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A B S T R A C T

The BELLE experiment at the KEKB collider in Tsukuba operated as a B-factory until 2018, making
significant contributions to flavor physics. Building on this legacy, the BELLE II experiment, an
upgraded version, now operates at the SuperKEKB energy-asymmetric 𝑒+𝑒− collider. BELLE II has
collected 424 fb−1 of data, including 365 fb−1 at the Υ(4𝑆) resonance. A wide range of physics topics
can be studies with this data. In this proceeding, we review our latest results, which include tests of
lepton flavor universality, Cabibbo-Kobayashi-Maskawa physics, searches for rare 𝐵-meson decays,
and spectroscopy studies. We also discuss contributions to the 𝑔𝜇 − 2 prediction.

1. Introduction
The BELLE II experiment [1, 2] is conducted at the

SuperKEKB accelerator located in Tsukuba, Japan. Su-
perKEKB, an upgraded version of the KEKB collider, op-
erates at the energy corresponding to the Υ(4𝑆) resonance,
allowing for the production of many 𝐵𝐵̄ pairs at threshold.

It utilizes asymmetric beam energies, with electrons
accelerated to 7 GeV and positrons to 4 GeV. These asym-
metric beam energies provides a boost to the centre-of-mass
frame. SuperKEKB was designed to achieve a target lumi-
nosity 30 times greater than that of its predecessor, KEKB,
by employing higher beam currents and advanced nano-
beam technology. To date, it has achieved an instantaneous
luminosity of 4.7 × 1034 cm−2 s−1, which is a new world
record.

The BELLE II detector, optimised for high-luminosity,
is composed of multiple sub-detectors arranged around the
beam pipe. At the innermost region is a silicon vertex
detector, consisting of a pixel and double-sided silicon strip
detector, essential for precise vertex reconstruction. This is
followed by a central drift chamber (CDC) that measures
the momenta and charge of particles. Particle identifica-
tion (PID) is achieved through a time-of-propagation (TOP)
counter in the barrel region and an aerogel ring-imaging
Cherenkov (ARICH) detector in the forward endcap. These
systems allow for effective discrimination between particle
types, such as pions and kaons, crucial for flavor tagging.
The electromagnetic calorimeter (ECL), responsible for re-
constructing photons and differentiating electrons, operates
within a 1.5 T magnetic field generated by a superconducting
solenoid. Additionally, a dedicated system for identifying
𝐾0
𝐿 and muons is embedded in the solenoid’s flux return.

BELLE II offers several unique scientific advantages
compared to 𝐵-physics experiments conducted on proton-
proton machines. Its well-defined initial state in electron-
positron collisions offers a clean environment for precise
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measurements. The quantum-coherent 𝐵-meson pairs at the
Υ(4𝑆) resonance significantly enhances our flavor tagging
capability. The boosted center-of-mass system enables time-
dependent measurements, while the nearly hermetic detector
structure, with excellent particle identification, allows the
study of decays involving neutral particles or invisible states
like neutrinos. Furthermore, BELLE II’s ability to operate
at various center-of-mass energies supports a wide range of
physics studies beyond just 𝐵-mesons.

After beginning data collection in 2019, BELLE II ac-
cumulated 424 fb−1 of data during Run 1, with 365 fb−1
collected with at Υ(4𝑆) resonance. Following a long shut-
down (LS1) for upgrades, including the installation of a
two-layer pixel detector (PXD), beam pipe replacement, and
improvements to the TOP and CDC systems, data taking was
resumed in early 2024. Since then, BELLE II has collected
over 100 fb−1 of data. However, challenges with beam losses
resulting in high radiation exposure in the interaction region
led to the precautionary shutdown of the PXD. Despite
this, BELLE II is operating stably at a luminosity of 4.5 ×
1034 cm−2 s−1.

In this proceeding, we highlight selected recent results
from both the BELLE and BELLE II experiments, including
tests of lepton flavor universality, studies on CKM physics,
searches for rare 𝐵-meson decays, spectroscopy studies, and
contributes to the 𝑔𝜇 − 2 prediction.

2. Lepton-flavor universality tests
In the standard model (SM), electroweak gauge bosons

couple equally to the three lepton generations (𝑒, 𝜇, 𝜏), a
symmetry known as lepton universality (LU). Semileptonic
𝐵-meson decays, 𝐵 decays to a charmed hadronic state,
a lepton, and a neutrino, provide excellent sensitivities for
testing the LU. One key observable in such studies is the
branching fraction ratio

𝑅(𝐻𝜏∕𝑙) =
(𝐵 → 𝐻𝜏𝜈𝜏 )
(𝐵 → 𝐻𝑙𝜈𝑙)

,

where 𝑙 is either an 𝑒 or a 𝜇 and 𝐻 is an hadron, is a
sensitive probe for the universality of the third generation.
The final state hadron 𝐻 can be 𝐷(∗), 𝜋, or other hadrons
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from exclusive modes. It could also be an inclusive hadronic
system 𝑋. This ratio provides a significant advantage as it
partially cancels out both theoretical uncertainties and com-
mon experimental systematic uncertainties, the sensitivity is
enhanced because of that.

