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Introduction: 𝜏 physics

In the SM 𝜏 decays due to the charged weak interaction
described by the exchange of W± with a pure vector coupling to
only left-handed fermions. There are two main classes of tau
decays:

Decays with leptons, like: 𝜏− → ℓ−𝜈ℓ𝜈𝜏 , 𝜏− → ℓ−𝜈ℓ𝜈𝜏𝛾,
𝜏− → ℓ−ℓ′+ℓ′−𝜈ℓ𝜈𝜏 ; ℓ, ℓ′ = e, 𝜇. They provide very clean laboratory
to probe electroweak couplings, which is
complementary/competitive to precision studies with muon (in
experiments with muon beam). Plenty of New Physics models can
be tested/constrained in the precision studies of the dynamics of
decays with leptons.
Hadronic decays of 𝜏 offer unique tools for the precision study of
low energy QCD.

The world largest statistics of 𝜏 leptons collected by e+e− B
factories (Belle II, Belle and BABAR) opens new era in the
precision tests of the SM.
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Introduction: Belle and BABAR

𝜎(bb̄) = 1.05 nb Nbb̄ = 1.2 × 109

𝜎(cc̄) = 1.30 nb Ncc̄ = 2.0 × 109

𝜎(𝜏𝜏) = 0.92 nb N𝜏𝜏 = 1.4 × 109

BABAR detector

B-factories are also charm- and 𝜏 -factories !
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Introduction: Belle II
Next generation e+e− B-factory at the HEP intensity frontier

SuperKEKB luminosity record (June 2026):
5.3 × 1034 cm−2s−1

The project SuperKEKB luminosity: 6 × 1035 cm−2s−1

Planned integrated luminosity is 50 ab−1

𝜎(bb̄) = 1.05 nb Nbb̄ = 53 × 109

𝜎(cc̄) = 1.30 nb Ncc̄ = 65 × 109

𝜎(𝜏𝜏) = 0.92 nb N𝜏𝜏 = 46 × 109
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Michel parameters in 𝜏 decays
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−𝜈ℓ𝜈𝜏 (ℓ = e, 𝜇) decays provide clean laboratory
to probe electroweak couplings.
The most general, Lorentz invariant four-lepton interaction matrix element:

ℳ =
4G
√

2

∑︁
N=S,V ,T

i,j=L,R

gN
ij

[︂
ūi (l−)ΓNvn(𝜈l )

]︂[︂
ūm(𝜈𝜏 )ΓNuj (𝜏

−)

]︂
,

ΓS = 1, ΓV = 𝛾𝜇, ΓT =
i

2
√

2
(𝛾𝜇𝛾𝜈 − 𝛾𝜈𝛾𝜇), chiralities n, m are fixed by i, j

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 M𝜏E4

max

(2𝜋)4

√︁
x2 − x2

0

(︂
x(1 − x) +

2
9
𝜌(4x2 − 3x − x2

0 ) + 𝜂x0(1 − x)

∓
1
3

P𝜏cos𝜃ℓ𝜉
√︁

x2 − x2
0

[︂
1 − x +

2
3
𝛿
(︀
4x − 4 +

√︁
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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Michel parameters of 𝜏 , current status, NP

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

In BSM models the couplings to 𝜏 are expected to be enhanced in comparison with 𝜇.

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

{︂
𝜈𝛾𝜇(1 − 𝛾5)𝜏 +

𝜅W
𝜏

2m𝜏
𝜕𝜈

(︂
𝜈𝜎𝜇𝜈(1 − 𝛾5)𝜏

)︂}︂
,

−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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Effect of the e− beam polarization at the STCF
At the STCF with polarized electron beam the average polarization of single 𝜏
is nonzero, hence the differental decay probability will contain both, 𝜏
spin-dependent and spin-independent parts.

d𝜎(𝜁−, 𝜁+)
dΩ𝜏

=
𝛼2

64E2
𝜏

𝛽𝜏 (D0 + Dij𝜁
−
i 𝜁+j + 𝒫e(F−

i 𝜁−i + F+
j 𝜁+j ))

D0 = 1 + cos2 𝜃 +
1
𝛾2
𝜏

sin2 𝜃, 𝒫e =
Ne(+)− Ne(−)

Ne(+) + Ne(−)

Dij =

⎛⎜⎝(1 + 1
𝛾2
𝜏
) sin2 𝜃 0 1

𝛾𝜏
sin 2𝜃

0 −𝛽2
𝜏 sin

2 𝜃 0
1
𝛾𝜏

sin 2𝜃 0 1 + cos2 𝜃 − 1
𝛾2
𝜏
sin2 𝜃

⎞⎟⎠
Single 𝜏 studies at the STCF:

d𝜎(𝜁−)
dΩ𝜏

=
𝛼2

32E2
𝜏

𝛽𝜏 (D0 + 𝒫eF−
i 𝜁−i )

As a result, there are two methods to measure MP:
(I) Unbinned fit of the (ℓ, 𝜌) events in 9D phase space (spin-spin
correlations + polarized e− beam)
(II) Unbinned fit of the (ℓ, all) events in 3D lepton phase space (only
polarized e− beam)
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Method at e+e− factory with unpolarized beams
Effect of 𝜏 spin-spin correlation is used to measure 𝜉 and 𝛿 MP.
Events of the (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

