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The τ lepton
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Figure 1: Feynman diagrams for µ� ! e�⌫̄e ⌫µ and ⌧� ! ⌫⌧X� (X� = e�⌫̄e, µ�⌫̄µ, dū, sū).

Together with hadronic e+e� data, the hadronic ⌧ -decay distributions are needed to determine the
SM prediction for the µ anomalous magnetic moment. Section 9 presents an overview of the e, µ and
⌧ magnetic, electric and weak dipole moments, which are expected to have a high sensitivity to physics
beyond the SM. The ⌧ lepton constitutes a superb probe to search for new-physics signals. The current
status of CP-violating asymmetries in ⌧ decays is described in section 10, while section 11 discusses
the production of ⌧ leptons in B decays, which is sensitive to new-physics contributions with couplings
proportional to fermion masses. The large ⌧ mass allows one to investigate lepton-flavour and lepton-
number violation, through a broad range of kinematically-allowed decay modes, complementing the
high-precision searches performed in µ decay. The current experimental limits are given in section 12;
they provide stringent constraints on flavour models beyond the SM.

Processes with ⌧ leptons in the final state are playing now an important role at the LHC, either to
characterize the Higgs properties or to search for new particles at higher scales. The current status is
briefly described in section 13, before concluding with a few summarizing comments in section 14.

2 Lepton Decays

The decays of the charged leptons, µ� and ⌧�, proceed through the W -exchange diagrams shown in
Fig. 1, with the universal SM strength associated with the charged-current interactions:
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The momentum transfer carried by the intermediate W� is very small compared to MW . Therefore, the
vector-boson propagator shrinks to a point and can be well approximated through a local four-fermion
interaction governed by the Fermi coupling constant GF/

p
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where f(x) = 1� 8x+ 8x3 � x4 � 12x2 log x , and [24–32]
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takes into account radiative QED corrections, which are known to O(↵2). The tiny neutrino masses
have been neglected and (�) represents additional photons or lepton pairs which have been included
inclusively in �`

0
`

RC
. Higher-order electroweak corrections and the non-local structure of theW propagator,

are usually incorporated into the e↵ective coupling [33,34]
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~ 250 decay modes in PDG
➡ Pure leptonic  and 
➡ Hadronic or semi-leptonic

➡ Cabibbo favoured  and suppressed 

τ → eν̄ν τ → μνν̄

τ → πν τ → Kν

ρ0  (ρ–)

π+ (π0)

π – (π0)

π – 

➡ Forbidden decays 
➡ Lepton flavour (LFV), lepton number (LNV), baryon number (BNV) violation

cLFV at e+e- 

experiments Swagato Banerjee

New Physics illustrations for LFV in  decaysτ

6

Tree level :

Loop induced :

Tree level Loop induced

cLFV at e+e- 

experiments Swagato Banerjee
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The role of τ leptons in the quest

Wide range of observables in τ sector to confront theory!

Does NP couple to 3rd generation strongly?

Precision measurements or indirect search of BSM
➡ significant deviations from SM are unambiguous signatures of NP

Direct search of forbidden decays
➡ any signal is unambiguous signature of NP

Laboratory to test the structure of the weak currents, the universality of the coupling to the gauge bosons and the low-
energy aspects of strong interactions.

IJCLab, Orsay - 2024/04/12 L.Zani for Topical workshop on LFV decays of the tau 3

Why τ decays?
 � pairs produced in the e+e- collisions are a unique laboratory 

to test the standard model (SM) through precision measurements and 
search for non-SM physics!

●  M  τ  = 1777.09 MeV/c2 

1 heavy enough to decay into >nal states with hadrons

1 search for non-SM physics, possible enhancement due to mass-dependent couplings
● Lifetime: 290.17 fs 

1 not a long-lived particle

1 missing energy due to neutrinos
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The progress of τ physics
B-factories provided a variety of very interesting results in the last two decades. 
➡ The world largest number of events offer data for τ physics with high precisione+e− → τ+τ−

B-factories: Belle@KEKB, BaBar@PEP-II, Belle II@SuperKEKB 
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q

q̄

σ(e+e− → Υ(4S)) = 1.05 [nb]
σ(e+e− → qq̄) = 3.69 [nb]

σ(e+e− → τ+τ−) = 0.919 [nb]

Other players in the τ sector
➡ BES III, ATLAS, CMS, LHCb

Dark Week@KEK 2019 - M. Villanueva �15

LFV limits

Electric 
dipole limit

Mass and 
CPT test

Lifetime and 
CPT test

CP-Violation
LFV limits

Lint (fb-1)

Mass and 
CPT testSCC  

searches

CP-Violation

τ → ℓℓℓ

τ → μγ

τ → μγ
τ → ℓℓℓ

Limits in

Limits in

Limits in

The B-factories 
provided a sort of 
very interesting 
results along the 
last two decades.

Belle II will not 
be the 
exception.

As the integrated 
luminosity 
increases, many 
of these results 
will be tested/
improved.

Prospects for ! studies

τ mass

LFU

τ → μμμ, τ →  Λπ 

τ → 𝓁α 
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The progress of τ physics
B-factories provided a variety of very interesting results in the last two decades. 
➡ The world largest number of events offer data for τ physics with high precisione+e− → τ+τ−

B-factories: Belle@KEKB, BaBar@PEP-II, Belle II@SuperKEKB 
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q

q̄

σ(e+e− → Υ(4S)) = 1.05 [nb]
σ(e+e− → qq̄) = 3.69 [nb]

σ(e+e− → τ+τ−) = 0.919 [nb]

Other players in the τ sector
➡ BES III, ATLAS, CMS, LHCb

Dark Week@KEK 2019 - M. Villanueva �15

LFV limits

Electric 
dipole limit

Mass and 
CPT test

Lifetime and 
CPT test

CP-Violation
LFV limits

Lint (fb-1)

Mass and 
CPT testSCC  

searches

CP-Violation

τ → ℓℓℓ

τ → μγ

τ → μγ
τ → ℓℓℓ

Limits in

Limits in

Limits in

The B-factories 
provided a sort of 
very interesting 
results along the 
last two decades.

Belle II will not 
be the 
exception.

As the integrated 
luminosity 
increases, many 
of these results 
will be tested/
improved.

Prospects for ! studies

τ mass

LFU

τ → μμμ, τ →  Λπ 

τ → 𝓁α 

Reach physics program from Belle II 
(see the parallel sessions)
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Precision measurements - τ mass measurement @ Belle II

5

Fundamental parameter of the standard model
➡ World’s most precise measurement to date
➡ Slightly higher average value including Belle II recent 

measurement

Important input to lepton-flavour-universality tests
➡ The relation between  and the lifetime  

very sensitive to the value of the  mass
➡ slight tension decreased further

B′ (τ → eνν̄) ττ
τ

Status and plans of tau fits for HFLAV/PDG

Canonical tau universality plot

HFLAV
2023 prelim

0.1780

0.1785

0.1790

289.5 290.0 290.5 291.0 291.5

ττ [fs]

B
′(

τ
→

e
ν

ν
)

mτ PDG 2023 (w/o Belle II 2023)
mτ HFLAV 2023 (with Belle II 2023)

I B0
e is the average of Be and Be

predicted by the B— value (using HFLAV

fit results complete of correlations)

I plot width and heigth proportional to B0
e

and fifi central values to have respective

plotted uncertainties of the same size

when the relative uncertainties are the

same

Alberto Lusiani (orcid.org/0000-0002-6876-3288) – TAU2023, 4-8 December 2023, Louisville, USA 12 / 16

A. Lusiani for HFLAV TAU2023

1776 1776.5 1777
]2c [MeV/τm

BES (1996)
-0.17
+0.25  -0.21

+0.181776.96  

BELLE (2007)
 0.35± 0.13 ±1776.61 

KEDR (2007)
 0.15± -0.23

+0.251776.81  

BaBar (2009)
 0.41± 0.12 ±1776.68 

BES III (2014)
-0.13
+0.10 0.12  ±1776.91 

Belle II (2023)
 0.11± 0.08 ±1777.09 

PDG Average (2022)
 0.12±1776.86 

  represents the average 
of  and the value 
predicted from  assuming 
lepton universality

B′ (τ → eνν̄)
ℬ(τ → eνν̄)

ℬ(τ → μνν̄)

Belle II - PRD 108 (2023) 032006

B′ ∝ Bμe
ττ

τμ

m5
τ

m5
μ
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Test of lepton flavour universality in τ decays @ Belle II

6

Rμ =
B(τ− → μ−ν̄μντ)
B(τ− → e−ν̄eντ)

SM= 0.9726

➡ Most precise test of  universality in  decays from a single measurement
➡ Consistent with SM expectation at the level of 1.4σ  

μ − e τ

The coupling of leptons to W bosons is flavour-independent in the SM
➡ Identical lepton interaction rates involving e, μ or τ 
➡ Test of  universality in the  decays μ − e τ

(
gμ

ge )
2

τ

∝ Rμ ×
f(m2

e /m2
τ )

f(m2
μ /m2

τ )
SM= 1

⌫⌧⌫µ

W�
e�

⌫e

ge
W�

gµ
W�

g⌧

⌧�µ�

ge = gμ = gτ

Belle II - arXiv:2405.14625



     Ami Rostomyan                                                                                                                                                                                                                                                                                     FPCP 2024                                                                                                                                        

Test of lepton flavour universality in τ decays @ Belle II

6

Rμ =
B(τ− → μ−ν̄μντ)
B(τ− → e−ν̄eντ)

SM= 0.9726

➡ Most precise test of  universality in  decays from a single measurement
➡ Consistent with SM expectation at the level of 1.4σ  

μ − e τ
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(
gμ

ge )
2

τ

∝ Rμ ×
f(m2

e /m2
τ )

f(m2
μ /m2

τ )
SM= 1

Precision τ measurements  from Belle II  
see the talk of Marcela Garcia Hernandez 

(Today at 14:45, Parallel-2)

⌫⌧⌫µ

W�
e�

⌫e

ge
W�

gµ
W�

g⌧

⌧�µ�

ge = gμ = gτ

Belle II - arXiv:2405.14625



     Ami Rostomyan                                                                                                                                                                                                                                                                                     FPCP 2024                                                                                                                                        

Lepton flavour conservation

7

What about the charged leptons?