Such tests of LU has been done on different experiments
(BABAR [3, 4], BELLE [5], BELLE II [6] and LHCb [7]).
The combination of the results has a 3.3𝜎 tension with
the standard model expectation, which could indicate an
enhanced coupling of the 𝑏 quark to the 𝜏 lepton.

In the following sections, we present an inclusive test of
𝑅(𝑋𝜏∕𝑙) and an examination of light-lepton university in 𝜏
decays utilizing data collected by BELLE II.

2.1. Inclusive Test of the 𝑏→ 𝑐𝜏𝜈 Anomaly
We present a complementary probe of LU through the

first measurement of the tau-to-light-lepton ratio of inclusive
semileptonic B-meson branching fractions:

𝑅(𝑋𝜏∕𝑙) ≡
(𝐵 → 𝑋𝜏𝜈)
(𝐵 → 𝑋𝑙𝜈)

,

which is statistically and theoretically distinct from the
𝑅(𝐷(∗)) measurement [8].

For this analysis, we utilize the dataset collected by the
BELLE II experiment between 2019 and 2021 at a center-
of-mass energy of

√

𝑠 = 10.58 GeV, corresponding to
an integrated luminosity of 189 fb−1. And additional off-
resonance dataset (18 fb−1) collected with 60 MeV below
the Υ(4𝑆) is used to study the background from continuum
process 𝑒+𝑒− → 𝑞𝑞.

The Full Event Interpretation [9] was applied to recon-
struct a 𝐵-meson candidate in a fully hadronic decay mode,
which is referred to as a 𝐵tag. From the remaining part of
events, we select a single-lepton candidate, and the hadronic
𝑋 is reconstructed from any remaining tracks and energy
deposits in the ECL that are not associated with identified
tracks.

The signal and normalization yields for the electron and
muon modes are extracted simultaneously with a maximum-
likelihood fit to the binned two-dimensional distribution of
𝑝𝐵𝑙 and 𝑀2

missing. The largest uncertainties are associated
with the experimental and simulation sample sizes. After all
the corrections and selections, we determined the efficien-
cies for the electron mode and the muon mode. The signal
yields are extracted by fitting the experimental (𝑝𝐵𝑙 ,𝑀

2
missing)

spectra as shown in Fig. 1. The statistic and systematic uncer-
tainties are incorporated in the fit via nuisance parameters,
one for each (𝑝𝐵𝑙 ,𝑀2

missing) bin for each component.
The branching-fraction uncertainties are considered for

the fit. Tagging efficiency cancels in the𝑅(𝑋𝜏∕𝑙) ratio which
is supported by the agreement between experimental and
simulated distribution of the relevant 𝐵 quantities. The
𝑅(𝑋𝜏∕𝑙) for electrons and muons are

𝑅(𝑋𝜏∕𝑒) = 0.232 ± 0.020(stat) ± 0.037(syst),

𝑅(𝑋𝜏∕𝜇) = 0.222 ± 0.027(stat) ± 0.050(syst),

Figure 1: Two-dimensional distributions of electron momentum
in the 𝐵𝑠𝑖𝑔 rest frame 𝑝𝐵𝑙 and the missing mass squared 𝑀2

missing,
flattened to one dimension in intervals as used in the signal
extraction fit, with the fit results overlaid.

respectively. The combined result is

𝑅(𝑋𝜏∕𝑙) = 0.228 ± 0.016(stat) ± 0.036(syst),

The observed result is in agreement with the SM predic-
tions. After removing the expected contributions from 𝐵 →
𝐷∗∗

(gap)𝜏(𝑙)𝜈 and 𝐵 → 𝑋𝑢𝜏(𝑙)𝜈 from the measured 𝑅(𝑋),
the remaining component provides a distinct cross-check of
the exclusive 𝑅(𝐷(∗)). As shown in Fig. 2, the result aligns
with the world averaged𝑅(𝐷(∗)) and also the SM predictions
within the current uncertainties [10]. More details on this
measurement can be found in [11].

Figure 2: 𝑅(𝐷(∗)) from the measured 𝑅(𝑋) value (red),
compared to the world average and the SM prediction.

2.2. Light-lepton Universality in 𝜏 Decays
LU tests can be done between the light-leptons. The tests

in 𝜏 decays are sensitive not only to charged currents but also
to non-SM contributions of weak neutral currents. The tests
rely on measurements of 𝜏 properties like mass, lifetime and
branching fractions of 𝜏 decays to lighter leptons or hadrons.
The 𝑒 − 𝜇 universality is tested by comparing the measured
rates of leptonic 𝜏-decays:

𝑅𝜇 =
(𝜏− → 𝜇−𝜈̄𝜇𝜈𝜏 )
(𝜏− → 𝑒−𝜈̄𝑒𝜈𝜏 )

,
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This allows us to constrain the ratio of the effective coupling
strengths, 𝑔𝑒 and 𝑔𝜇 to the 𝑊 ±. The ratio is given by

|

𝑔𝜇
𝑔𝑒

| =

√

√

√

√𝑅𝜇
𝑓 (𝑚2

𝑒∕𝑚2
𝜏 )