ξ
Hρp

τ+( )

τ+ helicity

τ helicity

L

R

−

LH

H

H

RH

η
­0.12 ­0.1 ­0.08 ­0.06 ­0.04 ­0.02 0 0.02 0.04 0.06 0.08 0.1

ρ

0.72

0.73

0.74

0.75

0.76

0.77

0.78

)ν­ρ; νν+µ(

MC

σ1

σ2

σ3

Fit result ρ∆ 4≈ η∆

d𝜎(ℓ∓𝜈𝜈, 𝜌±𝜈)

dE*
ℓ dΩ*

ℓ dΩ*
𝜌dm2

𝜋𝜋dΩ̃𝜋dΩ𝜏

= A0 + 𝜌A1 + 𝜂A2 + 𝜉𝜌𝜉A3 + 𝜉𝜌𝜉𝛿A4 =
4∑︁

i=0

AiΘi

ℱ (⃗z) =
d𝜎(ℓ∓𝜈𝜈, 𝜌±𝜈)

dpℓdΩℓdp𝜌dΩ𝜌dm2
𝜋𝜋dΩ̃𝜋

=

Φ2∫︁
Φ1

d𝜎(ℓ∓𝜈𝜈, 𝜌±𝜈)

dE*
ℓ

dΩ*
ℓ

dΩ*
𝜌dm2

𝜋𝜋dΩ̃𝜋dΩ𝜏

⃒⃒⃒⃒ 𝜕(E*
ℓ , Ω*

ℓ , Ω*
𝜌, Ω𝜏 )

𝜕(pℓ, Ωℓ, p𝜌, Ω𝜌, Φ𝜏 )

⃒⃒⃒⃒
dΦ𝜏

L =
N∏︁

k=1

𝒫(k)
, 𝒫(k) = ℱ (⃗z(k))/𝒩 (Θ⃗), 𝒩 (Θ⃗) =

∫︁
ℱ (⃗z)dz⃗, Θ⃗ = (1, 𝜌, 𝜂, 𝜉𝜌𝜉ℓ, 𝜉𝜌𝜉ℓ𝛿ℓ)

𝒫 total = (1 −
4∑︁

i=1

𝜆i )𝒫ℓ−𝜌
signal + 𝜆1𝒫ℓ−3𝜋

bg + 𝜆2𝒫𝜋−𝜌
bg + 𝜆3𝒫𝜌−𝜌

bg + 𝜆4𝒫other
bg (MC)

MP are extracted in the unbinned maximum likelihood fit of (ℓ𝜈𝜈; 𝜌𝜈) events in the 9D phase
space z⃗ = (pℓ, cos 𝜃ℓ, 𝜑ℓ, p𝜌, cos 𝜃𝜌, 𝜑𝜌, m2

𝜋𝜋, cos 𝜃𝜋, 𝜑𝜋) in CMS.
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Michel par. at Belle, systematic uncertainties
Belle-CONF-1402 arXiv:1409.4969

Source ∆(𝜌), % ∆(𝜂), % ∆(𝜉𝜌𝜉), % ∆(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

Background 0.20 0.60 0.20 0.20
Apparatus corrections

Resolution⊕brems. 0.10 0.33 0.11 0.19
𝜎(Ebeam) 0.07 0.25 0.03 0.15

Normalization
∆𝒩 0.11 0.50 0.17 0.13

without Data/MC corr. 0.29 0.95 0.38 0.38
trigger eff. corr. ∼ 1 ∼ 2 ∼ 3 ∼ 3

At Belle, various EXP/MC (L1, L3/L4 software trigger, track and 𝜋0

rec., 𝜋ID and ℓID) efficiency corrections produce the systematic
uncertainties in MP of about few percent.
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Analysis of (ℓ, all) events in 3D

d𝜎(𝜁)
dΩ𝜏

=
𝛼2

32E2
𝜏

𝛽𝜏 (D0 + 𝒫eFi𝜁i)

dΓ(𝜏∓(𝜁*) → ℓ∓𝜈𝜈)

dx*dΩ*
ℓ

= 𝜅ℓ(A(x*)∓ 𝜉ℓn⃗*
ℓ 𝜁

*B(x*)), x* = E*
ℓ /E*

ℓmax

A(x*) = A0(x*) + 𝜌A1(x*) + 𝜂A2(x*), B(x*) = B1(x*) + 𝛿B2(x*)

d𝜎(ℓ∓)
dE*

ℓ dΩ*
ℓdΩ𝜏

= 𝜅ℓ
𝛼2𝛽𝜏

32E2
𝜏

(︀
D0A(E*

ℓ )∓ 𝒫e𝜉ℓFin*
ℓiB(E*

ℓ )
)︀

d𝜎(ℓ∓)
dpℓdΩℓ

=

∫︁
Ω𝜏−sector

d𝜎(ℓ∓)
dE*

ℓ dΩ*
ℓdΩ𝜏

⃒⃒⃒⃒
𝜕(E*

ℓ ,Ω
*
ℓ )

𝜕(pℓ,Ωℓ)

⃒⃒⃒⃒
dΩ𝜏

Ω𝜏 -sector is determined by the kinematical constraint m𝜈𝜈 > 0

All Michel parameters (𝜌, 𝜂, 𝒫e𝜉, 𝒫e𝜉𝛿) are measured in the unbinned maximum
likelihood fit of (𝜏− → ℓ−𝜈ℓ𝜈𝜏 ; 𝜏

+ → all) events in the 3D phase space.

