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Introduction, Belle experiment

Process σ, nb
e+e− → e+e−(γ) 123.5
15o ≤ θ ≤ 165o

e+e− → µ+µ−(γ) 1.005
e+e− → qq (q = u, d , s, c) 3.39
e+e− → bb 1.05
e+e− → e+e−f f 72.6
(f = u, d , s, c, e, µ, τ)

e+e− → τ+τ−(γ) 0.919

Ee− = 8 GeV, Ee+ = 3.5 GeV

Peak luminosity:
L = 2.11 × 1034 cm−2s−1

Integrated luminosity:
R

Ldt ≃ 1 ab−1, Nττ ≃ 109

B-factory is also τ -factory
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Precision studies of τ properties at B-factories

Tau lifetime:
Belle : ττ = (290.17 ± 0.53(stat) ± 0.33(syst)) fs; PRL 112, 031801 (2014)
BaBar (prelim.): ττ = (289.40 ± 0.91(stat) ± 0.90(syst)) fs; Nucl. Phys. B 144, 105 (2005)

Tau mass:
Belle : mτ = (1776.61 ± 0.13(stat) ± 0.35(syst)) MeV/c2 ; PRL 99, 011801 (2007)
BaBar : mτ = (1776.68 ± 0.12(stat) ± 0.41(syst)) MeV/c2 ; PRD 80, 092005 (2009)
Accuracy comparable with the most precision measurements done by BES and KEDR at the τ+τ− production threshold.

Tau electric dipole moment (EDM):

Belle : Re(dτ ) = (1.15 ± 1.70) × 10−17 e·cm, Im(dτ ) = (−0.83 ± 0.86) × 10−17 e·cm;
PLB 551, 16 (2003) (

R

Ldt = 29.5 fb−1) We are working on tau EDM with full Belle statistics.

Hadronic contribution to aµ (τ− → π−π0ντ ):
Belle : aππµ = (523.5 ± 1.1(stat) ± 3.7(syst)) × 10−10 ; PRD 78, 072006 (2008)

Lepton universality:
BaBar :

` gµ
ge

´

τ
= 1.0036 ± 0.0020,

` gτ
gµ

´

h
= 0.9850 ± 0.0054, h=π, K;

PRL 105, 051602 (2010)

Michel parameters in τ → ℓνν(γ) (ρ, η, ξ, ξρ, δ, η̄, κ):
Belle : Systematics dominated measurement (. 1%), study is going on; arXiv:1409.4969

Anomalous magnetic moment of τ .

Tau neutrino mass, search for heavy Majorana and sterile neutrinos.
Belle : Analysis is going on.
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τ -lepton lifetime, motivation

Precise measurement of the tau lifetime is necessary for the
tests of lepton universality in the SM: ge = gµ = gτ

τ

ντ ν
ggτ

W
e= ,µ

ν
gW

µ

νµ

e

e

gµ e

Γ(L− → ℓ−ν̄ℓνL(γ)) =
B(L− → ℓ−ν̄ℓνL(γ))

τL
=

g2
L g2
ℓ

32M4
W

m5
L

192π3
Fcorr(mL,mℓ)

Fcorr(mL,mℓ) = f (x)

„

1 +
3

5

m2
L

M2
W

«„

1 +
α(mL)

2π

„

25

4
− π

2
««

f (x) = 1 − 8x + 8x3 − x4 − 12x2 ln x, x = mℓ/mL

B(µ− → e− ν̄eνµ(γ)) = 1

gτ
ge

=

s

B(τ− → µ−ν̄µντ (γ))
τµ

ττ

m5
µ

m5
τ

Fcorr(mµ,me)

Fcorr(mτ ,mµ)
,

gτ
ge

= 1.0024 ± 0.0021 (HFAG2012)

gτ
gµ

=

s

B(τ− → e−ν̄µντ (γ))
τµ

ττ

m5
µ

m5
τ

Fcorr(mµ,me)

Fcorr(mτ ,me)
,

gτ
gµ

= 1.0006 ± 0.0021 (HFAG2012)
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τ -lepton lifetime, motivation

|
µ

/g
τ

|g
0.9 1

)τν,  K τν π,   τν eν e → τHFAG Average (
 0.0020±0.9998 

)τν,  K τν π → τHFAG Average (
 0.0029±0.9949 

)µν µ →)/(K τν K → τHFAG Fit (
 0.0073±0.9857 

) µν µ → π)/(τν π → τHFAG Fit (
 0.0030±0.9961 

ττ/µτ ×) τν eν e → τHFAG Fit (
 0.0021±1.0008 

)µν µ →)/(W τν τ →LEP EW WG (W 
 0.0130±1.0390 

HFAG-Tau
Summer 2011

|
e

/gτ|g
0.9 1

 ττ/µτ ×) τν µν µ → τHFAG Fit (

 0.0021±1.0027 

)eν e →)/(W τν τ →LEP EW WG (W 

 0.0140±1.0360 

HFAG-Tau
Summer 2011

S. Schael et al. [ALEPH, DELPHI, L3, OPAL, LEP EWG]
Phys. Rep. 532, 119 (2013)

2B(W → τντ )

B(W → µνµ) + B(W → eνe)
= 1.066 ± 0.025

2.6σ deviation from the Standard Model
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τ -lepton lifetime, method

We analyze e+e− → τ+τ− → (π+π+π−ν̄τ , π+π−π−ντ ) events.

e− e
τ

τ+

−
+

ν

− π+

π−

ντ

τππ
π+

+
−

πCMS
frame Φ

Φ1

2

ψ

h+
2

h−
1

2

ψ
1

cosψ1,2 =
2Eτ Eh1,2

−M2
τ−m2

h1,2
2pτ ph1,2

dl

V
→

01

l1

V
→

1
n
→

+

P
→

1

P
→

ν1

θ1

V
→

02
l2

V
→

2
n
→

-

P
→

2

P
→

ν2

θ2

x = ℓ
βτγτ

τ momentum direction is determined with two-fold ambiguity in
CMS, for the analysis we use the average axis.
Asymmetric-energy layout of experiment allows us to determine
τ+τ− production point in LAB independently from the position of
beam IP.
Possibility to test CPT conservation measuring τ− and τ+

lifetimes separately.
Tau and two-photon physics at Belle D. Epifanov The University of Tokyo February 10th, 2015 6/41



τ -lepton lifetime, selections

Use the data sample of
∫

Ldt = 711 fb−1 with Nττ = 650 × 106

Selection criteria:
Event is separated into two hemispheres in CMS, Thrust>0.9.

Each hemisphere contains 3 charge pions with the ±1 net
charge.

There are no additional K 0
S , Λ, π0 candidates. Number of

additional photons Nγ < 6 with ETOT
γ < 0.7 GeV.

P⊥(6π) > 0.5 GeV/c, 4 GeV/c2 < Minv(6π) < 10.25 GeV/c2.

Pseudomass
q

M2
h + 2(Ebeam− Eh)(Eh − Ph) < 1.8 GeV/c2 ,

h = (3π)−, (3π)+.

Cuts on the quality parameters of the vertex fits and tau axis
reconstruction.

Minimal distance between τ− and τ+ axes in LAB
dl < 0.02 cm.

