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SuperKEKB/Belle II for  physicsτ−

KEK
Tsukuba  

Japan

KEKB (1999-2010)  collider at 10.58 GeV:
• Recorded luminosity 

SuperKEKB  collider at 10.58 GeV:
•World Record instantaneous luminosity = 
•Recorded luminosity = 
•Run 1 =  ( )

Strengths for  physics:
•High cross-section: 

 

•Good missing energy reconstruction:
•Clean collision environment
•Hermetic detector (90% solid angle coverage)

•Excellent vertexing and track reconstruction 
•Good particle identification (leptonID,  separation)

e−e+

≈ 1 ab−1

e−e+

5.1 × 1034 cm−2s−1

575 fb−1

424 fb−1 363 @ Υ(4S) + 61 off-resonance

τ−

σ(e−e+ → Υ(4S)) = 1.05 nb
σ(e−e+ → cc) = 1.3 nb

σ(e−e+ → τ−τ+) = 0.92 nb

π/K

-factoryB, c and τ
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Belle II  Physicsτ−

The  is the heaviest lepton in the SM:
•Decays into leptons and hadrons
•Decays into one or three final-state particles
•Sensitive to more new physics models 
(large mass)

τ−

Tests of the standard 
model (SM):

•  mass 
•  lifetime 
• Electric/Magnetic DM 
•  measurement 
• Lepton flavour 
universality 

• Michel parameters 
• CP violation 

τ−

τ−

Vus

Direct new physics 
searches:

• Lepton flavour violation 
(LFV) 

• Baryon number violation 
(BNV) 

• Heavy neutrinos 
…

 

81%: one charged 
particle final state
14%: three
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*In this talk
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Working with  at Belle (II)τ−

In ,  pairs are produced back to back and boosted
⇒ We can exploit the  pairs geometry by defining two hemispheres wrt to a plane perpendicular 
to the thrust axis  maximising

e−e+ τ−

τ−

̂tthrust
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T = max
̂t

∑i pCMS
i ⋅ ̂t

∑i pCMS
i

Reconstruct three kinds of topologies:

π+ π−
π+
ντ

e−

e+

ντνμ
μ−

τ−

τ+

̂tthrust

Signal side

Tag sideℓ+ νℓντ

e−

e+

ντνμ
μ−

τ−

τ+

̂tthrust

Signal side

Tag side

e−

e+

ντνμ
μ−

τ−

τ+

̂tthrust

Signal side

Tag side

Rest of 
event

1x1  
topology

3x1  
topology

Untagged

Exclusive reconstruction ⇒ Lower efficiency, higher purity Inclusive reconstruction ⇒ Higher efficiency, lower purity



Belle II - Lepton Flavour Universality Measurement
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Figure 6: The fitted distribution of the lepton candidate momentum for the muon (left)
and the electron channel (right) with the observed data. The lower plot shows the ratio
between data and the fitted number of events. The hatched area indicates the possible
variation of the fitted yields due to systematic e↵ects, with the constraints of the nuisance
parameters reduced to their fit uncertainties and correlations taken into account.

Figure 7: The most precise determinations of Rµ (left) and |gµ/ge|⌧ (right) from previous
individual measurements [11, 12] and the fit from the Heavy Flavor Averaging Group [15],
compared with the result of this work. For the left plot, the shaded areas represent the
statistical uncertainties, while the error bars indicate the total uncertainties. The vertical
dashed line indicates the standard model prediction, including mass e↵ects.
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Topology
we focus on 1-prong decays with one charged hadron and at least one π0 on the tag side

➢ large BF (~35%), low backgrounds, high trigger efficiency

➢ signal / tag - hemispheres separated by thrust vector

➢ 2 prompt tracks (|dz| < 3cm, dr < 1 cm)

➢ γ: 150MeV threshold, in CDC (no cut on multiplicity)

➢ N(π0)
tag

 > 0, eff30 list

PID selection
● tag track: E

cluster 
/ p < 0.8

● signal track: LH based μID (> 0.9), BDT based eID (> 0.5)

