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1.1  τ-decays 

•  τ lepton discovered in 1976 by M. Perl  
et al. (SLAC-LBL group) 
 

–  Mass : 

–  Lifetime :  

•  The only lepton heavy enough    
to decay into hadrons :  
lots of semileptonic decays ! 

 
 
 
 

 

 

  mτ = 1.77686(12) GeV
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  τ τ = 2.903(5) ⋅10−13 s

ud usd V d V sθ = +

Overview 
of τ physics

Swagato 
Banerjee

Introduction to τ decays
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Including QED &
QCD corrections:

Naive prediction:

•  A lot of progress in tau physics since its discovery on all the items described 
before         important experimental efforts from  
LEP, CLEO,	B	factories:	Babar,	Belle,		
BES,	VEPP-2M,	LHCb,	neutrino	experiments,… 
 

         More to come from LHCb,	BES,		
	VEPP-2M,	Belle	II,	CMS,	ATLAS	

 
 

•  But τ physics has still potential  
“unexplored frontiers” 

 deserve future exp. & th. efforts 
 
 
 

•  In the following, some selected examples and the conference will give more! 
 

 

 
 
 

 

 

1.3  τ   lepton as a unique probe of new physics 

Experiment Number of τ  pairs 

LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 
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1.1  τ-decays 

•  τ lepton discovered in 1976 by M. Perl  
et al. at SLAC-LBL 
 

–  Mass : 

–  Lifetime : 

•  The only lepton heavy enough    
to decay into hadrons :  
lots of semileptonic decays ! 

 Very rich phenomenology  
 Test of QCD and EW interactions 

 
•  For the tests: 

–  Precise measurements needed 
–  Hadronic uncertainties under control 

  

  
 
 
 

 

 

  mτ = 1.77686(12) GeV
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  τ τ = 2.903(5) ⋅10−13 s
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•  A lot of progress in tau physics since its discovery on all the items described 
before         important experimental efforts from  
LEP, CLEO,	B	factories:	Babar,	Belle,	BES-III,	now	Belle II 
	
         More to come from STCF, Tera-Z 
 

•  But τ physics has still potential  
“unexplored frontiers” 

 deserve future exp. & th. efforts 
 
 
 

 
 

 
 
 

 

 

1.2  Experimental situation 

Experiment Number of τ  pairs 

LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~4.6x1010 
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•  Unique probe of Lepton Universality and Charged Lepton Flavour Violation 
No SM background 
Indirect probe of flavor-violating NP occurring at energies not directly 
accessible at accelerators:  

–  Kaon physics: 

–  Tau physics: 

 
 

 
 

  

 
 
 

 

 

1.3  τ   lepton as a unique probe of new physics 
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The new physics flavor scale

K physics: ϵK

sdsd

Λ2
⇒ Λ ! 105 TeV

Charged leptons: µ → eγ, µ → e, etc.

µeff

Λ2
⇒ Λ ! 103 TeV

There is no exact symmetry that can forbid such
operators
All other bounds on NP, like proton decay, maybe due
to exact symmetry

Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 10

[εK]  

[τ→ µγ]  

The new physics flavor scale

K physics: ϵK

sdsd

Λ2
⇒ Λ ! 105 TeV

Charged leptons: µ → eγ, µ → e, etc.

µeff

Λ2
⇒ Λ ! 103 TeV

There is no exact symmetry that can forbid such
operators
All other bounds on NP, like proton decay, maybe due
to exact symmetry

Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 10

2τµ



•  Unique probe of Lepton Universality and Charged Lepton Flavour Violation 
No SM background 
Indirect probe of flavor-violating NP occurring at energies not directly 
accessible at accelerators 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
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•  Unique probe of Lepton Universaity and Charged Lepton Flavour Violation 
No SM background 
Indirect probe of flavor-violating NP occurring at energies not directly 
accessible at accelerators 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
 

•  Studying its hadronic decays: inclusive & exclusive 
–  Unique probe of some of the fundamental SM parameters  

        αS, |Vus|, ms  
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•  Unique probe of Lepton Universaity and Charged Lepton Flavour Violation 
No SM background 
Indirect probe of flavor-violating NP occurring at energies not directly 
accessible at accelerators 

 
 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
 
 

•  Studying its hadronic decays: inclusive & exclusive 
–  Unique probe of some of the fundamental SM parameters  

        αS, |Vus|, ms 

 

–  Ideal set-up for the “R&D” of theory tools about non perturbative & 
perturbative dynamics: OPE, Chiral Perturbation Theory, Resonances, 
large Nc, dispersion relations lattice QCD, etc… 
 

         improve our understanding of the SM and QCD at low energy 
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•  Unique probe of Lepton Universaity and Charged Lepton Flavour Violation 
No SM background 
Indirect probe of flavor-violating NP occurring at energies not directly 
accessible at accelerators 

 
 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
 

•  Studying its hadronic decays: inclusive & exclusive 
–  Unique probe of some of the fundamental SM parameters  

        αS, |Vus|, ms 

 
–  Ideal set-up for the “R&D” of theory tools about non perturbative & 

perturbative dynamics: OPE, Chiral Perturbation Theory, Resonances, 
large Nc, dispersion relations lattice QCD, etc… 

–  Inputs for the muon g-2 

•  In the following, some selected examples 
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2.   Leptonic Tau decays 

Emilie Passemar 

See talk yesterday 
by Soeren Prell  and P. Roig  



•  Description of the weak interactions:  
 
 

 
 
 
 

•  Lepton Universality in the SM: 
                                  
 
 
•  Use Tau physics to test lepton universality 

2.1  Lepton Universality 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

•  Extraction of the Cabibbo-Kobayashi-Maskawa matrix element Vus 

Ø  Fundamental parameter of the Standard Model 
 
Description of the weak interactions: 

 
 

 
 
 
 
 

 
 
 

 

 

   
LEW = g

2
Wα

+ DLVCKMγ
αU L + eLγ

αν eL
+ µLγ

αν µL
+ τ Lγ

αντ L
( ) + h.c.

1.1   The Standard Model  

•  Theory that describes the strong and electroweak interactions 
!  Degrees of Freedom:  

" Quarks and Leptons  
" The gauge bosons:  

   W+/-, Z and A 

 
 
 

 
 
 
 

 

 

4 

Particle physics

Central question of QFT-based particle physics

L =?

i.e. which degrees of freedom, symmetries, scales ?

H Hi
gg

s

3 générations

SM best answer up to now, but
neutrino masses
dark matter
dark energy
baryon asymmetry of the
universe
hierarchy problem

S. Descotes-Genon (LPT) Heavy flavours 20/01/14 3

3 generations 

Emilie Passemar 

4 Emilie Passemar 

 gτ = gµ = ge ≡ g : the electroweak coupling  

Opportunities with Tau Leptonic decays at Belle-II Pablo Roig (Cinvestav, Mexico)

Lepton Universality

The observable:

We extract

It must be 1 in the SM, as a consequence of gauge symmetry

Belle-II measurement, JHEP 08 (2024) 205

*~GF
2mL

5



•  The leptonic decay width: 

 
 
 
 

 
 
 
 

•  Test of τ/µ universality: 
 
 

 

2.1  Lepton Universality 

14 Emilie Passemar 

� �
2 5

2 2
R3 C( ) ( / )

192
1W

WWW Q Q
S

G* o  �F
ll

G ml f m m

3 4 2( ) 1 8 8 12 logf x x x x x x � � � �

� �exp/ 0.9761 0.0028eB BP  r

Non-BF:       0.9725 r 0.0039 

BaBar ‘10:     0.9796 r 0.0039 

150.972561 0.000004 (1632.7 0.5) 10 s
P WW

�  
r r ue
B

B

/(3721,&��'(&$<6 

W

WQW �

,e P� �

,e PQ Q

� �univ 17.814 0.023 % reB
A. Pich                                                                                            W  Physics                                                                                                  3 

WW (Belle),  mW (BesIII) 

� �
2 5

2 2
R3 C( ) ( / )

192
1W

WWW Q Q
S

G* o  �F
ll

G ml f m m

3 4 2( ) 1 8 8 12 logf x x x x x x � � � �

� �exp/ 0.9761 0.0028eB BP  r

Non-BF:       0.9725 r 0.0039 

BaBar ‘10:     0.9796 r 0.0039 

150.972561 0.000004 (1632.7 0.5) 10 s
P WW

�  
r r ue
B

B

/(3721,&��'(&$<6 

W

WQW �

,e P� �

,e PQ Q

� �univ 17.814 0.023 % reB
A. Pich                                                                                            W  Physics                                                                                                  3 

WW (Belle),  mW (BesIII) 

Experimental inputs: 
 

                            Rates with well-determined  
              treatment of radiative decays 

•  Branching ratios 
•  Tau lifetimes 

  Γ τ l 3( )
Inputs from theory: 
 

                   Radiative corrections  
  
δ RC

Marciano’88 

   
Br(τ →ντ ℓν ℓ ) =

Γ τ →ντ ℓν ℓ( )
Γ tot

= τ τ *Γ τ →ντ ℓν ℓ( )

( )
2 5

2 2
R3 C( ) ( / )

192
1τ

τττ ν ν
π

δΓ → = +F
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LEPTONIC  DECAYS

W
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ττ (Belle),  mτ (Bes III, Belle II)
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SM test
Test of SM with 𝜏 mass and lifetime

Tau Physics 101 Belle II Physics Week 2024 30

𝐵′ 𝜏 → 𝑒 ҧ𝜈𝜈 ≈ 𝐵(𝜇 → 𝑒 ҧ𝜈𝜈)
𝑚𝜏

5

𝑚𝜇
5
𝜏𝜏
𝜏𝜇

Good agreement with LU 

A. Lusiani@ICHEP’24 



•  New inputs from Belle II 
 
 
 
 

 
 
 
 

 
 
 

2.1  Lepton Universality 
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  mτ = 1.77694(9) GeV

7

ent in simulated and experimental data. The simulated
M

min

distribution is weighted according to the observed
di↵erences between the experimental and simulated dis-
tributions in p

⇤
3⇡. The impact on the result is found to

be 0.02MeV/c2.
Systematic uncertainties due to the simulation mis-

modeling of photon and neutral-pion reconstruction,
transverse-momentum resolution, track-finding, trigger
e�ciencies, and background processes are found to be
below or equal to 0.01MeV/c2 each.