82
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)
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87
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-1
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cτ
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)

1148360 events were selected with ∼2% background contamination,
the main background comes from e+e− → qq̄ (q =u, d, s).
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τ -lepton lifetime, fit of decay length

Decay length PDF

P(x) = N
Z

e−x′/λτ R(x − x′; ~P)dx′ + NudsR(x; ~P) + Pcb(x),

R(x; ~P) = (1 − 2.5x) · exp
„

− (x − P1)
2

2σ2

«

,

σ = P2 + P3|x − P1|1/2 + P4|x − P1| + P5|x − P1|3/2

Free parameters of the fit: λτ , N , ~P = (P1, ...,P5)

λτ - estimator of cττ , cττ = λτ + ∆corr,
∆corr is determined from MC;

R(x; ~P) - detector resolution function;

Nuds - contribution of background from
e+e− → qq̄ (q = u, d, s) (predicted by MC)

Pcb(x) - PDF for background from e+e− → qq̄ (q = c, b)
(fixed from MC)

From the fit of experimental data
λτ = 86.53 ± 0.16 µm, applying correction

∆corr = 0.46 µm we got: cττ = 86.99 ± 0.16 µm

1

10

10 2

10 3

10 4

-0.1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1

  770.8    /   794
P1  0.2692E+05   46.74
P2 -0.7470E-04  0.4629E-05
P3  0.3845E-02  0.4587E-04
P4 -0.1932E-01  0.1015E-02
P5  0.3237  0.7377E-02
P6 -0.3029  0.1705E-01

xrec - xtrue (cm)

E
nt

rie
s 

/ 2
.5

 µm

Tau and two-photon physics at Belle D. Epifanov The University of Tokyo February 10th, 2015 8/41



τ -lepton lifetime, result

285 290 295

ττ (fs)

290.6 ± 1.0 mean PDG

289.0 ± 2.8 ± 4.0 CLEO

289.2 ± 1.7 ± 1.2 OPAL

290.1 ± 1.5 ± 1.1 ALEPH

293.2 ± 2.0 ± 1.5 L3

290.9 ± 1.4 ± 1.0 DELPHI

289.40 ± 0.91 ± 0.90 BaBar (prelim.)

290.17 ± 0.53 ± 0.33 Belle

ττ (Belle)
PDG

SM

Systematic uncertainties
Source ∆cτ (µm)
Silicon vertex

0.090
detector alignment
Asymmetry fixing 0.030
Fit range 0.020
Beam energy, ISR, FSR 0.024
Background contribution 0.010
τ -lepton mass 0.009
Total 0.101

cττ = (86.99 ± 0.16(stat) ± 0.10(syst)) µm.

ττ = (290.17 ± 0.53(stat) ± 0.33(syst)) fs.

|ττ+ − ττ− |/τaverage< 7.0 × 10−3 at 90% CL.

Lepton universality

gτ /ge = 1.0024 ± 0.0021 (HFAG2012)

gτ/ge = 1.0031 ± 0.0016 (new Belleττ )

gτ /gµ = 1.0006 ± 0.0021 (HFAG2012)

gτ/gµ = 1.0013 ± 0.0016 (new Belleττ )
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Electric dipole moment of τ , introduction

Electric dipole moment (EDM) of τ is strongly suppressed in the
Standard Model (O(10−37) e·cm), EDM6= 0 indicates the
nonconservation of T(CP) and P symmetries. EDM provides powerful
tool to search for New Physics in lepton sector.

e+

e−
τ−

τ+

γ∗

e+

e−
τ−

τ+

γ∗
dτ

L = τ̄((i∂µ − eAµ)γµ − m)τ−idτ τ̄σµνγ5τ∂µAν

M2
tot = M2

SM + Re(dτ )M2
Re + Im(dτ )M2

Im + |dτ |2M2
d2

dΓ(τ∓ → h∓ν)

dPS
= F (1 ± ~ζτ∓ ~Hh∓), ~Hπ∓ = ~pπ∓/|~pπ∓ |

~ζτ∓ - unitary τ∓ polarization vector; ~Hh∓ - h∓ polarimeter vector.

M2
Re ∼ (~Hh+

1
×~Hh−

2
)~pe, (~Hh+

1
×~Hh−

2
)~pτ : CP− odd, T − odd(CPT− cons.)

M2
Im ∼ (~Hh+

1
−~Hh−

2
)~pe, (~Hh+

1
−~Hh−

2
)~pτ : CP− odd, T − even(CPT− viol.)
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Tau EDM, method

Method of optimal variable is used to measure Re(dτ ) and Im(dτ ).

ORe =
M2

Re

M2
SM

, OIm =
M2

Im

M2
SM

, 〈ORe,Im〉 ∼

∫

ORe,ImM
2
totdPS

〈ORe〉 = aReRe(dτ ) + bRe, 〈OIm〉 = aImIm(dτ ) + bIm

aRe,Im = 〈O2
Re,Im〉 =

∫

(M2
Re,Im)2

M2
SM

dPS, bRe,Im =

∫

M2
Re,ImdPS

OReORe
GeV/e

ar
bi

tr
ar

y

ORe
GeV/e

ra
tio

OImOIm
GeV/e

ar
bi

tr
ar

y

OIm
GeV/e

ra
tio
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Tau EDM, data/selections
Statistics with

R

Ldt = 825 fb−1 (Nττ = 758 × 106) is used.
In total about 35M events are selected with the purity of 88%.

Select 8 configurations: (eνν; µνν), (eνν; πν), (eνν; ρν), (µνν; πν), (µνν; ρν),
(πν; πν), (πν; ρν), (ρν; ρν).
In the calculation of ORe,Im the average allowed τ direction is used. Coefficients aRe,Im
and bRe,Im are determined from MC.

mode yield purity(%) background (%)
eµ 6434k 95.8 2γ → µµ(2.5), ττ → eπ(1.3)
eπ 2645k 85.7 ττ → eρ(6.5) eµ(5.1) eK∗(1.3)
eρ 7219k 91.7 ττ → eπ2π0(4.6) eK∗(1.7)
µπ 2504k 80.5 ττ → µρ(6.4) µµ(4.9) µK∗(1.3),

2γ → µµ(3.1)
µρ 6203k 91.0 ττ → µπ2π0(4.3) µK∗(1.6) πρ(1.1)
ππ 921k 71.9 ττ → πρ(11.3) πµ(8.8) πK∗(2.5)
πρ 2656k 77.0 ττ → ρρ(6.7) ππ2π0(3.9) µρ(5.1)

ρK∗(1.4) πK∗(1.4)
ρρ 6554k 82.4 ττ → ρπ2π0(9.4) ρK∗(3.1)

e+ e−

τ+

τ−

h+

h−

h−

k+ k−

e e e

a(
G

eV
/e

/1
0^

-1
6 

ec
m)

0

0.05

0.1

0.15

0.2

• aRe

◦ aIm

e e e

b(
G

eV
/e

)

-0.1

-0.05

0

0.05

0.1

• bRe

◦ bIm
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Tau EDM, preliminary result

