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We present the first search for the lepton-flavor-violating decay modes B0 → K0
Sτ

�l∓ (l ¼ μ; e) using
the 711 and 365 fb−1 data samples recorded by the Belle and Belle II detectors, respectively. We use a
hadronic B-tagging technique to fully reconstruct a B meson and search for signal decays in the system
recoiling against the tagged meson, considering τ decays to either light leptons, one charged hadron, or one
charged hadron and a neutral pion. We find no evidence for B0 → K0

Sτ
�l∓ decays and set 90% confidence

level upper limits on the branching fractions in the range of ½0.8; 3.6� × 10−5.

DOI: 10.1103/yzvh-v3hm

Recent anomalies observed in semileptonic B decays,
particularly in transitions like b → cτν [1], may indicate
deviations from lepton flavor universality. According to
this principle, the three generations of leptons are expected
to interact identically with gauge bosons, except for mass
differences. Any experimental deviation from the standard
model (SM) predictions would suggest the existence of new
heavy particles, such as leptoquarks or Z0 bosons [2–4],
with preferential couplings to third-generation leptons.
Recently, Belle II reported a b → sνν̄ excess and obtained
the branching fraction BðBþ → Kþνν̄Þ ¼ ð2.3� 0.7Þ ×
10−5 [5], which is 2.7 standard deviations (σ) larger than
the SM expectation. If confirmed, this would not only be
physics beyond the standard model (BSM), but could also
reflect off-diagonal couplings between leptons of different
flavors [2,6]. These BSM couplings can enhance the rate of
lepton-flavor-violating (LFV) B decays to observable
values. Reference [6], starting from the Bþ → Kþνν̄
excess, predicts an enhancement of BðB → Kτ�μ∓Þ to
½2; 3� × 10−6, which is close to the current experimental
sensitivity. The BSM models [2–4] predict significant
enhancements in the branching fractions of processes such
as b → sτl, with the effect being enhanced due to the
coupling of the third-generation b quark with the heaviest
lepton, τ. This results in a notable increase in the branching
fractions of B → Kτ�l∓ðl ¼ μ; eÞ decays and provides a
potential experimental window into BSM physics.

BABAR performed the first LFV searches in Bþ →
Kþτ�l∓ modes and set upper limits (ULs) on their branching
fractions in the range of ½1.5; 4.5� × 10−5 at 90% confidence
level (CL) [7]. Belle provided the most stringent UL on the
Bþ → Kþτþμ− decay of 6 × 10−6 at 90% CL using 772 ×
106 BB̄ pairs [8], significantly better than LHCb’s limit of
3.9 × 10−5, obtained with 9 fb−1 of pp collision data [9].
Moreover, LHCb set ULs on B0 → K�0τ�μ∓ decays in the
range of ½0.8; 1.0� × 10−5 at 90% CL [10].
In this Letter, we present the first search for the LFV

decays B0 → K0
Sτ

�l∓ðl ¼ μ; eÞ. We employ a hadronic
B-tagging technique, and then use the recoil mass to
reconstruct the mass of the τ. Our results are based on a
combined analysis of 772 × 106 BB̄ pairs (711 fb−1) from
Belle and 387 × 106 BB̄ pairs (365 fb−1) from Belle II
(2019–2022). The advantage of using K0

S over K
þ and K�0

in B → Kτl decays is that its clean K0
S → πþπ− signature

eliminates backgrounds from K − π misidentification, dem-
onstrating the unique strengths of Belle and Belle II’s
hermetic detectors.
Belle operated at the KEKB asymmetric-energy collider

with electron (positron) beam energies of 8.0(3.5) GeV [11].
Belle II operates at the successor, SuperKEKB, designed
to deliver 40 times higher instantaneous luminosity than
KEKB, with electron (positron) beam energies of 7(4) GeV
[12]. The Belle II detector [13] is an upgraded version of the
Belle detector [14], including a vertex detector (VXD),
composed of two inner layers of pixel detectors and four
outer layers of double-sided strip detectors, a central drift
chamber (CDC), a time-of-propagationdetector in the central
detector volume and an aerogel ring-imaging Cherenkov
detector in the forward region, and an electromagnetic
calorimeter (ECL). All these subdetectors are located inside
the same solenoid as in Belle, with a K0