𝑓 (𝑚2
𝜇∕𝑚2

𝜏 )
,

The challenge of this measurement lies in the precise
determination the ratio of branching fractions 𝑅𝜇. Previous
tests have been performed by the CLEO [12] and BABAR
[13] collaborations. The most precise determination to date
is from BABAR:𝑅𝜇 = 0.9796±0.0016(stat)±0.0036(syst).
The leading systematic source comes from the lepton iden-
tification, which propagates to 0.2% precision on the ra-
tio of coupling strengths. The current world average value
|𝑔𝜇∕𝑔𝑒|𝜏 = 1.0019 ± 0.0014 [10] is consistent with the SM
prediction (𝑅SM

𝜇 = 0.9726).
We report a measurement of𝑅𝜇 with BELLE II data col-

lected between 2019 and 2022 with centre-of-mass energy
of 10.58 GeV, corresponding to an integrated luminosity of
365 ± 2 fb−1 which translates to about 333 × 106 𝑒+𝑒− →
𝜏+𝜏− events. The 𝑅𝜇 is determined from events in which 𝜏
decays either to 𝜏− → 𝑒−𝜈̄𝑒𝜈𝜏 or 𝜏− → 𝜇−𝜈̄𝜇𝜈𝜏 , the other 𝜏
decays hadronically.

The selections are optimzied and applied to both modes,
a binned maximum likelihood fit is performed on momen-
tum spectra to extract the signal candidates. Distribution of
the muon and electron candidate momentum with fit result
overlaid is shown in Fig. 3.

Figure 3: Observed momentum distribution for 𝜏− → 𝜇−𝜈̄𝜇𝜈𝜏
(left) and 𝜏− → 𝑒−𝜈̄𝑒𝜈𝜏 (right) candidates with fit results
overlaid. The lower panel shows the ratio between data and
fit results. The hatched area indicates the possible variation of
the fitted yields due to systematic effects, with the constraints
of the nuisance parameters reduced to their fit uncertainties
and correlations taken into account (The luminosity shown in
this plot is a preliminary value).

All systematic effects are modelled directly in the likeli-
hood function. The ratio of branching fractions are measured
to be

𝑅𝜇 =
(𝜏− → 𝜇−𝜈̄𝜇𝜈𝜏 )
(𝜏− → 𝑒−𝜈̄𝑒𝜈𝜏 )

= 0.9675 ± 0.0007 ± 0.0036,

The result is consistent with previous measurements and
is the most precise measurement from a single experiment to

Figure 4: Determinations of 𝑅𝜇 (left) and |𝑔𝜇∕𝑔𝑒|𝜏 (right) from
previous individual measurements and the fit from the Heavy
Flavor Averaging Group, compared with the result of this work.
The shaded areas represent the statistical uncertainties, while
the error bars indicate the total uncertainties. The vertical
dashed line indicates the SM prediction, including mass effects.

date and consistent with the SM prediction. The comparison
of the results from this study with these from other experi-
ments are shown in Fig. 4.

3. CKM physics
The Cabibbo-Kobayashi-Maskawa (CKM) matrix in

the SM describes the quark mixing and accounts for CP-
violation in the quark sector [14, 15]. One of the crucial tests
of the SM is to measure the magnitudes of the CKM matrix
elements as precisely as possible. These measurements are
crucial for validating the SM and exploring potential new
physics beyond it. The 𝑉𝑥𝑏, where 𝑥 represents either the 𝑢
or 𝑐 quark, can be determined by measuring the branching
fraction of 𝐵 → 𝑋𝑥𝑙𝜈𝑙 decays, which is proportional to
|𝑉𝑥𝑏|2. |𝑉𝑥𝑏| can be determined by inclusive method, no spe-
cific final state is reconstructed, and exclusive method which
reconstruct a specific final state. These two methods have
complementary uncertainties introduced by their theoretical
descriptions.

Several measurements have been conducted by both the
BELLE and BELLE II experiments [16, 17, 18]. The world
averages of |𝑉𝑥𝑏| from experimental data obtained by exclu-
sive and inclusive determinations exhibits a disagreement
of approximately 3 standard deviations [10]. We carried
out several measurements using new strategies to further
investigate these tensions.

3.1. Exclusive |𝑉𝑢𝑏| from simultaneous
measurements of 𝐵0 → 𝜋−𝑙+𝜈𝑙, 𝐵+ → 𝜌0𝑙+𝜈𝑙

The most experimentally and theoretically reliable ex-
clusive measurements of |𝑉𝑢𝑏| come from 𝐵 → 𝜋𝑙𝜈𝑙 decays.
The most precise value of |𝑉𝑢𝑏| is from this mode. A simulta-
neous measurement of 𝐵0 → 𝜋−𝑙+𝜈𝑙 with 𝐵 → 𝜌𝑙𝜈𝑙 allows
for an additional measurement while accounting for decays
of one type that are reconstructed as the other. Therefore, we
performed this measurement to simultaneously reconstruct
𝐵0 → 𝜋−𝑙+𝜈𝑙 with 𝐵+ → 𝜌0𝑙+𝜈𝑙 (charge conjugation
implied throughout).