Data & MC
● MC15ri: all generic + low multiplicity

● proc13 + bucket 26-36 (4S) → 361.6 fb-1

Test if the W gauge bosons have the same couplings 
 as the three generations of leptons  

as predicted in the SM:
g ge = gμ = gτ

(
gμ

ge )
2

τ

= Rμ
f(m2

e /m2
τ )

f(m2
μ /m2

τ )
SM= 1

Rμ ≡
ℬ(τ− → ντμ−νμ)
ℬ(τ− → ντe−νe)

SM= 0.9726

f (x) = 1 − 8x + 8x3 − x4 − 12x2ln(x)

• Event selection is performed with rectangular cuts and a 
neural network

• 94% purity with 9.6% signal efficiency for the combined 
sample

• Main systematics are from PID (0.32%) and trigger (0.1%)

• No deviation from the SM

• World’s most precise  
and  in  decays from 

a single measurement

•

Rμ
gμ/ge τ−

Rμ = 0.9675 ±
stat.

0.0007 ±
sys.

0.0036

 is extracted with a binned maximum likelihood fitRμ

5[JHEP08(2024)205]

https://doi.org/10.1007/JHEP08(2024)205


New Physics Direct Searches
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• In SM, the Charged Lepton Flavour Violation is allowed through weak 
charged current and neutrino oscillation 

• Order   no Flavour Violation in current experiments

• Various New Physics predict Lepton Flavour Violation at observable 
rates  

• e.g leptoquarks for  related  anomalies

𝒪(10−55) ⇒

𝒪(10−8 − 10−10)
τ− → ℓ−V0 b → cτν

New Physics Predictions

Physics Models
SM 10-55

SM + Seesaw 10-10

SUSY + Higgs 10-8

SUSY + SO(10) 10-10

Non-universal Z’ 10-8

ℬ(τ− → μ−μ+μ−)

A lot of interesting decays at  colliders 
with 50 modes:
•  most accessible
•  linked to  within the Leptoquarks 
models

•  violated the Baryon number  
⇒ condition for matter/antimatter asymmetry

•  new boson candidate for dark matter

e−e+

τ− → μ−μ+μ−

τ− → ℓ−ϕ b → cτν

τ− → Λ(Λ)π−

τ− → ℓ−αMeasurements of  decays at Belle and Belle II - Lake Louise 2025 - Robin Leboucherτ
[arXiv.2203.14919]

[PhysR
evD

.77.073010]
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Figure �: Feynman diagrams for ⌧� ! µ�µ+µ� decays in the presence of
neutrino oscillations with Z�-Penguin contribution.
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µ� µ+

⌫i

⌫j

W W

Figure �: Feynman diagrams for ⌧� ! µ�µ+µ� decays in the presence of
neutrino oscillations with box diagrams contribution.

https://doi.org/10.48550/arXiv.2203.14919
https://doi.org/10.1103/PhysRevD.77.073010


Belle II -  Lepton Flavour Violationτ− → μ−μ+μ−

7Measurements of  decays at Belle and Belle II - Lake Louise 2025 - Robin Leboucherτ

e−

e+

μ−μ+μ−

τ−

τ+

̂tthrust

Signal side

Tag side
Rest of 
event

• Almost free from SM background
• Excellent resolution on energy and momentum 
• Also probed by LHC experiments 
Existing measurements:  by Belle 

                        by CMS
2.1 × 10−8

2.9 × 10−8

Signal efficiency challenge:
• Untagged  reconstruction to cover more final states
• BDT classifier: reject main backgrounds 

 using signal, rest of event 
and kinematic variables

• , 3 times Belle efficiency
• Extract expected backgrounds   
by rescaling yields from sidebands data in signal 
region (ABCD)

τ

e−e+ → qq

εsig ≃ 20.41 %
0.7+0.6

−0.5 ± 0.01

• Observed 1 event in  
• Set 90% CL upper limit on the branching fraction  

 
• World’s best limit  
• Results confirmed by a conventional 3 by 1 tag method 

424fb−1

ℬ(τ− → μ−μ+μ−) < 1.9 × 10−8

Δ
E 3

μ
=

E
C

M
3μ

−
s/

2

[JHEP09(2024)062]

https://doi.org/10.1007/JHEP09(2024)062


Belle II - /  Baryon Number Violationτ− → Λπ− τ− → Λπ−
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• BNV is a key ingredient to explain asymmetry of 
matter 
• Plenty of BSM scenari allow it 
• Belle result:  with 7.2(14) × 10−8 154fb−1