Re(dτ ) eµ eπ µπ eρ µρ πρ ρρ ππ

Mismatch of distribution 0.30 0.47 0.35 0.08 0.17 0.08 0.08 0.34
Charge asymmetry 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Background variation 0.16 0.03 0.16 0.04 0.02 0.02 0.02 0.33
Momentum reconstruction 0.01 0.06 0.05 0.00 0.02 0.02 0.01 0.14
Detector alignment 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.03
Radiative effects 0.07 0.05 0.05 0.02 0.02 0.00 0.00 0.09
Total 0.35 0.47 0.39 0.09 0.17 0.08 0.08 0.50

Im(dτ ) eµ eπ µπ eρ µρ πρ ρρ ππ

Mismatch of distribution 0.09 0.09 0.05 0.05 0.07 0.04 0.04 0.12
Charge asymmetry 0.02 0.19 0.23 0.01 0.01 0.11 0.00 0.00
Background variation 0.14 0.01 0.07 0.03 0.01 0.01 0.01 0.01
Momentum reconstruction 0.02 0.05 0.04 0.00 0.01 0.01 0.00 0.01
Detector alignment 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Radiative effects 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Total 0.17 0.22 0.24 0.06 0.07 0.11 0.04 0.12

Sensitivity: ∆Re(dτ ) = 0.33 × 10−17 e·cm, ∆Im(dτ ) = 0.30 × 10−17 e·cm
Compare with previous Belle result: PLB 551, 16 (2003) (

R

Ldt = 29.5 fb−1)
Re(dτ ) = (1.15 ± 1.70) × 10−17 e·cm, Im(dτ ) = (−0.83 ± 0.86) × 10−17 e·cm
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Michel parameters in τ decays, motivation
In the SM charged weak interaction is described by the exchange of W± with a pure
vector coupling to only left-handed fermions (”V-A” Lorentz structure). Deviations from
”V-A” indicate New Physics. τ− → ℓ−ν̄ℓντ (ℓ = e, µ) decays provide clean laboratory
to probe electroweak couplings.
The most general, Lorentz invariant four-lepton interaction matrix element:

M =
4G√

2

X

N=S,V ,T
i,j=L,R

gN
ij

»

ūi (l
−)ΓN vn(ν̄l)

–»

ūm(ντ )ΓNuj (τ
−)

–

,

ΓS = 1, ΓV = γµ, ΓT =
i

2
√

2
(γµγν − γνγµ)

Ten couplings gN
ij , in the SM the only non-zero constant is gV

LL = 1

Four bilinear combinations of gN
ij , which are called as Michel parameters (MP): ρ, η, ξ

and δ appear in the energy spectrum of the outgoing lepton:

dΓ(τ∓)

dΩdx
=

4G2
F Mτ E4

max

(2π)4

q

x2 − x2
0

„

x(1 − x) +
2

9
ρ(4x2 − 3x − x2

0 ) + ηx0(1 − x)

∓1

3
Pτ cosθℓξ

q

x2 − x2
0

»

1 − x +
2

3
δ

`

4x − 4 +
q

1 − x2
0

´

–«

, x =
Eℓ

Emax
, x0 =

mℓ

Emax

In the SM: ρ = 3
4 , η = 0, ξ = 1, δ = 3

4
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Status of Michel parameters in τ decays
Michel par. Measured value Experiment SM value

ρ 0.747 ± 0.010 ± 0.006 CLEO-97 3/4

(e or µ) 1.2%
η 0.012 ± 0.026 ± 0.004 ALEPH-01 0

(e or µ) 2.6%
ξ 1.007 ± 0.040 ± 0.015 CLEO-97 1

(e or µ) 4.3%
ξδ 0.745 ± 0.026 ± 0.009 CLEO-97 3/4

(e or µ) 2.8%
ξh 0.992 ± 0.007 ± 0.008 ALEPH-01 1

(all hadr.) 1.1%

ARGUS
0.731+/-0.031

CLEO
0.747+/-0.012

SLD
0.72+/-0.09

OPAL
0.781+/-0.033

L3
0.762+/-0.035

DELPHI
0.790+/-0.038

ALEPH
0.752+/-0.019

0.750+/-0.011ρ

ARGUS
0.03+/-0.22

CLEO
0.015+/-0.087

OPAL
0.027+/-0.055

L3
0.27+/-0.14

DELPHI
0.06+/-0.11

ALEPH
0.086+/-0.078

0.048+/-0.035η

ARGUS
1.03+/-0.11

CLEO
1.010+/-0.043

SLD
1.05+/-0.35

OPAL
0.98+/-0.24

L3
0.70+/-0.16

DELPHI
0.974+/-0.061

ALEPH
1.000+/-0.076

0.988+/-0.029ξ

ARGUS
0.63+/-0.09

CLEO
0.745+/-0.028

SLD
0.88+/-0.27

OPAL
0.65+/-0.16

L3
0.70+/-0.11

DELPHI
0.699+/-0.028

ALEPH
0.782+/-0.051

0.735+/-0.020ξδ

With ×300 Belle statistics we can improve MP uncertainties by one order of magnitude
In BSM models the couplings to τ are expected to be enhanced in comparison with µ.

Also contribution from New Physics in τ decays can be amplified by ( mτ
mµ

)n.

Type II 2HDM: ηµ(τ) =
mµMτ

2

„

tan2β

M2
H±

«2

; ηµ(τ)

ηe(µ)
= Mτ

me
≈ 3500

Tensor interaction: L = g
2
√

2
Wµ



ν̄γµ(1 − γ5)τ +
κW
τ

2mτ
∂ν
„

ν̄σµ nu(1 − γ5)τ

«ff

,

−0.096 < κW
τ < 0.037: DELPHI Abreu EPJ C16 (2000) 229.

Unparticles: Moyotl PRD 84 (2011) 073010, Choudhury PLB 658 (2008) 148.

Lorentz and CPTV: Hollenberg PLB 701 (2011) 89

Heavy Majorana neutrino: M. Doi et al., Prog. Theor. Phys. 118 (2007) 1069.
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Michel parameters in τ decays, method
Effect of τ spin-spin correlation is used to measure ξ and δ MP.
Events of (τ∓ → ℓ∓νν; τ± → ρ±ν) topology are used to measure: ρ, η, ξρξ and ξρξδ,
while (τ∓ → ρ∓ν; τ± → ρ±ν) events are used to extract ξ2

ρ.

Φ
Φ1

2

ρ+
ψ

χα τ−

τ+

µ−

ντ

νµ
−

ντ
−

ρ+π+

π0
ξρ

ξHρpτ+( )

τ+ helicity
τ helicity

L

R

−

LH

H

H

RH

dσ(ℓ∓, ρ±)

dE∗
ℓ dΩ∗

ℓdΩ∗
ρdm2

ππdΩ̃πdΩτ
= A0 + ρA1 + ηA2 + ξρξA3 + ξρξδA4 =

4
X

i=0

AiΘi

F(~z) =
dσ(ℓ∓, ρ±)

dpℓdΩℓdpρdΩρdm2
ππdΩ̃π

=

Φ2
Z

Φ1

dσ(ℓ∓, ρ±)

dE∗
ℓ

dΩ∗
ℓ

dΩ∗
ρdm2

ππdΩ̃πdΩτ

˛

˛

˛

˛

∂(E∗
ℓ , Ω∗

ℓ , Ω∗
ρ, Ωτ )

∂(pℓ, Ωℓ, pρ, Ωρ, Φτ )

˛

˛

˛

˛

dΦτ

L =
N
Y

k=1

P(k), P(k) = F(~z(k))/N (~Θ), N (~Θ) =

Z

F(~z)d~z, ~Θ = (1, ρ, η, ξρξℓ, ξρξℓδℓ)

MP are extracted in the unbinned maximum likelihood fit of (ℓ, ρ) events in the 9D

phase space ~z = (pℓ, cos θℓ, φℓ, pρ, cos θρ, φρ, m2
ππ , cos θ̃π, φ̃π) in CMS.