L-Muon detector
(KLM) instrumented in the yoke.
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The analysis procedure is first developed using simu-
lation and validated with real-data control samples
(B0 → D−π, B0 → Dþ

s D−) before being applied to colli-
sion data. EvtGen [15] is used to model B decays with final-
state radiation simulated by PHOTOS [16]. The B0 →
K0

Sτ
�l∓ signal channels are modeled using an uniform

three-body phase-space model. The KKMC [17] and PYTHIA

[18] packages are used to simulate the eþe− → qq̄ con-
tinuum (q ¼ u, d, s, c). The detector responses are modeled
by GEANT3 [19] for Belle and GEANT4 [20] for Belle II. We
use the Belle II analysis software framework (basf2) [21] to
reconstruct the events for both Belle and Belle II data.
The Belle data are converted to the Belle II format for basf2
compatibility using the B2BII framework [22].
In each BB̄ pair, if one B meson, Bsig, decays to a final

state involving neutrinos, such as that searched for in the
present work, it cannot be fully reconstructed as neutrinos
escape the detector. However, the presence of missing
energy and momentum can be inferred from the other B̄
meson. This process is called tagging, with the other B̄
meson referred to as Btag. We require a fully reconstructed
Btag using the hadronic full-event-interpretation (FEI)
algorithm [23], a machine-learning based algorithm devel-
oped for B-tagging analyses at Belle and Belle II. Each
reconstructed Btag candidate is assigned a multivariate
classifier output, PFEI, ranging from zero (background-
like) to one (signal-like). To constrain the Btag kinematics,
we require the beam-energy-constrained mass Mbc ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEbeam=c2Þ2 − ðp⃗Btag

=cÞ2
q

> 5.27 GeV=c2, and the

energy difference ΔE ¼ EBtag
− Ebeam to satisfy −0.15 <

ΔE < 0.1 GeV. Here, Ebeam, EBtag
, and p⃗Btag

denote the
beam energy, and the energy and momentum of the Btag

candidate in the eþe− center-of-mass frame, respectively. If
multiple Btag candidates are reconstructed in a single event,
the one with the highest PFEI is chosen, and candidates
satisfying PFEI > 0.001 are retained. Using these criteria,
the B tagging has an average efficiency of 0.59% and a
purity of 44%, corresponding to 6.8 × 106 tagged B0

mesons. Here, purity is the ratio of reconstructed or
expected signal events to total events in the signal region.
Combining the visible particles from Bsig with the fully
reconstructed Btag, we can kinematically constrain the
undetected neutrinos as possible products of a τ decay.
Tracks and clusters not associated to Btag are used to

reconstruct the Bsig, whose flavor is assumed to be opposite
to that of the Btag candidate. The BSM couplings between
bτ and bl, or between sτ and sl, can be different, leading
to an asymmetric differential decay rate between b →
sτþl− and b → sτ−lþ [see Eq. (9) in Ref. [2] ]. To address
this and the different background characteristics, we dis-
tinguish signal channels by the (fractional) charge of the
b quark and the primary lepton (l): same-sign SSl
(B0 → K0

Sτ
−lþ) and opposite-sign OSl (B0 → K0

Sτ
þl−).

Because of B0-B̄0 mixing, a small fraction (χd) [24] of SSl
decays are classified as OSl decays, and vice versa. The
τ candidates are reconstructed via τ → eνν̄; μνν̄; πν, or
ρð→ππ0Þν, covering over 70% of τ decays [24]. Signal
channels are formed by combining a K0

S, a l, and a
τ prong (tτ ¼ e=μ=π=ρ).
We reconstruct K0

S candidates from a pair of oppositely
charged tracks assumed to be pions, with a common vertex.
We use a standard momentum-binned K0

S selection that
includes requirements on the K0

S flight information [25].
The K0

S reconstruction achieves over 98% purity, and most
background events also contain true K0