• Reconstruct 4 charged particles (0 net charge) in 
1x3 topology
•  reconstructed from  and 
• Background suppression: loose preselection 
(flight significance most discriminant) + gradient 
BDT
• for 

• Extract expected backgrounds  
by rescaling yields from sidebands data in signal 
region  

Λ(Λ) p(p) π−

εsig ≃ 9.5(9.9) % τ− → Λ(Λ)π−

1.0+1.3
−1.1(0.5 ± 0.6)

• No observed event in  
• Set 90% CL upper limit on the branching fraction 

 
• New, most stringent limit 

364fb−1

ℬ(τ− → Λ(Λ)π−) < 4.7(4.3) × 10−8

ℓ−νℓ /π−

ντ

e−

e+

π+

Λ(Λ)

τ−

τ+

̂tthrust

Signal side

Tag side

π−

p(p)

uncertainties on the expected background yield, being þ77%
−55%

( þ73%
−45% ) for the τ

− → ΛðΛ̄Þπ− channel. Some of the sources
of uncertainty listed in Table I also affect the expected
background yield. Their contributions are negligible com-
pared to those affecting the correction factors estimated in
the sidebands and are not taken into account.
Figure 4 shows the two-dimensional ΔE vs MðΛπÞ

distributions for both Belle II data and simulation. The signal
excess is calculated by comparing the data yield in the signal
region over the expected yield from simulation which is
corrected by the data/simulation ratio in the sideband region.
From simulation, the expected background yields for
τ− → Λπ− and τ− → Λ̄π− within the signal region, after
applying the correction factor fbkg, are Nexp ¼ 1.0þ1.3

−1.1 and
0.5% 0.6, respectively, where the uncertainties include both
statistical and systematic uncertainties. In the data sample,
no events are observed in the signal region in both modes.
Since no signal is observed, we compute upper limits on

the signal yields for the τ− → Λπ− and τ− → Λ̄π− chan-
nels. We assume that the signal yields Nsig and the expected

background yields Nexp in the signal region follow a
Poisson distribution. We use the prior probability density
function 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nexp

p
to estimate the expected upper

limits of signal yields based on a Bayesian approach [51].
The uncertainty in Nexp and σ are treated as two indepen-
dent parameters when estimating the upper limits on the
signal yields [51]. The upper limits on the signal yields
at 90% credibility level are found to be 1.92 and 1.81, for
the τ− → Λπ− and τ− → Λ̄π− channels, respectively. The
corresponding upper limits on the branching fractions are
4.7 × 10−8 and 4.3 × 10−8, respectively, while the expected
upper limits based on background simulated samples are
7.2 × 10−8 and 5.5 × 10−8, respectively. If we use the flat
prior probability density function, although it is not advised
in Ref. [51], the corresponding upper limits on the
branching fractions will be 5.7 × 10−8 and 5.5 × 10−8.
These upper limits do not appreciably change if we do not
include systematic uncertainties.
In summary, we present a search for the BNVand lepton

number violation decays τ− → Λπ− and τ− → Λ̄π− using a
364 fb−1 data sample collected by the Belle II experiment
at

ffiffiffi
s

p
¼ 10.58 GeV. No evidence of signal is observed,

and upper limits at 90% credibility level on the branching
fractions Bðτ− → Λπ−Þ and Bðτ− → Λ̄π−Þ are estimated to
be 4.7 × 10−8 and 4.3 × 10−8, respectively. These are the
most stringent constraints to date on the branching fraction
of τ− → Λπ− with jΔðB − LÞj ¼ 2 and τ− → Λ̄π− with
jΔðB − LÞj ¼ 0.