➡ The charged LFV processes can occur through oscillations in loops 

➡ Immeasurable small rates (10-54-10-49) for all the LFV μ and τ decays

Observation of LFV will be a clear signature of the NP! 

➡ Charged LFV enhanced in many NP models (10-10 - 10-7)

Introduction to tau LFV
• Lepton Flavor Violation (LFV) is highly suppressed in the 

Standard Model (SM) even if neutrino oscillation is taken
– Br < O(10-54) => Experimentally unreachable

• Many extensions to SM predict to enhance LFV to be 
observable in current experiment facilities: Br ~O(10-8)

=> Observation of LFV is an clear signature of the New Physics (NP)!
• Tau lepton - the heaviest charged lepton coupling to the NP
=> Many possible LFV decay modes related to the NP models

2Tau LFV in B factory @ NuFact 2016

Standard Model SUSY

𝜏 𝜇

𝜇−
𝜇+

Higgs mediated

Introduction to tau LFV
• Lepton Flavor Violation (LFV) is highly suppressed in the 

Standard Model (SM) even if neutrino oscillation is taken
– Br < O(10-54) => Experimentally unreachable

• Many extensions to SM predict to enhance LFV to be 
observable in current experiment facilities: Br ~O(10-8)

=> Observation of LFV is an clear signature of the New Physics (NP)!
• Tau lepton - the heaviest charged lepton coupling to the NP
=> Many possible LFV decay modes related to the NP models

2Tau LFV in B factory @ NuFact 2016

Standard Model SUSY

𝜏 𝜇

𝜇−
𝜇+

Higgs mediated

Conservation of the individual lepton-flavour and the total lepton numbers within the SM (mν = 0)

Gglobal
SM = U(1)B ⇥ U(1)Le ⇥ U(1)Lµ ⇥ U(1)L⌧

➡ The observation of neutrino oscillations as a first sign of LFV beyond the SM!

B(`1 ! `2�) =
3↵

32⇡

�����
X

i=2,3

U⇤
`1iU`2i

�m2
i1

M2
W

�����

2

,

Introduction to tau LFV
• Lepton Flavor Violation (LFV) is highly suppressed in the 

Standard Model (SM) even if neutrino oscillation is taken
– Br < O(10-54) => Experimentally unreachable

• Many extensions to SM predict to enhance LFV to be 
observable in current experiment facilities: Br ~O(10-8)

=> Observation of LFV is an clear signature of the New Physics (NP)!
• Tau lepton - the heaviest charged lepton coupling to the NP
=> Many possible LFV decay modes related to the NP models

2Tau LFV in B factory @ NuFact 2016

Standard Model SUSY

𝜏 𝜇

𝜇−
𝜇+

Higgs mediated

Standard model tests in modes with neutrinos | Simon Wehle | 18.04.2018 !2

Motivation

‣ Decays involving neutrinos can be 
sensitive to a variety of new physics 
models 

‣ Experimentally extremely challenging 

‣ We can learn lot about the origin of 
flavour 

Standard model tests in modes with neutrinos

Illustration: W. Altmannshofer
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Charged lepton flavour violation: 
SM-free signals!

Charged-Lepton Flavour Physics

  μR   eR

 q  q

  
0

 μ   e

~ QED 

Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes µ ! e� (left) and µN ! eN conversion (right).

concept of fermion generations was developed. Non-discovery of µ ! e� and ⌧ ! µ� established that µ
and ⌧ were indeed new elementary leptons, as opposed to excited states of composite lighter leptons. In
analogy to the GIM mechanism, the absence of µ ! e� also required to introduce the muon neutrino, prior
to the ⌫µ discovery in 1962 [7], to cancel FCNC amplitudes [8].

Radiative lepton decays `1 ! `2� proceed via dimension-five left and right-handed radiative transition
amplitudes. The branching fraction can be written in the form [5]

B(`1 ! `2�) =
3↵

32⇡

�
|AL|

2 + |AR|
2
�
· B(`1 ! `2⌫⌫) . (1)

For generic new physics at mass scale ⇤ one can parametrise the left and right-handed dipole amplitudes
by AL = AR = 16

p
2⇡2

/GF⇤2, where GF is the Fermi constant and ⇤ the scale of the LFV interaction.
The upper limit of B(µ ! e�) < 1.2 · 10�11, obtained by the MEGA experiment at the Los Alamos
Meson Physics Facility in 2001 [9], thus translates into the stringent bound ⇤ > 340TeV [5], which is well
beyond the LHC reach for direct detection. Decays involving virtual photons, such as `1 ! `2`2`2 and µ–e
conversion, have an additional rate suppression factor ↵QED, but also probe different physics processes.

Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions to the charged
LFV processes µ ! e� (left) and µN ! eN conversion (right). The predicted rates depend on the value of
the slepton mass mixing parameter involved (cf. [10, 11] and references therein). Lepton flavour violation
is also naturally present in R-parity violating models, where the strength of the effects is governed by the
size of trilinear lepton number violating couplings involving sleptons and leptons (�), and squarks, leptons
and quarks (�0) in the supersymmetric superpotential [12].

2.1 A new limit on B(µ+
! e

+
�) by the MEG experiment

The MEG experiment [13, 14] uses the presently most powerful quasi-continuous muon beam produced at
the PSI (Switzerland) ⇡E5 beam line. Positive 29 MeV surface muons hit with 3 ·107Hz rate a thin stopping
target that is surrounded by the MEG detector. The muon decay rate measured by MEG effectively has no
time structure, because the 2.2 µs muon lifetime is long compared to the 50 MHz radio-frequency structure
of the proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift chamber)
immersed in a gradient magnetic field that sweeps the produced positrons out of the interaction region,
a time-of-flight counter, and a 900 litre liquid-xenon (LXe) scintillation detector outside of the magnet,
measuring the photon incidence, time and energy. The solid-angle acceptance around the target is 10%.

The µ
+

! e
+
� signal events are characterised by back-to-back, in-time monoenergetic (52.8 MeV)

positron-photon pairs. Their measured energies, polar and zenith opening angles, and time difference are
used to separate them from backgrounds, which are dominated by accidental coincidence of a positron from
standard µ

+
! e

+
⌫⌫ decays and a photon from radiative µ+

! e
+
�⌫⌫ decays, bremsstrahlung or positron

annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of negative
muons, which would form muonium atoms in the target that would smear out the two-body kinematics.

3

LFV signals are expected in many BSM scenarios, such as the MSSM or 
as a consequence of Seesaw models
Belle II will be able to improve current limits by a factor of 100 for 𝝉→3l and 
a factor of >10 for 𝝉→l 𝛄

MoriondEW, Mar 19, 2016 Experimental Summary

Charged lepton flavour violation: SM-free signals!
A very active field of BSM searches 
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Figure 1
Record of selected lepton flavor violation searches.

cascade down to 1S orbitals. There, they can undergo (a) ordinary decaywith a rate of 5× 105 s− 1,
(b) weak capture, µ − p νµn (which exceeds the ordinary decay rate for nuclei with Z > 6), or
(c) coherent flavor changing conversion, µ − N e− N . The last of these reactions has already
been significantly constrained using various targets. Indeed, the ratio of conversions to capture,

Table 1 A sample of various charged lepton flavor violating reactions

Reaction Current bound Reference Expected Possible
B (µ+ e+ γ ) < 1.2 × 10− 11 28 2 × 10− 13 2 × 10− 14

B (µ± e± e+ e− ) < 1.0 × 10− 12 37 – 10− 14

B (µ± e± γ γ ) < 7.2 × 10− 11 92 – –
R (µ− Au e− Au) < 7 × 10− 13 15 – –
R (µ− Al e− Al) – 10− 16 10− 18

B (τ ± µ± γ ) < 5.9 × 10− 8 Table 2 O (10− 9)
B (τ ± e± γ ) < 8.5 × 10− 8 Table 2 O (10− 9)
B (τ ± µ± µ+ µ− ) < 2.0 × 10− 8 Table 2 O (10− 10)
B (τ ± e± e+ e− ) < 2.6 × 10− 8 Table 2 O (10− 10)
Z 0 e± µ < 1.7 × 10− 6 90
Z0 e± τ < 9.8 × 10− 6 90
Z0 µ± τ < 1.2 × 10− 5 91
K 0
L e± µ < 4.7 × 10− 12 74 10− 13

D0 e± µ < 8.1 × 10− 7 78 10− 8

B 0 e± µ < 9.2 × 10− 8 79 10− 9

Data from current experimental bounds, expected improvements from existing or funded
experiments, and possible long-term advances.

318 Marciano · Mori · Roney

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

8.
58

:3
15

-3
41

. D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 C
ER

N
 L

ib
ra

ry
 o

n 
08

/1
4/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Only null observation to date

MEG

SINDRUM-II

BABAR / Belle

MEGA

Mu2e / COMET 
PRISM / PRIME

Super-B (50 ab–1)

Spectacular 
perspectives: 

M
ar

ci
an

o 
et

 a
l.,

 A
nn

u.
 R

ev
. 