This measurement explores a data sample of 365 fb−1,
which corresponding to 387 million𝐵𝐵̄meson pairs recorded
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by the BELLE II detector between 2019 and 2022. The two
signal decays are reconstructed without identifying the part-
ner 𝐵 mesons. The reconstructed events are separated into
13 intervals for the pion mode and 10 intervals for the rho
mode of squared momentum transfer 𝑞2. The signal yields
of the two modes are simultaneously extracted from a two-
dimensional grid of the energy difference Δ𝐸 = 𝐸∗

𝐵−𝐸
∗
beam

and the beam-constrained mass 𝑀bc =
√

𝐸∗2
beam − |𝑝∗𝐵|

2

in each 𝑞2 bin as shown in Fig. 5, here 𝐸∗
beam, 𝐸∗

𝐵and 𝑃 ∗
𝐵

represent the beam energy, reconstructed 𝐵-meson energy,
and reconstructed 𝐵-meson momentum, respectively, all
determined in the center-of-mass (c.m.). With this novel
method, cross-feed signals can be properly linked between
the two decay modes.

Figure 5: Distributions of Δ𝐸 (left) and 𝑀bc (right) re-
constructed in BELLE II data integrated over the 𝑞2 bins
for 𝐵0 → 𝜋−𝑙+𝜈 with expected distributions from simulation
overlaid. The simulated samples are weighted according to
luminosity. The hatched areas include statistical and systematic
uncertainties on the simulated distributions. The expected
signal distributions (scaled by a factor two) are also shown. The
panels below the histograms show the difference between col-
lision and simulated data divided by the combined uncertainty
(The luminosity shown in this plot is a preliminary value).

The differential branching fractions of 𝐵0 → 𝜋−𝑙+𝜈𝑙,
𝐵+ → 𝜌0𝑙+𝜈𝑙 decays as functions of 𝑞2 were measured
simultaneously. The partial branching fractions are extracted
from the fitted signal yields after efficiency corrections as a
function of 𝑞2. Furthermore, the total branching fraction is
calculated as the sum of these partial branching fractions,
with systematic correlations taken into account. As prelimi-
nary results, we obtain the total branching fraction:

(𝐵0 → 𝜋−𝑙+𝜈𝑙) = (1.516 ± 0.042stat ± 0.059syst) × 10−4,

(𝐵+ → 𝜌0𝑙+𝜈𝑙) = (1.625 ± 0.079stat ± 0.180syst) × 10−4,

The results are consistent with the world averages and the
precision is compatible with respect to previous measure-
ments from BELLE and BABAR.

The value of |𝑉𝑢𝑏| is extracted by fitting the measured
partial branching fractions as a function of 𝑞2, incorporating
constraints on non-perturbative hadronic contributions from
lattice QCD calculations and light-cone sum rules, or a
combination of both as shown in Fig. 6. The values are

|𝑉𝑢𝑏|𝐵0→𝜋−𝑙+𝜈𝑙 = (3.73 ± 0.07 ± 0.07 ± 0.16) × 10−3,

Figure 6: Measured partial branching fractions as a function of
𝑞2 for 𝐵0 → 𝜋−𝑙+𝜈𝑙, 𝐵+ → 𝜌0𝑙+𝜈𝑙. The fitted differential rates
are shown together with the one, two, and three standard-
deviation uncertainty bands for fits using constraints on the
form factors from LQCD+LCSR and LCSR (The luminosity
shown in this plot is a preliminary value).

|𝑉𝑢𝑏|𝐵+→𝜌0𝑙+𝜈𝑙 = (3.19 ± 0.12 ± 0.17 ± 0.26) × 10−3,

where the uncertainties are statistical, systematic, and theo-
retical, respectively. The precision is limited by theoretical
uncertainties for both cases.

3.2. 𝐵0 → 𝜋0𝜋0 at BELLE II
The decay of the neutral bottom-meson into a pair of

neutral pions, 𝐵0 → 𝜋0𝜋0, plays an important role in the
study of the weak interactions of quarks. It helps constrain
beyond-SM processes, test and refine hadronic decay mod-
els, and provides essential inputs for the determination of the
least-well-known angle of the CKM unitarity triangle, 𝜙2, a
fundamental parameter in flavor-changing weak interactions
of quarks.

Improved measurements of 𝜙2 increase the power of
tests of CKM-matrix unitarity to provide more stringent
bounds on possible SM extensions. Given the presence of
contributions from both 𝑏 → 𝑢 (𝑊 emission, or tree) and
𝑏 → 𝑑 (𝑊 exchange, or penguin) transitions in the decay
amplitude, the determination of 𝜙2 requires measurements
of the branching fractions and 𝐶𝑃 asymmetries of the full
set of isospin-related 𝐵 → 𝜋𝜋 decay modes, i.e., 𝐵0 →
𝜋+𝜋−, 𝐵0 → 𝜋0𝜋0 and 𝐵+ → 𝜋+𝜋0 [19, 20]. Studies
of time-dependent 𝐶𝑃 -violating asymmetries involving the
𝑏 → 𝑢 transition is also relevant with 𝐵0 → 𝜋0𝜋0 decays.
These asymmetries currently offer the most precise way to
measure the 𝜙2, strengthening tests of CKM-matrix unitar-
ity. Currently, the uncertainty in 𝜙2 is dominated by the
uncertainties on the𝐵0 → 𝜋0𝜋0 branching fraction and𝐶𝑃 -
violating flavor-dependent decay-rate asymmetry,

𝐶𝑃 (𝐵0 → 𝜋0𝜋0) =
Γ(𝐵̄0 → 𝜋0𝜋0) − Γ(𝐵0 → 𝜋0𝜋0)
Γ(𝐵̄0 → 𝜋0𝜋0) + Γ(𝐵0 → 𝜋0𝜋0)

,

where Γ is the decay width, there are several measure-
ments been done so far. The world-average values (𝐵0 →
𝜋0𝜋0) = (1.59 ± 0.26) × 10−6 and 𝐶𝑃 (𝐵0 → 𝜋0𝜋0) =
0.33±0.22 combine measurements reported by the BABAR
[21, 22] and BELLE [23] collaborations.

