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Bottomonium results and prospects at Belle II
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The Belle II experiment at the SuperKEKB energy-asymmetric 𝑒+𝑒− collider is an upgrade of
the 𝐵 factory facility at KEK in Tsukuba, Japan. The experiment began operation in 2019 and
aims to record 50 times more data than its predecessor. Belle II is uniquely capable of studying
the so-called "XYZ" particles: heavy exotic hadrons consisting of more than three quarks. First
discovered by Belle, these now number in the dozens, and represent the emergence of a new
category within quantum chromodynamics. We present recent results in new Belle II data, and
the future prospects to explore both exotic and conventional bottomonium physics.
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1. Introduction

The Belle II experiment [1] is installed at the SuperKEKB collider [2] an asymmetric 𝑒+𝑒−𝐵

meson factory, and even if its primary goal is to study CP-violation and rare decays, it has great
potential in other topics such bottomonia. The Belle II detector is a major upgrade of the previous
Belle experiment and consists of several sub-detectors that were either upgraded or completely
replaced. The aim of the upgrade was to obtain similar performance as Belle at luminosities up to
40 times higher.

In 𝑒+𝑒− colliders, bottomonium (along with bottomonium-like exotic states) can be produced
in different ways. J𝑃𝐶 = 1−− states can be produced directly if the mass of the states correspond
to the center-of-mass energy (

√
𝑠), or via intial-state-radiation (ISR) process if the mass is lower.

From the J𝑃𝐶 = 1−− states it is then possible to access other states through both radiative transitions
and hadronic transitions such 𝜋𝜋, 𝜂 and 𝜔.

Quarkonium spectroscopy has been investigated in detail by the first generation of 𝐵-factories
and other experiments and it turns out to be rich in new production mechanisms, new transitions
and unexpected states of an exotic nature. The discovery of the 𝑋 (3872) [3] opened the way to a
plethora of exotic quarkonium-like particles in the charmonium sector and the following discoveries
of the 𝑍𝑏 (10610) and 𝑍𝑏 (10650) states [4, 5] hints that a similar family of particles could exist
also in the bottomonium one. Within the predicted bottomonium spectrum there are missing states
below 𝐵𝐵̄ threshold, e.g., spin-singlet member of the 1D multiplet, all members of the 2D and 1F
multiplets, that still need to be identified. Moreover the bottomonium sector offers an interesting
doorway of the physics beyond the Standard Model such as lepton flavor violation, lepton flavor
universality, dark matter and low mass Higgs bosons.

2. Bottomonium at Υ(4𝑆)

Belle II started taking data in spring 2019 and recorded to date an integrated luminosity of 387
fb−1 at the energy of the Υ(4𝑆). The goal is to collect 50 times more data (50 ab−1) than Belle.
Data collected at the Υ(4𝑆) energy are only a small part of the bottomonium physics program. The
branching fraction of Υ(4𝑆) to 𝐵𝐵̄ is nearly 100%, leaving little opportunity for decays to other
bottomonium states or decays useful for new physics studies. One way to overcome this obstacle is
to exploit ISR to reach lower states such Υ(2𝑆) or Υ(3𝑆) albeit with a cross section on the order of
10 pb while the 𝐵𝐵̄ production is ∼ 1.2 nb.

A recent study assessed the sensitivity on the lepton universality measurement in the channel
Υ(1𝑆) → ℓℓ with ℓ = 𝜏, 𝑒 via ISR at the energy of Υ(4𝑆). The work estimated the statistical
uncertainty as a function of the integrated luminosity and compared the result with a measurement
from BaBar performed at the Υ(3𝑆) [6]. The study is performed with a Monte Carlo (MC)
simulation and covers an integrated luminosity range up to the design value of 50 ab−1. In Fig. 1
the statistical uncertainty of 𝑒+𝑒− → 𝛾ISR (Υ(1𝑆) → 𝜏𝜏) is shown together with the value of 0.8%
from the BaBar analysis. The statistical uncertainty obtained with 50 ab−1 is 2.5% which is not
sufficient for a competitive analysis. This result shows how it’s important to take data below the
Υ(4𝑆) to perform these type of studies.
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Figure 1: Projection of statistical uncertainty on the cross section of 𝑒+𝑒− → 𝛾ISR (Υ(1𝑆) → 𝜏𝜏) as a
function of the integrated luminosity. The dashed red line shows the statistical uncertainty of the competitive
analysis from BaBar [6].

The currently available integrated luminosity of 387 fb−1 is insufficient for competitive results,
but nevertheless early bottomonium analyses are performed. These studies are crucial to assert
the capability of the new detector to perform as well as Belle or better. Moreover many of these
analyses are also essential in preparation for analyses at different energies as they can be transferred
with minimal changes.

One example is the search for Υ dipion transitions that has been recently carried out with a data
set of 72 fb−1. The analysis reconstructs Υ(𝑚𝑆) → 𝜋+𝜋− [Υ(𝑝𝑆) → 𝜇+𝜇−] decays, where 𝑚 =
2,3,4 and 𝑝 = 1,2 with 𝑚 > 𝑝. The direct transitions Υ(4𝑆) → 𝜋+𝜋− Υ(1𝑆, 2𝑆) have been observed
and thanks to the ISR process also 𝛾ISRΥ(3𝑆) → 𝜋+𝜋− Υ(1𝑆, 2𝑆) and 𝛾ISRΥ(2𝑆) → 𝜋+𝜋− Υ(1𝑆)
processes have been detected. In Fig. 2 are shown the distributions of the main variables used in the
analysis where the different signal transitions are clearly visible. It’s useful to make the comparison
with the Belle results where, with a data set of 496 fb−1, the 𝛾ISRΥ(3𝑆) → 𝜋+𝜋−Υ(2𝑆) was not
visible [7]. This can be explained by the retention of lower-momentum pion candidates in Belle
II compared to Belle. This early study, made with only a small data set, already shows the good
performance of Belle II and the potential of this channel.

