [γHΥ(1S)] invariant mass is negligible492

due to the photon energy corrections applied to the MC simulation to match experimental493

data, using the π0 → γγ sample. The systematic uncertainty from the η background veto494

on M(γLγH) invariant mass is negligible, as it is mitigated by the same photon energy495

corrections.496

Assuming all systematic uncertainty sources are independent, the total systematic497

uncertainty is obtained by combining them in quadrature, resulting in a value of 8.3%. A498

summary of the systematic uncertainties is presented in Table 3.499

The systematic uncertainty associated with the fixed background from e+e− → ωχb1,b2500

in the signal extraction is evaluated by varying its normalization by ±24%, correspond-501

ing to the combined statistical and systematic uncertainty reported in Ref. [14]. For each502

variation, the upper limit on the ΥJ(1D) signal yield is recalculated, and the most conser-503

vative value, i.e. the largest upper limit obtained from the nominal and varied background504
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Table 3. Systematic uncertainties for the measurement of σ[e+e− → π+π−ΥJ(1D)]×B[ΥJ(1D)→
γχbJ′ ].

Source Uncertainty (%)

Integrated luminosity 0.6

Trigger simulation 1.0

Lepton efficiency 0.6

Pion efficiency 0.9

Photon efficiency 3.6

Branching fractions 6.3

1−Rχb2
0.8

Decay model 3.6

MC sample size 0.4

Signal parameterization 0.5

Background shape 0.2

Quadrature sum 8.3

scenarios, is adopted as the final result. This adjustment increases the upper limits on the505

ΥJ(1D) signal yields by 0 to 0.7 events, with the following energy-dependent impacts: the506

Υ2(1D) (Υ3(1D)) yield upper limit rises from 6.2 (6.7) to 6.8 (7.4) at
√
s = 10.745 GeV507

and from 3.0 (5.1) to 3.0 (5.2) at
√
s = 10.805 GeV, while no change occurs at

√
s = 10.653508

and 10.701 GeV where this background component is negligible.509

7 Discussion510

In an inclusive analysis of Υ(5S) → π+π−X decays at Belle [10], the yields derived from511

fits to the dipion missing mass spectrum are (143.8±8.7±6.8)×103 and (22.4±7.8)×103
512

for Υ(2S) and ΥJ(1D), respectively. (The uncertainty on the ΥJ(1D) yield is statistical513

only; the Belle Collaboration notes that the ΥJ(1D) signal is marginal and the associated514

systematic uncertainty is therefore negligible compared to the statistical component [10].)515

Utilizing the cross section for e+e− → π+π−Υ(2S) at 10.866 GeV, measured as 4.07±0.18516

pb in Ref. [11] with the same data sample, we estimate the cross section for e+e− →517

π+π−ΥJ(1D) to be 0.63 ± 0.22 pb at this energy. This estimation assumes comparable518

reconstruction efficiencies between Υ(2S) and ΥJ(1D). Starting from this estimated value,519

we extrapolate the energy-dependent cross sections σ[e+e− → π+π−ΥJ(1D)] under two520

distinct hypotheses: production from the Υ(10753) resonance and production from the521

Υ(5S) resonance (a Breit-Wigner line-shape with parameters taken from the PDG [4] is522

assumed for each resonance). These extrapolated cross sections are illustrated in Fig. 4523

(solid curves with uncertainty bands), with the left panel depicting the Υ(10753) hypothesis524

and the right panel the Υ(5S) hypothesis. We note that the current dataset has limited525

statistics, and covers only the energy region around the Υ(10753) without spanning the526

full range of both the Υ(10753) and Υ(5S) resonances. Consequently, only the above527
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two limiting hypotheses can be tested; the scenario of combined contributions from both528

resonances cannot yet be constrained.529

Our analysis provides 90% credibility upper limits on the products σ[e+e− → π+π−Υ2(3)(1D)]×530

B[Υ2(3)(1D) → γχb1(2)] (Tables 1 and 2). To enable a direct comparison with the ex-531

trapolated cross sections, these limits are divided by the theoretical branching fractions532

B(Υ2(1D) → γχb1) ≈ 0.73 and B(Υ3(1D) → γχb2) ≈ 1 [9, 54–56], respectively. The533

uncertainties on these theoretical branching fractions (4%) are negligible compared to the534

dominant statistical uncertainty on the extrapolated cross sections (35%). The resulting535

upper limits are displayed as inverted triangles in Fig. 4.536

We assume that the π+π−ΥJ(1D) system observed by Belle [10] is dominated by537

the J = 2 component. This assumption is motivated by the conclusive identification of538

the Υ2(1D) (13D2) state by the CLEO [7] and BaBar [8] collaborations (which reported539

inconclusive evidence for other J states) and the similar reported mass of ΥJ(1D). Our540

measurement reveals that the π+π−ΥJ(1D) system is more consistent with production541

from the Υ(5S) resonance, as the estimated upper limits are well above the expected values,542

essentially null, under this hypothesis (Fig. 4, right panel). Conversely, at
√
s = 10.745543

GeV, near the Υ(10753) peak, the upper limits fall significantly below the anticipated cross544

section (Fig. 4, left panel). Consequently, the estimated upper limits do not favor a scenario545

in which the π+π−ΥJ(1D) system is produced solely from the Υ(10753) resonance. The546

same conclusion can be reached in the case that the system is dominated by the Υ3(1D)547

(J = 3) component. These findings, when considered alongside the Υ(5S) resonance,548

contribute to the elucidation of the Υ(10753)’s intrinsic nature.549
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Figure 4. The 90% credibility upper limits on the σ[e+e− → π+π−ΥJ(1D)] as a function of

center-of-mass energy, evaluated under the Υ(10753) resonance hypothesis (left) and the Υ(5S)

resonance hypothesis (right). Inverted triangles denote the estimated upper limits. The black

dots at
√
s = 10.866 GeV indicate the estimated value from Belle results [10], with error bars

representing the combined statistical and systematic uncertainties. The solid curves represent the

extrapolated cross section line shapes under the respective resonance hypotheses, with the filled

bands illustrating the uncertainties propagated from the Belle measurement while following the

line-shape of each resonance.
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8 Summary550

We present a comprehensive study of the processes e+e− → π+π−ΥJ(1D), where J = 2 or551

3, utilizing a 19.6 fb−1 data sample collected by the Belle II detector at the SuperKEKB552

e+e− asymmetric-energy collider. The data were acquired at center-of-mass energies of553 √
s = 10.653, 10.701, 10.745, and 10.805 GeV, strategically chosen to probe the Υ(10753)554

resonance. For each center-of-mass energy, upper limits at 90% credibility on the products555

of the cross sections and branching fractions, σ[e+e− → π+π−Υ2(1D)]×B(Υ2(1D)→ γχb1)556

and σ[e+e− → π+π−Υ3(1D)]× B(Υ3(1D)→ γχb2), are determined and reported.557
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