The reduced 3D phase space allows one to tabulate various EXP/MC corrections
to the detection efficiency more precisely.

The crucial point in this method is to have high-efficiency 1-track trigger
and precise 𝒫e monitor.
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𝜏− → 𝜋−/𝜌−𝜈𝜏 decay to monitor 𝒫e

d𝜎(𝜁)
dΩ𝜏

=
𝛼2

32E2
𝜏

𝛽𝜏 (D0 + 𝒫eFi𝜁i )

dΓ(𝜏∓ → 𝜋∓𝜈)

dΩ*
𝜋

= 𝜅𝜋
(︀
1 ± 𝜉𝜋𝜁n⃗*

𝜋

)︀
,

dΓ(𝜏∓ → 𝜌∓𝜈)

dm2
𝜋𝜋dΩ*

𝜌Ω̃𝜋

= f (k⃗1, k⃗2)(1 ± 𝜉𝜌𝜁H⃗*
𝜌 )

d𝜎(𝜋∓)

dΩ*
𝜋dΩ𝜏

= 𝜅𝜋
𝛼2𝛽𝜏

32E2
𝜏

(︀
D0 ± 𝒫e𝜉𝜋Fi n*

𝜋i
)︀

d𝜎(𝜌∓)

dΩ*
𝜌dm2

𝜋𝜋Ω̃𝜋dΩ𝜏

= f (k⃗1, k⃗2)
𝛼2𝛽𝜏

32E2
𝜏

(︀
D0 ± 𝒫e𝜉𝜌Fi H*

𝜌i
)︀

d𝜎(𝜋∓)

dp𝜋dΩ𝜋
=

2𝜋∫︁
0

d𝜎(𝜋∓)

dΩ*
𝜋dΩ𝜏

⃒⃒⃒⃒
𝜕(Ω*

𝜋 ,Ω𝜏 )

𝜕(p𝜋 ,Ω𝜋 ,Φ𝜏 )

⃒⃒⃒⃒
dΦ𝜏

d𝜎(𝜌∓)

dp𝜌dΩ𝜌dm2
𝜋𝜋Ω̃𝜋

=

2𝜋∫︁
0

d𝜎(𝜌∓)

dΩ*
𝜌dm2

𝜋𝜋Ω̃𝜋dΩ𝜏

⃒⃒⃒⃒
𝜕(Ω*

𝜌,Ω𝜏 )

𝜕(p𝜌,Ω𝜌,Φ𝜏 )

⃒⃒⃒⃒
dΦ𝜏

Parameters (𝒫e𝜉𝜋 , 𝒫e𝜉𝜌) are measured in the unbinned maximum likelihood fit of the
(𝜏− → 𝜋−/𝜌−𝜈𝜏 ; 𝜏+ → all) events. These decays can be used to monitor 𝒫e with
high precision.
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Fit of (ℓ, 𝜌) in 9D at Belle II and STCF

 polarization­e

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

ρ(
st

a
t

σ

0.6

0.8

1

1.2

1.4

1.6

1.8

2
 = 5.29 GeVbeamE

 = (1.78 ­ 2.33) GeVbeamE
ρ

 polarization­e

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

ξ(
st

a
t

σ

1.5

2

2.5

3

3.5

4

4.5

5
 = 5.29 GeVbeamE

 = (1.78 ­ 2.33) GeVbeamE

ξ
24%

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

η(
st

a
t

σ

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8
 = 5.29 GeVbeamE

 = (1.78 ­ 2.33) GeVbeamE
η

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

δξ(
st

a
t

σ
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3
 = 5.29 GeVbeamE

 = (1.78 ­ 2.33) GeVbeamE

24%

δξ

Sensitivities to Michel par. at Belle II (with unpolarized e− beam) are
slightly better (by a factor of 1.2–1.5) than those at the STCF.
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Fit of (ℓ, all) in 3D at Belle II and STCF