E. Consistency checks

We check the stability of the result throughout vari-
ous data-taking periods and observe no evidence for a
time dependence. To exclude a potential dependence
of the measured ⌧ mass on the kinematic properties of
the three-pion system or the ⌧ -decay products, we di-
vide the data into sub-regions of various kinematic vari-
ables. Specifically, we use the cosine of the polar angle
of the three-pion system and the individual pions, M

3⇡

and p

3⇡, and the momentum of the highest-momentum
decay product. We obtain consistent results, indicat-
ing no significant unaccounted-for systematic e↵ects. Fi-
nally, we explicitly test for a dependence of the mea-
surement on the modeling of the ⌧ decay. In the ver-
sion of the TAUOLA program used for the simulation of
⌧ decays [39] the modeling of the three-pion mass dis-
tribution in the ⌧

� ! ⇡

�
⇡

+

⇡

�
⌫⌧ channel is based on

form factors from Ref. [40]. As an alternative we use a
sample simulated with form factors based on resonance
chiral-Lagrangian currents for the hadronic ⌧ decays [41–
44]. Using 6.6 ab�1 of simulated samples, the fit to the
generator-level M

min

distributions of ⌧ decays simulated
with the two models show negligible variation in the re-
sulting P

1

values. The P

1

values from fits to the re-
constructed distributions are in agreement within 1.7�.
Therefore no additional source of systematic uncertainty
is considered.

VI. SUMMARY

We measure the mass of the ⌧ lepton to be

m⌧ = 1777.09± 0.08± 0.11MeV/c2 (7)

using e

+

e

� ! ⌧

+

⌧

� data collected with the Belle II de-
tector at a center-of-mass energy of

p
s = 10.579GeV and

corresponding to an integrated luminosity of 190 fb�1.
The statistical uncertainty per unit sample size is smaller
compared to the previous results [8, 9] owing to the im-
proved event selection and momentum resolution of the
Belle II detector, which result in a steeper slope of the
M

min

distribution in the threshold region. The main
sources of systematic uncertainty arise from the knowl-
edge of the beam energy and from the uncertainty of

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 Preliminary (2023)
 0.11± 0.08 ±1777.09 

PDG Average (2022)
 0.12±1776.86 

Figure 5: Summary of the most precise ⌧ -mass measure-
ments [5–9] compared with the result of this work. The ver-
tical gray band indicates the average value of previous mea-
surements [32]. The inner bars represent the statistical uncer-
tainties, while the outer bars indicate the total uncertainties.

the charged-particle momentum correction. As shown in
Fig. 5, our result is consistent with previous measure-
ments [5–9] and is the most precise to date.

This work, based on data collected using the
Belle II detector, which was built and commis-
sioned prior to March 2019, was supported by Sci-
ence Committee of the Republic of Armenia Grant
No. 20TTCG-1C010; Australian Research Council and
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and No. LE230100085; Austrian Federal Ministry of
Education, Science and Research, Austrian Science
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2020 ERC Starting Grant No. 947006 “InterLeptons”;
Natural Sciences and Engineering Research Council
of Canada, Compute Canada and CANARIE; Na-
tional Key R&D Program of China under Contract
No. 2022YFA1601903, National Natural Science Foun-
dation of China and research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
No. 12135005, No. 12150004, No. 12161141008, and
No. 12175041, and Shandong Provincial Natural Science
Foundation Project ZR2022JQ02; the Ministry of Edu-
cation, Youth, and Sports of the Czech Republic under
Contract No. LTT17020 and Charles University Grant
No. SVV 260448 and the Czech Science Foundation
Grant No. 22-18469S; European Research Council,
Seventh Framework PIEF-GA-2013-622527, Horizon
2020 ERC-Advanced Grants No. 267104 and No. 884719,
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•  Test of µ/e universality: New inputs from Belle II 
 
 
•  New inputs from Belle II 
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Light-lepton universality

Tau Physics 101 Belle II Physics Week 2024 32

Most precise measurement of 𝑅𝜇
(largest syst. error from lepton ID)

Light-lepton universality

Tau Physics 101 Belle II Physics Week 2024 32

Most precise measurement of 𝑅𝜇
(largest syst. error from lepton ID)
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Figure 6. Observed momentum distribution for muon (left) and electron (right) candidates with
fit results overlaid. The lower panel shows the ratio between data and fit results. The hatched area
indicates the possible variation of the fitted yields due to systematic e↵ects, with the constraints of
the nuisance parameters reduced to their fit uncertainties and correlations taken into account.
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Figure 7. Determinations of Rµ (left) and |gµ/ge|⌧ (right) from previous individual measure-
ments [11, 12] and the fit from the Heavy Flavor Averaging Group [15], compared with the result of
this work. The shaded areas represent the statistical uncertainties, while the error bars indicate the
total uncertainties. The vertical dashed line indicates the SM prediction, including mass e↵ects.

7 Summary

We report a test of light-lepton universality in leptonic ⌧ decays using a 362±2 fb�1 sample of

data collected by the Belle II detector at the SuperKEKB e

+
e

� collider at a centre-of-mass

energy of 10.58GeV. Our result is currently the world’s most precise test of light-lepton

universality in ⌧ decays performed by a single experiment and is consistent with the SM.
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7 Summary

We report a test of light-lepton universality in leptonic ⌧ decays using a 362±2 fb�1 sample of

data collected by the Belle II detector at the SuperKEKB e

+
e

� collider at a centre-of-mass

energy of 10.58GeV. Our result is currently the world’s most precise test of light-lepton

universality in ⌧ decays performed by a single experiment and is consistent with the SM.
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New Belle II measurements

A. Pich                                                                                            τ Physics                                                                                                  7

mτ = (1776.96 ± 0.09)  MeV  |gµ / ge| = 1.0005 ± 0.0013

2305.19116 P. Feichtinger, TAU2023



•  Test of µ/e universality: 

 
 
 

•  Tested at 0.13% from Tau leptonic Brs!  

2.1  Lepton Universality 

18 Emilie Passemar 
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•  What about the third family? 

 
 

2.1  Lepton Universality 

19 

Universality tested at 0.14% level and excellent agreement with new data from 
CMS and ATLAS  

Courtesy of S. Banerjee 



•  For constraints on the Lorentz structure: 
 

           Michel parameters   
 
Important activity in Belle         see talks by Soeren Prell  and P. Roig  

 
  
  

 
 

 

 

 

 
 

2.3  Lorentz structure of  leptonic Tau decays 

20 Emilie Passemar 



3.   Hadronic τ-decays 

Emilie Passemar 

See talk by S. Banerjee, 
P. Roig and M. Bruno  



3.1  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 
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( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

22 



1.2  Tools 

•  Hadronic Physics: Interactions of quarks  
at low energy 

•  Low energy (Q <~1 GeV), long  
distance: αS becomes large ! 
 
 

•  A perturbative expansion in the  
usual sense fails  

•  Use of alternative approaches,  
expansions…: e.g. 
–  Effective field theory           

 Ex: ChPT for light quarks 
 

–  Dispersion relations 

–  Numerical simulations on  
the lattice 

 

 

 
 
 

Quarks Proton 

Confinement 

PDG’12 
Non-perturbative QCD 

3.2  Tools 



3.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, LFV, EDMs, etc. 
 

 

Emilie Passemar 

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

?2 2 2 1ud us ubV V V+ + =

0+à0+   
β decays 

Kl3 decays 
or τ decays  

Negligible  
(B decays) 

Test of unitarity 

24 



3.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ-decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, LFV, EDMs, etc. 
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+
SUSY loops, 
Leptoquarks, 
Z’, Charged Higgs, 
Right-Handed 
Currents,…. 

τ

u

,d s

τν

W

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

25 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

•  Extraction of the Cabibbo-Kobayashi-Maskawa matrix element Vus 

Ø  Fundamental parameter of the Standard Model 
 
Description of the weak interactions: 

Ø  Check unitarity of the first row of the CKM matrix:  
 

 

 

 
 
 
 
 

 
 
 

 

 

   
LEW = g

2
Wα

+ DLVCKMγ
αU L + eLγ

αν eL
+ µLγ

αν µL
+ τ Lγ

αντ L
( ) + h.c.

Unitary 
matrix 

Cabibbo Universality: 

1.1   The Standard Model  

•  Theory that describes the strong and electroweak interactions 
!  Degrees of Freedom:  

" Quarks and Leptons  
" The gauge bosons:  

   W+/-, Z and A 

 
 
 

 
 
 
 

 

 

4 

Particle physics

Central question of QFT-based particle physics

L =?

i.e. which degrees of freedom, symmetries, scales ?