This work, based on data collected using the Belle II
detector, which was built and commissioned prior to March
2019, was supported by Higher Education and Science
Committee of the Republic of Armenia Grant
No. 23LCG-1C011; Australian Research Council and
Research Grants No. DP200101792, No. DP210101900,
No. DP210102831, No. DE220100462, No. LE210100098,
and No. LE230100085; Austrian Federal Ministry of
Education, Science and Research, Austrian Science Fund
No. P 31361-N36 and No. J4625-N, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural Sciences
and Engineering Research Council of Canada, Compute
Canada and CANARIE; National Key R&D Program of
China under Contract No. 2022YFA1601903, National
Natural Science Foundation of China and Research Grants
No. 11575017, No. 11761141009, No. 11705209,
No. 11975076, No. 12135005, No. 12150004,
No. 12161141008, No. 12405102, and No. 12175041,
and Shandong Provincial Natural Science Foundation
Project ZR2022JQ02; the Czech Science Foundation
Grant No. 22-18469S; European Research Council,
Seventh Framework PIEF-GA-2013-622527, Horizon
2020 ERC-Advanced Grants No. 267104 and
No. 884719, Horizon 2020 ERC-Consolidator Grant
No. 819127, Horizon 2020 Marie Sklodowska-Curie

(a)

(b)

FIG. 4. Distributions of the events for data and simulated
background in the ΔE versus MðΛπÞ plane for (a) τ− → Λπ−
and (b) τ− → Λ̄π− candidates after applying all selections.
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Rðmjm0Þ ¼ Lm=ðLm þ Lm0Þ, where m and m0 represent
proton, pion, and kaon. For πτ and πtag, we require
RðpjπÞ < 0.6 and RðKjπÞ < 0.4, with identification effi-
ciencies of 98.2% and 99.9%, and the rates for misidentify-
ing a pion as a proton or a pion as a kaon are 9.4% and
8.6%, respectively. The charged particle on the tag side is
required to be identified as e, μ, or π.
We reconstruct Λ and Λ̄ candidates by combining an

identified p or p̄ with an oppositely charged particle for
which no particle identification is required. The resulting
pπ− and p̄πþ invariant mass distributions are shown in
Figs. 2(a) and 2(b). Candidates within a 6 MeV=c2 range
around the known Λ mass are selected [15]. The flight
significance ofΛ and Λ̄ candidates, defined as the ratio L=σ
of the flight distance L to its uncertainty σ, is required to be
larger than 2.0, as shown in Figs. 2(c) and 2(d). After
applying these selections, 83% (88%) of the remaining
candidates are correctly identified as Λ (Λ̄), while the
remaining 17% (12%) are due to random combinations of
tracks, according to simulation.
The missing momentum pmiss is defined as the difference

between the total initial momentum and the sum of the
momenta of all charged particles and photons. To suppress

backgrounds from eþe− → eþe−ðγÞ, eþe− → μþμ−ðγÞ,
eþe− → lþl−lþl−, and eþe− → eþe−hþh− processes,
the cosine of the angle between pmiss and the track on
the tag side is required to be greater than 0.15. The angle
θΛ−πτ between the momenta of the Λ candidates and πτ is
required to be greater than 0.1 radians. We also require
Tmax > 0.9, where Tmax is the maximized value of T which
was defined in Eq. (1). After these selections are applied,
contributions from eþe− → lþl−lþl− and eþe− →
eþe−hþh− processes are negligible. At this stage of the
analysis, 99.2% (99.3%) of the background is removed,
with a signal efficiency of 74.3% (74.7%) for the τ− →
ΛðΛ̄Þπ− decay modes. The remaining background is
dominated by eþe− → τþτ−ðγÞ and eþe− → qq̄ processes.
To further suppress the remaining background, a gradient

boosted decision tree (GBDT) classifier is used [45]. We
use 15 discriminating observables defined at the event
level, on the signal side, and on the tag side as inputs to the
classifier. The observables at event level are the sum of
the energies of all visible particles Evis; the magnitude
of the missing momentum; the square of the missing
mass M2

miss ¼ E2
miss − p2

miss, where Emiss is the difference
between the total initial energy and Evis; the cosine of the
polar angle of the missing momentum; the cosine of the
angle between the missing momentum and t̂; and the cosine
of the angle between the missing momentum and the Λπ
(Λ̄π) system. The observables related to the signal side are
Nsig