We present a measurement of the branching fraction and
𝐶𝑃 asymmetry for the 𝐵0 → 𝜋0𝜋0 decay using a 365 fb−1
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sample of the data collected by BELLE II at energy near
threshold at the Υ(4𝑆) resonance and 42.3 fb−1 sample
collected at a lower energy for background modeling. Such
decay is experimentally challenging given that only four
photons in the final state are are expected. The reconstruction
of photons is based solely on calorimeter information and
therefore has much less precise than the reconstruction of
charged particles.

This work supersedes a previous BELLE II result [24]
that was based on approximately half of the data sample and
introduces several significant improvements. We enhance
background suppression by increasing the discriminating
power of classifiers and simplify the sample composition
fit by including the predicted signal flavor obtained through
new, more effective algorithms [25]. Additionally, we in-
corporate a larger fraction of background-only control data
into the fit to directly constrain background models from
the data, thereby reducing systematic uncertainties. These
enhancements lead to a reduction in fractional statistical
(systematic) uncertainty by 10% (50%) for the branching
fraction, and an absolute uncertainty reduction of 3% (2%)
for the 𝐶𝑃 asymmetry at a given sample size.

The results are extracted with a simultaneous fit to 𝑀bc,
Δ𝐸, C and w where C is the output of a BDT to suppress the
continuum background and w is the wrong tag probability.
Fig. 7 and Fig. 8 show the signal-enhanced data distributions
with fit projections overlaid.

Figure 7: Distributions of Δ𝐸 (left) and 𝑀bc (right) for the
𝐵0 → 𝜋0𝜋0 candidates with positive q tags. The result of the
fit to the data is overlaid (The luminosity shown in this plot is
a preliminary value).

The preliminary results are (𝐵0 → 𝜋0𝜋0) = (1.26 ±
0.20 ± 0.12) × 10−6 and 𝐶𝑃 (𝐵0 → 𝜋0𝜋0) = 0.06 ± 0.30 ±
0.05, where the first contributions to the uncertainties are
statistical and the second systematic. These measurements
achieve a precision that is either superior to or comparable
with the precision of previous best results, despite being
based on smaller datasets.

4. Rare B decays
Flavour-Changing Neutral Current (FCNC) transitions

in 𝐵 mesons are rare decays, with branching fractions typ-
ically at or below 10−5. These transitions are forbidden
at the tree level and occur via electroweak-loop diagrams,

Figure 8: Distributions of C (left) and w (right) for the
𝐵0 → 𝜋0𝜋0 candidates with positive q tags. The result of the
fit to the data is overlaid (The luminosity shown in this plot is
a preliminary value).

with further suppression arising from CKM matrix elements.
Since the SM contributions to these processes are very
small, FCNC decays are highly sensitive to potential beyond-
Standard Model (BSM) physics.

4.1. 𝐵0 → 𝛾𝛾 at BELLE and BELLE II
The double radiative decay 𝐵0 → 𝛾𝛾 is a 𝑏 → 𝑑

FCNC transition in the SM. This decay proceeds via elec-
troweak loop diagrams, with the dominant contributions
coming from box and penguin diagrams. While a long-
distance penguin contribution is theoretically possible, it is
expected to be negligible in comparison. There are several
measurements been done the most stringent upper limit
on the branching fraction is set by BABAR [26] at 90%
confidence level with (𝐵0 → 𝛾𝛾) < 3.2 × 10−7.

This decay was previously measured using a fraction of
the BELLE dataset (104 fb−1). Here, we present a search
for the 𝐵0 → 𝛾𝛾 decay with improved statistics, utilizing a
combined dataset from BELLE (694 fb−1) and BELLE II
(365 fb−1), both collected at the Υ(4𝑆) resonance.

This process is particularly challenging to study due to
only two photons in the final state, which leads to significant
background contamination. Signal decays are characterized
by two nearly back-to-back highly energetic photons in the
𝑒+𝑒− center-of-mass (c.m.) frame, as 𝐵0 mesons are pro-
duced almost at rest. A series of requirements on photon
candidates are applied to reject the background photons, a
BDT is also used to distinguish between photon and 𝐾0

𝐿
showers. A requirement on the ECL cluster hit time is also
applied to reject the out-of-time QED process. The 𝐵0 →
𝛾𝛾 signal candidates are reconstructed by combining two
photon candidates and selected using the beam-constrained
mass 𝑀bc and energy difference Δ𝐸. Another BDT is im-
plemented for 𝜋0∕𝜂 veto, we also explore a dedicated BDT
for comtinuum suppression.