N
uc

l. 
Pa

rt.
 S

ci
.5

8,
 3

15
 (

20
08

), 
up

da
te

d

MEG II

Belle IICLEO / BaBar / Belle

⌧ ! µ�
⌧ ! 3µ



     Ami Rostomyan                                                                                                                                                                                                                                                                                     FPCP 2024                                                                                                                                        8

Complementarity of τ LFV searches

credits to S. Banerjee

Current limit on ~ 10-13 does not forbid   ~ 10-8

➡ Leptonic MFV:  Nucl.Phys. B 728 (2005) 121

➡ GUT models:         Nucl.Phys. B 445 (1995) 219

ℬ(μ → eγ) ℬ(τ → ℓγ)

Indirect constraints on LFV Higgs from  and 
➡ Strongest from : 
➡ Observed: BR( ) < 6.1 x 10-5  (95% CL)
➡ Observing  or  would require a non-trivial NP mechanism

μ → eγ τ → ℓγ
μ → eγ ℬ(H → μe) < 1.6 × 10−8

H → eμ
H → eμ τ → ℓγ

Phys.Lett.B 800 (2020) 135069
Phys.Lett.B 801 (2020) 135148

https://doi.org/10.1016/j.physletb.2019.135069
https://doi.org/10.1016/j.physletb.2019.135148
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Status and perspectives of LFV searches 

9

Test the SM in 52 benchmark τ decays

➡ radiative ( )

➡ leptonic decays ( )

➡ a large variety of LFV and LNV semi-leptonic decays

➡ BNV decays 

➡ τ → μ and τ → e: test of the lepton flavour structure

τ → ℓγ

τ → ℓℓℓ

➡ One of the factors pushing up the sensitivity of probes is the increase of the luminosity 
➡ Equally important is the increase of the signal detection efficiency and background suppression

➡ high trigger efficiencies; improvements in the vertex reconstruction, charged track and neutral-meson reconstructions, 
particle identification, refinements in the analysis techniques…

As of the Snowmass 2021: cLFV in τ sector - arXiv:2203.14919 

New results from CMS, Belle  and 
Belle II since Snowmass report
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Search for  decay @ Belle IIτ → μμμ

10

Two independent variables:

For signal:
➡  close to 0 and  close to τ mass
➡ Tails due to initial and final state radiation

ΔE M3μ

ΔE = ECMS
3μ − ECMS

beam

M3μ = E2
3μ − P2

3μ

Signal region definition 
(typical for all 52 LFV searches  in searches)e+e−

τ→3μ selection
Signal selection:
• Require 3 muons well identified in the same 

hemisphere
• They should come from the interaction point 

|dz|<3cm, |dr|<1 cm
• Events should pass the L1 triggers based on ECL 

or CDC (~95% efficiency)

Define 2D plane made of M3μ and ΔE3μ= E*τ - √s/2
• Signal peaks in M3μ =1.777 GeV/c2 and ΔE3μ= 0, with 

tails due to ISR and FSR  
• Obtain resolutions δ fitting the signal simulation
• Define the signal region as ellipse of ±5δ, blinded
• Define the sideband region as box of ±10δ in ΔE3μ

and ± 20δ in M3μ , used to check data/MC agreement

13

Alberto Martini - 𝝉→3µ analysis - Bormio 2019 23

Signal-background rejection: tag side
Signal-background discrimination depends on the tag-side track

Leptonic tag

Signal sideTag side

µ±

𝝉±

µ±

µ∓

LFV

lepton∓ 

𝝉∓

𝞶𝝉

νlepton IP

In case of leptonic tag the missing energy on the tag side is high (2 neutrinos) 
and leptonID performances come into play

Search at Belle II with 424 fb-1

➡ μ identification is the most powerful discriminating variable 
➡ Momentum dependent optimisation of the muID requirement
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Search for  decay @ Belle IIτ → μμμ

11

1-prong
➡ Used before by Belle and BaBar:

➡ 3x1 topology

➡ Cut-based selection optimised using the Punzi FOM

 
Signal efficiency: 14.9% (2 x Belle efficiency)
➡ Number of expected BG from simulation : 0.43
➡ 0 event observed inside the SR
➡ Observed ℬ(τ → 3μ) < 2.0 × 10−8

17th International Workshop on 𝜏 Lepton Physics: 𝜏 2023 - Alberto Martini for Belle II - 5 December 2023, Louisville Kentucky USA

Analysis of 𝜏→3µ @Belle II

15

Main analysis approach:
• Inclusive approach: 

- Selection and background rejection based on BDT
- Inclusion of 3x1 and 1x1 topologies

Inclusive tagging schema

µ

𝜏 𝜏
sigtag

µ

µ
1prong 

+  
3prongs 

Best upper limits on 𝜏→3µ from Belle: 2.1 x 10-8 @90% CL with 782 fb-1 but Belle II is already competitive with 424 fb-1

Conventional 3x1 tagging approach: 
- muon identification cuts optimised as a 

function of the track momentum

3x1 topology schema

µ

1 prong

𝛎𝜏

𝜏 𝜏
sigtag

µ

µ

Fully reconstucted decay of the signal tau

•No backgrounds from SM processes

•Tight signal region → large background reduction 

using  and ΔE3μ ≡ Eτsig − Ebeam M3μ

Signal MC only Inclusive approach
➡ Main analysis approach:

➡ Inclusion of 3x1 and 3x3 topologies
➡ Selection and background rejection using BDT

➡ Signal efficiency: 20.4% (2.7 x Belle efficiency)
➡ Number of expected BG using ABCD method : 0.5
➡ 1 event observed inside the SR
➡ Observed ℬ(τ → 3μ) < 1.9 × 10−8

17th International Workshop on 𝜏 Lepton Physics: 𝜏 2023 - Alberto Martini for Belle II - 5 December 2023, Louisville Kentucky USA

Analysis of 𝜏→3µ @Belle II

15

Main analysis approach:
• Inclusive approach: 

- Selection and background rejection based on BDT
- Inclusion of 3x1 and 1x1 topologies

Inclusive tagging schema

µ

𝜏 𝜏
sigtag

µ

µ
1prong 

+  
3prongs 

Best upper limits on 𝜏→3µ from Belle: 2.1 x 10-8 @90% CL with 782 fb-1 but Belle II is already competitive with 424 fb-1

Conventional 3x1 tagging approach: 
- muon identification cuts optimised as a 

function of the track momentum

3x1 topology schema

µ

1 prong

𝛎𝜏

𝜏 𝜏
sigtag

µ

µ

Fully reconstucted decay of the signal tau

•No backgrounds from SM processes

•Tight signal region → large background reduction 

using  and ΔE3μ ≡ Eτsig − Ebeam M3μ

Signal MC only

Most stringent limit to date
Belle II -  arXiv:2405.07386

Experiment Upper Limit at 90% C.L.
Belle

BaBar
Belle II

2.1 × 10−8 (ℒ = 782 fb−1)
3.3 × 10−8 (ℒ = 486 fb−1)
1.9 × 10−8 (ℒ = 424 fb−1)

Experiment Upper Limit at 90% C.L.
ATLAS
LHCb
CMS 2.9 × 10−8 (ℒ = 131 fb−1)

4.6 × 10−8 (ℒ = 3.0 fb−1)
3.8 × 10−7 (ℒ = 20.3 fb−1)

CMS - PLB 853 (2024) 138633
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Search for  decays @ Belleτ → ℓV0(V0 = ρ, ω, ϕ, K*)

12

Previous search at Belle on 854 fb-1 exploiting 1-prong tag
➡ Increase the efficiency using 

➡ full data set of 980 fb-1

➡ more decay modes in the tag side
➡ background suppression with BDT

IJCLab, Orsay - 2024/04/12 L.Zani for Topical workshop on LFV decays of the tau 11

Search for  1 Vτ ℓ 0 at Belle: 
strategy

●
Signal side: reconstruct lepton and V0  [ , , , K*] from invariant mass windows ϵ ρ ϕ �

around MV0

– Use particle identi>cation (PID) variables, likelihood ratios to identify(veto) leptons and hadrons

●
Tag side: reconstruct 1 or 3-prong decays

● Exploit kinematics of the signal as neutrinoless decays 
– MlV0  expected to peak at known tau mass

– VElV0 = E*
sig W Ds/2 peaks at 0 1 up to initial/>nal state radiation (ISR, FSR) eXects

● Count in elliptical signal region (SR) in VElV0 and MlV0  plane 

JHEP06(2023)118

Full Belle data set of 980 fb-1 

1 9.05 x 108 tau pairs

For illustrative purposes only

FSR tail

ISR tail

● Previous search at Belle on 854 fb-1 exploiting one-prong tag [1]

 [1]  Phys. Lett. B 699 (2011) 251

➡ Exploit topology and event/tag kinematics to the backgrounds that mimic 
➡ the presence of neutrinos in the tag side, 
➡ wrong PID in the signal side

➡ Further suppress τ → 3πν and ee → qq with BDT
➡ Estimate expected background in SR from sideband interpolation

J
H
E
P
0
6
(
2
0
2
3
)
1
1
8

(a) τ → µρ0 (b) τ → µφ

(c) τ → µω (d) τ → µK∗0

(e) τ → µK∗0

Figure 4. Observed event distributions of MℓV 0 vs. ∆E after the τ → µV 0 event selection. Black
points are the data, blue squares show the signal MC distribution with an arbitrary normalization.
The red elliptical lines are the signal regions. The estimations of the number of background
events are done using the data between the red horizontal lines outside the blind regions (the gray
dashed rectangles).

– 10 –
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2
0
2
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1
1
8

(a) τ → µρ0 (b) τ → µφ

(c) τ → µω (d) τ → µK∗0

(e) τ → µK∗0

Figure 4. Observed event distributions of MℓV 0 vs. ∆E after the τ → µV 0 event selection. Black
points are the data, blue squares show the signal MC distribution with an arbitrary normalization.
The red elliptical lines are the signal regions. The estimations of the number of background
events are done using the data between the red horizontal lines outside the blind regions (the gray
dashed rectangles).

