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3 generations of matter

Lepton number 
violation (LNV) / 
Charged lepton  
flavor violation (LFV):  
               ?

Quark-mixing:

Neutrino-oscillations:
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cLFV/LNV/BNV

τ µν ντ µ

cLFV/LNV/BNV is NOT forbidden by any continuous symmetry 
⇒ most New Physics (NP) models naturally include such processes

Any observation of cLFV/LNV/BNV  
⇒ unambiguous signature of NP

many orders below experimental sensitivity!
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NP predictions

 S. Banerjee

LFV τ decays

Mass dependent couplings enhance tau LFV w.r.t. lighter leptons

Some models predict LFV upto existing experimental bounds

eg. SUSY models: non-diagonal slepton mass matrix ⇒ LFV

Normal (Inverted) hierarchy for slepton ⇒ τ → µγ ( τ → eγ)

∼ O(10−6)
(CLEO ’00)

(J. Ellis, J. Hisano, M. Raidal and Y. Shimizu, Phys. Rev. D 66 (2002) 115013)
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NP predictions

 S. Banerjee

LFV τ decays

Neutrinoless 2 and 3 body τ decays have different sensitivity

B(τ → "γ) B(τ → """)
mSUGRA+seesaw (EPJC14(2000)319, PRD66(2002)115013) 10−7 10−9

SUSY SO(10) (NPB649(2003)189, PRD68(2003)033012) 10−8 10−10

SUSY Higgs (PLB549(2002)159, PLB566(2003)217) 10−10 10−7

Non-Universal Z′ (PLB547(2002)252) 10−9 10−8

SM+Heavy Majorana νR (PRD66(2002)034008) 10−9 10−10

Illustrative scenarios ...
ν µ

χ
γ

τ − −
∼ −

τ −
µ
µ

−
−µ

+H0

! Search for τ → "γ/P 0, τ → """, τ → "hh′ decays (" = e, µ; h = π, K)

τ Physics @ BABAR
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Probing NP at electron-positron colliders  
• Lepton flavor violation (charge conjugate modes implied) 
• τ → e/µ γ (BaBar, Belle) 
• τ → e/µ (scalar/pseudoscalar/vector mesons) (BaBar, Belle) 
• τ → e e e (BaBar, Belle) 
• τ → µ µ µ (BaBar, Belle) 
• τ → e µ µ, µ e e (BaBar, Belle) 
• τ → e/µ h h (non-resonant final states with h=π/K) (BaBar, Belle) 

• Lepton number violation 
• τ- → e+ h- h- (non-resonant final states with h=π/K) (BaBar, Belle) 
• τ- → µ+ h- h- (non-resonant final states with h=π/K) (BaBar, Belle) 

• Baryon number violation 
• τ- → Λ π-, Λ̅ π- (Belle) 
• τ- → p̅ γ/π/η (CLEO)
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Electron-positron colliders
• Known initial conditions (beam energy constraint) 
• Clean environment (less backgrounds)

 S. Banerjee

e+e− → τ+τ− (clean environment)

!" #$τ → "γ

Signal−Side
γ

l 1 or 3 prong

ν
Tag−Side

Backgrounds:

τ → eγ (τ → µγ):

Radiative Bhabha (di-muon)
τ+τ−γ(τ → #νν)

qq (γ)

!" #$τ → """ (τ → "hh′)

Signal−Side

l

ν
Tag−Side

1 prong
l(h)
l(h)

Backgrounds:

τ− → #′−#+#−:

Bhabha, di-muon

τ− → #+#′−#′−, τ → #hh′:

τ+τ−, qq

# of ν(s) in Signal-side Signal: 0 τ+τ−: 1-2 Bhabha, di-muon, qq: 0
# of ν(s) in Tag-side Signal: 1-2 τ+τ−: 1-2 Bhabha, di-muon, qq: 0

τ Physics @ BABAR
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 τ → µ γ : signal characteristics in e+e- colliders
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 τ → µ γ : signal characteristics in e+e- colliders