S candidates.
To select l and tτ charged track (e=μ=π=ρ → π), we

require the transverse (d0) and longitudinal (z0) projection
of the distance of closest approach to the origin to be less
than 0.5 cm and 5.0 cm to reduce misreconstructed or
spurious tracks from beam-induced background. At least
20 hits in the CDC are required. For Belle, we use
information from the KLM only to identify muon candi-
dates, while for Belle II, we use information from all
subdetectors except the VXD. Muon candidates are
required to have momenta greater than 0.6 GeV=c to
sufficiently penetrate the KLM. This selection has an
efficiency of 89% with a pion misidentification rate lower
than 2.5% for both samples [26]. Electrons are required to
have momenta greater than 0.3 GeV=c to lie in the
acceptance of the ECL. For Belle, electrons are identified
using the information from the ECL, CDC, and aerogel
threshold Cerenkov counter, respectively. For Belle II, the
electron identification uses a boosted-decision-tree (BDT)
classifier trained with information from all subdetectors
except the VXD. The electron identification has an effi-
ciency of 92% (86%) and a pion misidentification rate
below 0.3% (0.5%) for Belle (Belle II) [27]. To recover
electron candidates with bremsstrahlung, we accept pho-
tons with a minimum energy of 50 MeV that are within a
50 mrad angle of an electron track. Pion candidates for tτ
reconstruction are selected using particle identification
(PID) likelihoods using information from the aerogel
threshold Cerenkov counter, CDC, and time-of-flight
scintillation counters for Belle. For Belle II, information
from all the subdetectors except the VXD is used. This
achieves a pion identification efficiency of 85% (83%) and
a kaon misidentification rate of 6% (8%) for Belle
(Belle II).
The τ → ρð→ππ0Þν mode, the most probable τ decay

channel (B > 20%), has never been used in B → Kτl
analyses [7–9]. Understanding this mode is crucial for
improving the kinematic properties of tτ and enhancing
background rejection strategies. However, reconstruction is
challenging due to contamination from misidentified π0

candidates formed from clusters associated with hadronic
interactions or photons from beam-related background. To
reconstruct the clean τ → ρν mode, photons are selected
with energies above 50(60), 100(75), and 150(100) MeV in
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the barrel, forward, and backward end caps for Belle
(Belle II). We developed classifiers to suppress these
backgrounds using BDTs. The common cluster features
are energy, polar angle (relative to the beam pipe), lateral
energy distribution [28], distance between the cluster and
its nearest track, and fraction of cluster energy detected in
the central part. For Belle II classifiers, we include addi-
tional features: the time difference between the collision
and reconstructed cluster, outputs of classifiers using eleven
Zernike moments [29], and identifiers for electromagnetic
or hadronic showers using pulse shape discrimination [30].
For Belle, additional features include azimuthal angle,
number of crystals in the cluster, and energy in the most
energetic crystal. On average, the classifiers reduce back-
grounds by 90% with a π0 efficiency of 70%, including the
selection 0.125 < Mπ0 < 0.145 GeV=c2. The ρ candidates
are selected with 0.60 < Mππ0 < 0.94 GeV=c2. If multiple
candidates exist (occurring in 7% of events), one is chosen
randomly.
The rest-of-event (ROE) consists of the tracks and

clusters not used in Btag and Bsig. We select events without
any track in the ROE having jd0j < 10 cm and
jz0j < 20 cm. The ROE clusters are required to satisfy
the same selection criteria as the photons used for π0

reconstruction. If the tτ candidate is identified with multiple
particle hypotheses, we assign a single one according to the
following priority order (based on the purity of the modes):
muon, electron, and pion. We require the τ → πν mode to
have no additional π0 candidate in the ROE to avoid double
counting with the τ → ρν mode.
The Bsig momentum is equal in magnitude and oppo-

site in direction to that of Btag, p⃗Btag
, and the Bsig energy is

equal to Ebeam in the center-of-mass frame. Therefore, the
τ momentum and energy are given by

p⃗τ ¼ −p⃗Btag
− p⃗K0

S
− p⃗l;