– 10 –
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Search for  decay @ Belleτ → ℓV0

13

No significant access in all  modes 
➡ 30% improvement over previous measurements

➡ increased statistics (124 fb-1)
➡ higher signal efficiency (9%)

ℓV0

Belle - JHEP 06 (2023) 118
J
H
E
P
0
6
(
2
0
2
3
)
1
1
8

Mode ε (%) NBG σsyst (%) Nobs Bobs (×10−8)
τ± → µ±ρ0 7.78 0.95±0.20(stat.) ±0.15(syst.) 4.6 0 < 1.7
τ± → e±ρ0 8.49 0.80±0.27(stat.) ±0.04(syst.) 4.4 1 < 2.2
τ± → µ±φ 5.59 0.47±0.15(stat.) ±0.05(syst.) 4.8 0 < 2.3
τ± → e±φ 6.45 0.38±0.21(stat.) ±0.00(syst.) 4.5 0 < 2.0
τ± → µ±ω 3.27 0.32±0.23(stat.) ±0.19(syst.) 4.8 0 < 3.9
τ± → e±ω 5.41 0.74±0.43(stat.) ±0.06(syst.) 4.5 0 < 2.4

τ± → µ±K∗0 4.52 0.84±0.25(stat.) ±0.31(syst.) 4.3 0 < 2.9
τ± → e±K∗0 6.94 0.54±0.21(stat.) ±0.16(syst.) 4.1 0 < 1.9
τ± → µ±K∗0 4.58 0.58±0.17(stat.) ±0.12(syst.) 4.3 1 < 4.3
τ± → e±K∗0 7.45 0.25±0.11(stat.) ±0.02(syst.) 4.1 0 < 1.7

Table 2. The signal efficiency (ε), the expected number of background events (NBG), total
systematic uncertainty of the expected number of signal events (σsyst), the number of observed
events in the signal region (Nobs), and the observed 90% C.L. upper limits on the branching fraction
(Bobs (10−8)).

improved by 30% on average from the previous results. We achieve these improvements both
with the reconsideration of the event selection criteria and with the 126 fb−1 of additional
data set.
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Search for heavy neutral leptons (HNL)

14

➡ Can have Majorana mass
➡ Long lifetime 
➡ In keV-scale could be a dark matter candidate
➡ In GeV-scale can explain the origin of the baryon asymmetry
➡ Direct search of HNL in τ decays  

cτN ∝ |UτN |2 m−5
N

MN < Mτ
2

is di↵erent from that of Refs. [24–28], which rely primar-

ily on violation of lepton-number, lepton-flavor, or CP

symmetries, and from that of Ref. [47], which uses the

kinematics of ⌧ decays to search for the N and is not

sensitive for mN larger than a kinematic endpoint. Var-

ious proposed, dedicated long-lived-particle experiments

would be sensitive to a long-lived N [48–55]. However, in

most cases they lack the ability to identify the dominant

⌫⌧ mixing, particularly for the case mN < m⌧ .

As theoretical framework, we use the generic form

of seesaw models [56–62], where the SM neutrinos ⌫`

(` = e, µ, ⌧) are mainly the light fields ⌫i, with small ad-

mixtures of extra fields Nj , which are heavier and sterile

under the SM gauge interactions:

⌫` =
3X

i=1

U`i⌫i +
X

j

V`NjNj . (1)

While each seesaw model contains specific relations be-

tween masses and mixings, here we take a more model-

independent approach where mNj and V`Nj are indepen-

dent parameters. We focus on scenarios where one of

the sterile neutrinos Nj can be produced in ⌧ lepton de-

cays, i.e. mNj < m⌧ . Henceforth we discard the index

j to refer to that neutrino. Moreover, we study the case

|V⌧N | � |VeN |, |VµN |, in which the N mixes mainly with

the ⌧ neutrino, and its mixing with the electron or muon

neutrinos can be neglected. Particular interest in this

scenario stems from the fact that existing limits on |VeN |
and |VµN | are much tighter than those on |V⌧N |, because
electrons and muons are experimentally easier to identify

than ⌧ leptons. Thus, our simplified model is described

by the e↵ective Lagrangian

L =� gp
2
W

+
µ V

⇤
⌧NN�

µ
PL⌧ + h.c.

� g

2 cos ✓W
ZµV

⇤
⌧NN�

µ
PL⌫⌧ + h.c., (2)

where g is the SM electroweak coupling constant, ✓W

is the Weinberg angle, W+
µ and Zµ are the heavy elec-

troweak gauge boson fields, and PL is the left-handed

projection operator.

To probe this scenario, we propose to search for a long-

lived N produced via ⌧
� ! X

�
1 N , taking advantage of

copious e+e� ! ⌧
+
⌧
� events at B-factory experiments.

Since we study the case with dominant V⌧N mixing, the

only sizeable charged-current decay of the N is N !
⌧W

⇤. However, this decay is kinematically forbidden by

the condition mN < m⌧ . Therefore, the N must decay

via the neutral-current decay N ! ⌫⌧X2, mediated by

⌧± N ⌫⌧

X±
1

X2

W ⇤
Z⇤

1

FIG. 1. The proposed decay chain, ⌧ ! X1N followed by

N ! ⌫⌧X2.

the Zµ term of Eq. (2). The complete decay chain is

shown in Fig. (1).

Our aim here is to estimate the sensitivity of the pro-

posed B-factory search to the mixing |V⌧N |2. The num-

ber of observed events should be given by:

N = N⌧⌧ ⇥ B(⌧ ! X1N)⇥ B(N ! ⌫⌧X2)⇥ a⇥ ✏, (3)

where N⌧⌧ is the total number of tau lepton pairs pro-

duced, B denotes a branching fraction, a is the accep-

tance (which is essentially the probability for N to decay

inside the detector), and ✏ is the reconstruction e�ciency.

We focus on the case in which X
±
1 is either ⇡± or ⇡±

⇡
0.

Limiting X1 to hadronic states facilitates the application

of the constraints discussed below, which greatly reduce

the backgrounds. Use of the leptonic modes X1 = `⌫

roughly doubles the exploited ⌧ branching fraction, and

is recommended for the actual data analysis. Since these

modes do not satisfy the above-mentioned constraints,

their study requires full detector simulation, which is

beyond the scope of the current study. In addition,

three-pion and four-pion final states may be used to fur-

ther increase the sensitivity. The branching fractions

B(⌧ ! ⇡N) and B(⌧ ! ⇡⇡N) can be obtained after

replacing N ! ⌧ and ` ! N in Eqs. (3) and (5) of

Ref. [63].

We further focus our study on the case in which X2

is e
+
e
� or µ

+
µ
�, and use the corresponding branching

fractions B(N ! ⌫⌧X2), obtained from Ref. [68]. These

leptonic branching fractions are approximately 2% each,

for mN & 800 MeV. Hadronic X2 final states with at

least two charged pions (needed in order to clearly detect

a displaced vertex) are recommended for the actual data

analysis, and we comment on them below.

To estimate the acceptance a for the Belle II detector,

we generate signal events using EvtGen [64] with beam

energies Ee� = 7 GeV, Ee+ = 4 GeV. Events are pro-

duced for N mass values mN = 0.3, 0.5, 0.7, 1.0, 1.3,

and 1.6 GeV, with various values of |V⌧N |2, using the N

π±
μ+

μ−

2

is di↵erent from that of Refs. [24–28], which rely primar-

ily on violation of lepton-number, lepton-flavor, or CP

symmetries, and from that of Ref. [47], which uses the

kinematics of ⌧ decays to search for the N and is not

sensitive for mN larger than a kinematic endpoint. Var-

ious proposed, dedicated long-lived-particle experiments

would be sensitive to a long-lived N [48–55]. However, in

most cases they lack the ability to identify the dominant

⌫⌧ mixing, particularly for the case mN < m⌧ .

As theoretical framework, we use the generic form

of seesaw models [56–62], where the SM neutrinos ⌫`

(` = e, µ, ⌧) are mainly the light fields ⌫i, with small ad-

mixtures of extra fields Nj , which are heavier and sterile

under the SM gauge interactions:

⌫` =
3X

i=1

U`i⌫i +
X

j

V`NjNj . (1)

While each seesaw model contains specific relations be-

tween masses and mixings, here we take a more model-

independent approach where mNj and V`Nj are indepen-

dent parameters. We focus on scenarios where one of

the sterile neutrinos Nj can be produced in ⌧ lepton de-

cays, i.e. mNj < m⌧ . Henceforth we discard the index

j to refer to that neutrino. Moreover, we study the case

|V⌧N | � |VeN |, |VµN |, in which the N mixes mainly with

the ⌧ neutrino, and its mixing with the electron or muon

neutrinos can be neglected. Particular interest in this

scenario stems from the fact that existing limits on |VeN |
and |VµN | are much tighter than those on |V⌧N |, because
electrons and muons are experimentally easier to identify

than ⌧ leptons. Thus, our simplified model is described

by the e↵ective Lagrangian

L =� gp
2
W

+
µ V

⇤
⌧NN�

µ
PL⌧ + h.c.

� g

2 cos ✓W
ZµV

⇤
⌧NN�

µ
PL⌫⌧ + h.c., (2)

where g is the SM electroweak coupling constant, ✓W

is the Weinberg angle, W+
µ and Zµ are the heavy elec-

troweak gauge boson fields, and PL is the left-handed

projection operator.

To probe this scenario, we propose to search for a long-

lived N produced via ⌧
� ! X

�
1 N , taking advantage of

copious e+e� ! ⌧
+
⌧
� events at B-factory experiments.

Since we study the case with dominant V⌧N mixing, the

only sizeable charged-current decay of the N is N !
⌧W

⇤. However, this decay is kinematically forbidden by

the condition mN < m⌧ . Therefore, the N must decay

via the neutral-current decay N ! ⌫⌧X2, mediated by

⌧± N ⌫⌧

X±
1

X2

W ⇤
Z⇤

1

FIG. 1. The proposed decay chain, ⌧ ! X1N followed by

N ! ⌫⌧X2.

the Zµ term of Eq. (2). The complete decay chain is

shown in Fig. (1).

Our aim here is to estimate the sensitivity of the pro-

posed B-factory search to the mixing |V⌧N |2. The num-

ber of observed events should be given by:

N = N⌧⌧ ⇥ B(⌧ ! X1N)⇥ B(N ! ⌫⌧X2)⇥ a⇥ ✏, (3)

where N⌧⌧ is the total number of tau lepton pairs pro-

duced, B denotes a branching fraction, a is the accep-

tance (which is essentially the probability for N to decay

inside the detector), and ✏ is the reconstruction e�ciency.

We focus on the case in which X
±
1 is either ⇡± or ⇡±

⇡
0.