Physical corrections and detector effects are also taken in to account.
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Michel parameters in τ decays, background
EXP data sample with

R

Ldt = 485 fb−1 (446 ×106 τ+τ−) with about 5.5M events of all 4
configurations were selected. Signal detection efficiency ε̄ ≃ 12%.

The main background comes from ℓ− ππ0π0 (≃10%) and π − ππ0(π → µ) (≃1.5%) events, they

are included in PDF analytically. The remaining background (≃2.0%) is taken into account using

MC-based approach. Background from the non-ττ events is . 0.1%.

Likelihood per event

P(x) =
ε(x)

ε̄

„

(1 −
X

i

λi )
S(x)

R ε(x)
ε̄

S(x)dx
+ λ3π

B̃3π (x)

R ε(x)
ε̄

B̃3π (x)dx
+ λπ

B̃π (x)

R ε(x)
ε̄

B̃π (x)dx
+ λother

BMC
other (x)

R ε(x)
ε̄

BMC
other (x)dx

«

B̃3π(x) =

Z

(1 − ε
π0 (y))εadd (y)B3π(x, y)dy , B̃π(x) =

επ(x)

ε(x)
Bπ(x),

επ(x)

ε(x)
=
εµID
π→µ(x)

εµID
µ→µ(x)

x = (pℓ, Ωℓ, pρ, Ωρ, m2
ππ , Ω̃π); y = (pπ0 , Ωπ0);

S(x) - density of signal (ℓ∓, π±π0) events;

B3π(x, y) - density of background (ℓ∓, π±2π0) events;

Bπ(x) - density of background (π∓, π±π0) events;

BMC
other (x) - MC density of the remaining background;

ε(x) - detection efficiency for signal events;

επ0(y) - π0 detection efficiency;

εadd (y) - additional efficiency for (ℓ∓, π±2π0) events;

επ(x) - detection efficiency for (π∓, π±π0) events;
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Michel parameters in τ decays, status

We confirmed that with Belle data the statistical accuracy of Michel
parameters is by one order of magnitude better than in the previous
best measurements (CLEO, ALEPH).

hetot
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Source σ(ρ), % σ(η), % σ(ξρξ), % σ(ξρξδ), %
Physical corrections

ISR+O(α3) 0.10 0.30 0.20 0.15
τ → ℓννγ 0.03 0.10 0.09 0.08
τ → ρνγ 0.06 0.16 0.11 0.02

Apparatus corrections
Res.⊕ brems. 0.10 0.33 0.11 0.19

σ(Ebeam) 0.07 0.25 0.03 0.15
Normalisation

∆N 0.21 0.60 0.38 0.26

Total 0.27 0.81 0.47 0.40
A few percent systematic effect arising from the inaccurate
description of the ℓ− 3π background is under investigation.
The dominant systematic uncertainties come from the various
EXP/MC efficiency corrections related to: trigger,
track/photon/ π0 reconstruction, π∓ and ℓ∓ identification .
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Hadronic τ decays, motivation
Cabibbo-allowed decays (B ∼ cos2 θc)

B(S = 0) = (61.85 ± 0.11)% (PDG)

Cabibbo-suppressed decays (B ∼ sin2 θc)

B(S = −1) = (2.88 ± 0.05)% (PDG)

iMfi



S = 0

S = −1

ff

=
GF√

2
uντ γ

µ
(1 − γ

5
)uτ ·

(

cos θc · 〈hadrons(qµ)|ĴS= 0
µ (q2)|0〉

sin θc · 〈hadrons(qµ)|ĴS=−1
µ (q2)|0〉

)

, q2 ≤ M2
τ

The main tasks

Measurement of branching fractions with highest possible accuracy

Measurement of low-energy hadronic spectral functions

Determination of the decay mechanism (what are intermediate mesons and
their contributions)
Precise measurement of masses and widths of the intermediate mesons

Search for CP violation

Comparison with hadronic formfactors from e+e− experiments to check CVC
theorem

Measurement of Γinclusive(S = 0) to determine αs

Measurement of Γinclusive(S = −1) to determine s-quark mass and Vus:

|Vus| =

v

u

u

u

t

Rstrange
Rnon−strange

|Vud|2
−δRtheory

Rstrange= Bstrange/Be

Rnon−strange= Bnon−strange/Be

δRtheory - SU(3)-breaking contribution

Tau and two-photon physics at Belle D. Epifanov The University of Tokyo February 10th, 2015 19/41



Study of τ− → K 0
SX−ντ decays, selections

S. Ryu et al. [Belle Collaboration], Phys. Rev. D 89, 072009 (2014)

Data sample of
R

Ldt = 669 fb−1 with Nττ = 616 × 106 was used to study inclusive
decay τ− → K 0

SX−ντ as well as 6 exclusive modes:

π−K 0
Sντ K−K 0

Sντ π−K 0
S K 0

Sντ
π−K 0

Sπ0ντ K−K 0
Sπ0ντ π−K 0

S K 0
Sπ0ντ

After the standard ττ preselection criteria we select events
with particular configuration.

Event is separated into two hemispheres in CMS,
Thrust>0.9

Tag side: 1-prong (e, µ or π/K (n ≥ 0)π0)

Signal side:

K 0
S → π+π−:

0.485 GeV/c2 < Mππ < 0.511 GeV/c2 (±5σ),
2 cm< L

K 0
S
< 20 cm, ∆Z1,2 < 2.5 cm

π0 → γγ: −6 < Sγγ(=
mγγ−m

π0
σγγ

) < 5

Charged kaon (pion):

PK/π =
LK

Lπ+LK
> 0.7(< 0.7)

ELAB
γextra < 0.2 GeV

e− e
τ

τ+

−
+

ν

ντ

τ

+

CMS
frame

π− π+

π−
π0

γ
γ

5.29 GeV 5.29 GeV

µ

K 0
S

νµ
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Study of τ− → K 0
SX−ντ decays, branchings

Mode K 0
S X− π−K 0

S K−K 0
S π−K 0

Sπ
0 K−K 0

Sπ
0 π−K 0

S K 0
S π−K 0

S K 0
Sπ

0

Ndata 397806 ± 631 157836 ± 541 32701 ± 295 26605 ± 208 8267 ± 109 6684 ± 96 303 ± 33
εdet (%) 9.66 7.09 6.69 2.65 2.19 2.47 0.82

Nbg

Ndata (%) 4.20 ± 0.46 8.86 ± 0.05 3.55 ± 0.07 5.60 ± 0.10 2.43 ± 0.10 7.89 ± 0.24 11.6 ± 1.60
`∆B