The signal is extracted using a three-dimensional un-
binned maximum likelihood fit to𝑀bc,Δ𝐸 and𝐶 ′

BDT, where
𝐶 ′
BDT is the output of the BDT (the classifier for contin-

uum background suppression mentioned above) transformed
using the probability integral transformation. An extended
unbinned maximum likelihood fit was performed to the𝑀bc,
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Δ𝐸 and 𝐶 ′
BDT distributions simultaneously in BELLE and

BELLE II datasets, which is shown in Fig. 9.

Figure 9: Signal enhanced projections of Δ𝐸 and 𝐶 ′
BDT for

the 𝐵0 → 𝛾𝛾 analysis using the BELLE (top) and BELLE II
(bottom) dataset (The luminosity shown in this plot for BELLE
II is a preliminary value).

The branching fraction combined is determined to be
(3.7+2.2−1.8 ± 0.5) × 10−8 with a total signal (background) yield
of 11.0+6.5−5.5 (931 ± 31) events. With this result, we set an
upper limit of 6.4 × 10−8 at 90% confidence level. This
result represents a significant improvement over the previous
searches by the BABAR and BELLE collaborations, more
details can be found in [27].

4.2. Evidence for 𝐵+ → 𝐾+𝜈𝜈̄ decays
𝐵+ → 𝐾+𝜈𝜈̄ is a FCNC 𝑏 → 𝑠𝜈𝜈̄ transition, which is

highly suppressed in the SM. The rate of this process is very
precisely predicted: (𝐵+ → 𝐾+𝜈𝜈̄)SM = (5.6±0.4)×10−6
[28], which includes the long-distance contribution (𝐵 →
𝜏(→ 𝐾𝜈)𝜈). The predicted branching fraction with short-
distance contribution only is (𝐵+ → 𝐾+𝜈𝜈̄)SM = (4.97 ±
0.37) × 10−6, with leading theoretical uncertainty arising
from hadronic form factors.

This decay is particularly challenging to study due to
its rarity and its nature as a three-body decay, with only a
single charged track present in the final state. These factors
complicate both the detection and analysis, making the study
of this process suitable for BELLE (II). This decay channel
is one of the cleanest within the SM and is highly sensitive to
non-SM contributions. To date (before this result), no direct
observation of this decay has been made, with previous
results providing only upper limits [29, 30, 31]. BELLE II
offers distinct advantages for studying this decay, including
constraints from known initial state kinematics and a lower
average multiplicity at the Υ(4𝑆) compared to hadronic
collisions, enhancing the ability to isolate and analyze the
decay events.

We used a 365 fb−1 BELLE II dataset to exploit the
inclusive properties of the accompanying𝐵-meson inΥ(4𝑆)
events to suppress background from other decays of the

signal 𝐵-candidate and light-quark pair production. This
method, which leverages the inclusive properties of the 𝐵-
meson produced alongside the signal 𝐵-meson, is referred
to as the Inclusive Tagging Analysis (ITA). To validate the
measurement, we performed an auxiliary analysis based on
the conventional hadronic reconstruction of the accompa-
nying 𝐵-meson, referred to as Hadronic Tagging Analysis
(HTA). The HTA delivers tighter background control but
lower signal reconstruction efficiency, which is in comple-
mentary to ITA.

For background suppression, we exploit distinct signal
features using machine learning methods trained with sim-
ulated data. The signal-reconstruction efficiency and back-
ground suppression are validated through various control
channels. There are two Boosted Decision Tree (BDT) in-
volved, the signal region is defined to be the region with
BDT1 > 0.9 and 𝜂(BDT2) > 0.92, where the 𝜂(BDT2) is
a mapped variable of BDT2 to make a uniform distribution
for signal events. The signal region is further divided into a
4 × 3 intervals in the 𝜂(BDT2)×𝑞2rec space, where 𝑞2rec is the
mass squared of the neutrino pair and defined as

𝑞2rec = 𝑠∕(4𝑐4) +𝑀2
𝐾 −

√

𝑠𝐸∗
𝐾∕𝑐

4,

assuming the signal 𝐵 meson to be at rest in the 𝑒+𝑒− c.m.
frame. Here 𝑀𝐾 is the known mass of 𝐾+ mesons and 𝐸∗

𝐾
is the reconstructed energy of the kaon in the c.m. system.
For HTA, one BDT is used to suppress the backgrounds and
region with 𝜂(BDTh) > 0.4 is defined as the signal region.

We have conducted dedicated studies to address uncer-
tainties arising from various aspects of the analysis. For
instance, on the signal side, we included a dedicated sys-
tematic uncertainty for kaon identification and fake rate. The
signal selection efficiency was validated using embedded
samples, and specific checks were performed for continuum
background normalization, 𝐾0

𝐿 detection efficiency, and the
rescaling of 𝐵 → 𝐾+𝐷(→ 𝐾0

𝐿𝑋)decays, etc. These efforts
ensure a comprehensive assessment of potential uncertain-
ties in the measurement.