Limiting X1 to hadronic states facilitates the application

of the constraints discussed below, which greatly reduce

the backgrounds. Use of the leptonic modes X1 = `⌫

roughly doubles the exploited ⌧ branching fraction, and

is recommended for the actual data analysis. Since these

modes do not satisfy the above-mentioned constraints,

their study requires full detector simulation, which is

beyond the scope of the current study. In addition,

three-pion and four-pion final states may be used to fur-

ther increase the sensitivity. The branching fractions

B(⌧ ! ⇡N) and B(⌧ ! ⇡⇡N) can be obtained after

replacing N ! ⌧ and ` ! N in Eqs. (3) and (5) of

Ref. [63].

We further focus our study on the case in which X2

is e
+
e
� or µ

+
µ
�, and use the corresponding branching

fractions B(N ! ⌫⌧X2), obtained from Ref. [68]. These

leptonic branching fractions are approximately 2% each,

for mN & 800 MeV. Hadronic X2 final states with at

least two charged pions (needed in order to clearly detect

a displaced vertex) are recommended for the actual data

analysis, and we comment on them below.

To estimate the acceptance a for the Belle II detector,

we generate signal events using EvtGen [64] with beam

energies Ee� = 7 GeV, Ee+ = 4 GeV. Events are pro-

duced for N mass values mN = 0.3, 0.5, 0.7, 1.0, 1.3,

and 1.6 GeV, with various values of |V⌧N |2, using the N
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2.2.2. Peak Searches in Meson Decays Peak searches in weak decays of heavy leptons

and mesons are powerful probes of heavy neutrino mixing with all lepton flavors. The

most promising are the two-body decays of electrically charged mesons into leptons and

neutrinos: X±
! `±N [168–170], whose branching ratio is proportional to the mixing

|V`N |
2. Thus, for a non-zero mixing and in the meson’s rest frame, one expects the

lepton spectrum to show a second monochromatic line at

E` =
M2

X +m2

` �M2

N

2MX
, (12)

apart from the usual peak due to the active neutrino ⌫L`. For sterile neutrinos heavier

than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is

weakened by a factor M2

N/m
2

` [169] due to which the sensitivity on |V`N |
2 increases with

MN till the phase space becomes relevant. Peak searches have been performed in the

channels ⇡ ! eN [171–175], ⇡ ! µN [176–180], K ! eN [181] and K ! µN [181–185].

The current 90% C.L. limits on |V`N |
2 (for ` = e, µ) derived from these searches are

shown in Figures 3 and 4, labeled as ‘X ! `⌫’ (with X = ⇡, K and ` = e, µ). The limit

from ⇡ ! µN is not shown here, since it is only applicable in the mass range 1 MeV

 MN  30 MeV.

The peak searches could in principle be extended to higher masses with heavier

meson/baryon decays [186–188]. For instance, the Belle experiment [189] used the decay

mode B ! X`N followed by N ! `⇡ (with ` = e, µ) in a data sample of 772 million
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from neutrinoless beta-decay, labeled 0νββ, may be much weaker in the presence of more58

than one sterile neutrino in the model (e.g. three in νMSM), when possible cancellations59

between the contributions to the decay rate may occur.60
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decays. No signal was found and upper limits on |Ue|2 and |Uµ|2 were set. Comparison of62

the Belle and LHCb [10] results for |Uµ|2 is shown on Fig. 3.63

Since at the energy
√
s ∼ 10.58GeV the cross-section of the process e+e− → τ+τ−64

(0.919 nb) is comparable to that of e+e− → BB̄ (1.05 nb), the number of τ leptons produced65

at Belle is comparable to the number of B mesons. Therefore it also makes sense to search66

for heavy neutrinos produced in τ decays. The number of experimental results for |Uτ |2 is67
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at Belle is comparable to the number of B mesons. Therefore it also makes sense to search66

for heavy neutrinos produced in τ decays. The number of experimental results for |Uτ |2 is67
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N (or ) interacts with ν
SM 

through mixing: N ↔ ν
SM

νh

➡ Explored regions by different experiments
➡ :   @LHC
➡ :  @ DELPHI  and  @ LHC 
➡ : @NA62, beam-dump, Belle

➡ All above experiments provide tight limits on 
➡ Fewer experiments have directly probed 

MN > MZ pp > Nℓ±

MN < MZ,W Z0 → νN W± → ℓ±N
MN > MK,D,B

|VeN | , |VμN |
|VτN |
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Search for a heavy neutrino  that mixes predominantly with 
➡ The search uses the data set of Belle with 
➡ Signature: prompt pion and long-lived, heavy neutrino 
➡ Constrain of the signal decay using the full kinematics of τ decay (two-fold ambiguity)
➡ Reject  ( )  →  pions decay to or are misidentified as muons
➡ Two signal regions targeting light ( ) and heavy ( ) HNLs 
➡ 1 and 0 observed events, in agreement with the background expectation.
➡ Set 95% C.L. upper limits on as a function of 

300 < MN < 1600 MeV ντ
Nττ = (836 ± 12) × 106

N → μ+μ−ντ

KS → π+π− 420 < m < 520 MeV
MN < 420 MeV MN > 520 MeV

|VNτ
| mN

4

fined identically to VRH⇡⇡ but with 480 < mDV (⇡⇡) <
515 GeV/c2, is used to check the overall level of back-
ground from KS decays. The VRHss and VRLss are de-
fined by the same criteria as SRH and SRL, respectively,
except that the electric charges of the two muons have
the same sign, opposite the charge of the prompt pion.
These regions are used to validate the level of potential
background from coincidental crossing of tracks.

For each region, the event yields observed in the data,
the corresponding MC prediction, their ratio, and the
statistical consistency between them are shown in Ta-
ble I. Also shown are the postfit yields in the SRs and
CRs for the case of no signal. The data contain one
event in the SRH, with m+ = m� = 1.473 GeV/c2, and
no events in the SRL. To avoid potential experimenter
bias, the data event yields in the SRs were unveiled only
after finalizing all analysis procedures and systematic-
uncertainty estimations. In the CRs and VRs, the num-
ber of data events exceed the MC expectation by between
2% and 43%, and the naive data-MC statistical consis-

tency N�
obs,bgd = (Nobs�Nbgd)/

q
Nobs + �2

bgd
ranges be-

tween 0.8 and 4.7. This di↵erence is used to estimate an
uncertainty on the background model, described later.

Region Nobs Nbgd
Nobs
Nbgd

N�
obs,bgd Postfit

SRH 1 0.40± 0.28 2.5 2.1 0.59± 0.31
SRL 0 0.80± 0.40 0 �2.0 0.69± 0.45
CRH 95 73.6± 3.8 1.29 2.0 93± 8
CRL 43 37.2± 2.7 1.16 0.8 41± 6

VRH⇡⇡ 273 191± 6 1.43 4.7
VRL⇡⇡ 165 127± 6 1.30 2.7
VRKS 7917 7728± 39 1.02 2.0
VRHss 0 0.40± 0.28 0
VRLss 0 0 0

TABLE I: The number Nobs of events observed in the data,
the expected number Nbgd of background events based on the
MC simulation, the ratio Nobs/Nbgd, and the naive statistical

consistency N�
obs,bgd = (Nobs �Nbgd)/

q
Nobs + �2

bgd for each

of the signal, control, and validation regions. The last column
shows the postfit event yields for the SRs and CRs, obtained
by maximizing the likelihood function when the signal yield
is fixed to 0.

The S values of the data and background-MC events
that pass all the selection criteria except S < 0.4 are
shown in Fig. 1(a) together with the signal-MC distribu-
tion. The m± values after all selections except the m±
requirement are shown in Fig. 1(b). The SRL distribu-
tion for signal MC events with mN = 600 MeV/c2 is also
shown for comparison. Signal events cluster around ei-
ther m+ ⇡ mN or m� ⇡ mN , with events for which S
was set to 0 having m� = m+

From the observed event yields Nobs in the SRs and
CRs we compute 95% confidence-level (CL) upper limits
on |VN⌧ |2 as a function of mN using the CLs prescription
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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)
The m� vs. m+ values for the data and for e+e� ! ⌧+⌧�

and e+e� ! 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 =
600 MeV/c2 in the SRL is also shown in colored contours.

implemented in pyhf [55–57] with the likelihood function

L =
Y

R

P
�
NR

obs
|NR

exp

�Y

C

GC(pC |p0C ,�C). (3)

Here the index R runs through the regions SRH, SRL,
CRH, and CRL; P

�
NR

obs
|NR

exp

�
is the Poisson probability

for an observation of NR
obs

events in region R given the
expectation NR

exp
; the index C runs through the nuisance

parameters; and GC(pC |p0C ,�C) is the Gaussian distribu-
tion for nuisance parameter pC given the expectation p0C
and its uncertainty �C .

The expected event yield in region R is NR
exp

= NR
bgd

+

NR
sig

, where NR
bgd

is the expected background yield shown

in Table I, and NR
sig

is the expected signal yield, calcu-

m+ ≈ mN

m− ≈ mN

m +
=

−
m −

2

is di↵erent from that of Refs. [24–28], which rely primar-

ily on violation of lepton-number, lepton-flavor, or CP

symmetries, and from that of Ref. [47], which uses the

kinematics of ⌧ decays to search for the N and is not

sensitive for mN larger than a kinematic endpoint. Var-

ious proposed, dedicated long-lived-particle experiments

would be sensitive to a long-lived N [48–55]. However, in

most cases they lack the ability to identify the dominant

⌫⌧ mixing, particularly for the case mN < m⌧ .