Eτ ¼ Ebeam − EK0
S
− El;

from which we reconstruct the recoil Mτ according to
Eq. (1). The signal yields are then extracted from Mτ, as
signal events peak at the known τ mass [24], while the
background remains flat without any peaking structures in
the simulation. When tτ is μ or e (i.e., when there are two
leptons in Bsig), it is possible to form both SSl and OSl
candidates, but this does not bias the signal yield as
misassigned candidates do not peak in Mτ,

Mrecoil ¼ Mτ ¼
h
m2

B þM2
K0

Sl
− 2

�
EbeamEK0

Sl

þ jp⃗Btag
jjp⃗K0

Sl
j cos θ

�i1
2: ð1Þ

Here, mB is the known B0 mass [24];MK0
Sl
, EK0

Sl
, p⃗K0

Sl
are

the mass, energy, and momentum of the system composed

of the K0
S and l, respectively; θ is the angle between

p⃗Btag
and p⃗K0

Sl
. The Mτ resolution is approximately

25 MeV=c2 for both Belle and Belle II simulations.
The background after the preselection is mainly decays

arising from b → c transitions. Events with B0 →
Dð�Þ−ð→K0

St
−XÞlþν decays, where the reconstructed pri-

mary lepton originates from semileptonic B0 decay and
a track t− from Dð�Þ− is misinterpreted as coming from the
τ decay, with X representing any other particles, constitute
the dominant source of background in SSl modes. If B0 →
Dð�Þ−lþν undergoes a flavor transformation due to B0-B̄0

mixing, this results in a change in the signs of the final
states (B̄0 → Dð�Þþl−ν̄) and provides the appropriate sign
configuration for the final state in OSl modes.
Additionally, the reconstruction of the primary lepton from
Bsig tends to favor a higher momentum lepton originating
from the B0 meson. Consequently, semileptonic B decays
are the primary background in both SSl and OSl modes.
As the K0

S and tτ come from a D meson, we require the
invariant mass ofK0

S and tτ to be greater than 1.91 GeV=c2,
i.e., greater than the D meson mass accounting for
resolution. For τ → ρν decay, we require MK0

Sρ
to be

greater than 2.1 GeV=c2 due to the poor mass resolution
resulting from the presence of a π0 candidate. Because
B0 → K0

SJ=ψð→lþl−Þ background can pass our selection
criteria, events in the range 3.00 < Mtτl < 3.14 GeV=c2

are rejected when l is an electron (muon) for the τ →
eðμÞνν̄ mode. To suppress the photon conversion back-
ground, we require Mtτl, in this case Meþe− , to be greater
than 0.15 GeV=c2.
Continuum qq̄ events can be distinguished from BB̄

events by exploiting their difference in event topologies.
We use sphericity-related variables [31] and require the
cosine of the angle between the thrust axis of Btag and the
other particles not used in Btag (cos θT) to be less than 0.9.
These selections reduce the qq̄ background by 86% and
retain 88% of the signal for both samples.
After the above selection criteria, the background con-

sists of charm meson semileptonic decays with a K0
S and l

in their final state, other BB̄ decays, and qq̄ events. For each
signal mode, BDT classifiers are trained with 11 features to
suppress the residual backgrounds. These features include
MK0

Sl
, which helps to suppress the background from charm

meson semileptonic decays, the sum of ECL cluster
energies in the ROE, energies of the l and tτ, event-shape
variables, and modified Fox-Wolfram moments [32], which
help to reduce the qq̄ background. The same BDT output
criterion are used for Belle and Belle II because of the
similar performance, determined using figure of merit
ϵsig=½ða=2Þ þ

ffiffiffiffiffiffiffiffiffi
Nbkg

p � [33]. Here, ϵsig is the signal effi-
ciency, Nbkg is the expected background yield, and a ¼ 3

represents the target significance in terms of standard
deviations. The BDT selection results in an average signal
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efficiency of about 75% and rejects 90% of the remaining
background.
The purity in the simulations is similar in Belle and