B
´

syst(%) 2.4 2.5 4.0 3.9 5.2 4.4 8.1

The main non-ττ background comes from e+e− → qq̄ (q = u, d, s, c). To take into account
cross-feed background 6 decay modes are analysed simultaneously:

Nsig
i =

X

j

(E−1)ij (N
data
j − Nbg

j )

For the π−K 0
Sν, K−K 0

Sν, π−K 0
Sπ

0ν and K−K 0
Sπ

0ν modes lepton tag is applied and
normalisation to the two-lepton events (τ∓ → e∓νν, τ± → µ±νν) method is used to calculate
branching fractions:

Bi =
Nsig

i

Nsig
e-µ

BeBµ
Be + Bµ

To increase statistics for the remaining π−K 0
S K 0

Sν and π−K 0
S K 0

Sπ
0ν modes 1-prong tag and

luminosity normalisation method are used:

Bi =
Nsig

i

2LσττB1−prong
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Study of τ− → K 0
SX−ντ decays, result

B(τ− → K 0
S X−ντ ) = (9.14 ± 0.01 ± 0.22) × 10−3

)τν
0

K
-

π→
-
τ(Β

0.2 0.4 0.6 0.8 1

L3 95’
 0.060) %±0.150 ±(0.950 

CLEO 96’
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 0.066) %±0.117 ±(0.855 

ALEP 98’
 0.034) %±0.045 ±(0.928 

OPAL 00’
 0.049) %±0.068 ±(0.933 

Belle 07’
 0.026) %±0.004 ±(0.808 

 0.016) %±0.002 ±(0.831 

x 10-2

Belle 14’

)τν
0

π
0

K
-

π→
-
τ(Β

-0.1 0 0.1 0.2 0.3 0.4 0.5

L3 91’
 0.030) %±0.120 ±(0.410 

CLEO 96’
 0.044) %±0.058 ±(0.417 

ALEPH 98’
 0.037) %±0.073 ±(0.294 

ALEPH 99’
 0.037) %±0.053 ±(0.347 

0.014) %±0.004 ±(0.386 
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Belle 14’

)τν
0

K
-

K→
-
τ(Β

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

ALEP 98’

 0.017) %±0.042 ±(0.158 
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 0.011) %±0.021 ±(0.162 
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 0.022) %±0.021 ±(0.151 

 0.005) %±0.001 ±(0.148 

x 10-2
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)τν
0π

0
K
-

K→
-
τ(Β

-0.1 -0.05 0 0.05 0.1 0.15 0.2

CLEO 96’
 0.020) %±0.036 ±(0.145 
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 0.021) %±0.076 ±(0.152 
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 0.015) %±0.025 ±(0.143 
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)τνS
0

KS
0

K
-

π→
-
τ(Β

0.5 1 1.5 2 2.5 3

CLEO 96’
-410×0.30) ±0.50 ±(2.30 

ALEP 99’
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-410×0.08) ±0.04 ±(2.31 

-410×0.09) ±0.03 ±(2.33 
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)τν
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S
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0
K
-

π→
-
τ(Β
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-5
10×0.22) ±0.20 ±(1.60 

-5
10×0.20) ±0.22 ±(2.00 

x 10-�

Belle 14’

Yellow bands show the world averages and their uncertainties from PDG:

J. Beringer et al., Phys. Rev. D 86, 010001 (2012).

B(τ− → f1(1285)π−ντ ) · B(f1(1285) → K 0
S K 0

Sπ
0) = (0.68 ± 0.13 ± 0.07) × 10−5,

B(τ− → f1(1420)π−ντ ) · B(f1(1420) → K 0
S K 0

Sπ
0) = (0.24 ± 0.05 ± 0.06) × 10−5,

B(τ− → K∗(892)−K 0
Sπ

0ντ ) · B(K∗(892)− → K 0
Sπ

−) = (1.08 ± 0.14 ± 0.15) × 10−5.
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Study of τ− → π−K 0
SK 0

Sπ0ντ dynamics

f1(1285)π−(34±5)% ⊕ f1(1420)π−(12±3)% ⊕ K ∗(892)−K 0
Sπ0(54±6)%

)2) (GeV/cS
0KS

0K0πM(
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

2
E

ve
nt

s 
/ 0

.0
2 

G
eV

/c

0

10

20

30

40

50

 

Data
All Fit

f(1420)-πf(1285) + -π
0πS

0K*-K

τν S
0 K0

S K-π → -τ
qq

 

)2) (GeV/cS
0K-πM(

0.6 0.7 0.8 0.9 1 1.1

2
E

ve
nt

s 
/ 0

.0
2 

G
eV

/c

0

10

20

30

40

50

60

)2) (GeV/cS
0KS

0K0πM(
1.1 1.2 1.3 1.4 1.5 1.6 1.7

)2
) 

(G
eV

/c
- π S0

M
(K

0.6

0.7

0.8

0.9

1

1.1

1.2

0

1

2

3

4

5

6

7

EXP

)2) (GeV/cS
0KS

0K0πM(
1.1 1.2 1.3 1.4 1.5 1.6 1.7

)2
) 

(G
eV

/c
- π S0

M
(K

0.6

0.7

0.8

0.9

1

1.1

1.2

0

0.5

1

1.5

2

2.5

3

3.5

4MC K∗(892)−K 0
Sπ

0

)2) (GeV/cS
0KS

0K0πM(
1.1 1.2 1.3 1.4 1.5 1.6 1.7

)2
) 

(G
eV

/c
- π S0

M
(K

0.6

0.7

0.8

0.9

1

1.1

1.2

0

0.5

1

1.5

2

2.5

3

3.5

MC f1(1285)π− + f1(1420)π−

Simultaneous fit of MINV (π0K 0
S K 0

S)(f1(1285) and f1(1420)) and
MINV (π−K 0

S)(K ∗(892)−) distributions.
Obtained significances: f1(1285)(12σ), f1(1420)(4.8σ), K ∗(892)−(7.8σ).

Tau and two-photon physics at Belle D. Epifanov The University of Tokyo February 10th, 2015 23/41



Study of τ− → π−π−π+π0ντ , motivation

Motivation:
Notable part of the vector spectral function (v(s))
needed for the precision determination of αs(s)

Test of the CVC theorem for the 4π hadronic system:
v(τ− → π−π+π−π0ντ ) = s

4π2α2 ×

×
„

1
2σ(e+e− → 2π+π−) + σ(e+e− → π+π−2π0)

«

Contribution of the 2nd-class current in the decay
τ− → ωπ−ντ (ω → π+π−π0)

Improvement from B factories is strongly expected
0
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m2
τ

6SEW|Vud|2(1−s/m2
τ )2(1+2s/m2

τ )
×

× B(τ−→V−ντ )
B(τ−→e− ν̄eντ )

1
N

dN
ds

s = M2
V

SEW - electroweak radiative correction

Both, branching ratio B(τ− → V−ντ ) and mass
spectrum 1

N
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ds should be measured precisely
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Study of τ− → π−π−π+π0ντ , method
Data sample of

R

Ldt = 670 fb−1 (Nττ = 616 × 106) is analyzed
After the standard ττ preselection criteria we select events
with particular configuration.