As theoretical framework, we use the generic form

of seesaw models [56–62], where the SM neutrinos ⌫`

(` = e, µ, ⌧) are mainly the light fields ⌫i, with small ad-

mixtures of extra fields Nj , which are heavier and sterile

under the SM gauge interactions:

⌫` =
3X

i=1

U`i⌫i +
X

j

V`NjNj . (1)

While each seesaw model contains specific relations be-

tween masses and mixings, here we take a more model-

independent approach where mNj and V`Nj are indepen-

dent parameters. We focus on scenarios where one of

the sterile neutrinos Nj can be produced in ⌧ lepton de-

cays, i.e. mNj < m⌧ . Henceforth we discard the index

j to refer to that neutrino. Moreover, we study the case

|V⌧N | � |VeN |, |VµN |, in which the N mixes mainly with

the ⌧ neutrino, and its mixing with the electron or muon

neutrinos can be neglected. Particular interest in this

scenario stems from the fact that existing limits on |VeN |
and |VµN | are much tighter than those on |V⌧N |, because
electrons and muons are experimentally easier to identify

than ⌧ leptons. Thus, our simplified model is described

by the e↵ective Lagrangian

L =� gp
2
W

+
µ V

⇤
⌧NN�

µ
PL⌧ + h.c.

� g

2 cos ✓W
ZµV

⇤
⌧NN�

µ
PL⌫⌧ + h.c., (2)

where g is the SM electroweak coupling constant, ✓W

is the Weinberg angle, W+
µ and Zµ are the heavy elec-

troweak gauge boson fields, and PL is the left-handed

projection operator.

To probe this scenario, we propose to search for a long-

lived N produced via ⌧
� ! X

�
1 N , taking advantage of

copious e+e� ! ⌧
+
⌧
� events at B-factory experiments.

Since we study the case with dominant V⌧N mixing, the

only sizeable charged-current decay of the N is N !
⌧W

⇤. However, this decay is kinematically forbidden by

the condition mN < m⌧ . Therefore, the N must decay

via the neutral-current decay N ! ⌫⌧X2, mediated by

⌧± N ⌫⌧

X±
1

X2

W ⇤
Z⇤

1

FIG. 1. The proposed decay chain, ⌧ ! X1N followed by

N ! ⌫⌧X2.

the Zµ term of Eq. (2). The complete decay chain is

shown in Fig. (1).

Our aim here is to estimate the sensitivity of the pro-

posed B-factory search to the mixing |V⌧N |2. The num-

ber of observed events should be given by:

N = N⌧⌧ ⇥ B(⌧ ! X1N)⇥ B(N ! ⌫⌧X2)⇥ a⇥ ✏, (3)

where N⌧⌧ is the total number of tau lepton pairs pro-

duced, B denotes a branching fraction, a is the accep-

tance (which is essentially the probability for N to decay

inside the detector), and ✏ is the reconstruction e�ciency.

We focus on the case in which X
±
1 is either ⇡± or ⇡±

⇡
0.

Limiting X1 to hadronic states facilitates the application

of the constraints discussed below, which greatly reduce

the backgrounds. Use of the leptonic modes X1 = `⌫

roughly doubles the exploited ⌧ branching fraction, and

is recommended for the actual data analysis. Since these

modes do not satisfy the above-mentioned constraints,

their study requires full detector simulation, which is

beyond the scope of the current study. In addition,

three-pion and four-pion final states may be used to fur-

ther increase the sensitivity. The branching fractions

B(⌧ ! ⇡N) and B(⌧ ! ⇡⇡N) can be obtained after

replacing N ! ⌧ and ` ! N in Eqs. (3) and (5) of

Ref. [63].

We further focus our study on the case in which X2

is e
+
e
� or µ

+
µ
�, and use the corresponding branching

fractions B(N ! ⌫⌧X2), obtained from Ref. [68]. These

leptonic branching fractions are approximately 2% each,

for mN & 800 MeV. Hadronic X2 final states with at

least two charged pions (needed in order to clearly detect

a displaced vertex) are recommended for the actual data

analysis, and we comment on them below.

To estimate the acceptance a for the Belle II detector,

we generate signal events using EvtGen [64] with beam

energies Ee� = 7 GeV, Ee+ = 4 GeV. Events are pro-

duced for N mass values mN = 0.3, 0.5, 0.7, 1.0, 1.3,

and 1.6 GeV, with various values of |V⌧N |2, using the N

π±
μ+

μ−

7

systematic uncertainty, 34%, is assigned to the back-439

ground yield expectations NR
bgd

. This value is chosen440

since it brings the event yields in the data and MC sam-441

ples, NVRH⇡⇡
obs

and NVRH⇡⇡
exp

, to within 1� consistency in442

the VRH⇡⇡, which has the poorest data-MC consistency,443

as shown in Table I. Following Ref. [17], we assign a 5%444

uncertainty on the HNL branching fraction and decay445

modeling, arising mainly from the QCD corrections to446

the HNL hadronic decay width [38, 62]. The systematic447

uncertainty on the integrated luminosity is 1.4% [63], and448

that on the e+e� ! ⌧+⌧� cross section is 0.3% [61].449

The uncertainty on the reconstruction of the two prompt450

tracks is 0.7% [64]. The relative statistical uncertainties451

on ✏R associated with the finite number of MC events,452

the finite number of generated decay times ti, and the453

MadGraph5 aMC@NLO weights are also used as system-454

atic uncertainties. The uncertainty due to muon identi-455

fication is 2% per muon [64]. The uncertainty on the456

e�ciency for the remaining event-reconstruction steps,457

namely, online event selection and trigger, and tracking458

and vertexing of the HNL daughter tracks, is estimated459

to be 3.7%, chosen so that it brings the data and MC460

yields to within 1� consistency in the VRKS . We esti-461

mate an uncertainty of 1.3% on the determination of the462

signal e�ciency from the maximal di↵erence with respect463

to the true e�ciency at the generated lifetime. The post-464

fit values of the nuisance parameters are all well within465

1� of their expected values, and are shown in the sup-466

plemental material [57]. The largest pull is that of the467

background-prediction parameter µB , 0.69 ± 0.43.468

The resulting excluded region in |VN⌧ |2-vs.-mN space469

are shown in Fig. 2, separately for a Dirac and a Majo-470

rana HNL. For every point on the grid, the HNL lifetime471

in the Majorana case is half that of the Dirac HNL.472

In conclusion, we report a search for a heavy neu-473

tral lepton (HNL) in the decay chain ⌧� ! ⇡�N ,474

N ! µ+µ�⌫⌧ . The search method, used here for the475

first time, utilizes the displaced vertex originating from476

the long-lived HNL decay and the ability to reconstruct477

the HNL-candidate mass to suppress the background to478

the single-event level. It also allows for direct measure-479

ment of the HNL mass if a signal is observed. In the480

signal regions targeting heavy and light HNLs we ob-481

serve 1 and 0 events, respectively, in agreement with the482

background expectation. We set limits on the mixing co-483

e�cient |VN⌧ |2 of the HNL with the ⌧ neutrino for HNL484

masses in the range 300 < mN < 1600 MeV/c2.485
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Search for a heavy neutrino 
➡ The search uses the data set of Belle with 
➡ Signature: prompt pion and long-lived, heavy neutrino 
➡ A series of binned likelihood fits to the mass distributions using the sum of a Gaussian signal function and 

background varying the mass hypothesis in each fit.
➡ No significant access 
➡ Set 95% C.L. upper limits on as a function of  for the two neutrino-mass 

hierarchy scenarios

200 < Mνh
< 1600 MeV

Nττ = (912 ± 13) × 106

νh → π±ℓ∓

|U |2 = |Ue |2 + |Uμ |2 + |Uτ |2 Mνh
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FIG. 1. Heavy neutrino production (a) and decay (b) diagrams.

from neutrinoless beta-decay, labeled 0νββ, may be much weaker in the presence of more58

than one sterile neutrino in the model (e.g. three in νMSM), when possible cancellations59

between the contributions to the decay rate may occur.60
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In our previous analysis [8] we searched for the decays of heavy neutrinos produced in B61

decays. No signal was found and upper limits on |Ue|2 and |Uµ|2 were set. Comparison of62

the Belle and LHCb [10] results for |Uµ|2 is shown on Fig. 3.63

Since at the energy
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at Belle is comparable to the number of B mesons. Therefore it also makes sense to search66

for heavy neutrinos produced in τ decays. The number of experimental results for |Uτ |2 is67
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We study the dependence of the coupling constant jUj2
on the HNL mass using simultaneous fit to ππe and ππμ
modes taking into account the relative mixing coefficients
xα defined above.
The ΔE vs MðππlÞ distributions with all requirements

butΔE andMðππlÞ imposed are shown in Fig. 3. The mass
distributions after application of all reconstruction require-
ments are shown in Fig. 4 for the same-charge τ and l
(Dirac-like limit) and both same- and opposite-charge
combinations (Majorana-like limit). From the background
MC simulation study, we expect to see a wide peak around
∼0.2 GeV=c2 from the conversion process γ → eþe− in the
ππe mode and a narrow peak from the K0

S → πþπ− process
at ∼0.48 GeV=c2 in the ππμ mode. Since the conversion
peak is wide, we can distinguish a narrow signal peak from
the HNL decay under it, but since theK0

S peak is narrow, we
exclude the K0

S region at 0.464–0.494 GeV=c2 from con-
sideration, which corresponds to $2σ of the peak width.
The HNL mass is unknown and we search for it in the

kinematically accessible region for the mass; for the decays
under study, this lies between Mπ þMl and Mτ −Mπ . We
perform a series of binned likelihood fits to the mass
distributions using the sum of a Gaussian signal function
and background (described below) varying the mass
hypothesis in each fit. The neutrino mass is set to the
center of a histogram bin which has a width of 2 MeV=c2.
The signal-shape parameters used in the fits to data are
fixed to those obtained by fitting simulated events. The
width evolves linearly from ∼3 MeV=c2 for MðνhÞ ¼
0.2 GeV=c2 to ∼10 MeV=c2 for MðνhÞ ¼ 1.6 GeV=c2.
The background is described by the sum of a constant
and the conversion peak described above in the ππe subset
and by a constant and the K0

S peak in the ππμ subset. The
functions for the peaking components are defined as

smoothed histograms from the background MC simulation.
Yields of all components are free parameters of the fit.
The statistical significance of the HNL signal is defined

as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnL0=L

p
, where L0 and L are the likelihoods

returned by the fit with the signal yield fixed at zero and
at the fitted value, respectively. The maximum local
significance in four fits does not exceed 2.5σ, and we
set upper limits on jUj2 at 95% CL in the Dirac-like limit
and the Majorana-like limit for the two neutrino-mass

(a) (b)

FIG. 3. ΔE vs MðππlÞ distributions with all requirements but ΔE and MðππlÞ imposed for ππe (a) and ππμ (b) in data. The signal
region is shown as a red ellipse.