The signal yields from ITA were extracted by performing
a 2-D fit in bins of [𝜂(BDT2), 𝑞2rec]. The post-fit yields in
different signal region with ITA method is shown in Fig.
12, while the post-fit yields from HTA was shown in Fig.
11. The branching fraction obtained from ITA is (𝐵+ →
𝐾+𝜈𝜈̄) = (2.7 ± 0.5 ± 0.5) × 10−5 with a significance
of 3.5 standard deviations with respect to the background-
only hypothesis, and 2.9 standard deviations with respect to
the SM prediction. The branching fraction extracted from
HTA is (𝐵+ → 𝐾+𝜈𝜈̄) = (1.1 ±+0.9

−0.8 ±
+0.8
−0.5) × 10−5. The

overlap of data sample between ITA and HTA is around 2%
of the ITA sample. The results are combined by removing
the HTA events from ITA, yielding a branching fraction of
(𝐵+ → 𝐾+𝜈𝜈̄) = (2.3 ± 0.5±+0.5

−0.4) × 10−5. The combined
results has a significance of 3.5 standard deviations with
respect to background-only hypothesis and 2.7 relative to
SM prediction, providing the first evidence of the 𝐵+ →
𝐾+𝜈𝜈̄ process [32].
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Figure 10: Observed yields and fit results in bins of the
𝜂(BDT2)×𝑞2rec space obtained by the ITA simultaneous fit to
the off- and on- resonance data, corresponding to an integrated
luminosity of 42 and 365 fb−1, respectively. The yields are
shown individually for the 𝐵+ → 𝐾+𝜈𝜈̄ signal, neutral and
charged 𝐵-meson decays and the sum of the five continuum
categories. The yields are obtained in bins of the 𝜂(BDT2)×𝑞2rec
space. The pull distributions are shown in the bottom panel
(The luminosity shown in this plot is a preliminary value).

Figure 11: Observed yields and fit results in bins of the 𝜂(BDTh)
obtained by the HTA method (The luminosity shown in this
plot is a preliminary value).

5. Study of Υ(10753) at BELLE II
The Υ(10753), a bottomonium-like vector state, was

observed in the cross-section for the process of 𝑒+𝑒− →
𝜋+𝜋−Υ(𝑛𝑆) (n=1,2,3) by BELLE and in fits to the 𝑒+𝑒− →
𝑏𝑏̄ cross-sections at energies

√

𝑠 from 10.52 to 11.02 GeV.
The mass and width of this state are measured to be 𝑀 =
(10753 ± 6) MeV∕c2 and Γ = (36+18−12) MeV, respectively.
Various interpretations have been proposed for this structure,
including a conventional bottomonium state, a hybrid, or

Figure 12: The value for each scan point is determined by
fitting the data, where all parameters but 𝜇 are varied (The
luminosity shown in this plot is a preliminary value).

a tetraquark state, but no definitive explanation has been
established so far. Further measurements of the properties
and decay modes of the Υ(10753) are crucial for advancing
our understanding of its nature and for testing theoretical
predictions.

We present an analysis of Υ(10753) → 𝜋+𝜋−Υ(𝑛𝑆)
(n=1,2,3) using new, large samples of electron-positron col-
lision data corresponding to 19.6 fb−1 collected explicitly
for this purpose by the BELLE II experiment. We reconstruct
decays to 𝜋+𝜋−Υ(𝑛𝑆) final states, with the Υ(𝑛𝑆) decaying
to a 𝜇+𝜇− pair, at

√

𝑠 in the 10.6–10.8 GeV range. We mea-
sure and fit the Born cross sections (𝜎𝐵) for these processes
as a function of

√

𝑠 to obtain the Υ(10753) mass and width.
We also search for intermediate states to study the

internal decay dynamics, such as 𝑒+𝑒− → 𝑓0(980)[→
𝜋+𝜋−]Υ(𝑛𝑆) and exotic states like 𝑒+𝑒− → 𝜋±𝑍𝑏(10610
, 10650)±[→ 𝜋±]Υ(𝑛𝑆).

The Born cross sections as a function of energy are
shown in Fig. 13. The signal for𝜋+𝜋−Υ(1𝑆) and𝜋+𝜋−Υ(2𝑆)
are observed with greater than 8𝜎 significance, while no
evidence for 𝜋+𝜋−Υ(3𝑆). The observation of Υ(10753) is
in agreement with BELLE results.

The processes 𝑒+𝑒− → 𝜔𝜂𝑏(1𝑆) and 𝑒+𝑒− → 𝜔𝜒𝑏0(1𝑃 )
are also studied at

√

𝑠 = 10.745 GeV. In the tetraquark
mode, the decay rate of Υ(10753) → 𝜔𝜂𝑏(1𝑆) should
be strongly enhanced compared to that of Υ(10753) →
𝜋+𝜋−Υ(𝑛𝑆). Given that the 𝜂𝑏(1𝑆) and 𝜒𝑏0(1𝑃 ) do not have
exclusive decay channels with a large product of efficiency
and branching fraction. Thus the partial reconstruction of
an 𝜔 is done in 𝜋+𝜋−𝜋0 decay and the recoil mass is
extracted and used to extract the signal. The fit results of
𝑀recoil(𝜋+𝜋−𝜋0) for the decays 𝑒+𝑒− → 𝜔𝜂𝑏(1𝑆) and
𝑒+𝑒− → 𝜔𝜒𝑏0(1𝑃 ) are shown in Fig. 14. No significant
signals are observed, indicating that the tetraquark model
are not supported by these results. This study has been
summarized in [33].
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Figure 13: Born cross sections for 𝜋𝜋 → Υ(1𝑆)(top), 𝜋𝜋 →
Υ(2𝑆) (middle), and 𝜋𝜋 → Υ(3𝑆)(bottom), with fit results
overlaid. Points with error bars show measured cross sections,
solid curves are the results of the simultaneous fit results.