γ ; Esig
γ ; θΛ−πτ ; the angle between the momenta of πτ and

πΛ; and the momentum of the Λπ (Λ̄π) system. The
observables related to the tag side are Ntag

γ ; the energy
of the most energetic photon on the tag side; the mass of the
system recoiling against the track on the tag side; and an
identification code assigned to the track’s particle-identi-
fication information to distinguish between e, μ, and π. We
train the GBDT classifier with samples of simulated signal
and background events satisfying the selections described
above. The GBDT for the two decay channels are trained
separately. Signal and background events are divided into
training and test samples in a 1∶4 ratio. For training the
GBDT, we use 360800 (360900) signal and 3900 (5400)
background events for the τ− → Λπ− ðτ− → Λ̄π−Þ decay
mode.
The distributions of the GBDT outputs are shown in

Fig. 3. To optimize the requirements on the GBDT output
values, we minimize the expected upper limits at 90%
credibility level [46] on Bðτ− → Λπ−Þ and Bðτ− → Λ̄π−Þ
(as described later in the paper) estimated with a simulated
sample independent of those used for training and testing.
The optimized GBDT selection results in a signal efficiency
of 78.8% (82.3%) and background rejection rate of
98.9% (98.8%) for the τ− → Λπ− ðτ− → Λ̄π−Þ decay
mode. These values are consistent for both the training
and test samples. The final signal efficiencies are 9.5% and
9.9% for τ− → Λπ− and τ− → Λ̄π− decays, respectively,

(a) (b)

(c) (d)

FIG. 2. Distributions of (a) Mðpπ−Þ for τ− → Λπ− candidates,
(b) Mðp̄πþÞ for τ− → Λ̄π− candidates, (c) L=σ of Λ candidates
for τ− → Λπ−, and (d) L=σ of Λ̄ candidates for τ− → Λ̄π−. The
red open histograms show the simulated signal distributions, the
filled histograms are stacked to show the simulated background
distributions, with statistical uncertainties displayed as hatched
areas, and the points with error bars show the distributions of the
data in the sideband regions. The simulated signal distribution is
arbitrarily scaled. The blue vertical lines and arrows indicate the
selected ranges. Beneath (a) and (b) we show the difference
between the observed number of candidates N and the expect-
ation from simulation Nsim in each bin.

I. ADACHI et al. PHYS. REV. D 110, 112003 (2024)
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https://doi.org/10.1103/PhysRevD.110.112003


Belle - Search for Heavy Neutral Lepton
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• Can interact with  via  mixing 
• Long lifetime→ Displaced vertex 
• Probe  in  decay

νSM N ↔ νSM

mN < mτ τ− → Nπ−

• Reconstruction in 1x1 topology:
• Tag 
• Signal :

• Fit the  displaced vertex
• Use the displaced vertex properties to extract 

 and suppress background to unit level

τ+ → π+ντ
τ− → N( → μ−μ+)π−

μ−μ+

mN

• First-time  displaced vertex method 
• Observation in agreement with background 
expectations with   
• Set limit on the mixing coefficient   
between 

N → μ−μ+

915fb−1

|VNντ
|2

300 < mN < 1600 MeV/c2

π−

ντ

e−

e+

π+

N

τ−

τ+

̂tthrust

Signal side

Tag side

μ+

μ−

Displaced 
vertex 

r > 15cm

0.919! 0.003 nb for Ec:m: ¼ Ec:m:ðϒð4SÞÞ and scaled by
E2
c:m:ðϒð4SÞÞ=E2

c:m: for other samples [60]; Bðτ → πNÞ and
BðN → μμνÞ are the branching fractions of the specified
decays [38] listed in the Appendix; and ϵR is the total
efficiency for signal events to satisfy all the selection
criteria of region R, determined from the signal-MC
samples. Since muons have a finite probability of failing
the muon-identification criteria, signal events may populate
the CRs. The ratio NCR