40
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 τ → ℓ γ, ℓℓℓ : signal regions
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τ- → e- γ 

τ- → µ- γ 

Phys. Rev. Lett. 
104 (2010) 021802 

Phys. Lett. 
B687 (2010) 139 

τ- → e- e+ e- τ- → µ- µ µ-

τ- → e- µ+ µ- τ- → µ- e+ e-

τ- → e+ µ- µ- τ- → µ+ e- e-
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Upper Limit

 S. Banerjee

Upper Limit

B90
UL = N90

UL/(Nτ × ε)

ε: high statistics signal MC simulated for different Data-taking periods

Cumulative:

90%      70%        70%       50%    50%        50%

90%      63%        44%       22%    11%        ~5%

Trigger . Reco . Topology . PID . Cuts . Signal−Boxε =

στ+τ−(10.6GeV) ∼ 0.89 nb, L ∼ 339 fb−1 ( BABAR Summer 2006)
⇒ Nτ = 2 × L× στ+τ− ∼ 6.0 × 108

N90
UL: 90% C.L. Upper Limit for (Nobs, Nbkg) from Data

Naive Sensitivity : N90
UL = 2.3 ×

√
Nbkg, Nbkg ∼ O(1) ⇒ B90

UL ∼ O(10−7)

τ Physics @ BABAR

Belle Collaboration / Physics Letters B 687 (2010) 139–143 143

Table 2
Results with nominal selection criteria: the signal efficiency (ε), the number of
expected background events (NBG) estimated from the sideband data, the total sys-
tematic uncertainty (σsyst), the number of observed events in the signal region
(Nobs) and 90% C.L. upper limit on the branching fraction (B) for each individual
mode.

Mode ε (%) NBG σsyst (%) Nobs B (×10−8)

τ− → e−e+e− 6.0 0.21 ± 0.15 9.8 0 < 2.7
τ− → µ−µ+µ− 7.6 0.13 ± 0.06 7.4 0 < 2.1
τ− → e−µ+µ− 6.1 0.10 ± 0.04 9.5 0 < 2.7
τ− → µ−e+e− 9.3 0.04 ± 0.04 7.8 0 < 1.8
τ− → e+µ−µ− 10.1 0.02 ± 0.02 7.6 0 < 1.7
τ− → µ+e−e− 11.5 0.01 ± 0.01 7.7 0 < 1.5

ing the systematic uncertainty (s90) is obtained by the POLE pro-
gram without conditioning [29] with the number of expected back-
ground events, the number of observed events and the systematic
uncertainty. The upper limit on the branching fraction (B) is then
given by

B
(
τ− → $−$+$−)

<
s90

2Nττ ε
, (1)

where the number of τ pairs, Nττ = 719 × 106, is obtained from
the integrated luminosity of 782 fb−1 and the cross section of
τ pair production, which is calculated in the updated version of
KKMC [31] to be σττ = (0.919±0.003) nb. The 90% C.L. upper lim-
its on the branching fractions B(τ− → $−$+$−) are in the range
between 1.5×10−8 and 2.7×10−8 and are summarized in Table 2.

5. Summary

We report results of a search for lepton-flavor-violating τ de-
cays into three leptons using 782 fb−1 of data. No events are ob-
served and we set 90% C.L. upper limits on the branching fractions:
B(τ− → e−e+e−) < 2.7 × 10−8, B(τ− → µ−µ+µ−) < 2.1 × 10−8,
B(τ− → e−µ+µ−) < 2.7 × 10−8, B(τ− → µ−e+e−) < 1.8 × 10−8,
B(τ− → e+µ−µ−) < 1.7 × 10−8 and B(τ− → µ+e−e−) < 1.5 ×
10−8. These results improve the best previously published upper
limits by factors from 1.3 to 1.6, and are the most stringent upper
limits of all τ decays. These upper limits can be used to constrain
the space of parameters in various models beyond the SM.
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classified as e tag, ! tag, or " tag if the total photon c.m.
energy in the hemisphere is less than 200 MeV and the
track is exclusively identified as an electron (e tag), as a
muon (! tag), or as neither (" tag). Events with the tag-
side track failing both the lepton selectors are classified as
# tag if they contain at least one "0 candidate recon-
structed from a pair of photons with invariant mass be-
tween 90 and 165 MeV=c2. If the tag-side hemisphere
contains three charged tracks, all of which fail the lepton
identification, it is classified as a 3h tag.