Belle II for every channel after applying all selection
criteria, so the two datasets are merged. To extract the
signal yield, we do a single unbinned-maximum-likelihood
fit to the Mτ distribution of the combined dataset. The pro-
bability density function (PDF) used to model theMτ signal
distribution is a Johnson function [34]. The parameters that
describe the signal shape are fixed to the values obtained
from the fit to the simulated samples. Background events
have a smooth distribution in the Mτ fit region, modeled
using a second-order polynomial. To validate the fitting
procedure, we generate large ensembles of simulated
experiments, in which the Mτ distributions are produced
from the PDFs used for fitting. Comparisons of the
simulated and measured signal yields indicate no obvious
bias.
The B0 → D−πþ sample is used to calibrate Btag

efficiency. We reconstruct Btag using the FEI and a high
momentum πþ, then compute Mrecoil to observe the D
signal using Eq. (1). The yield ratio RFEI ¼
Ndata=Nsimulation ¼ 0.74� 0.04ð0.81� 0.04Þ is taken as
the calibration factor for the Btag efficiency in Belle
(Belle II).
The B0 → Dþ

s D− sample is used to calibrate the signal
PDF and BDT selections. The D− mass is reconstructed
similarly to the τ mass in the signal decays. We reconstruct
neutral Btag candidates using the FEI algorithm and Dþ

s ,
sharing the same momentum range as K0

Sl, through the
decays ϕð→KþK−Þπþ and K0

SK
þ and a charged track from

D as tτ. The distribution of the mass recoiling against the
Btag and Dþ

s system is shown in Fig. 1 and clear signals for
D− and D�− are visible. The B0 → Dþ

s D�− component is
also fitted but we do not use it due to its lower purity. The
B0 → Dþ

s D− signal PDF is modeled by the Johnson
function and the parameters are fixed in the fits, except
the mean, while the background is described by an
exponential function with floating yield and shape param-
eters. We introduce a scale factor f to account for data-
simulation difference on the width from signal simulation.
The f ratio, determined to be 1.04� 0.15, is used as
a correction factor for the width. The value of BðB0 →
Dþ

s D−Þ is measured to be ð10.1� 1.2Þ × 10−3, consistent
with the world-average value [24] within 2σ, and serves as
a closure test of the entire analysis chain. To validate the
BDT performance, we apply it to B0 → Dþ

s D− events. The
efficiency is derived from B0 → Dþ

s D− yields before and
after BDT selection using Mrecoil fits. The data-simulation
efficiency ratios (RBDT) are 0.93� 0.17, 0.96� 0.16,
0.92� 0.16, and 0.96� 0.18 for the OSμ, SSμ, OSe,
and SSe modes, respectively.
Figure 2 shows the Mτ fits to data for B0 → K0

Sτ
�l∓

decays. There is no significant signal in any of the fit

channels. We translate the number of observed events Nsig

into a branching fraction B using the expression

B ¼ Nsig

ϵ × 2NBB̄ × ð1þ fþ−=f00Þ−1
; ð2Þ

where ϵ is the efficiency after RBDT and RFEI calibrations.
The efficiency also includes the branching fractions of K0

S,
τ, ρ, π0, and the effect of B0-B̄0 mixing (i.e., signal loss in
mixed events) in the simulation. In the case where the true
branching fractions are zero, the resulting estimates are
unbiased. We use NBB̄ ¼ 1159 × 106, which is the total
number of BB̄ pairs for the combined datasets, and
fþ−=f00 ¼ 1.052� 0.031, which is the ratio of
B½ϒð4SÞ → BþB−� to B½ϒð4SÞ → B0B̄0� [1].
We obtain ULs on the signal yields using pseudoexperi-

ments. They are generated using background and signal
PDFs for different values of the signal branching fractions,
performing 10 000 fits for each value. We then define NUL

sig
at 90% CL as the signal yield for which 10% of the
experiments have fit yields less than the observed Nsig in
data. Systematic uncertainties are included by smearing the
Nsig distribution obtained from the pseudoexperiments with
the fractional systematic uncertainty, which has an effect of
less than 1% on the mean Nsig. The ULs on the branching
fractions BUL are then obtained from NUL