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

ρ(
st

a
t

σ

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

 = (1.78 ­ 2.33) GeVbeamE

 = 5.29 GeVbeamE

3D Fit of (lep, all) events

Belle II + polarized e­

Super C­Tau

ρ
) eventsρBelle II 9D fit of (lep, 

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

ξ(
st

a
t

σ

0
1
2

3
4

5
6
7
8
9

10
11
12

 = (1.78 ­ 2.33) GeVbeamE

 = 5.29 GeVbeamE

3D Fit of (lep, all) events

Belle II + polarized e­

Super C­Tau

) eventsρBelle II 9D fit of (lep, 

ξ

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

η(
st

a
t

σ

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

4.4

 = (1.78 ­ 2.33) GeVbeamE

 = 5.29 GeVbeamE

3D Fit of (lep, all) events

Belle II + polarized e­

Super C­Tau

) eventsρBelle II 9D fit of (lep, 

η

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

δξ(
st

a
t

σ
0

0.5
1

1.5
2

2.5
3

3.5
4

4.5
5

5.5
6

6.5
7

 = (1.78 ­ 2.33) GeVbeamE

 = 5.29 GeVbeamE

3D Fit of (lep, all) events

Belle II + polarized e­

Super C­Tau

) eventsρBelle II 9D fit of (lep, 
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The sensitivities to all Michel par. at the STCF become slightly better than those at Belle II (with
unpolarized e− beam) for 𝒫e > 0.5.
Expected MP stat. uncertainties are ∼ 10−4, to reach the same level systematic uncertainty,
the NNLO corrections (𝒪(𝛼4)) to the differential e+e− → 𝜏+𝜏− cross section are
mandatory.
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Michel parameters in 𝜏 → ℓ𝜈𝜈𝛾 at Belle (I)
A. B. Arbuzov and T. V. Kopylova, JHEP 1609 (2016) 109. (mℓ ̸= 0)

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 parameters, 𝜂 and 𝜉𝜅, can be extracted.
These parameters were measured in 𝜏 decays at Belle for the first time.

dΓ(𝜏∓ → ℓ∓𝜈ℓ𝜈𝜏 𝛾)

dx dy dΩℓ dΩ𝛾
= Γ0

𝛼

64𝜋3

𝛽ℓ

y

[︂
F (x, y, d) ± P𝜏

(︀
𝛽ℓ cos 𝜃ℓG(x, y, d) + cos 𝜃𝛾H(x, y, d)

)︀]︂
,

Γ0 = G2
Fm5

𝜏 /192𝜋3
, 𝛽ℓ =

√︂
1 − m2

ℓ
/E2

ℓ
, x = 2Eℓ/m𝜏 , y = 2E𝛾/m𝜏 , d = 1 − 𝛽ℓ cos 𝜃ℓ𝛾

F = F0 + 𝜂F1, G = G0 + 𝜉𝜅G1, H = H0 + 𝜉𝜅H1,
d𝜎(ℓ∓𝜈𝜈𝛾, 𝜌±𝜈)

dE*
ℓ

dΩ*
ℓ

dE*
𝛾 dΩ*

𝛾 dΩ*
𝜌dm2

𝜋𝜋dΩ̃𝜋dΩ𝜏
= A0 + 𝜂A1 + 𝜉𝜅A2

ℱ (⃗z) =
d𝜎(ℓ∓𝜈𝜈𝛾, 𝜌±𝜈)

dpℓdΩℓdp𝛾 dΩ𝛾 dp𝜌dΩ𝜌dm2
𝜋𝜋dΩ̃𝜋

=

Φ2∫︁
Φ1

d𝜎(ℓ∓𝜈𝜈𝛾, 𝜌±𝜈)

dE*
ℓ

dΩ*
ℓ

dE*
𝛾 dΩ*

𝛾 dΩ*
𝜌dm2

𝜋𝜋dΩ̃𝜋dΩ𝜏
|JACOBIAN| dΦ𝜏

L =
N∏︁

k=1
𝒫(k)

, 𝒫(k) =
ℱ (⃗z(k))

𝒩 (Θ⃗)
=

ℱ0 + ℱ1𝜂 + ℱ2𝜉𝜅

𝒩0 + 𝒩1𝜂 + 𝒩2𝜉𝜅
, 𝒩k =

∫︁
ℱk (⃗z)dz⃗, (k = 0, 1, 2)

𝜂 and 𝜉𝜅 are extracted in the unbinned maximum likelihood fit of (ℓ𝜈𝜈𝛾; 𝜌𝜈) events in the 12D
phase space in CMS.
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Michel parameters in 𝜏 → ℓ𝜈𝜈𝛾 at Belle (II)

N𝜏𝜏 = 646 × 106, selected: 71171 (𝜇𝜈𝜈𝛾; 𝜌𝜈) and 776834 (e𝜈𝜈𝛾; 𝜌𝜈) events
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SM
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Source 𝜎e
𝜂̄ 𝜎e

𝜉𝜅 𝜎𝜇
𝜂̄ 𝜎𝜇

𝜉𝜅

Normalization 4.3 0.94 0.15 0.04
Background PDF 2.5 0.24 0.67 0.22
Branching ratios 3.8 0.05 0.25 0.01
Cluster merge in ECL 2.2 0.46 0.02 0.06
Detector resolution 0.74 0.20 0.22 0.02
Data/MC eff. corr. 1.9 0.14 0.04 0.04
Total 7.0 1.1 0.76 0.24

Belle result
𝜂 = −1.3 ± 1.5 ± 0.8

𝜉𝜅 = 0.5 ± 0.4 ± 0.2

N. Shimizu et al. [Belle Collab.], PTEP 2018 (2018) no.2, 023C01.
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Measurement of 𝜉′ at Belle (I)
Decay-in-flight muon polarization measurement (𝜏− → 𝜇−𝜈𝜈, 𝜇− → e−𝜈𝜈)
allows one to extract 𝜉′ Michel parameter (𝜉′SM = 1 ):

D. Bodrov and P. Pakhlov, JHEP 10 (2022) 035
D. Bodrov et al., PRL 131 (2023) 021801; PRD 108 (2023) 012003

d2Γ(𝜏 → 𝜇𝜈𝜈)

dx dcos 𝜃
=
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4𝜋3 W 4
ℓ𝜏 G2
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x2 − x2
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[︀
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]︀
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1
54