The definitions of the tag-side modes are designed to
minimize the residual backgrounds from radiative QED
processes. For the $! ! e!% search, very loose electron
selection criteria are applied for the e tag sample. Thus, the
remaining tags which fail these very loose electron criteria
have small Bhabha contamination. The e tag events are
used as the control sample to model the Bhabha back-
ground characteristics, and are removed from the final
sample of events in the $! ! e!% search. Similarly, for
the $! ! !!% search, very loose muon criteria are ap-
plied for the ! tag, on which stricter kinematic require-
ments are later imposed with tolerable loss in signal
efficiency. The other tags are required to fail these very
loose muon criteria, thereby reducing dimuon
backgrounds.

To suppress non-$ backgrounds with missing momen-
tum along the beam direction due to initial and final state
photon radiation, we require that the polar angle &miss of
the missing momentum be inside the detector acceptance,
i.e., "0:76< cos&miss < 0:92.

The total c.m. momentum of all tracks and photon
candidates on the tag side is required to be less than
0:77

ffiffiffi
s

p
=2 for e-, !-, " tags and less than 0:9

ffiffiffi
s

p
=2 for #-

and 3h tags. The tag-side pseudomass [16] is required to be
less than 0:5 GeV=c2 for e, !, " tags and less than
1:777 GeV=c2 for # and 3h tags.

The mass squared m2
' of the missing particles on the tag

side is calculated using the tag-side tracks and photon
candidates and assuming that in the c.m. frame, the tag-
side $ momentum is opposite that of the signal $ and that
its energy is

ffiffiffi
s

p
=2. To reduce backgrounds, we require

m2
' >"0:25 GeV2=c4 for e and ! tags, jm2

'j<
0:25 GeV2=c4 for " and 3h tags, and jm2

'j<
0:50 GeV2=c4 for # tags.

For radiative Bhabha and di-muon events, the expected
photon energy in the c.m. frame ðEc:m:

% Þexp is
j sinð&1þ&2Þj

ffiffi
s

p
sin&1þsin&2þj sinð&1þ&2Þj , where "" &1 and "" &2 are the

angles the photon momentum makes with the signal-track
and the total observed tag-side momentum, respectively.
Also, for such events, we expect the cosine of the opening
angle, &recoil, between the signal-track and the total ob-
served tag-side momentum in the reference frame obtained
by removing the signal photon from the c.m. frame to
peak at "1. To suppress these backgrounds, we remove
events having reconstructed photon energy consistent with
the expected value, i.e., jEc:m:

% " ðEc:m:
% Þexpj & j!E%j<

0:125
ffiffiffi
s

p
and cos&recoil <"0:975 in e and ! tags for the

$! ! !!% search. No such criteria are necessary for the
$! ! e!% search according to the optimization
procedure.
To further suppress the remaining backgrounds, neural

net (NN) based discriminators are employed separately for
each tag and for each data set taken at values of

ffiffiffi
s

p
near the

"ð4SÞ, "ð3SÞ, and "ð2SÞ resonances. Six observables are
used as input to the NN: the total tag-side momentum
divided by

ffiffiffi
s

p
=2, m2

', !E%=
ffiffiffi
s

p
, cos&recoil, cos&‘%, and the

transverse component of missing momentum relative to the
collision axis. The NN based discriminators improve the
signal to background ratios for the two searches by factors
of 1.4 and 1.3, respectively.
Signal decays are identified by two kinematic variables:

the energy difference !E ¼ Ec:m:
‘% " ffiffiffi

s
p

=2 and the beam-

energy constrained $ mass (mEC), obtained from a kine-
matic fit after requiring the c.m. $ energy to be