H Hi
gg

s

3 générations

SM best answer up to now, but
neutrino masses
dark matter
dark energy
baryon asymmetry of the
universe
hierarchy problem

S. Descotes-Genon (LPT) Heavy flavours 20/01/14 3

3 generations 

Emilie Passemar 

?2 2 2 1ud us ubV V V+ + =

Negligible ~2x10-5  
     (B decays) 

5 Emilie Passemar 

3.3  Test of  the Standard Model: Vus and CKM unitarity 

In the SM: W exchange           V – A structure only     

  Vud = cosθC   Vus = sinθCand 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

Ø  BSM: sensitive to tree-level and loop effects of a large class of models 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

         BSM effects :  
 

 

 
 
 

 

 

2 2 2 1ud us CKMubV V V + Δ+ + =★ Only V-A structure

★ Universality relations 

Lepton 
universality

Cabibbo 
universality 

★ Sensitivity to BSM scale: Λ~1-10 TeV

€ 

Δ ~
cn

g
2

MW

2

Λ
2

≤ 10
−2
−10

−3

Semi-leptonic decays 
• Mediated by W exchange in the SM

Emilie Passemar 8 

3.3  Constraining New Physics 



3.4  Cabibbo angle anomaly 
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Vus

Vud

����� ����� ����� �����
�����

�����

�����

����	

����


�����

�����

 K→
 μν

 / π
→ μν

  

(0.22%)

K→ πlν (0.27%)
unitarity

 K→
 πlν

 / π
+→π

0 e+ν  

(0.38%)

0+ → 0+ (0.030%)
Neutron (0.050%)

τ decays 
(0.58%)

FIG. 1. Summary of constraints on Vud and Vus (assuming the Standard Model hypothesis) from

nuclear, nucleon, meson, and ⌧ lepton decays. For each constraint, the one-sigma uncertainty on

Vus or Vud is given in parenthesis (see text for details). The one-sigma ellipse from a global fit

(with �2/d.o.f. = 2.8), depicted in yellow, corresponds to Vud = 0.97357(27) and Vus = 0.22406(34),

implying �
CKM

= |Vud|2 + |Vus|2 � 1 = (�19.5± 5.3)⇥ 10�4.

where h = ⇡, K. An alternative method to test ⌧ � µ universality, similar to the µ� e case,

compares the electronic and muonic decay rates and can be expressed as

✓
A⌧

Aµ

◆

⌧

=

s

R⌧
⌧/µ

⌧µ
⌧⌧

m2

µ

m3

⌧

(1 + �W )(1 + ��) . (24)

In the above equations me,µ,⌧ are the masses of e, µ, and ⌧ , ⌧⌧,h are the lifetimes of the

particles ⌧ and h, and �h,W,� are the weak and electromagnetic radiative corrections (see

Ref. [94] and references therein for details). Experimentally, these tests have been carried

out at B-factories where, at the nominal center-of-mass energy of 10.58 GeV/c2, thanks to

a cross section of 0.919 nb, these machines are ”⌧ -Factories” de facto that produce large

numbers of ⌧ pairs.

Both the BaBar and the CLEO Collaborations performed the LFU tests according to

Eq. (22) [95] and Eq. (23) [96], while only CLEO performed the measurement according

Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
f+(0) = 0.9698(17),  fK/fπ = 1.1967(18)

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity
fit

Vud
Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
f+(0) = 0.9698(17),  fK/fπ = 1.1967(18)

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity
fit

Vud

  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM

Negligible ~2x10-5 

     (B decays) 

Vus 

Bryman, Cirigliano,  
Crivellin, Inguglia’22 

Moulson & 
E.P.@CKM2021 



Why this anomaly? 
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Flavianet Kaon WG: Antonelli et al’11   
 

Changes on Vus and Vud since 2011 

0.224

0.226

0.228

0.972 0.974 0.976

Vud

V us

0.224

0.226

0.228

0.972 0.974 0.976

Vud (0+ → 0+)

Vus/Vud (Kµ2)

Vus (Kl3)

fit with
unitarity

fit

unitarity
Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
f+(0) = 0.9698(17),  fK/fπ = 1.1967(18)

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity

fit

Vud

Moulson & E.P.@CKM2021 
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•  Almost no change on the experimental side since 2011 

 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Changes on Vus and Vud since 2011 
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•  Almost no change on the experimental side since 2011 

•  Changes in theoretical inputs:  
–  Impressive progress on hadronic matrix element computations from lattice 

QCD for Vus and Vus/Vud extraction from Kaon decays 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Changes on Vus and Vud since 2011 

FLAG’21 
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•  Almost no change on the experimental side since 2011 

•  Changes in theoretical inputs:  
–  Impressive progress on hadronic matrix element computations from lattice 

QCD for Vus and Vus/Vud extraction from Kaon decays 
 

–  Radiative corrections from dispersive methods for Vud extraction 

 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Changes on Vus and Vud since 2011 

Seng et al.’18’19, Gorshteyn’18, Cirigliano et al.’22,’24 



Can Tau physics help?  



Path to Vud and Vus 
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ud usd V d V sθ = +

•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 
 
 
 
 
 

•  From τ decays (crossed channel) 
 

 
 
 
 

  
 
 

 

 

5.1  Introduction: Paths to Vud and Vus  

Vud  τ          ππντ τ               πντ τ             hNSντ 

Vus τ           Kπντ τ               �ντ 
τ              hSντ 
(inclusive) 

Vud 

 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      π�νl Λ      peνe  K       lνl   

Emilie Passemar 47 



Vus from τ      K ντ / τ     π ντ decays 

 

 

 
 

 

–   
 

 
 
 
 
 

•   
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Vud  τ          ππντ τ               πντ τ             hNSντ 

Vus τ           Kπντ τ               Kντ 
τ              hSντ 
(inclusive) 

•  From τ decays (crossed channel) 

[ ]( )
[ ]( )

( )
( ) ( )

22 2 2

LD222 2

1
1

1
K usK

ud

m mK Vf
fm m V

τ

πτπ

τ ν γ
δ

τ πν γ
±

±

−Γ →
= +

Γ → −

Main input hadronic input: fK/fπ as for Kaon physics 

From Tau physics: Vus/Vud = 0. 2289(18)exp(4)lat  
 
to be compared to Vus/Vud = 0. 2311(3)exp(4)lat                Need important exp. improvement ! 

-2.1σ	away	from	unitarity	 HFLAV’23 



Inclusive determination of  Vus 

 

 

 
 

 

–   
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Vud  τ          ππντ τ               πντ τ             hNSντ 

Vus τ           Kπντ τ               Kντ 
τ              hSντ 
(inclusive) 

•  From τ decays (crossed channel) 



Inclusive determination of  Vus 

 
•  With	QCD	on:		

 
 
 
 
 
 

•  Use OPE: 

 
 
 
 
 
 

•  	
												computed	using	OPE	

 

 
 
 

 
 

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS +O α S( )

M. González-Alonso /23 

  Extraction$of$αS$and$Vus.$The$idea$is$simple:$

(Inclusive) Hadronic tau decays 

Tau physics 

In
te

ns
it

y 
F

ro
nt

ie
r 

20
13

 

€ 

Rτ = Rτ
S=0 + Rτ

S≠0 ≈ NC Vud
2

+ NC Vus
2
≈ 2.85 + 0.15

€ 

Vus
2

Vud
2 ≈

Rτ
S≠0

Rτ
S=0

€ 

Vus
2

The complication is here! 

QCD switch 

(αS≠0) 

[exp: ~3.628(9)] 

€ 

Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

[exp: ~3.467(8) + 0.161(3)] 

+ corr. 

€ 

Rτ
S=0 ≈ NC Vud

2
+O(α s)

€ 

α s

11 

  
δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2

  Rτ
NS mτ

2( ) = NC  SEW Vud

2
1 + δ P + δ NP

ud( )

  Rτ
S mτ

2( ) = NC  SEW Vus

2
1 + δ P + δ NP

us( )

Vus
2
=

Rτ ,S

Rτ ,NS

Vud
2 − δRτ ,th

SU(3)	breaking	quan>ty,	strong	
dependence	in	ms		computed	from	
OPE	(L+T)	+	phenomenology	
	
   
δ Rτ ,th = 0.0238(33) Gamiz	et	al’07,	Maltman’11		

  Rτ ,S = 0.1615(28)

  Rτ ,NS = 3.4650(84)

HFLAV’23		
	

  Vud = 0.97373(32)

  Vus = 0.2184 ± 0.0018exp ± 0.0010th

-3.7σ	away	from	unitarity!	 

38 A.	Lusiani@Tau’23	
	

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )



•  Calculation of Rτ: 

	
	
	
	

•  Analyticity: Π is analytic in the entire complex plane except for s real positive 
 

                     Cauchy Theorem 

	
	
	

•  We are now at sufficient energy to use OPE: 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

   
Rτ (mτ

2 ) = 6iπ SEW
ds
mτ

2 1 − s
mτ

2

⎛

⎝⎜
⎞

⎠⎟

2

1 + 2 s
mτ

2

⎛

⎝⎜
⎞

⎠⎟
Π 1( ) s( ) + Π 0( ) s( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥s =mτ

2!∫

( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =
Π =

−∑ ∑ C

Wilson	coefficients	 Operators	
μ:	separation scale between               
 short and long distances 



 
 

	 

	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

Operator Product Expansion 
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( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =

P =
-å å C

separation scale
between short and 
long distances

µ

Wilson coefficients Operators

• D=0: Perturbative contributions

• D=2: Quark mass corrections

• D=4: Non perturbative physics operators,

• D=6: 4 quarks operators,  

• D³8: Neglected terms, supposed to be small…

similar for              and 

,s GGa
p j iim q q

1 2i j j iq q q qG G

2 (0) ( )
, 0 ,

2,4..