√︁
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(︂
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)︂
+ 4𝜉
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=
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F m5
𝜇

384𝜋4 y2
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(3 − 2y)± (2y − 1)(n⃗e · 𝜁)

]︁
.
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]︁ 1
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Measurement of 𝜉′ at Belle (II)
The idea is to select events with ordinary leptonic 𝜏− → 𝜇−𝜈𝜈 decays
in which we have additional out-of-beam track from the consequent
𝜇− → e−𝜈𝜈 decay, which appears as a kink in the original muon
track. BDT based selection allows one to suppress background
substantially keeping the signal efficiency at the level of 78%.
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Measurement of 𝜉′ at Belle (III)
𝜉′ is extracted in the 2D ((y , cos 𝜃e) ≡ (y , c)) unbinned maximum
likelihood fit.

ℒ =
n∏︁

i=1

𝒫(yi , ci ; 𝜉
′), 𝒫(y , c; 𝜉′) = p 𝒫sig(y , c; 𝜉′) + (1 − p)𝒫bkg(y , c),

p = Nsig/(Nsig + Nbckg) = 0.74. Both, signal PDF, 𝒫sig(y , c; 𝜉′), and
background PDF, 𝒫bkg(y , c), are obtained from the MC simulation.

𝒫sig(y , c; 𝜉′) =
1
2
{𝒫+1(y , c) + 𝒫−1(y , c) + 𝜉′ [𝒫+1(y , c)− 𝒫−1(y , c)]}

𝜉′ = 0.22 ± 0.94 ± 0.42

As 𝜉𝜅 = − 1
12 (3𝜉 − 8𝜉𝛿 + 3𝜉′) ≈ (1 − 𝜉′)/4, from radiative leptonic decays

𝜉′ ≈ 1 − 4𝜉𝜅 = −1.0 ± 1.8, i.e. new Belle result on 𝜉′ is almost 2 times more
precise. However 𝜂 = 1

4 (7 − 8𝜌− 𝜉′′) is related to 𝜉′′, so still radiative leptonic
decay provides additional Michel parameter constraint.
At Belle II and STCF with the improved track rec. algorithm in the drift
chamber of the detector and higher statistics it will be possible to improve the
accuracy.
Belle II developed the Kink Finder tool for the new 𝜉′ measurement:

D. Bodrov et al. NIMA 1087 (2026) 171438
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Tau decays into 5 leptons (I)

τ
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µ

e

e

+
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W
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τ
−

ν
τ

µ
−

ν
µ

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.

A. Flores-Tlalpa, G. Lopez Castro and P. Roig, JHEP 1604 (2016) 185.

Mode ℬtheory ℬCLEO

e∓e+e−2𝜈 (4.21 ± 0.01)× 10−5 (2.7+1.6
−1.2)× 10−5

𝜇∓e+e−2𝜈 (1.984 ± 0.004)× 10−5 < 3.2 × 10−5(90% CL)
e∓𝜇+𝜇−2𝜈 (1.247 ± 0.001)× 10−7

𝜇∓𝜇+𝜇−2𝜈 (1.183 ± 0.001)× 10−7

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+𝜈𝜇𝜈e) with the accuracy of about 10 ÷ 20%.
Michel parameters can be measured in two ways: in the study of the
dynamics and from the measurement of the branching fraction:
ℬexp/ℬSM = QLL + 𝛼LRQLR + 𝛼RLQRL + 𝛼RRQRR + 𝛽RLBRL + 𝛽LRBLR
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Tau decays into 5 leptons (II)
J.Sasaki (Belle Collaboration) J. Phys. Conf. Ser. 912 (2017) 012002.

If we measure ℬ(𝜏− → 𝜇−e+e−𝜈𝜏 ) with 10% relative accuracy it will
be possible to constrain I𝛼 and I𝛽 on the level of 10−3 for the first time.