Another MC study has been performed to asses the performance of Belle II by reproducing
the Belle discovery of the ℎ𝑏 (1𝑃) in the channel Υ(4𝑆) → 𝜂(→ 𝛾𝛾)ℎ𝑏 (1𝑃) [11]. The study is
performed by reconstructing the 𝜂 in the 𝛾𝛾 decay channel and looking at its recoil mass. Since
no exclusive decays of the ℎ𝑏 (1𝑃) into stable particles are known, the ℎ𝑏 (1𝑃) is not reconstructed.
Fig. 3 shows the result of a fit example on the 𝛾𝛾 recoil mass and the expected statistical significance
of the Υ(4𝑆) → 𝜂ℎ𝑏 (1𝑃)) signal as function of the integrated luminosity. The Belle result is also
shown. The better result by Belle II is due to an improved analysis, and shows that despite the
increased background, Belle II can outperform Belle by means of more refined selections.

3. Belle II potential

Across all experiments, the currently available data sets relevant for bottomonium physics
at center-of-mass energies different from the Υ(4𝑆) resonance are O(10) fb−1 for each of the
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Figure 2: a) Distributon of 𝑀 (𝜇𝜇) versus 𝑀 (𝜋+𝜋−𝜇+𝜇−)−𝑀 (𝜇+𝜇−). The clusters of points represent signal
transitions. b) Distribution of 𝑀 (𝜋+𝜋−𝜇+𝜇−) − 𝑀 (𝜇+𝜇−) + 𝑚(Υ(1𝑆)) with a requirement of |𝑀 (𝜇+𝜇−) −
𝑚(Υ(1𝑆)) | < 75 MeV/c2 , where 𝑚(Υ(1𝑆)) represents the nominal Υ(1𝑆) mass. c) Distribution of
𝑀 (𝜋+𝜋−𝜇+𝜇−) − 𝑀 (𝜇+𝜇−) + 𝑚(Υ(2𝑆)) with a requirement of |𝑀 (𝜇+𝜇−) − 𝑚(Υ(2𝑆)) | < 75 MeV/c2 ,
where 𝑚(Υ(2𝑆)) represents the nominal Υ(2𝑆) mass.

Υ(1𝑆, 2𝑆, 3𝑆, 6𝑆) resonances, about 121 fb−1 at the Υ(5𝑆) resonance, and less than 1 fb−1 at
intermediate energies. Given the small size of the existing data sets and the current luminosity at
SuperKEKB, only a relatively small amount of collision time would be needed to collect non-Υ(4𝑆)
samples an order of magnitude larger. Belle II and SuperKEKB have an exceptional opportunity both
above and below the Υ(4𝑆) energy and a dedicated bottomonium program is under construction.

3.1 The Υ(10753) case

In 2019 the Belle Collaboration reanalyzed the cross section of 𝑒+𝑒− → Υ(𝑛𝑆)𝜋+𝜋− (𝑛 =
1,2,3) and updated their measurements to supersede the previous result [8, 9]. In the analysis
a new structure near 10.75 GeV has been found in the Υ(𝑛𝑆)𝜋+𝜋− (𝑛 = 1,2,3) invariant mass
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(a) (b)

Figure 3: a) Result of the fit of the rescaled MC when the expected number of Υ(4𝑆) → ℎ𝑏 (1𝑃), 12000, is
included. The inset shows the fitted distribution, while the main plot shows the residual after subtracting the
background. b) Expected significance as function of the luminosity collected. Each point is the result of a
the fit of a pseudo-experiment. The blue cross indicates the Belle result.

spectrum. This new state, called Υ(10753) in PDG [10], can’t be easily explained as a conventional
bottomonium state as all the calculations of the mass spectrum of bottomonium family don’t fit with
its mass. Many different explanations of the Υ(10753) were given, both conventional [12–15] and
exotic [16–19]. Given the importance to investigate this new state and the energy region around it,
a dedicated early data taking program has been performed at the end of 2021. A data set of 9.6 fb−1

at 10.751 GeV has been collected together with three scan points for 𝐵𝐵̄ decomposition studies
(3.5 fb−1 at 10.657 GeV, 1.6−1 at 10.706 GeV and 4.6−1 at 10.810 GeV). In Fig. 4 the amount of
data taken by Belle and Belle II experiment around the new resonance is shown. The beam energy
calibration and performance studies are ongoing and first public results are expected to arrive soon.

Figure 4: Amount of data collected at different energies by Belle experiment (blue) and Belle II experiment
(green).

The measurement and the MC study shown in these proceedings, Υ(𝑛𝑆) dipion transitions and
the Υ(𝑛𝑆) → 𝜂ℎ𝑏 (1𝑃) decay respectively, are both easily transferable to the Υ(10753) energy and
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they are key to the study of the new state.

Summary

Belle II has been running continuously since spring 2019, it has collected more than 387 fb−1

and it’s proving to perform as expected. Together with the capability of SuperKEKB, Belle II has
a unique opportunity to study quarkonium(-like) particles and make an impact in this sector in the
years to come.
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