3( ) 1
2

ud D
V EW ud V

D
R s V St d d

=

æ ö
= + +ç ÷

è ø
å , 0( )AR st , 0( )SR st



Inclusive determination of  Vus 

 
•  See recent lattice work by ETMC’24	
 
 
 
 
 
 

 
 
 
 
 
 

	
 

 
 
 

 
 

41 

5

0.21 0.22 0.23 0.24 0.25 0.26

From unitarity

|V
us

|

⌧ ! X

us

⌫

⌧

[This work]
⌧ � OPE � 1, Refs. [6-7]
⌧ � OPE � 2, Refs. [8-9]
⌧�latt-disp, Ref. [10]
⌧ ! K ⌫

⌧

, Ref. [5]
Hyperons, Ref. [4]
K

`3, Ref. [3]
K/⇡

`2, Ref. [3]
0+ ! 0+ �-decays, Ref. [14]
n ! p e ⌫, Ref. [4]
⌧ ! X

ud

⌫

⌧

, Ref. [2]
⇡

`3, Ref. [4]

FIG. 3. Comparison between our determination of |V
us

| (red
data-point) and existing estimates based on ⌧ -decay analy-
ses, or from other decay channels. The lower part of the fig-
ure shows the predictions for |V

us

| obtained assuming CKM-
unitarity.

In FIG. 3 we compare our determination of |Vus| with
the other existing direct determinations as well as with
various determinations obtained by assuming the unitar-
ity of the CKM matrix, i.e. |Vus| =

p
1� |Vud|2. As the

figure shows, our determination of |Vus| from inclusive ⌧
decay is in good agreement with both |Vus|⌧�OPE�1 and
|Vus|⌧�OPE�2, while it is smaller (of about 2 SD) than
the determination of Ref. [10] which, however, mostly re-
lies on the experimental value of the exclusive ⌧ ! K⌫`
decay.

Our current estimate of |Vus| has been obtained by
neglecting long distance isospin breaking corrections.
These, instead, have been taken into account in the de-
terminations |Vus|K/⇡

`2

and |Vus|K
`3

from leptonic and
semileptonic decays [20–29]. The current di↵erence be-
tween our result in Eq. (17) and the determinations of
|Vus| from leptonic and semileptonic decays is at the level
of 3.3 and 2.2 SD, respectively. We note that in order to
fully reconcile the 3.3 SD di↵erence w.r.t. |Vus|K/⇡

`2

one
needs an isospin breaking correction

�R(⌧)
us = 2

⇢ |Vus|⌧�latt�incl

|Vus|K/⇡
`2

� 1

�
= �0.058(18) (18)

on R
(⌧)
us . At the current level of the theoretical preci-

sion a first principles calculation of �R(⌧)
us on the lattice

is needed. Once this calculation will be performed, ex-
perimental uncertainties will wholly govern the determi-
nation of |Vus| from inclusive ⌧ decays.

CONCLUSIONS

In this work we have extracted for the first time
|Vus| from inclusive hadronic ⌧ decays with full non-
perturbative accuracy and with a 0.9% relative error
that, currently, is dominated by the experimental un-
certainty.

Our iso-symmetric QCD result has been obtained with-
out any perturbative approximation but is in fairly good
agreement with previous estimates obtained by using
OPE techniques. Therefore, our result confirms the
previously observed tension of about 3 SD between ⌧ -
inclusive and purely hadronic determinations of |Vus|
which can no longer be attributed to the OPE approxi-
mation.
The origin of this tension can possibly be ascribed to

the long distance isospin breaking corrections, that have
been taken into account in the determinations of |Vus|
coming from kaons and pions leptonic decays but that,
as in all previous determinations coming from inclusive
hadronic ⌧ decays, we have presently neglected. In fact,
having obtained a fully non-perturbative result with sub-
percent accuracy in iso-summetric QCD, further progress
on the study of inclusive hadronic ⌧ decays can only be
done by computing these corrections from first principles.
We have already started a series of projects dedicated to
this challenging task.
On the other hand, we also noticed that in order to

fully reabsorb the observed tension a rather large (of the
order of 5%) isospin breaking correction would be needed.
In the light of this observation we think that it is im-
portant to investigate the possibility that experimental
uncertainties on the ⌧ inclusive hadronic decay rate have
been underestimated and, at the same time, to speculate
about possible new physics scenarios that could explain
this puzzle.
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FIG. 1. Illustrative example of the continuum extrapolation
of R(⌧)

us

(�) for � = 0.02. The data points in light-blue and
orange correspond to the raw data obtained on the ensem-
bles listed in TABLE I respectively for the “OS” and “tm”
regularizations. The data points in dark-red and dark-blue
are instead inclusive of the systematic error due to finite-
size e↵ects. The di↵erent red (for ‘tm”) and blue (for ‘OS”)
lines show some of the fits obtained using a constant or lin-
ear Ansatz in a2. The histogram shown in the left part of
the figure corresponds to the distribution of the continuum
extrapolated results obtained after applying the BAIC. All
data correspond to the kernel reconstructions obtained with
the choice ↵ = r

max

= 4 of the HLT algorithmic parameters
(see Appendix).

histogram shown in FIG. 1 corresponds to the p.d.f.
of the continuum extrapolated results. For all � we
checked that at least one of the fits performed has a
�2/dof close to unit. To provide a quantitative measure
of the quality of our continuum-limit extrapolations, we
considered the spread

�a(�) =

���R(⌧)
us (�)�R

(⌧)
us (�, amin)

���

�R
(⌧)
us (�)

(14)

between the continuum extrapolated value of R(⌧)
us (�) and

the corresponding value at the finest simulated lattice
spacing (ensemble E112), in units of the uncertainty of

the continuum extrapolation �R
(⌧)
us (�). The lattice spac-

ing dependence is essentially absent within uncertainties
for � < 0.1, where we have �a(�) < 0.1, while it becomes
increasingly pronounced by increasing �.

To obtain our final determination of R(⌧)
us /|Vus|2, we

need to perform the extrapolation to vanishing �. Ac-
cording to the theoretical analysis presented in ap-
pendix B of Ref. [2], the corrections to the � = 0 limit
are of the form

R(⌧)
us (�) = R(⌧)

us +R4 �
4 +O(�6) . (15)

To carry out the extrapolation and to properly estimate
the associated systematic error, we perform a first fit to
our data including only �4 corrections and considering
all values of �  0.12, and a second, additional, �4 +
�6 fit over the full range of � explored. The results of
these extrapolations are shown in FIG. 2. The O(�6)
corrections become numerically subleading for �  0.12,
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FIG. 2. Extrapolation to vanishing �. The gray and pink
bands correspond to the �4 and �4 + �6 fits to the data ob-
tained by using ↵ = r

max

= 4 for the HLT algorithmic param-
eters (see Appendix). In the case of the �4 fit the data points
at � > 0.12 have been excluded. The results corresponding
to di↵erent choices of the HLT algorithmic parameters are in
remarkable good agreement.

while the �4 corrections are subleading for �  0.04,
where the quality of our continuum extrapolations are
remarkably good and the dependence upon � is basically
absent. Such behaviour allows us to take the � 7! 0 limit
with full confidence.
FIG. 2 also shows that the results corresponding to

di↵erent choices of the HLT algorithmic parameters (see
Appendix) are in perfect agreement, thus confirming the
reliability of our estimates of the systematic errors as-
sociated with the HLT reconstruction of the smearing
kernels.
Taking into account all sources of uncertainties, our

final determination of R(⌧)
us /|Vus|2 is

R(⌧)
us /|Vus|2 = 3.407 (19)stat+HLT+FSE(10)a(4)�

= 3.407 (22) . (16)

The first source of uncertainty is due to statistical errors,
FSEs and also includes the systematic uncertainties asso-
ciated with the HLT spectral resonstructions2. The sec-
ond source of uncertainty is due to the continuum-limit
extrapolation and has been estimated by taking into ac-
count the spread between the results obtained in the dif-
ferent fits using the BAIC (see Eqs. (46)-(47) of Ref. [2]
for details). The third source of uncertainty is due to
the � 7! 0 extrapolation and it is given by the di↵erence
between the results obtained in the �4 and �4 + �6 fits
shown in FIG. 2. By combining our theoretical result

with the experimental result R
(⌧)
us = 0.1632(27) quoted

in Ref. [5] we obtain

|Vus|⌧�latt�incl = 0.2189(7)th(18)exp . (17)

2 The HLT and FSE systematic errors have been estimated with a
data-driven approach (see Eq. (25)) and therefore are entangled
with the statistical error. Approximately, the HLT systematic
error is negligible with respect to the stat and FSE contributions
which are instead of similar size.
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Status and plans of tau fits for HFLAV/PDG

|Vus | from tau measurements

0.22 0.225

|
us

|V

 = 2+1+1
f

, Nl3 KusV

 0.0005±0.2233 

 = 2+1+1
f

, Nl2 KusV

 0.0005±0.2250 

ub & V
ud

CKM unitarity & V

 0.0011±0.2272 

νs X→  τ

 0.0010± 0.0018 ±0.2184 

νπ → τ / ν K→  τ

 0.0010± 0.0016 ±0.2229 

ν K→  τ

 0.0008± 0.0015 ±0.2223 

  exclusive averageτ

 0.0017±0.2224 

  averageτ

 0.0014±0.2208 

HFLAV
2023 prelim

I |Vud | and |Vub| from
PDG 2023 reviews

I |Vus | from Kaons from
Cirigliano et al. PLB
838 (2023) 137748

I there are other
determinations of |Vus |
from tau inclusive (by
Kim Maltman et al.,)
however they cannot be
used in a simple way as
the procedure by Gamiz,
Pich et al.: this is the
reason why HFLAV Tau
continues to use the
original calculation
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•  With B-factories new measurements : 

 

3.5   Prospects : τ strange Spectral functions 

•  Experimental measurements of the strange spectral functions not very precise 
 
 
 
 
 

 
 
 
 
 
 
 

 
•  Before B-factories 

 

Smaller τ        K branching ratios          smaller                  smaller  
 

 
 

,SRτ usV

old
0.1686(47)SRτ =

  Vus new
= 0.2176 ± 0.0019exp ± 0.0010thexp thold

0.2214 0.0031 0.0010usV = ± ±

  
Rτ

S

new
= 0.1615(28)

New measurements are needed ! 