sig using Eq. (2).
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FIG. 1. Fit to the recoil mass of the Btag and Dþ
s system for

simulation (upper) and data (lower) with the combined Belle and
Belle II samples.
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Our UL estimation is conservative because we only
reconstruct B0-B̄0 events, not B0-B0 and B̄0-B̄0 events,
and we include B0-B̄0 mixing in the evaluation of the
efficiency [Eq. (2)]. Table I summarizes the efficiency, fit
results, and observed ULs at 90% CL for the four channels.
Expected ULs, derived from the no-signal assumption, are
in the range ½2.1; 2.2� × 10−5.
The primary source of systematic uncertainty arises from

the BDT selections, which is 16%–18%, based on the
uncertainty in RBDT using the B0 → Dþ

s D− sample. Using
the same sample, the uncertainty from the signal PDF is
15%. This includes the uncertainties in width (uncertainty
of the width correction factor), mean (deviation from
nominal D mass in the data fit), skewness, and Gaussian
component strength of the Johnson function, estimated
using a new PDF reweighted by mode-dependent calibra-
tion factors for the dominant B-tagging modes. The
uncertainty in the Btag efficiency is taken from the uncer-
tainty of RFEI (4%). The small difference (0.8%–1.6%)

in the validation of the fitting procedure is treated as
the associated uncertainty. The uncertainty in K0

S recon-
struction is estimated to be 1.1% using a D�þ → πþD0,
D0 → K0

Sπ
þπ− sample. The Belle PID uncertainties are

evaluated using J=ψ → lþl− and D�þ → D0ð→K−πþÞπþ
samples to be 0.3%, 0.4%, and 1.0% for muons, electrons,
and pions, respectively. The Belle II PID uncertainties for
muon, electron, and pion are 0.5%, 1.0%, and 1.0%,
respectively, which are obtained using the samples
described in Ref. [35]. The uncertainty from the π0

reconstruction is 1.3% using Bþ → K�þð→Kþπ0ÞJ=ψ
and D�− → D̄0ð→Kþπ−π0Þπ− samples. The uncertainty
for the requirement that there is no additional π0 candidate
in the ROE in the τ → πν mode is 1.0% using
BtagBð→K0

SJ=ψÞ events. The uncertainties arising from
NBB̄, fþ−=f00, and the branching fractions of K0

S; τ; ρ, and
π0 decays [24] are 1.1%, 1.5%, and 0.7%, respectively. For
sources with different systematic uncertainties in Belle and
Belle II, we calculate the total multiplicative values by
weighting the individual uncertainties according to the
integrated luminosities of the two samples. The total
systematic uncertainties are 24%, 22%, 23%, and 24%
for OSμ, SSμ, OSe, and SSe modes, respectively.
In summary, we have searched for B0 → K0

Sτ
�l∓ for the

first time using Belle and Belle II datasets. This is also the
first direct search for LFV in B decays using the Belle II
dataset. The ULs on the branching fractions at 90% CL are

BðB0 → K0
Sτ

þμ−Þ < 1.1 × 10−5;

BðB0 → K0
Sτ

−μþÞ < 3.6 × 10−5;

BðB0 → K0
Sτ

þe−Þ < 1.5 × 10−5;

BðB0 → K0
Sτ

−eþÞ < 0.8 × 10−5:

The results for B0 → K0
Sτ

�e∓ are the most stringent ULs
on b → sτe transitions, and those for B0 → K0

Sτ
�μ∓ are

among the best limits on b → sτμ transitions [7–10]
achieved to date. These results are approaching the poten-
tial BSM enhancement level of Oð10−6Þ implied by Bþ →
Kþνν̄ result [5]. Additionally, we provide the selection
efficiency of the phase-space model as a function of
ðM2

τl;M
2
K0

Sl
Þ in Supplemental Material [36] to allow these

results to be reinterpreted in specific BSM models.
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