Belle II Collaboration started this analysis.
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Summary
Belle II is the main player in 𝜏 studies in the nearest future.
Nonzero average polarization of single 𝜏 at the STCF with polarized e− beam makes STCF
to be competitive with Belle II in 𝜏 -lepton studies.
Measurement of the main Michel parameters (𝜌, 𝜂, 𝜉, 𝜉𝛿) in ordinary leptonic decays at Belle
is pending, systematics of 3% should be improved.
At Belle II with much better detector and DAQ performance it is possible to reach the world
best accuracy.
Measurement of Michel parameters in the radiative leptonic 𝜏 decays:
A. B. Arbuzov and T. V. Kopylova, JHEP 1609 (2016) 109. (mℓ ̸= 0)
First experimental result from Belle:
N. Shimizu et al., PTEP 2018 (2018) no.2, 023C01.
Statistical improvement at Belle II and STCF. At the STCF the polarized 𝜏 allows one further
to inrease sensitivity to 𝜉𝜅 parameter.
Decay-in-flight muon polarization measurement (𝜏 → 𝜇𝜈𝜈, 𝜇 → e𝜈𝜈) to measure 𝜉′ Michel
parameter:
D. Bodrov et al., PRL 131 (2023) 021801; PRD 108 (2023) 012003
The Belle result 𝜉′ = 0.22 ± 0.94 ± 0.42 has almost twice better accuracy than that from
the 𝜉𝜅 from radiative leptonic decays.
At Belle II and STCF with the improved track rec. algorithm in the drift chamber of the
detector and higher statistics it will be possible to improve the accuracy. With the whole
expected Belle II statistics the relative accuracy of 𝜉′ will approach the level of 0.5%.
Precise study of the five-body leptonic 𝜏 decays 𝜏 → ℓℓ′+ℓ′−𝜈𝜈:
A. Flores-Tlalpa, G. Lopez Castro and P. Roig, JHEP 1604 (2016) 185.
While 𝜏− → e−e+e−2𝜈 and 𝜏− → 𝜇−e+e−2𝜈 modes can be studies already at B
factories, the 𝜏− → e−𝜇+𝜇−2𝜈 and 𝜏− → 𝜇−𝜇+𝜇−2𝜈 modes can be discovered at Belle
II and STCF. The analysis has been started at Belle II.
Possibility to measure I𝛼 and I𝛽 Michel parameters with the accuracy of 10−3 with already
available statistics at Belle and Belle II, and to search for T-odd correlations for the first time
in the purely leptonic decays.
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Michel parameters
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Method: theoretical framework

W. Fetscher, Phys. Rev. D 42 (1990) 1544. K. Tamai, Nucl. Phys. B 668 (2003) 385.
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𝜋𝜋dΩ̃𝜋dΩ𝜏

⃒⃒⃒⃒
𝜕(E*

ℓ ,Ω
*
ℓ ,Ω

*
𝜌,Ω𝜏 )

𝜕(pℓ,Ωℓ, p𝜌,Ω𝜌,Φ𝜏 )

⃒⃒⃒⃒
dΦ𝜏
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Multidimensional unbinned maximum likelihood fit
4 Michel parameters (Θ⃗ = (1, 𝜌, 𝜂, 𝜉𝜌𝜉ℓ, 𝜉𝜌𝜉ℓ𝛿ℓ)) are extracted in the unbinned maximum
likelihood fit of (ℓ𝜈𝜈; 𝜌𝜈) events in the 9D phase space in CMS,
z⃗ = (pℓ, cos 𝜃ℓ, 𝜑ℓ, p𝜌, cos 𝜃𝜌, 𝜑𝜌, m𝜋𝜋, cos 𝜃𝜋, 𝜑𝜋). The PDF for individual k-th event is
written in the form:

𝒫(k) =
ℱ (⃗z(k))

𝒩 (Θ⃗)
, 𝒩 (Θ⃗) =

∫︁
ℱ (⃗z)dz⃗

Likelihood function for N events:

L =
N∏︁

k=1

𝒫(k)
, ℒ = − ln L = N ln𝒩 (Θ⃗) −

N∑︁
k=1

lnℱ (k)
, ℱ (k) = ℱ (⃗z(k))

ℱ (k) = A(k)
0 Θ0 + A(k)

1 Θ1 + A(k)
2 Θ2 + A(k)

3 Θ3 + A(k)
4 Θ4 =

4∑︁
i=0

A(k)
i Θi

𝒩 = C0Θ0 + C1Θ1 + C2Θ2 + C3Θ3 + C4Θ4, Cj =
1
N

N∑︁
k=1

C(k)
j , C(k)

j =
A(k)

j

4∑︀
i=0

A(k)
i ΘMC

i

Θ⃗MC = (1, 0.75, 0, 1, 0.75), ℒ = N ln

(︂ 4∑︁
j=0

CjΘj

)︂
−

N∑︁
k=1

ln

(︂ 4∑︁
i=0

A(k)
i Θi

)︂

As a result fitted statistics is represented by a set of 5 × N values of A(k)
i

(k = 1 ÷ N, i = 0 ÷ 4), which is calculated only once.
Ci (i = 0 ÷ 4) are calculated using MC simulation.

In ideal case (no rad. corr., 𝜀 = 100%): C0 = 1, C2 = 4mℓ/m𝜏 , C1,3,4 = 0
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Method: helicity sensitive variable

M. Davier et. al Phys. Lett. B 306 (1993) 411.

Helicity sensitive variable 𝜔 is introduced as:

𝜔 =
1

Φ2 − Φ1

∫︁ Φ2

Φ1

(H⃗𝜌± , n⃗𝜏±)dΦ =< (H⃗𝜌± , n⃗𝜏±) >Φ𝜏

homtot
Entries  6471683

Mean  0.08162− 

RMS    0.4366

τΦ
)>τn,

ρ
H = <(ω

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

/0
.0

1
e
v
e
n

ts
N

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

homtot
Entries  6471683

Mean  0.08162− 

RMS    0.4366

gom

Entries  901744

Mean  0.07859− 

RMS    0.4335

gom

Entries  901744

Mean  0.07859− 

RMS    0.4335

gom

Entries  901744

Mean  0.07859− 

RMS    0.4335

)ν­ρ ; νν
+(e

)νρ; νπ)+(νπ ; 3νν
+

(e other

 < ­0.35ω  < 0.35ω­0.35 <  > 0.35ω

τ −τ+

ρ−
π−

π0

RH

LH

LH

RHω < 0

ω > 0
ττ

ρ
π0ω < 0

ω > 0
− +

LH

RH
+

π+

RH

LH

preferred Plep

hetot1

 (GeV)e
CMS

E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

/(
5

0
 M

e
V

)
e
v

e
n

ts
N

0

500

1000

1500

2000

2500

3000

3500

4000

4500

hetot1

)π ; 3
+

(e
other

 < ­0.35ω

)­ρ ; 
+

(e

hetot2

 (GeV)e
CMS

E

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

/(
5

0
 M

e
V

)
e
v

e
n

ts
N

0

1000

2000

3000

4000

5000

6000

7000

8000
hetot2

)­ρ ; 
+

(e

)π ; 3
+

(e other

 < 0.35ω­0.35 < 

hetot3

 (GeV)e
CMS

E

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

/(
5

0
 M

e
V

)
e
v

e
n

ts
N

0

500

1000

1500

2000

2500

3000

3500
hetot3

)­ρ ; 
+

(e

)π ; 3
+

(e other

 > 0.35ω

Spin-spin correlation manifests itself through momentum-momentum
correlations of final lepton and pions.
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Method: corrections, detector effects, background
Physical corrections:

All 𝒪(𝛼3) QED and electroweak higher order corrections to
e+e− → 𝜏+𝜏−(𝛾) are included

Radiative leptonic decays 𝜏− → ℓ−𝜈ℓ𝜈𝜏𝛾

Radiative decay 𝜏− → 𝜋−𝜋0𝜈𝜏𝛾

Detector effects:

Track momentum resolution

𝛾 energy and angular resolution

Effect of external bremsstrahlung for e − 𝜌 events

Beam energy spread

EXP/MC efficiency corrections (trigger, track rec., 𝜋0 rec., ℓID, 𝜋ID)

Background at Belle:
The main background comes from (ℓ𝜈𝜈; 𝜋2𝜋0𝜈)(∼10%), (𝜋𝜈; 𝜋𝜋0𝜈)(∼1.5%)
and (𝜌+𝜈; 𝜌−𝜈)(∼0.5%) events, it is 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%.
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Initial state radiation (ISR)

e
−
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π

+
π; ­

µMuon energy spectrum for (

d𝜎vis(s)

dpℓdΩℓdp𝜌dΩ𝜌dm2
𝜋𝜋dΩ̃𝜋

=

∫︁∫︁ 1

0
dx1dx2D(x1)D(x2)

d𝜎(s(1 − x1)(1 − x2))

dp′
ℓ

dΩ′
ℓ

dp′𝜌dΩ′
𝜌dm2

𝜋𝜋dΩ̃𝜋

⃒⃒⃒⃒
𝜕(p′ℓ, Ω

′
ℓ)

𝜕(pℓ, Ωℓ)

⃒⃒⃒⃒⃒⃒⃒⃒ 𝜕(p′𝜌, Ω′
𝜌)

𝜕(p𝜌, Ω𝜌)

⃒⃒⃒⃒

D(x) = x𝛽/2−1h(x) - probability function for initial e∓ to emit a 𝛾-quantum jet carrying x1,2

part of e∓ energy Ebeam =
√

s/2. 𝛽 = 2𝛼
𝜋 (ln s

m2 − 1), h(x) - smooth limited function.⃒⃒⃒⃒
𝜕(p′i ,Ω

′
i )

𝜕(pi ,Ωi )

⃒⃒⃒⃒
(i = ℓ, 𝜌) - Jacobian of transformation from the 𝜏+𝜏− rest frame to the Belle

CMS.

At the Super Charm-Tau factory the impact of the ISR is expected to be
essentially smaller.
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𝒪(𝛼3) corrections to e+e− → 𝜏+𝜏−(𝛾)
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Box

FSRBorn ISR

Electroweak

Z
0

Vacuum polarizationVertex corr.

S. Jadach and Z. Was, Acta Phys. Polon. B 15 (1984) 1151 [Erratum-ibid. B 16 (1985) 483].
A. B. Arbuzov et al JHEP 9710 (1997) 001.

Charge-odd part of the cross section comes from the interference of
the ISR and FSR diagrams as well as box and Born diagrams, and

Z 0-exchange and Born diagrams.
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Description of background at Belle
Total PDF

𝒫(x) =
𝜀(x)

𝜀

(︂
(1 −

∑︁
i

𝜆i )
S(x)∫︀ 𝜀(x)
𝜀

S(x)dx
+ 𝜆3𝜋

B̃3𝜋 (x)∫︀ 𝜀(x)
𝜀

B̃3𝜋 (x)dx
+ 𝜆𝜋

B̃𝜋 (x)∫︀ 𝜀(x)
𝜀

B̃𝜋 (x)dx
+ 𝜆𝜌

B̃𝜌(x)∫︀ 𝜀(x)
𝜀

B̃𝜌(x)dx
+

+(1 −
∑︁

i
𝜆i )

Nsel
rest(x)

Nsel
sig(x)

SSM(x)
)︂

B̃3𝜋(x) =
∫︁

2(1 − 𝜀
𝜋0 (y))𝜀add(y)B3𝜋(x, y)dy, B̃𝜋(x) =

𝜀𝜇ID
𝜋→𝜇(pℓ, Ωℓ)