3.5   Prospects : τ strange BRs 
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•  Very interesting quantity to extract Vus: QCD part completely independent  
from form factors or decay constants         Use OPE 

 
•  Experimentally very challending since all Brs need to be measured  

 

Status and plans of tau fits for HFLAV/PDG

|Vus | from fi ! Xs⌫fi uncertainties budget

ı�K̄02ı0⌫fi (ex. K0) 0.3933
K�2ı0⌫fi (ex. K0) 0.3789
K�3ı0⌫fi (ex. K0; ”) 0.3715
K̄0h�h�h+⌫fi 0.3452
K�ı0⌫fi 0.2561
K�ı�ı+ı0⌫fi (ex. K0; !; ”) 0.2438
ı�K̄0⌫fi 0.2373
ı�K̄0ı0⌫fi 0.2201
K�⌫fi 0.1646
K�!⌫fi 0.1573
K�⌫fi 0.1453
K�ı�ı+⌫fi (ex. K0; !) 0.1148
ı�K̄0”⌫fi 0.0254
K�ı0”⌫fi 0.0198
K�”⌫fi 0.0137
K��⌫fi (� ! K+K�) 0.0136
K��⌫fi (� ! K0

SK
0
L) 0.0094

K�2ı�2ı+⌫fi (ex. K0) 0.0021
K�2ı�2ı+ı0⌫fi (ex. K0) 0.0010
fi ! non-strange 0.0855
Buniv
e 0.0044

theory 0.4863

I to be updated, but negligible changes in HFLAB 2023
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3.5  Prospects Vus from  τ      Kπντ 

•  Master formula for τ       Kπντ : 

 
 
 
 

 
 
 
 
 
 
 
 

Hadronic matrix element: Crossed channel from K → πlνl 

 
      
 
 
 
 
 

 
      Use a parametrization to fit the form factors 

 

 
 
              
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

Γ τ → Kπντ γ⎡⎣ ⎤⎦( ) = GF
2mτ

5

96π 3 CK
2 SEW

τ Vus
2
f+
K 0π −

(0)
2
IK
τ 1+ δEM

Kτ + δ!SU(2)
Kπ⎛

⎝
⎞
⎠

2

  
Kπ  sγ µu 0 = pK − pπ( )µ −

ΔKπ

s
pK + pπ( )µ

⎡

⎣
⎢

⎤

⎦
⎥  f+ (s) +

ΔKπ

s
pK + pπ( )µ  f0(s)

vector scalar 
2 2( )Ks q p pπ= = +with                              , 

  
f 0,+ (s) =

f0,+ (s)
f+ (0)

( )0 , ( ), ( )KI ds F s f s f sτ
+= ∫
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Experimental Situation 

•  τ       Kπντ : Brs measured by Belle and BaBar as well as spectrum  
but only Belle one publicly available 
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Study of τ
− → K 0

SX
−
ντ decays at Belle

S. RYU et al. [BELLE], 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 (1-prong tag):
π−K 0

Sντ K−K 0
Sντ π−K 0

SK
0
Sντ

π−K 0
Sπ

0ντ K−K 0
Sπ

0ντ π−K 0
SK

0
Sπ

0ντ

)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’
 0.072) %±0.041 ±(0.704 

ALEP 98’
 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’

e− e
τ

τ+

−
+

ν

ντ

τ

+

CMS
frame

π−
π+

π−
π0

γ
γ

5.29 GeV 5.29 GeV

µ

K0
S

νµ

≈ 144000 signal events with efficiency εdet ≃ 7%
B(τ −

→ K 0
Sπ

−
ντ ) = (4.16± 0.01± 0.08) × 10−3

B(τ −
→ K 0

SX−
ντ ) = (9.14± 0.01± 0.22) × 10−3

SCTF-2019 Workshop, Moscow Search for CPV in τ → Kπν at e+e− colliders, effect of the polarized electron beam D. Epifanov (BINP, NSU) 9/25

Introduction

Event selection

MC corrections

Results

Summary

results from this analysis, HFLAV, and previous results (by A.
Lusiani)

NOTE: HFLAV averages contain more input than shown here

0.6 0.7 0.8

) [%]τν 
-

 K→ -τB(

CLEO 1994
 0.090± 0.070 ±0.660 

DELPHI 1994
 0.180±0.850 

ALEPH 1999
 0.014± 0.025 ±0.696 

OPAL 2001
 0.029± 0.027 ±0.658 

BaBar 2010
 0.010± 0.006 ±0.692 

HFLAV Spring 2017
 0.010±0.696 

this work
 0.021± 0.003 ±0.717 

0.4 0.5 0.6

) [%]
τ

ν 0π 
-

 K→ -τB(

CLEO 1994
 0.070± 0.100 ±0.510 

ALEPH 1999
 0.024± 0.026 ±0.444 

OPAL 2004
 0.023± 0.059 ±0.471 

BaBar 2007
 0.018± 0.003 ±0.416 

HFLAV Spring 2017
 0.015±0.433 

this work
 0.015± 0.002 ±0.505 

0 5 10

]-410×)) [0 (ex. K
τ

ν 0π 2
-

 K→ -τB(

CLEO 1994
 3.000± 10.000 ±9.000 

ALEPH 1999
 1.500± 2.000 ±5.600 

HFLAV Spring 2017
 2.204±6.398 

this work
 0.338± 0.117 ±6.151 

2 4 6

]-410×)) [η,0 (ex. Kτν 0π 3
-

 K→ -τB(

ALEPH 1999
 1.100± 2.100 ±3.700 

HFLAV Spring 2017
 2.161±4.284 

this work
 0.238± 0.164 ±1.246 

0.9 1 1.1 1.2

)) [%]0 (ex. K
τ

ν 0π 3-
π → -τB(

ALEPH 05C
 0.058± 0.069 ±0.977 

HFLAV Spring 2017
 0.075±1.029 

this work
 0.038± 0.006 ±1.168 

0.1 0.15

)) [%]η,0 (ex. Kτν 0π 4-π → -τB(

ALEPH 2005
 0.035± 0.037 ±0.112 

HFLAV Spring 2017
 0.039±0.110 

this work
 0.007± 0.004 ±0.090 

14 / 15

Babar’18	
@Tau’18 

46 



Experimental Situation 

•  τ       Kπντ : Brs measured by Belle and BaBar as well as spectrum  
but only Belle one publicly available 
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Study of τ → Kπν at BABAR

B. AUBERT et al. [BABAR], PHYS. REV. D 76, 051104 (2007).
B. AUBERT et al. [BABAR], NUCL. PHYS. PROC. SUPPL. 189, 193 (2009).

τ− → K−
π0ντ

)2 (GeV/c0π -KM
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L
0 K-π S

0 K→ -τ
0π -π S

0 K→ -τ
-π +π -π → -τ

Other
-eventsτNon 

B(τ −
→ K−

π
0
ντ ) = (0.416 ± 0.003(stat.) ± 0.018(syst.))%

B(τ −
→ K 0

Sπ
−

ντ ) = (0.420±0.002(stat.)±0.012(syst.))% (preliminary)
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Study of τ → Kπν at BABAR

B. AUBERT et al. [BABAR], PHYS. REV. D 76, 051104 (2007).
B. AUBERT et al. [BABAR], NUCL. PHYS. PROC. SUPPL. 189, 193 (2009).
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Experimental Situation 

•  τ       Kπντ : Brs measured by Belle and BaBar as well as spectrum  
but only Belle one publicly available 
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Belle’07 

K ∗
0 (800) + K ∗(892) + K ∗(1410) model

The K ∗(892) alone is not sufficient to describe the K 0
Sπ spectrum

10
-1

1

10

10 2

10 3

10 4

0.8 1 1.2 1.4 1.6
√s, GeV/c2

N
EV

EN
TS

Signal
KSKLπ
KSππ

0

KSK
3π
non-ττ

MK∗(892) = 895.47± 0.20 MeV/c2

ΓK∗(892) = 46.19± 0.57 MeV

|a(K∗(1410))| = (75± 6) × 10−3

arg(a(K∗(1410))) = 1.44± 0.15

|a(K∗
0 (800))| = 1.57± 0.23

χ2/Ndf = 90.2/84, P(χ2) = 30%

We take K∗
0 (800) parameters:

MK∗
0 (800) = (878± 23± 60)MeV/c2 , ΓK∗

0 (800) = (499± 52± 71) MeV/c2 from:
M. ABLIKIM et al., [BES COLLABORATION], PHYS. LETT. B 633, 681 (2006).
There is large systematic uncertainty in the near K 0

Sπ production threshold part of the
spectrum due to the large background from the τ− → K 0