FIG. 4. Final distributions of MðνhÞ for ππe and ππμ
reconstruction modes in data. The filled histograms are for
candidates with opposite-charge τ and l, while the open histo-
grams are for candidates with same-charge combinations. The
curves are the fits with the signal yield fixed at zero.
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➡ BNV is one of the  necessary conditions to explain the asymmetry of matter 
➡ Beyond SM scenarios allow for BNV and LNV

➡  conservation
➡

➡ Previous BNV  searches:
➡  and  @ Super-Kamiokande 
➡   and  @ OPAL
➡  and    @ CLEO & Belle
➡  at BaBar
➡ , @BaBar
➡  @ CLEO
➡   and  @ Belle
➡  and  @LHCb

➡ Experimental limits 

B − L
|Δ(B − L) | = 2

p → e±π0 p → μ±π0

Z0 → pe− Z0 → pμ−

D0 → p̄e+ D0 → pe−

D+, D+
s , Λc → h±ℓ∓ℓ±

B0 → Λcℓ− B− → Λℓ−, Λ̄ℓ−

τ → p̄X (X = γ, π0, η, 2π0, π0η)
τ− → Λπ− τ− → Λ̄π−

τ− → pμ−μ− τ− → p̄μ+μ−

10−8 − 10−5
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IJCLab, Orsay - 2024/04/12 L.Zani for Topical workshop on LFV decays of the tau 23

Search for τ- 1 4(4)π- 

● Baryon number violation (BNV) required for  explaining matter antimatter asymmetry 
● Baryon and lepton numbers conserved in the SM, might be violated in beyond SM scenarios
● Previous search on 154 fb-1 at Belle [1] set limits at 90% CL of 0.72 (1.4) x 10-7 for BR(τ- 1 4(4)π-)

[1] Physics Letters B,Volume 632, 1 (2006)

● Reconstruct exactly 4 charged tracks (total null charge) in one-prong 
tag approach

● Apply loose pre-selections and MVA classi>er to isolate signal
● Poisson counting experiment technique in elliptical signal regions SR 

in M  τ and VE
τ
= E*

sig W Ds/2 plane

Previous search @ Belle  on 154 fb-1 
➡ Set upper limits at 90% C.L. of  for   and  for 
This search @ Belle  II on 362 fb-1 
➡ Signal selection using loose pre-selections, followed by GBDT

➡ The flight significance of Λ and Λ ̄ candidates is one of the powerful variables

0.72 × 10−7 ℬ(τ− → Λπ−) 1.4 × 10−7 ℬ(τ− → Λ̄π−)

5

(a) (b)

Figure 4: The distributions of the surviving events for data
and simulated background in the ∆E −M(Λπ) plane for (a)
τ− → Λπ− and (b) τ− → Λ̄π− decay channels after applying
all the selections.

considered simultaneously. The upper limits on the335

branching fractions at 90% CL are estimated to be 4.7336

(4.3) × 10−8 for the τ− → Λπ− (τ− → Λ̄π−) channel.337

These upper limits are fully dominated by the sample338

size and do not appreciably change even if we do not339

consider systematic uncertainties.340

In summary, we present the search for the BNV and341

LNV decays τ− → Λπ− and τ− → Λ̄π− using 362342

fb−1 data collected by the Belle II experiment at √
s343

= 10.58 GeV collision energy. No evidence of signal is344

observed, and upper limits on the branching fractions345

B(τ− → Λπ−) and B(τ− → Λ̄π−) are estimated to be346

4.7×10−8 and 4.3×10−8, respectively. These are world-347

leading results on the branching fractions of τ− → Λπ−348

with |∆(B−L)| = 2 and τ− → Λ̄π− with |∆(B−L)| = 0.349
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The candidates for Λ or Λ̄ are reconstructed by175

combining an identified p or p̄ with an oppositely176

charged particle for which no identification is required.177

The resulting pπ− and p̄π+ invariant mass distributions178

are shown in Figs. 2(a) and 2(b). Candidates within179

a 6 MeV/c2 window around the nominal Λ mass180

are selected [28]. The flight significance of Λ and Λ̄181

candidates, defined as the ratio, L/σ, of the flight182

distance L to its uncertainty σ is required to be larger183

than 2.0, as shown in Figs. 2(c) and 2(d). After applying184

these selections, 83% (88%) of the retained candidates185

are correctly identified Λ (Λ̄), while the remaining186

17% (12%) are due to random combinations of tracks,187

according to the simulated signal.188

(a) (b)

(c) (d)

Figure 2: The distributions of (a) M(pπ−) for τ− → Λπ−

and (b) M(p̄π+) for τ− → Λ̄π−, (c) L/σ of Λ candidates for
τ− → Λπ−, (d) L/σ of Λ̄ candidates for τ− → Λ̄π−. The red
blank histograms represent the simulated signal distributions,
the filled histograms are stacked to show the simulated
background distributions, and the dots with error bars show
the distributions of the data in the sideband regions. The
simulated signal distribution is arbitrarily scaled.

The missing momentum pmiss is defined as the189

difference between the total initial momentum and the190

sum of the momenta of all charged particles and photons.191

To suppress backgrounds from e+e− → e+e−(γ),192

e+e− → µ+µ−(γ), e+e− → ℓ+ℓ−ℓ+ℓ−, and193

e+e− → e+e−h+h− processes, the cosine of the194

angle between pmiss and the momentum of the track195

in the tag side is required to be greater than 0.15.196

The angle θΛ−πτ between the momenta of the Λ197

candidates and πτ is required to be greater than 0.1198

rad. We require Vthrust > 0.9. After these selections199

are applied, contributions from e+e− → ℓ+ℓ−ℓ+ℓ− and200

e+e− → e+e−h+h− processes are negligible. At this201

stage of the analysis, 99.2% (99.3%) of the backgrounds202

are suppressed, with a 25.7% (25.3%) loss of signal203

efficiency for the τ− → Λ(Λ̄)π− decay modes. Surviving204

backgrounds are composed solely by e+e− → τ+τ−(γ)205

and e+e− → qq̄.206

To further suppress the remaining background events,207

the Gradient Boosted Decision Tree (GBDT) classifier of208

the TMVA library [44] is used. We use 15 discriminating209

variables defined at event level, signal side, and tag side210

as inputs to the classifier. The variables at event level211

include: the visible energy Evis; the magnitude of the212

missing momentum; the signed squared missing mass213

M2
miss = E2

miss − p2miss, where Emiss is the difference214

between the total initial energy and Evis; the cosine of215

the polar angle of the missing momentum; the cosine216

of the angle between the missing momentum and the217

thrust axis. The variables in the signal side include218

N sig
γ , Esig

γ , θΛ−πτ , the angle between the momenta of219

πτ and πΛ, and the momentum of the Λπ (Λ̄π) system.220

The variables related to the tag side include N tag
γ , the221

energy of the most energetic photon in the tag side,222

the mass of the system recoiling against the track in223

the tag side, and an identification code assigned to the224

track to distinguish between e, µ, and π. We train the225

GBDT classifier with samples of simulated signal and226

background events surviving the selections described so227

far. Simulated signal and background events are divided228

into training and test samples in a 1:4 ratio.229

The distributions of the GBDT outputs are shown in230

Fig. 3. To optimize the requirements on the GBDT231

output values, we minimize the expected upper limits232

at 90% CL on B(τ− → Λπ−) and B(τ− → Λ̄π−) (as233

described later in the paper) estimated with a sample234

that does not overlap with those used for training and235

test. The optimized selection criteria are PGBDT > 0.886236

(0.803). They keep 78.8% (82.3%) of the signal and reject237

98.9% (98.8%) of the backgrounds for the τ− → Λπ−238

(τ− → Λ̄π−) decay mode. The final detection efficiencies239

are 9.50% and 9.89% for τ− → Λπ− and τ− → Λ̄π−,240

respectively, which take into account corrections for PID,241

trigger, and Λ selection, as described in the following.242

(a) (b)

Figure 3: The GBDT outputs of the training and test samples
for the (a) τ− → Λπ− and (b) τ− → Λ̄π− channels. The
filled histogram represents the distributions of the training
samples, and the dots with error bars represent test samples.
The red represents signal samples, and the blue represents the
background samples.

➡ Signal efficiencies  9.5% (9.8%) for  ( )
➡ Expected events 1 (0.5) for  ( )
➡ No observed  events 
➡ World leading results on upper limits at 90% C.L. of  

for   and  for 

τ → Λπ− τ− → Λ̄π−

τ → Λπ− τ− → Λ̄π−

4.7 × 10−8

ℬ(τ− → Λπ−) 4.3 × 10−8 ℬ(τ− → Λ̄π−)
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Outlook

19

Very exciting times ahead!

➡ A very interesting era in the τ LFV searches, with expectations of 
significant improvements in current limits, spanning from a few parts in 
10-10 to 10-9.
➡ On horizon @ Belle II
➡ Polarised beams can further improve the sensitivity
➡ Similar sensitivities will be probed at ATLAS, CMS & LHCb
➡ The proposed experiments at STCF and FCC-ee will further explore 

LFV in the τ sector.
➡ This goes hand in hand with precision measurements, where the possibility 

of new physics emerging is also possible.
➡ The discovery of LFV would mark a new era in particle physics.