sig =N
SR
sig between the signal yields in

each CR and its corresponding SR ranges between 0.1 and
2.1, depending on the HNL mass. Nonetheless, the CRs are
dominated by background events for all values of jVNτj2 for
which the likelihood is not negligible.
The efficiency ϵR depends on mN and the HNL lifetime,

which is taken from Ref. [38] and listed in the Appendix for
each value of mN and jVNτj2. While the signal-MC events
are generated with a specific lifetime value τ0N , we
determine ϵR for any lifetime τN , as follows. First, we

use each signal-MC sample to calculate the efficiency as a
function of the radial and longitudinal position ðrDV; zDVÞ
of the HNL decay, creating an efficiency map
ϵRðmN ; rDV; zDVÞ. The map bin size is 5 cm in zDV and
10 cm in rDV. Larger bins are used for the SRL (SRH)
efficiency of heavy (light) HNLs, for which the sample size
is limited. For each event in the signal-MC sample we
randomly draw a set of decay times ti from the exponential
distribution expð−ti=τNÞ=τN . For each ti we calculate the
event’s HNL decay position and determine its efficiency
from the efficiency map. The individual event efficiencies
are used to determine the total signal efficiency given the
MadGraph5_aMC@NLO weights. The resulting signal efficien-
cies in the SRs are given in the Appendix. The calculation
of ϵR, NR

sig, and the upper limit is performed on a grid in
jVNτj2-vs-mN space. The grid uses a 25 MeV=c2 step in
mN , corresponding to the generated signal-MC samples. In
jVNτj2 the grid is logarithmic, with a multiplicative step size
of 100.05.
All systematic uncertainties are handled with the nui-

sance parameters shown in Eq. (4). The largest relative
systematic uncertainty, 34%, is assigned to the background
yield expectations NR

bgd. This value is chosen since it brings
the event yields in the data and MC samples, NVRHππ

obs and
NVRHππ

exp , to within 1σ consistency in the VRHππ, which has
the poorest data-MC consistency, as shown in Table I.
Following Ref. [17], we assign a 5% uncertainty on the
HNL branching fraction and decay modeling, arising
mainly from the QCD corrections to the HNL hadronic
decay width [38,61]. The systematic uncertainty on the
integrated luminosity is 1.4% [62], and that on the eþe− →
τþτ− cross section is 0.3% [60]. The uncertainty on the
reconstruction of the two prompt tracks is 0.7% [63]. The
relative statistical uncertainties on ϵR associated with the
finite number of MC events, the finite number of generated
decay times ti, and the MadGraph5_aMC@NLO weights are
also used as systematic uncertainties. The uncertainty due
to muon identification is 2% per muon [63]. The uncer-
tainty on the efficiency for the remaining event-
reconstruction steps, namely, online event selection and
trigger, and tracking and vertexing of the HNL daughter
tracks, is estimated to be 3.7%, chosen so that it brings the
data and MC yields to within 1σ consistency in the VRKS.
We estimate an uncertainty of 1.3% on the determination of
the signal efficiency from the maximal difference with
respect to the true efficiency at the generated lifetime. The
postfit values of the nuisance parameters are all well within
1σ of their expected values and are shown in the Appendix.
The largest pull is that of the background-prediction
parameter μB, 0.69! 0.43.
The resulting excluded region in jVNτj2-vs-mN space is

shown in Fig. 2, separately for a Dirac and a Majorana
HNL. For every point on the grid, the HNL lifetime in the
Majorana case is half that of the Dirac HNL.

(a)

(b)

FIG. 1. (a) The S values of the data and MC events after
applying all SR requirements except S < 0.4. The signal-MC
distribution is arbitrarily normalized, and the background-MC
distributions are normalized to the data luminosity. (b) Them− vs
mþ values for the data and for eþe− → τþτ− and eþe− → qq̄
background-MC events (which has 5 times the data luminosity)
in the SRH (black symbols) and SRL (red symbols). The region
enclosed by the dashed lines is vetoed in the SRL. The
distribution of signal-MC events with mN ¼ 600 MeV=c2 in
the SRL is also shown in colored contours.