Sπ−K 0
L ντ decay, whose

dynamics is not precisely known. Careful study of the τ− → K 0
Sπ−ντ near the K 0

Sπ
production threshold is needed.
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    Fit to the τ     Kπντ  decay data + Kl3 constraints

    Bernard, Boito, E.P.’11 

1  K
events tot w

K

dN N b
d s

π

π

Γ
∝

Γ

Antonelli, Cirigliano, Lusiani, E.P.’13 

  
f 0(s) = exp P2(s) +

s2 s − ΔKπ( )
π

ds'
s'2

φ0(s')
s'− ΔKπ( ) s'− s − iε( )mK +mπ( )2

∞

∫
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
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f + (s) = exp P '

2 (s) + s3

π
ds'
s'3

φ+ (s')
s'− s − iε( )mK +mπ( )2

∞

∫
⎡

⎣
⎢

⎤

⎦
⎥
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Vus from Tau decays 
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0.21

0.21

0.22

0.22

0.23

0.23

0.24

0.24

0.25

0.25

Vus

τ -> Kν absolute (+ fK)

τ -> Kπν
τ 
decays (+ f+(0), FLAG)

τ  branching fraction ratio

Kl2 /πl2 decays (+ fK/f
π
)

τ -> s inclusive 

Our result from Belle BR

τ decays

Kaon and hyperon decays

Kl3 decays (+ f+(0))

Hyperon decays

τ -> Kν / τ -> πν (+ fK/f
π
)

Emilie Passemar 

From Unitarity 
  Vud = 0.97373(31)



CPV in tau decays 
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•    

 
 
 

•  Experimental	measurement	:	

•  CP	viola>on	in	the	tau	decays	should	be	of	opposite	sign	compared	to	the	one		
in	D	decays	in	the	SM	
 
 

BaBar measurement: Rate asymmetry 
BaBar measures the CP rate asymmetry in the decay    
 
 
Observable 
Selection 

   one Ks, one charged track not identified as Kaon 
    up to 3 T0’s, tag-side is e or Q��

Observed level asymmetry 
 
 
 
 
 
Correction 1 

The asymmetry arises from the different K0 and anti-K0 nuclear cross section 
The asymmetry is corrected by –(0.07 +/- 0.01) % 
 
 

 
2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 6 

0 0( 0 )SK WW S S Qr ro t

Tag-mode N(T+Ks) N(T-Ks) Aobs 

e-tag 99,222  ev. 99,842     ev. (-0.32+/-0.23)% 

Q�tag 70,233  ev. 70,369     ev. (-0.05+/-0.27)% 

0 0

0 0

( ) ( )
( ) ( )

S S
Cp

S S

K K
A

K K
W W

W W

W S Q W S Q
W S Q W S Q

� � � �

� � � �

* o � * o
{
* o � * o

τ → Kπντ CP violating asymmetry
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AQ =

Γ τ + →π +KS
0ντ( ) − Γ τ − → π −KS

0ντ( )
Γ τ + →π +KS

0ντ( ) + Γ τ − → π −KS
0ντ( )

00 0
SK p K q K= +

00 0
LK p K q K= −

   KL KS = p
2
− q

2
! 2Re ε K( )

2 2= -p q ( )0.36 0.01 %≈ ±
Bigi	&	Sanda’05	
in	the	SM	

Grossman	&	Nir’11	

  
AQ exp = -0.36 ± 0.23stat ± 0.11syst( )%  2.8σ from	the	SM!	

BaBar’11	

Grossman	&	Nir’11	

  
AD =

Γ D+ →π +KS
0( ) − Γ D− → π −KS

0( )
Γ D+ →π +KS

0( ) + Γ D− → π −KS
0( )  = -0.54 ± 0.14( )% Belle,	Babar,		

CLOE,	FOCUS	
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Belle (Conti.) 

Result 

2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 11 

3 2(1.8 2.1 1.4) 10 1.0CPA x at W Q GeV� r r  |

Phys. Rev. Lett.  
107,131801 (2011) 

τ → Kπντ CP violating asymmetry
 

•  New	physics?	Charged	Higgs,	WL-WR	mixings,	leptoquarks,	tensor	interac>ons	
(Devi,	Dhargyal,	Sinha’14)?	
	
 
 

 
 
 
 

•  Problem	with	this	measurement?												It	would	be	great	to	have	other	
experimental	measurements	from	Belle	II	

•  Measurement	of	the		
direct	contribu>on		
of	NP	in	the	angular		
CP	viola>ng	asymmetry		
done	by	CLEO	and	Belle	
						Belle	does	not	see		
any	asymmetry	
at	the	0.2	-	0.3%	level		
	
 

Bigi’Tau12 

Very	difficult	to	explain!		
Incompa>ble	with	other	
flavor	data	using	EFT	
 

Belle’11	

Emilie Passemar 

Cirigliano et al’18, Rendón et al’19  
  



3. Three hadron system 
References: 
 
 
e.g: 

 
Possible Jp states for 0-+0-+0-  system 

      0-,  1+,  1-   
4 Hadronic Form Factors 

Axial Vector   F1(Q2,s1,s2): K*f,  F2(Q2,s1,s2); h K           B1,B2  
Vector           F3(Q2,s1,s2)                           B3 

Pseudo-Scalar  F4(Q2,s1,s2)                         B4 

 
 

 
2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 17 

 K. Kiers,K.Little,A. Datta, D. London et al., 
Phys. Rev. D78, 113008 (2008). 
Tau2012 proceeding by K. Kiers 

WQSSW )()()(K)( 321123 pppp GGGG ���� o

Three body CP asymmetries 
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•  Ex:	τ → Kππντ 
 
 
 
 
 
•  A	variety	of	CPV	observables	can	be	studied	:	 

τ → Kππντ, τ → πππντ rate,	angular	asymmetries,		
triple	products,….				 
 

Same	principle	as	in	charm,	see	Bevan’15	
	
Difficulty	:	Treatement	of	the	hadronic	part	
Hadronic	final	state	interac>ons	have	to	be	taken	into	account!	
										Disentangle	weak	and	strong	phases	
	

	
•  More	form	factors,	more	asymmetries	to	build	but	same	principles	as	for	2	bodies	

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
 

 
 
 
 
 

e.g.,	Choi,	Hagiwara	and	Tanabashi’98	
Kiers,	Li`le,	Da`a,	London	et	al.,’08	
Mileo,	Kiers	and,	Szynkman’14	
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4.   Role of Tau Physics in anomalous 
magnetic moment of the muon 



4.1  Anomalous magnetic moment of the muon 

 
•  The gyromagnetic factor of the muon is modified by loop contribution 
 
•  Predicted by Dirac to be 2 

•  Schwinger computed the first order   correction 
 
�
�
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•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy Emilie Passemar 56 
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Loop contributions: 
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... or some unknown 
type of new physics ? 
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Hadronic 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Anomalous magnetic moment of elementary fermions 

ae = 1159652180.73(28) × 10−12 (0.24 × 10−9)
PRL 100, 120801 (2008)

QED test or αem determination

aμ = 116592091(63) × 10−11 (0.54 × 10−6)
E821, PRD 73, 072003 (2006)

Sensitive test of the Standard Model

aτ = −0.018(17) or − 0.052 < aτ < 0.013 95%CL
(DELPHI), EPJC 35, 159 (2004)

Theory: 117721(5) × 10−8, Eidelman, Passera, MPL A 22, 159 (2007)

aμ much more sensitive to NP than ae ∼ (mμ/me)2 ≈ 4.3 · 104

Single non trivial parameter coming from loops in QFT

QED:



4.1  Anomalous magnetic moment of the muon 

 

Emilie Passemar 57 

aµ(SM) = 0.00116591810(43) à 368 ppb

• Individual tension 
with SM
– BNL: 3.7s
– FNAL: 3.3s

aµ(Exp) - aµ(SM) = 0.00000000251(59) à 4.2s

à 3.7s

à 3.3s

FNAL g-2  
Chris Polly’21 

•  In 2021 



4.1  Anomalous magnetic moment of the muon 
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FNAL g-2  
James Mott’23 

•  In 2023 

Run-2/3 Result: FNAL + BNL Combination

8/10/23 James Mott: New Results from Muon g-261

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.

Run-2/3 Result: FNAL + BNL Combination

8/10/23 James Mott: New Results from Muon g-261

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.

Run-2/3 Result: FNAL + BNL Combination

8/10/23 James Mott: New Results from Muon g-261

aμ(FNAL) = 0.00 116 592 055(24) [203 ppb]

aμ(Exp) = 0.00 116 592 059(22) [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.



4.1  Anomalous magnetic moment of the muon 
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FNAL g-2  
Chris Polly 

•  In 2023 

FNAL g-2  
James Mott’23 • Theory prediction is less clear now, but we can still compare

Experiment vs Theory Comparison

8/10/23 James Mott: New Results from Muon g-263

• Large discrepancy between 
experiment and WP (2020)

• Significance for Fermilab 
alone get to 5.0σ

• Updated prediction 
considering all available data 
will likely yield a smaller and 
less significant discrepancy



4.2  Confronting measurement and prediction 

QCD!Sector:!Muon!magne8c!moment!gµA2!!

George!Lafferty!!!!!!!!!!!!!!!!!!!!!!!

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 23!

…!or!…!

Let’s!agree!on!“about!3¾”!

Uncertainty!dominated!by!hadronic!vacuum!

polariza8on!and!lightAbyAlight!scarering,!both!of!

which!need!experimental!input!from!tau!and!e+eA!