➡ Synergies between different experiments enhance both the potential for 
new discoveries and the confirmation of existing ones.
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Backup
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Search for LFV  ( )τ → ℓα α → invisible

21

Probe the existence of a new boson α
➡ α is an invisible particle

➡ e.g, an axion-like particle 

➡ Previous searches from Mark III (9.4 pb-1) and 
ARGUS (476 pb-1)
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π

π

⌧tag
<latexit sha1_base64="RMm5raAS/qNw6Yya13wjGg8drII=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVgRpf9wtlf2KNwX5m5RPXt3jWwCodUtvQS9hmeIxMkmNafteip2cahRM8rEbZIanlA1pn7ctjanippNPU4/JnlV6JEq0nRjJVP16kVNlzEiFdlNRHJif3kT8zWtnGB11chGnGfKYzR5FmSSYkEkFpCc0ZyhHllCmhc1K2IBqytAW5f6vhMZBxfcq/oVXrp7CDEXYgV3YBx8OoQrnUIM6MNBwBw/w6Nw4986T8zxbLTifN9vwDc7LBxw5lGY=</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="DgSFKWBwLNT1oxrRRxRfcFpdOOI=">AAAB9XicjVC7SgNBFJ31GddX1NJmMAhWYddGGzFoYxnBPCAbw93JbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzBMOlULyGAiVvpppDHEreCAenY79xxbURibrAYcrbMfSUiAQDtNJlgJB18kDHFKE36hRLftmbgP5NSscv7lH68OZWO8XXoJuwLOYKmQRjWr6XYjsHjYJJPnKDzPAU2AB6vGWpgpibdj5JPaK7VunSKNF2FNKJ+vUih9iYYRzazRiwb356Y/E3r5VhdNjOhUoz5IpNH0WZpJjQcQW0KzRnKIeWANPCZqWsDxoY2qLc/5VQ3y/7Xtk/90qVEzJFgWyTHbJHfHJAKuSMVEmNMKLJDbkj9861c+s8Ok/T1Rnn82aLfIPz/AENyJXa</latexit><latexit sha1_base64="OHg8lUQRtjoa4kmwIEXzR3QafqM=">AAAB9XicjVDLSgNBEJz1GeMr6tHLYBA8hV0vegx68RjBPCC7ht7JbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxGC5FJo3UaDkncxwULHk7Xh0OfXbd9xYkeobHGc8UjDQIhEM0Em3IULeK0KjKMJg0qtUg5o/A/2bVMkCjV7lPeynLFdcI5NgbTfwM4wKMCiY5JNymFueARvBgHcd1aC4jYpZ6gk9dkqfJqlxo5HO1K8XBShrxyp2mwpwaH96U/E3r5tjch4VQmc5cs3mj5JcUkzptALaF4YzlGNHgBnhslI2BAMMXVHl/5XQOq0Ffi249qv1i0UdJXJIjsgJCcgZqZMr0iBNwoghD+SJPHv33qP34r3OV5e8xc0B+Qbv7ROs8pKZ</latexit>

µ�e�

↵
<latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit><latexit sha1_base64="3cuH/msNH5GL8ZP1kaOEpuPH6OM=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYa9vXN3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSVrGW4E6yaKYRQI1gkmt3O/88SU5rF8MNOE+RGOJA85RWOlbrWPIhljdVCuuDV3AbJOvJxUIEdzUP7qD2OaRkwaKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM9SiRHTfra4d0YurDIkYaxsSUMW6u+JDCOtp1FgOyM0Y73qzcX/vF5qwms/4zJJDZN0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBFTI9y</latexit>

⌧sig
<latexit sha1_base64="1S+hVzrQrXJlUYWQrUuJCCLUBfw=">AAAB9XicjVC7SgNBFL0bX3F9RS1tBoNgFXZttBGDNpYRzAOyMcxOZpMhM7vLzF0lLAE/w8ZCEVs/w97Ov3GSWKgoeODC4Zx7uYcTplIY9Lx3pzA3v7C4VFx2V1bX1jdKm1sNk2Sa8TpLZKJbITVcipjXUaDkrVRzqkLJm+HwbOI3r7k2IokvcZTyjqL9WESCUbTSVYA06+aBVsSI/rhbKvsVbwryNymfvLrHtwBQ65begl7CMsVjZJIa0/a9FDs51SiY5GM3yAxPKRvSPm9bGlPFTSefph6TPav0SJRoOzGSqfr1IqfKmJEK7aaiODA/vYn4m9fOMDrq5CJOM+Qxmz2KMkkwIZMKSE9ozlCOLKFMC5uVsAHVlKEtyv1fCY2Diu9V/AuvXD2FGYqwA7uwDz4cQhXOoQZ1YKDhDh7g0blx7p0n53m2WnA+b7bhG5yXDybilG0=</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="a6K9IdUcn6ENn/TY2hGeNk0M7k4=">AAAB9XicjVC7SgNBFL3rM66vqKXNYBCswq6NNmLQxjKCeUA2htnJbDJkdnaZuauEJf9hY+EDWz/D3kb8GyeJhYqCBy4czrmXezhhKoVBz3t3Zmbn5hcWC0vu8srq2npxY7NukkwzXmOJTHQzpIZLoXgNBUreTDWncSh5Ixycjv3GFddGJOoChylvx7SnRCQYRStdBkizTh7omBjRG3WKJb/sTUD+JqXjF/cofXhzq53ia9BNWBZzhUxSY1q+l2I7pxoFk3zkBpnhKWUD2uMtSxWNuWnnk9QjsmuVLokSbUchmahfL3IaGzOMQ7sZU+ybn95Y/M1rZRgdtnOh0gy5YtNHUSYJJmRcAekKzRnKoSWUaWGzEtanmjK0Rbn/K6G+X/a9sn/ulSonMEUBtmEH9sCHA6jAGVShBgw03MAd3DvXzq3z6DxNV2ecz5st+Abn+QMYcZXh</latexit><latexit sha1_base64="ne5HGLWYmne5eDeX6OlF2vwPfn4=">AAAB9XicjVDLSgNBEOz1GeMr6tHLYBA8hV0vegx68RjBPCC7htnJbDJkZnaZ6VXCkv/w4kERr/6LN//GyeOgomBBQ1HVTRcVZ1JY9P0Pb2l5ZXVtvbRR3tza3tmt7O23bJobxpsslanpxNRyKTRvokDJO5nhVMWSt+PR5dRv33FjRapvcJzxSNGBFolgFJ10GyLNe0VoFLFiMOlVqkHNn4H8TaqwQKNXeQ/7KcsV18gktbYb+BlGBTUomOSTcphbnlE2ogPedVRTxW1UzFJPyLFT+iRJjRuNZKZ+vSiosnasYrepKA7tT28q/uZ1c0zOo0LoLEeu2fxRkkuCKZlWQPrCcIZy7AhlRrishA2poQxdUeX/ldA6rQV+Lbj2q/WLRR0lOIQjOIEAzqAOV9CAJjAw8ABP8Ozde4/ei/c6X13yFjcH8A3e2ye3m5Kg</latexit>
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 motivationτ → lα
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Search for LFV two-body decay  (l = e, μ) 

𝛼 is an invisible gauge boson that can be predicted by 

several NP models → LFV Z’, light ALP candidate, more..

τ → l + α

Best upper limits on B( )/B( )  
 from ARGUS (1995, 476 pb-1) 

τ → lα τ → lνν̄
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 motivationτ → lα

21

Search for LFV two-body decay  (l = e, μ) 

𝛼 is an invisible gauge boson that can be predicted by 

several NP models → LFV Z’, light ALP candidate, more..

τ → l + α

Best upper limits on B( )/B( )  
 from ARGUS (1995, 476 pb-1) 

τ → lα τ → lνν̄

➡ Interesting mass range from 100 MeV-1.6 GeV 
➡ not covered by other searches
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Search for LFV  ( )τ → ℓα α → invisible

22

Search for a two body decay spectrum 
➡ Signal will manifest itself as a peak in the τ rest frame
➡ True τ rest frame not accessible due to the missing neutrino

The pseudo rest frame (ps)

5/21/2019 EDUARD BURELO, BELLE II, TAU MEETING 2

• 𝐸𝜏 ≈
𝐸𝑐𝑚
2

• Direction of the W given by the opposite to the 3S direction

𝜏 → 𝑙  𝜈𝑙𝜈𝜏
𝜏 → 𝑙𝛼

𝑃3𝜋

-𝑃3𝜋
𝜏 𝜏

𝑙

𝛼

𝜃
𝜃𝑝𝑠

̂p τ ≈ − ̂p 3π Eτ = s /2

LFV: Belle II τ→lα signal results

• 95% C.L. branching fraction limits for Mα from 0 to 1.6 GeV
• 2 to 14 times more stringent than ARGUS

28/11/2023 HQL 28

PRL 130, 181803 (2023)

Belle II
 𝐿 dt = 62.8 fb-1 

Belle II
 𝐿 dt = 62.8 fb-1 

τ→αe search                                                τ→αμ search 

LFV: Belle II τ→lα signal results

• 95% C.L. branching fraction limits for Mα from 0 to 1.6 GeV
• 2 to 14 times more stringent than ARGUS

28/11/2023 HQL 28

PRL 130, 181803 (2023)

Belle II
 𝐿 dt = 62.8 fb-1 

Belle II
 𝐿 dt = 62.8 fb-1 

τ→αe search                                                τ→αμ search 
➡ Approximate using the tag side:
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 analysis @Belle IIτ → lα
π π

π
3 prong

𝛎𝜏

𝜏

𝛼

signal 
side

𝜏

• Tag side: 

• Pseudo-rest frame implies:


-  

- 


• Veto neutrals: 

• Selection optimised on  

as irreducible background

τ → 3πντ

⃗pτ ∼ − ⃗p3π
Eτ ∼ s /2

π0, γ
τ → lνν̄τ

ARGUS analysis approach is adopted → definition of pseudo-rest (ps) frame 

Signal signature: bump in the  distributionxl ≡
E*l

mτc2/2

➡ Search for access over the irreducible background: 𝜏→l𝜈𝜈
➡ Mass range: Mα from 0 to 1.6 GeV
➡ No access is observed
➡ Set 95% (90%) C.L. branching fraction limits
➡ 2 to 14 times more stringent than ARGUS

xℓ = 2E*ℓ /mτ

Belle II - PRL 130, 181803 (2023)