Selection criteria on the missing mass and polar
angle of the missing momentum to suppress
background from Bhabha, µµ, two-photon

processes,
4
P

ntrk=1
Qi = 0.

Event is separated into two hemispheres in CMS:
Thrust>0.9, 35◦ < θCMS

thrust< 145◦ .

Tag side: 1 track identified as e or µ.

Signal side: 3 tracks identified as pions, and π0

candidate with −6 <
mγγ−m

π0
σγγ

< 5.

ELAB
γextra < 0.2 GeV

(τ∓ → e∓νν; τ± → µ±νν) sample is used for the normalization:

B(τ− → (4π)−ντ ) =
Nℓ−4π(1−bℓ−4π)

εℓ−4π
× εe−µ

Ne−µ(1−be−µ)
× BeBµ

Be+Bµ

Detection efficiencies: εℓ−4π ≃ 8%, εe−µ ≃ 18%

Background admixtures: bℓ−4π ≃ 12% (primarily from the other τ decays), be−µ ≃ 4%

Be = (17.83 ± 0.04)%, Bµ = (17.41 ± 0.04)%

Systematic shift between measured 4π mass distribution and TAUOLA

(VEPP-2M, e+e− → 4π) predicted spectrum is notable.
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Study of τ− → π−π−π+π0ντ , preliminary result
Using part of the full data sample (25 fb−1) preliminary result on the branching
fraction was obtained:

B(τ− → π−π+π−π0ντ )ex. K0
S
= (4.38 ± 0.02stat. ± 0.12syst.)%

Error source ∆B/B (%)
Tracking efficiency 0.7
Particle identification 1.5
π0 reconstruction 1.5
Background
τ feed-down background 0.3
qq̄ contribution 0.3

Normalization
background of e − µ events 0.5
∆Be, ∆Bµ 0.1

γ veto 1.2
Trigger efficiency 0.8
Hadron decay model 0.7
Total 2.8

B(τ → 4πν) (%) EXP
4.60 ± 0.06 ± 0.06 ALEPH
4.19 ± 0.10 ± 0.21 CLEO

Singular-value decomposition (SVD) method was used to get unfolded 4π mass
spectrum. It is crucial to subtract background from the τ− → π−π+π−π0π0ντ decay
correctly, the analysis is going on.

In contrary to OPAL result, no shoulder is seen around s = 1.5 GeV2/c4.
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Two-photon physics at Belle

Cross section of γγ → final

dσ

d| cos θ∗| =
∆N

∆W∆| cos θ∗|
R

Ldt
dLγγ

dW ε(W , | cos θ∗|)
W = Mγγ ; θ∗ - scattering angle in γγ system
R

Ldt
dLγγ

dW - effective differential γγ luminosity

ε(W , | cos θ∗|) - detection efficiency

No-tag method: e+e− → e+e−K 0
S K 0

S PTEP 123C01 (2013)

Single-tag method: e+e− → e+e−π0π0 on-going analysis

γ

γ KS

KS

e

e e

e

+ +

− −

γ

e

e e

e

+ +

− −
tag

γ* π

π

0

0

Results on e+e− → e+e−π0π0 can be used in a model-independent evaluation of

the hadronic light-by-light contribution to the anomalous magnetic moment of

muon: G. Colangelo et al., JHEP 1409 (2014) 091; Phys. Lett. B 738 (2014) 6.
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Summary
The world largest statistics of τ leptons collected by Belle opens new era in the
precision tests of the Standard Model and search for the effe cts of New Physics.
With statistics of 711 fb−1 τ lifetime and upper limit on the relative lifetime difference
between τ+ and τ− have been measured at Belle:

ττ = (290.17 ± 0.53(stat) ± 0.33(syst)) fs., |τ
τ+ − τ

τ−|/τaverage< 7.0 × 10−3 at 90% CL.

New result is almost twice more precise than the previous world average value.
|ττ+ − ττ− |/τaveragehas been measured for the first time.
Analyzing data sample of 825 fb−1 τ EDM is studied exploiting optimal variable method.
Reduced statistical and systematic uncertainties result in the improved sensitivity:

∆Re(dτ ) = 0.33 × 10−17 e·cm; ∆Im(dτ ) = 0.30 × 10−17 e·cm

Study of Michel parameters in leptonic τ decays is done at Belle. The work on the reduction
of the systematic uncertainties is going on.
Using data sample of

R

Ldt = 669 fb−1 six τ hadronic decay modes with K 0
S have been

investigated at Belle. Branching fractions for all modes as well as for the inclusive decay
τ− → K 0

S X−ντ have been measured. For the τ− → π−K 0
S K 0

Sπ
0ντ decay f1(1285)π−ντ

and K∗−(892)K 0
Sντ mechanisms have been observed. BaBar obtained strong UL on the

branching fraction of the strange hadronic decays with 3 kaons.
Preliminary result on the branching fraction and spectral function of the
τ− → π−π+π−π0ντ decay was obtained:

B(τ− → (4π)−ντ )ex. K0
S

= (4.38 ± 0.02stat. ± 0.12syst.)%

The unfolded spectral function is under investigation.

Study of π0π0 production in single-tag two-photon collisions is going on.

Broad τ and two-photon physics program with ×50 statistics expected from Belle II
e+e− Super Flavor Factory in the next decade.
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Backup slides
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Lepton-flavor-violating (LFV) τ decays

τ
ν

γ
W

µ (e)τ νµ(e)

Model B(τ → µγ) B(τ → ℓℓℓ)

mSUGRA+seesaw 10−8 10−9

SUSY+SO(10) 10−8 10−10

SM+seesaw 10−9 10−10

Non-universal Z’ 10−9 10−8

SUSY+Higgs 10−10 10−8

Probabililty of LFV decays of charged leptons is extremely small

in the Standard Model, B(τ → ℓν) ∼

(

∆m2
ν

m2
W

)2

< 10−54

Many models beyond the SM predict LFV decays with the
branching fractions up to . 10−8. As a result observation of LFV
is a clear signature of New Physics (NP).

τ lepton is an excellent laboratory to search for the LFV decays
due to the enhanced couplings to the new particles as well as
large number of LFV decay modes

Study of the different τ LFV decay modes allows us to test
various NP models.
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Results on LFV decays of τ

48 different LFV modes were studied at B-factories
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At Belle II UL will be improved at least by 1 order of magnitude .
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CPV in hadronic τ decays at B-factories
CPV has not been observed in lepton decays
It is strongly suppressed in the SM (ACP

SM . 10−12) and observation of large CPV
in lepton sector would be clean sign of New Physics

τ lepton provides unique possibility to search for CPV effects, as it is the only
lepton decaying to hadrons, so that the associated strong phases allows us to
visualize CPV in hadronic τ decays.