𝜀𝜇ID
𝜇→𝜇(pℓ, Ωℓ)

B𝜋(x)

B̃𝜌(x) =
𝜀𝜇ID
𝜋→𝜇(pℓ, Ωℓ)

𝜀𝜇ID
𝜇→𝜇(pℓ, Ωℓ)

∫︁
(1 − 𝜀

𝜋0 (y))𝜀add(y)B𝜌(x, y)dy, 𝜀(x) = 𝜖
EXP
corr (x)𝜀(x)

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

𝜋0 , Ω
𝜋0 );

S(x) - theoretical density of signal (ℓ∓𝜈𝜈, 𝜌±𝜈) events;
B3𝜋(x, y) - theoretical density of background (ℓ∓𝜈𝜈, 𝜋±2𝜋0𝜈) events;
B𝜋(x) - theoretical density of background (𝜋∓𝜈, 𝜌±𝜈) events;
B𝜌(x) - theoretical density of background (𝜌∓𝜈, 𝜌±𝜈) events;
𝜀(x) - detection efficiency for signal events (common multiplier);
Nsel

rest(x)/N
sel
sig(x) - number of the selected (remaining/signal) MC events in the

multidimensional cell around ”x”. Admixture of the remaining background is (1 ÷ 2)%.
𝜆i - i-th background fraction (from MC)
𝜀
𝜋0 (y) - 𝜋0 detection efficiency (tabulated from MC);

𝜀add(y) = 𝜀3𝜋
add(y)/𝜀

sig
add - ratio of the ELAB

𝛾rest cut efficiencies (tabulated from MC);
𝜀𝜇ID
𝜋→𝜇(pℓ, Ωℓ)/𝜀

𝜇ID
𝜇→𝜇(pℓ, Ωℓ) is tabulated from MC;

𝜖EXP
corr (x) - EXP/MC efficiency correction.
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Toy MC studies of the effect of polarized e− beam

66 10M (𝜇, 𝜌) samples, at 6 center-of-mass (c.m.s.) energies
(according to Table 1.1 in STCF CDR part I) : 2E = 3.554 GeV
(𝜏+𝜏− production threshold), 2E = 3.686 GeV (𝜓(2S)),
2E = 3.770 GeV (𝜓(3770)), 2E = 4.170 GeV (𝜓(4160)),
2E = 4.650 GeV (maximum of the 𝜎(e+e− → Λ+

c Λ
−
c )),

2E = 10.58 GeV (Belle II), for 11 values of e− beam polarization:
0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, were generated
for the calculation of the normalizations. 66 statistically
independent 1M samples at the same energies and polarizations
were generated for the fit.
To evaluate MP sensitivities (rescaling the sensitivities obtained
in the fits of 1M samples) we took the detection efficiency of
(𝜇, 𝜌) events to be 20% (to be compared with 12% efficiency
obtained at Belle, where the 𝜋0 rec. efficiency is only 40%). The
detection efficiency of (𝜇, all) events was taken to be 30%.
To measure 𝜌, 𝜉 and 𝜉𝛿 MP, samples with ℓ = e, 𝜇 were taken
into account, while 𝜂 MP is measured in samples with ℓ = 𝜇 only.
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𝜉 from the fit of (ℓ, all) in 3D at Super C-Tau

 polarization­e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

­4
),

 1
0

ξ(
st

a
t

σ
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luminosity decrease
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69%
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44%

) eventsρBelle II 9D fit of (lep, 2.58

ξ
3D fit of the (lep, all) events

For the increases of the e− beam polarizations, 0.5 → 0.6, 0.6 → 0.7, 0.7 → 0.8, 0.8 → 0.9,
the corresponding improvements in the sensitivities to the 𝜉 parameter, 17%, 16%, 14%, 12%,
respectively. If we move from the polarization of 0.5 to the higher polarizations: 0.5 → 0.6,
0.5 → 0.7, 0.5 → 0.8, 0.5 → 0.9, the acceptable luminosity decrease factors
(to keep the sensitivity at the level of that we have for polarization 0.5) are:
(1.86/2.23)2 = 0.70, (1.60/2.23)2 = 0.51, (1.40/2.23)2 = 0.39, (1.25/2.23)2 = 0.31,

respectively.
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𝜉𝛿 from the fit of (ℓ, all) in 3D at Super C-Tau
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δξ

For the increases of the e− beam polarizations, 0.5 → 0.6, 0.6 → 0.7, 0.7 → 0.8, 0.8 → 0.9,
the corresponding improvements in the sensitivities to the 𝜉𝛿 parameter, 16%, 14%, 12%, 10%,
respectively. If we move from the polarization of 0.5 to the higher polarizations: 0.5 → 0.6,
0.5 → 0.7, 0.5 → 0.8, 0.5 → 0.9, the acceptable luminosity decrease factors
(to keep the sensitivity at the level of that we have for polarization 0.5) are:
(1.06/1.26)2 = 0.71, (0.91/1.26)2 = 0.52, (0.80/1.26)2 = 0.40, (0.72/1.26)2 = 0.33,

respectively.
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