ffiffiffi
s

p
=2 and

after assigning the origin of the % candidate to the point of
closest approach of the signal-lepton track to the eþe"

collision axis. The distributions of these two variables have
a small correlation arising from initial- and final-state
radiation. For signal MC events, the mEC and !E distribu-
tions are centered at m$ and small negative values, respec-
tively, where the shifts from zero for the latter are due to
radiation and photon energy reconstruction effects. The
mean and standard deviations of the mEC and !E distribu-
tions for the reconstructed signal MC events are presented
in Table I. The data events falling within a 3( ellipse in the
mEC vs !E plane, centered around the reconstructed peak
positions as obtained using signal MC, are not examined
until all optimization and systematic studies have been
completed. The selections are optimized to yield the small-
est expected upper limits [17] for observing events inside a
2( signal ellipse under background-only hypotheses.
The distributions of events in mEC vs !E are shown in

Fig. 1. To study signal-like events, a grand signal box
(GSB) is defined as mEC 2 ½1:55; 2:05) GeV=c2 and

TABLE I. Means and resolutions of mEC and !E distributions for the signal MC events, the numbers of observed (obs) and expected
(exp) events inside the 2( signal ellipse, the signal efficiencies ("), and the 90% C.L. upper limits (UL).

hmECi (ðmECÞ h!Ei (ð!EÞ 2( signal ellipse " UL (* 10"8)
Decay modes (MeV=c2) (MeV=c2) (MeV) (MeV) obs exp (%) obs exp

$! ! e!% 1777.3 8.6 "21:4 42.1 0 1:6! 0:4 3:9! 0:3 3.3 9.8
$! ! !!% 1777.4 8.3 "18:3 42.2 2 3:6! 0:7 6:1! 0:5 4.4 8.2
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tions for the reconstructed signal MC events are presented
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mEC vs !E plane, centered around the reconstructed peak
positions as obtained using signal MC, are not examined
until all optimization and systematic studies have been
completed. The selections are optimized to yield the small-
est expected upper limits [17] for observing events inside a
2( signal ellipse under background-only hypotheses.
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Fig. 1. To study signal-like events, a grand signal box
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Summary of present limits

●
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Future prospects at e+e- colliders

27

Belle II physics prospect – tau LFV 

I. Heredia 

MWPF2015


main background from  ee

ISR
  

reduce sensitivity by a factor ~7


very clean mode

reduce sensitivity by a factor of 50

B() B()

mSUGRA+seesaw 10
-7

10
-9

PRD 66(2002) 115013

SUSY+SO(10) 10
-8

10
-10

PRD 68(2003) 033012

SM+seesaw 10
-9

10
-10

PRD 66(2002) 034008

Non-Universal Z' 10
-9

10
-8

PLB 547(2002) 252

SUSY+Higgs 10
-10

10
-7

PLB 566(2003) 217

          possible reach by Belle II (50 ab
-1
)     <10

-9
      < 10

-10   
     →  good to test NP 

Belle II can reduce most of theese limits by 1 ~2 orders of magnitude

LFV is suppressed in SM → a few models predict enhancements within Belle II's reach.

Luminosity (L) Nτ = 2Lσ
CLEO 14 fb-1 2*107

BaBar 500 fb-1 1*109

Belle 1 ab-1 2*109

Belle II 50 ab-1 1*1011

thes



Swagato Banerjee cLFV/LNV/BNV15

Summary

• Observation of LFV/LNV/BNV in the charged lepton sector would completely change our 
understanding of Nature and herald a new era of discovery in elementary particle physics. 

• Now is a very interesting era in the searches for cLFV/LNV/BNV in decays of the tau 
lepton, as the current limits will improve by an order of magnitude in the next decade at 
the next generation Belle II experiment.  

• Branching fractions up to few parts in 10-9 will be probed in neutrino-less 2-body and 3-
body decays of the tau lepton. 

• Colliders provide complementary information to cLFV/LNV/BNV searches at fixed target 
experiments, e.g. MEG, Mu2e, COMET, Mu3e, etc.