I. CPV in τ− → π−KS(≥ 0π0)ντ at BaBar ( Phys. Rev. D 85, 031102 (2012) )
Data sample of

R

Ldt = 476 fb−1 was analyzed

ACP =
Γ(τ+→π+K 0

S (≥0π0)ν̄τ )−Γ(τ−→π−K 0
S (≥0π0)ντ )

Γ(τ+→π+K 0
S (≥0π0)ν̄τ )+Γ(τ−→π−K 0

S (≥0π0)ντ )
= (−0.36 ± 0.23 ± 0.11)%

2.8σ deviation from the SM expectation: AK 0

CP = (+0.36 ± 0.01)%

II. CPV in τ− → K 0
Sπ−ντ at Belle ( Phys. Rev. Lett. 107, 131801 (2011) )

R

Ldt=699 fb−1

Angular distributions were analyzed, ACP(W = MKSπ
) was measured (dω = d cosβd cos θ):

ACP(W ) =

R

cosβ cosψ

 

dΓ
τ−

dω −
dΓ
τ+

dω

!

dω

1
2
R

 

dΓ
τ−

dω +
dΓ
τ+

dω

!

dω

≃ 〈cosβ cosψ〉τ− − 〈cosβ cosψ〉τ+

τ − ντ

KS

π−
W− u−

s

τ − ντ

KS

π−
− u−

s
H

sη
ηs ηs

*CP

|Im(ηS)| < 0.026
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Further studies of CPV in τ at e+e− factories

At e+e− machines with unpolarized beams effect of τ spin-spin correlation in
e+e− → τ+(~ζ+)τ−(~ζ−) reaction can be used to study CPV effects in the spin-dependent
part of the decay rate.

The idea is to study (τ∓ → h∓
CPν ; τ± → ρ±ν) events (as an example let’s take

h∓
CP = (Kπ)∓). τ± → ρ±ν serves as spin analyzer.

dσ(~ζ∗, ~ζ′
∗
)

dΩτ
=

α2

64E2
τ

βτ (D0 + Dijζ
∗
i ζ

′∗
j ),

dΓ(τ±(~ζ′
∗
) → ρ±ν)

dm2
ππdΩ∗

ρdΩ̃π
= A′ ∓ ~B′ ~ζ′

∗

dΓ(τ∓(~ζ∗) → (Kπ)∓ν)

dm2
KπdΩ∗

KπdΩ̃π
=

(A0 + ηCP A1) + (~B0 + ηCP
~B1)~ζ

∗

(A0 + η∗CP A1) − (~B0 + η∗CP
~B1)~ζ

∗

dσ((Kπ)∓, ρ±)

dm2
KπdΩ∗

KπdΩ̃πdm2
ππdΩ∗

ρdΩ̃πdΩτ
=
α2βτ

64E2
τ

„

F + ηCPG
F + η∗CPG

«

F = D0A0A′ − Dij B0iB
′
j , G = D0A1A′ − Dij B1i B

′
j

Φ
Φ1

2

ρ+
ψ

χα

πKS

dσ((Kπ)∓, ρ±)

dpKπdΩKπdm2
KπdΩ̃πdpρdΩρdm2

ππdΩ̃π
=

X

Φ1,Φ2

dσ((Kπ)∓, ρ±)

dm2
KπdΩ∗

KπdΩ̃πdm2
ππdΩ∗

ρdΩ̃πdΩτ

˛

˛

˛

˛

∂(Ω∗
Kπ, Ω∗

ρ, Ωτ )

∂(pKπ, ΩKπ, pρ, Ωρ)

˛

˛

˛

˛

ηCP is extracted in the simultaneous unbinned maximum likeliho od fit of the ((Kπ)−, ρ+)

and ((Kπ)+, ρ−) events in the 12D phase space. Similar technique was developed to measure

Michel parameters at B-factories.
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Study of radiative leptonic decays

τ ντ

ν
l

γ

τ ντ

ν
l

γ
µµ−l = e, −− − −l = e, −

Photon carries information about spin state of outgoing lepton, as a result two
additional Michel-like parameters, η̄ and ξκ, can be extracted:

dΓ(L∓)
dxdydΩℓdΩγ

= f0(x, y)+η̄f1(x, y)±ξ


cos θℓ
`

h0(x, y)+κh1(x, y)
´

+ cos θγ
`

g0(x, y)+κg1(x, y)
´

ff

Belle+BaBar Belle II
Nsel(e∓; ρ±), 106 0.87 28.2
Nsel(µ

∓; ρ±), 106 0.18 5.8

We are measuring η̄ and ξκ in τ decays at Belle. The expected accuracy is
7.7% for the ξκ and 9.8% for the η̄. At Belle II the expected statistical
uncertainties of ξκ and η̄ are 1.1% and 1.4%, respectively.
N. Shimizu et al., Poster talk at the Tau-2014 conf., Aachen, Germany, 15-19 September, 2014.

Up to now η̄ and ξκ were measured only in µ− → e−νµν̄eγ decays:
PDG: η̄ = −0.014 ± 0.090: W. Eichenberger et al., Nucl. Phys. A 412 (1984) 523.
CONF: η̄ = −0.084 ± 0.060: D. Pocanic [PIBETA], AIP Conf. Proc. 1423 (2012) 273.
PDG(ξ′): ξκ = 0.000 ± 0.010: H. Burkard et al. [CNTR], Phys. Lett. B 150 (1985) 242.
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Tau decays into 5 leptons

τ−

ντ

µ−

νµ

e

e

+

−

W− W−

τ−

ντ

µ−

νµ

e+

e−

D. A. Dicus and R. Vega, Phys. Lett. B 338 (1994) 341.

M. S. Alam et al. [CLEO Collaboration], Phys. Rev. Lett. 76 (1996) 2637.

Mode Btheory , 10−7 BCLEO, 10−5

e∓e+e−2ν 415 ± 6 2.7+1.6
−1.2

µ∓e+e−2ν 197 ± 2 < 3.2(90% CL)
e∓µ+µ−2ν 1.257 ± 0.003
µ∓µ+µ−2ν 1.190 ± 0.002

Belle Belle II
Nsel(e

∓e+e−; 1 prong±) 1750 87500
Nsel(µ

∓e+e−; 1 prong±) 600 30000
Nsel (e

∓µ+µ−; 1 prong±) 2 100
Nsel(µ

∓µ+µ−; 1 prong±) 2 100

A. Kersch, N. Kraus and R. Engfer [SINDRUM], Nucl. Phys. A 485 (1988) 606.

dΓ(τ )
dPS =QLLd1+QLRd2+QRLd3+QRRd4+BRLd5+BLRd6

Up to now QLL, QLR, QRL, QRR , BRL, BLR were measured only in muon
decays (µ− → e−e−e+νµν̄e) with the accuracy of about 10 ÷ 20%. In τ

decays these parameters can be measured with the accuracy of ∼ 20% at
Belle, and 3 ÷ 5% at Belle II.
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aτ and EDM in radiative leptonic decays

~µτ = gτ e
2m

~S

aτ = (gτ − 2)/2

QED LO: aτ = α
2π (J. Schwinger ’48)

e−

e+ τ+

γ

−

ν

ν

ττ−
τ− W

−

Γ µ

Γ µ

Γµ = γµF1(q2)+ 1
2mτ

(iF2(q2)+F3(q2)γ5)σµνqν+(q2γµ−q̂qµ)γ5FA(q2)

F1(0) = 1, aτ = F2(0), dτ = e
2mτ

F3(0)

In the SM leptons are considered as pointlike objects. Therefore the
observation of a deviation of the magnetic moments of the leptons from
their SM values would open a window into physics beyond the SM.