Figure 14: Distribution of 𝑀𝑟𝑒𝑐𝑜𝑖𝑙(𝜋+𝜋−𝜋0) for the 𝜋+𝜋−Υ(1𝑆)
(left) and 𝜋+𝜋−Υ(2𝑆) (right) candidates. The top distributions
show data points with the fit function overlaid, and the bottom
shows the data with the background component of the fit
function subtracted. The solid histogram shows the fit function
for the best fit; the dashed histogram shows the same function
with the 𝐽 = 0 yield fixed to the upper limit and 𝐽 = 1, 2
yield set to 0.

6. Inputs to the 𝑔𝜇 − 2 anomaly
A discrepancy of approximately five standard deviations

has been observed between the world average of the muon
anomalous magnetic moment, defined as 𝑎𝜇 ≡ (𝑔𝜇 − 2)∕2,
measured by experiments at BNL [34] and FNAL [35, 36],
and SM predictions based on dispersion relations has been
reported [37, 38, 39]. The hadronic vacuum polarization
(HVP) contribution is the primary source of uncertainty

in the SM prediction, accounting for over 80% of the cur-
rent theoretical uncertainty. Discrepancies between mea-
surements of the cross section have an impact on the uncer-
tainty in the HVP contribution to the 𝑎𝜇, 𝑎HVP𝜇 . In the 𝜋+𝜋−
final state, the long-standing difference from experimental
values between BABAR [40] and KLOE [41] contributes
to the systematic uncertainty in 𝑎HVP𝜇 . A recent result from
CMD-3 [42, 43] suggests a value closer to the SM prediction.
Additionally, recent lattice QCD-based prediction shows a
2-3𝜎 difference compared to the values based on dispersion
relations, reducing the overall discrepancy to about 1-2𝜎.
Therefore, it’s crucial to perform additional experimental
measurements to clarify this situation.

We present a new measurement of the cross section
for 𝑒+𝑒− → 𝜋+𝜋−𝜋0 in the energy range from 0.62 to
3.50 GeV using a 191 fb−1 data sample from the BELLE
II experiment and applying an initial-state radiation (ISR)
technique [44]. The 𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross section has
been measured previously by several 𝑒+𝑒− experiments. The
average uncertainty is quoted as 3% but doesn’t include the
recent BABAR result [44], which has 1.3% precision. A
global fit including the BABAR result achieves a precision
of 1.2% [45].

This analysis builds upon the BABAR 2021 measure-
ment in several key aspects. we reconstruct 𝑒+𝑒− → 𝜋+𝜋−𝜋0𝛾
candidates following an initial event selection, extracting
the signal by fitting the two-photon mass distribution as
a function of 𝜋+𝜋−𝜋0 mass and determining the yield of
𝜋0 → 𝛾𝛾 decays. The 3𝜋 mass spectrum is features the
𝜔(782) and 𝜙(1020) resonances below 1.05 GeV∕c2, the
𝜔(1420) and 𝜔(1650) in the range 1.1-1.8 GeV∕c2, and
𝐽∕𝜓 at 3.09 GeV∕c2. Control samples were utilized to
estimate the background, which was subsequently subtracted
from the observed spectrum. The spectrum was then un-
folded to correct for detector resolution effects. The signal
efficiency was obtained from simulation and adjusted for
discrepancies between data and simulation using various
control samples. The key systematic uncertainties include
signal selection efficiency and data-MC corrections, with
the largest contributions coming from tracking efficiency,
ISR photon detection efficiency, 𝜋0 detection efficiency, and
trigger efficiency.

The cross section for this process is given in Fig. 15
compared with previous results.

The systematic uncertainty of the cross section is about
2.2% at the 𝜔 and 𝜙 resonances, where the cross section is
relatively large. At other energies, the precision is limited
by the statistical uncertainty. The resulting contribution, at
leading order in HVP, to the muon anomalous magnetic
moment is 𝑎3𝜋𝜇 = (48.91 ± 0.23 ± 1.07) × 10−10 in the 𝜇
0.62–1.8 GeV energy range. The BELLE II result differs
by 2.5𝜎 from the current most precise measurement [44]
and global fits [45]. Our next step would be to conduct
the measurement in the 𝜋+𝜋− final state. This analysis is
summarized in [46].
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Figure 15: Observed 𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross section as a function
of energy compared with previous results. Each panel covers a
different energy range. Circles with error bars are the BELLE II
results, squares are the BABAR results, triangles are the SND
results, and diamonds are the CMD-2 results.

7. Conclusion and Prospects
The BELLE and BELLE II experiments have been and

will continue to be able to collect excellent data for var-
ious physics programs. We selectively presented some of
the recent highlights including the testing of lepton-flavor
university by the inclusive test of the 𝑏 → 𝑐𝜏𝜈 and a light-
lepton universality tests in 𝜏 decays, measurement of CKM
matrix elements, searching for the FCNC transitions in 𝐵
decays, also the spectroscopy. We also provide inputs to the
predicition of 𝑔𝜇 − 2. We look forward to collect more data
in the coming years and push the boundaries of the precise
of the measurements.
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