SEARCH FOR A HEAVY NEUTRAL LEPTON THAT MIXES … PHYS. REV. D 109, L111102 (2024)

L111102-5

In conclusion, we report a search for a heavy neutral
lepton in the decay chain τ− → π−N, N → μþμ−ντ. The
search method, used here for the first time, utilizes the
displaced vertex originating from the long-lived HNL
decay and the ability to reconstruct the HNL-candidate
mass to suppress the background to the single-event level.
It also allows for direct measurement of the HNL mass if a
signal is observed. In the signal regions targeting heavy and
light HNLs we observe 1 and 0 events, respectively, in
agreement with the background expectation.We set limits on
the mixing coefficient jVNτj2 of the HNLwith the τ neutrino
for HNL masses in the range 300 < mN < 1600 MeV=c2.
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FIG. 2. The expected (dashed) and observed (solid) 95% CL
limits on jVNτj2 vs mN for a Dirac or Majorana HNL. The green
and yellow bands show the 1σ and 2σ bands for the expected
limits for the Dirac case. The blue and pink bands show the same
for the Majorana case. Also shown are the limits from direct
searches at DELPHI [26], corrected for the unavailability of the
charged-current decay for mN < mτ [64], ArgoNeuT [32]
(90% CL), and the upper limit from BABAR [33]. The
90% CL limits arising from reinterpretations [34,35] of other
searches by CHARM [29,36] and WA66 [30] are shown as well.
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Summary

• Belle and Belle II are leading the  physics research on several key areas:
• Various studies related to Standard Model parameters
•  Searches for phenomena beyond the Standard Model

• There are many opportunities for improvement in these areas:
•  Increasing the size of the data sample
•  Enhancing analysis techniques and reducing systematic uncertainties
•  Developing more accurate physics models

τ−

• Many more results to come: 
This is only the beginning for precision and rare 
decay searches with  at Belle IIτ−

Measurements of  decays at Belle and Belle II - Lake Louise 2025 - Robin Leboucherτ
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Backups



Figure 5: Distribution of data events and fits to the Me`` variable. The background and
signal components of the PDF are shown in red and blue, respectively, while the black
dashed line is the total fitted PDF.
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Belle II -  Lepton Flavour Violationτ− → e±ℓ∓ℓ−

12Measurements of  decays at Belle and Belle II - Lake Louise 2025 - Robin Leboucherτ

e−

e+

μ−ℓ∓e±

τ−

τ+

̂tthrust

Signal side

Tag side
Rest of 
event

• Extend  study to 5 modes: 
 

• Higher background contamination from  and  
Existing measurements:  by Belle

τ− → μ−μ+μ−

e−e+e−, e−e+μ−, e−μ+e−, μ−μ+e−, μ−e+μ−

ℓ−ℓ+(γ) ℓ−ℓ+ℓ−ℓ+

1.5 − 2.7 × 10−8

Signal efficiency challenge:
• Untagged  reconstruction to cover more final states
• Preselection rectangular cuts
• Data (blind) driven BDT classifier:
‣ reject main backgrounds  (mismodeled ISR/FSR)
‣ training sample away from the fitted region
‣ rely on signal, ROE and kinematic variables

• Resulting final 
• Extract expected by fitting : 

 is a double-sided Crystal Ball
 is an exponential

τ

ℓ−ℓ+ℓ−ℓ+

εsig ≃ 15 − 24 %
Meℓℓ

PDFtot (Meℓℓ) = ℬ (τ− → e∓ℓ±ℓ−) ⋅ μ ⋅ PDFsig  (Meℓℓ) + Nbg ⋅ PDFbg (Meℓℓ)
PDFsig
PDFbg

• No significant signal was observed in  
• Set 90% CL upper limit on the branching fraction  
• The most stringent upper limit on all modes