Conserved!vector!current!(CVC)!relates!lowA

energy!e+eA!scarering!to!hadronic!¿!decays!
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Hadronic*Contribu2on*

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 

•  Theoretical Prediction:  
 
 
 
 
 
 
 
 
 
 
 
 
•  Important contribution comes from  

virtual hadrons in the loop!  

•  Tackled using : 
-  Models 
-  Dispersion Relations 
-  Lattice QCD 
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Loop contributions: 
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... or some unknown 
type of new physics ? 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 
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4.0 693.1 
-8.59 7 

9.2 1.8 

81.0 4.3 

Colangelo et al. 
Snowmass 2022 



 

•  Hadronic contribution cannot be computed from first principles  
due to low-energy hadronic effects 

 
 

•  Use  analyticity + unitarity          real part of photon polarisation function from 
dispersion relation over total hadronic cross section data  

 
 
 
 
 

•  Leading order hadronic vacuum polarization : 

 
 
 

•  Low energy contribution dominates : ~75% comes from s < (1 GeV)2                

            ππ contribution extracted from data 

Model independent determination of HVP 

( ) 2

2 2
,

2 24

( ) ( )
3

had LO
Vm

m K sa ds R s
sπ

µ
µ

α
π

∞
= ∫

( )
( )( )V

e e hadrons
R s

e e

σ
σ µ µ

+ −

+ − + −

→
=

→
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Hadronic*Contribu2on*
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12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 
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4.3  Can τ  help?  
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µ Anomalous 
Magnetic  Moment

A. Pich                                                                                            τ Physics                                                                                                  21

Aoyama et al, 2006.04822

Muon g-2, 2104.03281

M. Davier
Tau 10

Z. Zhang, 1302.1896

Dominated (75%) by 2π

µ Anomalous 
Magnetic  Moment

A. Pich                                                                                            τ Physics                                                                                                  21

Aoyama et al, 2006.04822

Muon g-2, 2104.03281

M. Davier
Tau 10

Z. Zhang, 1302.1896

Dominated (75%) by 2π

Need to estimate IB corrections  
to go from π-π0 to π-π+ 

From T. Pich 

Cirgliano et al.’01,’02 
Miranda & Roig’20,  

See talk by M. Bruno 



ππ  form factor 

,QYDULDQW��0DVV��6SHFWUD�� 

Useful tests of QCD Dynamics 
Form Factors 

Non-perturbative parameters 
 

Resonance Chiral Theory  (RFT) 

W�o QW�S��S0 

Belle data 

Gómez Dumm - Roig 

W�o QW�S��KS Jamin-Pich-Portolés 

Belle data 

A. Pich                                                                                            W  Physics                                                                                                  16 

BaBar 

τ à ππντ e+e- à ππ 



4.3  Can τ  help?  
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In view of the differences in e+e- à π-π+ measurements           
 
 

One can also look at Tau g-2, see talk by M. Hoferichter  

2.5  Recent Developments 
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•  New result from CMD3 in Novosibirsk 
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-10 < 0.88 GeV ), 10s  ( 0.6 <

-
π+π

µ
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1−

0

1

before CMD2

CMD2

SND

KLOE comb

BABAR

BES

CLEO

SND2k

CMD3

Figure 36: The ⇡

+
⇡

�(�) contribution to a

had,LO
µ from

energy range 0.6 <

p
s < 0.88 GeV obtained from this

and other experiments.

Experiment a

⇡+⇡�,LO
µ , 10�10

before CMD2 368.8± 10.3
CMD2 366.5± 3.4
SND 364.7± 4.9
KLOE 360.6± 2.1
BABAR 370.1± 2.7
BES 361.8± 3.6
CLEO 370.0± 6.2
SND2k 366.7± 3.2
CMD3 379.3± 3.0

Table 4: The ⇡

+
⇡

�(�) contribution to a

had,LO
µ

from energy range 0.6 <

p
s < 0.88 GeV ob-

tained from this and other experiments.

in Table. 4, where the first line in the table corresponds to the combined result of all
measurements before CMD-2 experiment.

The pion formfactor mesuarements from the di↵erent RHO2013 and RHO2018 seasons
of the CMD-3 give the statistically consistent result in the ahad,LOµ integral as:

a⇡⇡,LOµ (RHO2013) = (380.06± 0.61± 3.64)⇥ 10�10

a⇡⇡,LOµ (RHO2018) = (379.30± 0.33± 2.62)⇥ 10�10

a⇡⇡,LOµ (average) = (379.35± 0.30± 2.95)⇥ 10�10 (18)

Two CMD-3 values are in very good agreement in spite of a very di↵erent data taking
conditions (as was discussed earlier). The combined CMD-3 result was obtained in very
conservative assumption of 100% correlation between systematic errors of two data sets. The
CMD-3 result is significantly higher compared to other e+e� data, both energy scan and ISR.
Although this evaluation was done in the limited energy range only and the full evaluation
of ahad,LOµ is yet to be done, it is clear that our measurement will reduce tension between
the experimental value of the anomalous magnetic moment of muon and its Standard Model
prediction.

9. Conclusions

The measurement of e+e� ! ⇡+⇡� cross section was performed by the CMD-3 exper-
iment at the VEPP-2000 collider in the energy range

p
s = 0.32 ÷ 1.2 GeV in 209 energy

points. The analysis was based on the biggest ever used collected statistics at ⇢ resonance
region with 34 ⇥ 106 ⇡+⇡� events at

p
s < 1 GeV. The large statistics allows to study the

possible systematic e↵ects in details. The development of the analysis strategy, cross-checks

42

Ignatov et al., CMD-3,  
2302.08834 [hep-ex] 12

cays. The last four corrections are a�ected by a sys-
tematic uncertainty from the choice of the analytic
model for the fl lineshape, which we estimate from
the di�erence between the Gounaris-Sakurai and Kühn-
Santamaria resonance parameterisations and add lin-
early.

Due to its fast bipolar dependence on mass the con-
tribution of fl – Ê interference to the dispersion integral
is relatively small. It depends on the Ê mass, the mixing
amplitude ÁflÊ and its phase „flÊ, all determined from
fits to the pion form factor in e+e≠ data. The value for
„flÊ used in our previous analyses [48, 76] was unexpect-
edly large [86]. Here, we use updated results from a fit
to the combined e+e≠ data before CMD-3 [56, 87] giv-
ing mÊ = 782.07±0.15 MeV, ÁflÊ = (1.99±0.03)◊10≠3,
and „flÊ = (3.8 ± 1.8)¶. Including CMD-3 [57, 87] gives
similar results with the full di�erence added as system-
atic uncertainty. The resulting IB correction from fl – Ê
mixing is +(4.0 ± 0.4) ◊ 10≠10.

Summing up all the e�ects, the total IB correction to
the · -based 2fi contribution is estimated to be ≠(14.9±
1.9)◊10≠10 to be compared to our previous estimate of
≠(16.1 ± 1.9) ◊ 10≠10 [48, 76]. Finally the contribution
to aµ from the combined · data reads

a·
µ[2fi] = (517.3 ± 1.9 ± 2.2 ± 1.9) ◊ 10≠10 , (4)

where the uncertainties are from the combined mass
spectrum, the branching fractions, and the IB correc-
tions, respectively.

The result (4) di�ers from that obtained in Ref. [79],
(519.6 ± 2.8[exp]+1.9

≠2.1[IB]) ◊ 10≠10 using O(p4) ChPT.
Most of the di�erence is accounted for by their SEW
value (1.0201), which does not take into account dou-
ble counting between SEW and GEM for the subleading
non-logarithmic short-distance correction for quarks.
This e�ect is responsible for a shift of 1.7 ◊ 10≠10 in
a·

µ[2fi]. The remaining di�erence7 (0.6 ◊ 10≠10) origi-
nates mostly from the fl width corrections in the pion
form factor.

7 A new perspective on the muon g – 2
HVP contribution from the dispersive
method

Having discussed the tensions among the e+e≠ æ fi+fi≠

cross-section measurements and their possible origins,
and reappraised the use of the complementary · spec-
tral functions, we proceed with a quantitative study of
the dominant HVP contributions to aµ. We consider
here only the most precise results. We do not include
the CMD-2 measurements [51, 52], whose discrepancy
with CMD-3 is currently under investigation [88], and
the SND results, which are in a state of flux from the

7 Larger di�erences are seen when comparing results from
individual experiments.

E
xp

 =
 0

 ±
 2

2

-400 -350 -300 -250 -200 -150 -100 -50 0-450 50

aµ - aµ
   exp    [ × 10

-11
 ]

BABAR (100% of 2π below 1.8 GeV)

−168 ± 38 ± 29

CMD-3 (98.9%)

−50 ± 42 ± 29

KLOEwide
(97.1%)

−263 ± 51 ± 29

KLOEpeak
(75.3%)

−265 ± 23 ± 29

Tau (100%)

−135 ± 34 ± 29

BMW (lattice QCD)
−105 ± 55

Fig. 11. Compilation of aµ predictions subtracted by the
central value of the experimental world average [2]. The
predictions are computed from the individual fi+fi≠ con-
tributions between threshold and 1.8 GeV, complemented
by common non-fi+fi≠ contributions taken from Ref. [3]
(circles). The quoted uncertainties correspond to the two
contributions and do not include that of the subtracted ex-
perimental value shown by the vertical band. The error bars
indicate the fi+fi≠ and total uncertainties, respectively. The
percentage given for each experiment represents the frac-
tion of aµ[fi+fi≠, threshold–1.8 GeV ] used from a given ex-
periment (see text for details, particularly concerning the
two values for KLOE). The lattice result from BMW [37] is
shown as filled square.

older [53] to the new measurements [49] that are still
being updated [89].