In comparison with ae and aµ, the τ anomalous magnetic moment (aτ )
is much better suited to observe NP effects, which are expected to be
∼ m2

ℓ/Λ
2 , where Λ is the NP scale, so aτ/aµ = (mτ/mµ)2 ≈ 283.

aSM
τ = 117721(5) × 10−8

S. Eidelman and M. Passera, Mod. Phys. Lett. A 22 (2007) 159 [hep-ph/0701260].
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aτ and dτ in τ → ℓννγ

M. L. Laursen et al., Phys. Rev. D 29 (1984) 2652 [Erratum-ibid. D 56 (1997) 3155].

It was suggested to search for the aτ in the τ− → ℓ−ν̄ℓντγ using the
phenomenon of radiation zero: in the vicinity of cos(ℓ, γ) = −1,

x = 2Eℓ/mτ = 1 +
m2
ℓ

m2
τ

term ∼ a2
τ dominates.

Effective interaction

Leff = ca
e

4Λ τ̄σµντ Fµν − cd
i

2Λ τ̄σµνγ5τ Fµν ,

aτ = α
2π + Re(ca)

mτ
Λ , dτ = Re(cd ) 1

Λ ,

ãτ = ca
mτ
Λ , d̃τ = cd

mτ
e Λ

τ ντ

ν
l

γ

a σµν

µ− −l = e,−

d6Γ
dxdydΩℓdΩγ

= G(x, y , c)+ ~ζ ·~nℓJ(x, y , c)+ ~ζ ·~nγK (x, y , c) + ~ζ · (~nℓ×~nγ)L(x, y , c), c = ~nℓ ·~nγ ,

M. Passera, M. Fael (U. of Padova, Italy), L. Mercolli (Princeton U., USA)

In our feasibility study ℜ(ãτ ), ℑ(ãτ ), ℜ(d̃τ ), ℑ(d̃τ ) parameters were extracted in the unbinned

maximum likelihood fit of (τ∓ → ℓ∓ννγ; τ± → ρ±ν) (ρ-tag) and

(τ∓ → ℓ∓ννγ; τ± → h±ν), h = e, µ, π, ππ0, π2π0, 3π (full tag) events in the 12D phase

space.
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Sensitivity on ãτ and d̃τ at Belle/Belle II

ℜ(ãτ ) ℑ(ãτ ) ℜ(d̃τ ) ℑ(d̃τ )

Belle (ρ-tag) 0.16 0.16 0.15 0.046
Belle II (ρ-tag) 0.023 0.023 0.021 0.007
Belle (full tag) 0.085 0.085 0.080 0.024

Belle II (full tag) 0.012 0.012 0.011 0.003

DELPHI 0.017 — — —
Belle — — 0.0015 0.0008

J. Abdallah et al. [DELPHI Collaboration], Eur. Phys. J. C 35 (2004) 159
−0.052 < aτ < 0.013 (CL = 95%) in e+e− → e+e−τ+τ−

K. Inami et al. [Belle Collaboration], Phys. Lett. B 551 (2003) 16.
ℜ(dτ )/ℑ(dτ ) = (1.15 ± 1.70)/(−0.83 ± 0.86) × 10−17 e·cm, in e+e− → τ+τ−

To measure aτ in the τ+τ− production vertex the procedure to take into account box
diagrams should be developed.

e

e

τ+

−

+

−τ
τ−

τ+e+

e−
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Search for heavy Majorana neutrino in τ decays I

C. Greub, D. Wyler and W. Fetscher, Phys. Lett. B 324 (1994) 109
[Erratum-ibid. B 329 (1994) 526]
In the case of nonzero neutrino mass additional Michel parameters, λ
and σ, appear in the differential decay width of τ → ℓνν with
additional suppression factor of mν/mτ . But even ordinary Michel
parameters can be used to search for the effect of Majorana neutrino:
M. Doi, T. Kotani and H. Nishiura, Prog. Theor. Phys. 118 (2007)
1069 [Erratum-ibid. 122 (2009) 805].

∆ρ ∼ |gV
LR |2(vµ

2 + |weµ|2) + |gV
RL|2(ve

2 + |weµh|2), ∆η ∼ gV
RRRe(weµ

∗weµh)

,

∆ξ ∼ −|gV
RR |2ve

2vµ
2, ∆δ ∼ |gV

LR |2(vµ
2 + |weµ|2) − |gV

RL|2(ve
2 + |weµh|2)

.
P

j
|Uℓj |2 = 1 − uℓ

2,
P

j
|Vℓj |2 = vℓ

2, ℓ = e, µ,
P

j
UejVµj = weµ,

P

k
Vek Uµk = weµh,

uℓ
2 ∼ vℓ

2 ∼ O((mνD/mνR)2), weµ ∼ weµh ∼ O(mνD/mνR),

where: Uℓj /Vℓj - left/right-chirality lepton mixing matrix, mνD and mνR are Dirac-type

and right-chirality Majorana-type elements of the neutrino mass matrix.
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Search for heavy Majorana neutrino in τ decays II
τ− → ℓ−ℓ−X+ντ (ℓ = e, ν; X = π, K , ρ, K ∗) decays with |∆L| = 2 can be
induced by the exchange of Majorana neutrinos.

ντ

W−

W+νN d,s

τ− − −

u
X

+

G. Lopez Castro and N. Quintero, Phys. Rev. D 85 (2012) 076006.

 (MeV)Nm
0 200 400 600 800 1000 1200 1400 1600

2 |
eN

|V
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-310

-210

-110

 eeKτν → τ

π eeτν → τ

ρ eeτν → τ

*
 eeKτν → τ

 (MeV)Nm
0 200 400 600 800 1000 1200 1400 1600

2 |
Nµ

|V

-410

-310

-210

-110

1

Kµµ τν → τ

πµµ τν → τ

ρµµ τν → τ

*
Kµµ τν → τ

In the case of the resonant mechanism where the contribution of one heavy Majorana

neutrino dominates and B upper limits of O(10−7) (which can be reached at Belle II)

the constraints on the |VℓN |2 vs mN plane can be obtained (competitive to the

constraints from B and D decays).
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Search for sterile neutrino in τ decays

C. Dib et al., Phys. Rev. D 85 (2012) 011301.

To clarify MiniBooNE and LSND anomalies it was suggested to
search for the long-living sterile neutrino.

400 MeV. mN . 600 MeV, 1 × 10−3 . |UµN |
2 . 4 × 10−3, τN . 1 × 10−9 s.

τ

µ
νµ

π
µ+

−
−

−

N

W−

(2)

(1)

τ

µ
νµ−

−

N

W−
(1)

µ+

νe

e− (2)

To explain anomaly the branching fractions must be:
B(τ− → {µ−ν̄µ}1{µ

+π−}2) = 2.0 × 10−9 ÷ 1.3 × 10−5,
B(τ− → {µ−ν̄µ}1{µ

+e−ν̄e}2) = 2.1 × 10−8 ÷ 8.2 × 10−5.

The main signature is the displaced vertex (2) with L = 0.6 ÷ 30 cm.
Sterile neutrino can be also searched for in radiative leptonic decays:

τ− → ℓ−ν̄ℓN, N → γν, i.e. constraints can be obtained from Michel parameters.
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