424fb−1

Preliminary

μ = 2εsigσττℒ

2.50 2.18
2.00 1.38
1.54 1.36
1.80 2.36
1.54 1.46

ℬUL
exp × 10−8 ℬUL

obs × 10−8

e−e+e−

e−e+μ−

e−μ+e−

μ−μ+e−

μ−e+μ−



ℓ−νℓ /π−

ντ

e−

e+

ℓ+

K0
S

τ−

τ+

̂tthrust

Signal side

Tag side

π−

π+

Belle and Belle II -  Lepton Flavour Violationτ− → ℓ−K0
S
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• In EFT, it can constrain different types of operators  
(e.g two-lepton and two-quark-operators in leptoquark models) 
Existing measurements:  by Belle for  mode2.3(2.6) × 10−8 e−(μ−)

Signal efficiency challenge:
•Reconstruct 4 charged particles (0 net charge) in 1x3 topology
•  reconstructed from 
•Preselection rectangular cuts
• BDT classifier:
‣ different training on each Belle and Belle II samples
‣ use signal (tag) ,  and track kinematics, event shape and  

neutrals variables
• Resulting final 

• Extract expected background by fitting :
 is an exponential

K0
S π−π+

τ− K0
S

εsig ≃ 10 %
MℓK0

S

PDFbg

• No significant signal was observed in 424  Belle II and  Belle 
• Set a combined 90% CL upper limit on the branching fraction

  
• Most stringent limit on all modes

fb−1 980fb−1

ℬ(τ− → e−(μ−)K0
s ) = 0.8(1.2) × 10−8

Figure 6: Scatter plots of selected events in the (M(`K0
S
), �E(`K0

S
)) plane for signal

simulation (violet) and data (orange). The elliptical SR is shown in red, the rectangular
SR as a hatched green area and the RSB is indicated as green horizontal lines. Plots show
distributions for the electron (left) and muon (right) channels for Belle (upper-row) and
Belle II (lower-row). For the muon mode in Belle II one data event is observed in the SR.
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As we do not observe any significant excess above the expected background within372

the signal region, we calculate a 90 % C.L. upper limits on the ⌧� ! `�K0
S

branching373

fractions using the CLs method [50,51] in a frequentist approach implemented in the pyhf374

library [52,53].375

To determine the expected limit sensitivity, we generate 10000 pseudo-experiments376

at 50 points uniformly distributed in the branching ratio range of (0 � 4) ⇥ 10�8 in two377

bins, one for each experiment, each with their respective signal e�ciencies and expected378

background yields. The total statistical and systematic uncertainties a↵ecting each ex-379

perimental input, as discussed in Section 4, are combined in quadrature.380

Figure 7 displays the CLs curves computed as a function of the branching fractions381

for the combined Belle and Belle II datasets for the ⌧ ! eK0
S

and ⌧ ! µK0
S

decays. The382

dashed black line represents the expected CLs, while the green and yellow bands depict383

the ±1� and ±2� contours, respectively.384

The expected limits, assuming an observed number of events consistent with the back-385

ground estimation in Table 4, are 0.9⇥10�8 and 1.2⇥10�8 at 90 % C.L. for the electron and386

muon channel, respectively. The observed limits in data after box-opening are 0.8 ⇥ 10�8
387

and 1.2 ⇥ 10�8 at 90 % C.L for the electron and muon channel, respectively.388
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Figure 7: Observed (solid black curve) and expected (dashed black curve) CLs as a
function of the assumed branching fractions for ⌧� ! e�K0

S
(left) and ⌧� ! µ�K0

S

(right) decays. The red line corresponds to the 90 % C.L.

6 Summary389

We present a search for the LFV decays ⌧� ! e�K0
S

and ⌧� ! µ�K0
S

using 424 fb�1
390

of data collected by the Belle II experiment and 908 fb�1 of data collected by the Belle391

experiment, which sum up to the world’s largest tau pair data set. The background392

rejection is based on a set of dedicated Boosted Decision Tree classifiers. The signal yield393

is determined in the plane of the reconstructed ⌧ mass and the di↵erence between the394

reconstructed and expected ⌧ energy, two variables in which the signal decays peak. We395

observe 0(0) events for the electron and 0(1) events for the muon channel in the signal396

region for Belle II(Belle) and thus set a 90 % C.L. upper limit on both channels computed397
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