For the following exercise, we consider the LO HVP
contributions from the fi+fi≠ channel in the wide mass
range from threshold to 1.8 GeV for each experiment.
BABAR and the · spectral functions extend over the
entire interval, while the other experiments cover a
more restricted range and are completed near thresh-
old and at large mass with the combination discussed in
Section 2. For KLOE, we use the original combined data
from Ref. [33] and consider two cases: the full available
range and a restricted range of 0.6–0.975 GeV, where
the data are most precise and KLOE’s weight in the
combination is largest (cf. top panel of Fig. 4). The two-
pion contributions are complemented by the remain-
ing LO HVP, NLO and NNLO HVP, hadronic light-by-
light, as well as QED and electroweak contributions, all
taken from Ref. [3]. The di�erences in the resulting aµ

predictions therefore reflect the di�erences in the two-
pion contributions from each experiment, whose uncer-
tainties correspond to the original ones, that is without
rescaling to accommodate inconsistencies among data
sets.

The results are shown in Fig. 11 as di�erences be-
tween the aµ predictions and experiment [2]. The un-
certainties drawn are from the fi+fi≠ measurements (in-

CMD-3 Davier et al.’24 

 τ
− → π −π 0ντ measurements are very useful! 

 



5. Lepton Flavour Violation 

See talks by L. Calibbi, J. Zupan,  
       M. Ardu, O. Sumensari 



5.1  Introduction and Motivation 

•  Lepton	Flavour	Viola>on	is	an	«	accidental	»	symmetry	of	the	SM	(mν=0)	
	

•  In	the	SM	with	massive	neutrinos	effec>ve	CLFV	ver>ces	are	>ny		
due	to	GIM	suppression										unobservably	small	rates!	
	

E.g.:		

•  Extremely	clean	probe	of	beyond	SM	physics	
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 µ → eγ

  
Br µ → eγ( ) = 3α

32π
U µi

*

i=2,3
∑ Uei

Δm1i
2

MW
2

2

< 10−54

 eµ

  Br τ → µγ( ) < 10−40⎡⎣ ⎤⎦

Petcov’77, Marciano & Sanda’77, Lee & Shrock’77… 



4.1  Introduction and Motivation 

•  In	New	Physics	scenarios	CLFV	can	reach	observable	levels	in	several	channels	

 
 
 
 
 
 
 
 

•  But	the	sensi>vity	of	par>cular	modes	to	CLFV	couplings	is	model	dependent	
	

•  Comparison	in	muonic	and	tauonic	channels	of	branching	ra>os,	conversion	rates	
and	spectra	is	model-diagnos>c	
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Lepton Flavor Violation in example BSM models 
� Neutrino-less tτ decays:  optimal hunting ground for non-Standard Model LFV effects

� Topologies are similar to those of tτ hadronic decays

� Current limits (down to ~ 10-8), or limits anticipated at next generation e+e- colliders, directly
confront many New Physics models

David Hitlin    1st Conference on CFLV - Lecce

3

May 8, 2013

Talk by D. Hitlin @ CLFV2013 



5.2  CLFV processes: tau decays 

•  Several	processes:	
	
 

 
 

 
 
 

•  48	LFV	modes	studied	at	Belle	and	BaBar	

•   
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...
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CLFV processes: tau decays 

•  Several processes: 
	
 

 
 

 
 
 

•  48 LFV modes studied at Belle and BaBar 

•   
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CLFV processes: tau decays 
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...
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•  Several processes: 
	
 

 
 

 
 
 

•  Expected sensitivity 10-9 or better at LHCb, Belle II, HL-LHC?  

•   
 



CLFV processes: tau decays 
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...

•  Several processes: 
	
 

 
 

 
 
 

•  Expected sensitivity 10-9 or better at LHCb, Belle II, HL-LHC?  

•   
 

Limits on LFV 𝜏 decays

Tau Physics 101 Belle II Physics Week 2024 21

Belle II
Belle II 
(not yet public)
Belle I+II 
(not yet public)

More searches are in progress, but all ℓ𝑆0, ℓ𝑉0, ℓℎℎ, and remaining BNV modes 
are not covered; should repeat all searches every time our dataset doubles !

From S. Prell  



   
 
 
 
 

 
•  Build	all	D>5	LFV	operators:	

		
	
Ø  Dipole:	

	
	
	
	
	
	

	
	
	
	
	

•   
 

5.3  Effective Field Theory approach 
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L = LSM + C (5)

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...
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See	e.g.		
Black,	Han,	He,	Sher’02	
Brignole	&	Rossi’04	
Dassinger	et	al.’07	
Matsuzaki	&	Sanda’08	
Giffels	et	al.’08	
Crivellin,	Najjari,	Rosiek’13	
Petrov	&	Zhuridov’14	
Cirigliano,	Celis,	E.P.’14	
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•  Build	all	D>5	LFV	operators:	

		
Ø  Dipole:	

	
Ø  Lepton-quark	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	

	

	
Ø  Integrating out heavy quarks generates gluonic operator 

 
	
	
	

•   
 

5.3  Effective Field Theory approach 
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•  Build	all	D>5	LFV	operators:	

		
Ø  Dipole:	

	
Ø  Lepton-quark	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	

	
	

	
Ø  4	leptons	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	

	
	
	
	

•   
 

5.3  Effective Field Theory approach 
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SUSY see-saw scenarios

Rich structure at dim=6

Dominant in RPV SUSY and RPC 
SUSY for large tan(β) and low mA , 
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q
• Scalar  
(Pseudo-scalar)

• 4 Leptons, ...

Type II and III seesaw,  RPV SUSY,  LRSM 

• Vector
Enhanced in  Type III seesaw (Z-penguin), 

Type II seesaw,   LRSM,  leptoquarks 
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•  Build	all	D>5	LFV	operators:	

		
Ø  Dipole:	

	
Ø  Lepton-quark	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	

	
	

	
Ø  Lepton-gluon	(Scalar,	Pseudo-scalar):	

	

Ø  4	leptons	(Scalar,	Pseudo-scalar,	Vector,	Axial-vector):	
	
•   Each	UV	model	generates	a	specific	pa`ern	of	them	

	
	
	

•   
 

4.3  Effective Field Theory approach 

Emilie Passemar 

   
L = LSM + C (5)

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

77 

See	e.g.		
Black,	Han,	He,	Sher’02	
Brignole	&	Rossi’04	
Dassinger	et	al.’07	
Matsuzaki	&	Sanda’08	
Giffels	et	al.’08	
Crivellin,	Najjari,	Rosiek’13	
Petrov	&	Zhuridov’14	
Cirigliano,	Celis,	E.P.’14	
 
    

Leff
D ⊃ −

CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

    
Leff

 4ℓ ⊃ −
CS ,V

4ℓ

Λ 2 µ  ΓPL,Rτ  µ  ΓPL,Rµ

 Γ ≡ 1 ,γ µ



5.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary table: 

 
 
 
 

•  The notion of “best probe” (process with largest decay rate) is model 
dependent 

 
 

•  If observed, compare rate of processes         key handle on relative strength 
between operators and hence on the underlying mechanism 

  

Discriminating power: τLFV matrixCelis, Cirigliano, E.P.’14 



5.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary table: 

 
 

•  In addition to leptonic and radiative decays, hadronic decays are very 
important          sensitive to large number of operators! 

•  But need reliable determinations of the hadronic part:  
form factors and decay constants (e.g. fη, fη’) 

  

Discriminating power: τLFV matrixCelis, Cirigliano, E.P.’14 



6.   Conclusion and outlook 
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Conclusion and outlook 

•  Tau physics is a very rich field: test QCD and EW, etc.. 

•  Several interesting anomalies: Vus, CPV in τ → Kπντ , g-2  
              Tau physics can help 
 
•  Important experimental activities: Belle, BaBar, LHCb, BESIII, VEPP 

  
    

•  Intense theoretical activities : QCD, new physics 
 
•  A lot of very interesting physics remains to be done in the tau sector! 
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Belle II 



7.   Back-up 



 
2.2  f+(0) from lattice QCD 

•  Recent progress on Lattice QCD for determining f+(0) 
 
 

 

2011: Vus = 0.2254(5) exp(11)lat    à  Vus = 0. 2231(4)exp(4)lat    

  
f+ (0)N f =2+1+1

FLAG 21 = 0.9698(17)

0.18% uncertainty 

to be compared to  

  
f+ (0)N f =2+1+1

FLAG16 = 0.9704(32)

Uncertainty divided by ~2 w/ 
2016 and by 25 w/ 2011!  

  
f+ (0)N f =2+1

2010 = 0.959(50)

Lattice uncertainties  
at the same level as exp.  

-3.2σ	away	from	unitarity!	 

83 



 
Vus/Vud from Kl2/πl2

 
 
 

 
 
•  Recent progress on radiative corrections computed on lattice: 

 
 
•  Main input hadronic input: fK/fπ

•  In 2011: Vus/Vud = 0.2312(4) exp(12)lat  

•  In 2021: Vus/Vud = 0. 2311(3)exp(4)lat the lattice error is reducing by a factor 
of 3 compared to 2011! It is now of the same order as the experimental 
uncertainty.  

 
 

 

Di Carlo et al.’19  

-1.8σ	away	from	unitarity	 
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Progress since 2018:             new results from ETM’21 and CalLat’20 

 

 

 
 

 
 

 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

2.2  fK/fπ from lattice QCD 

Now Lattice collaborations  
include SU(2) IB corr.  
For Nf=2+1+1, FLAG2021 
 
 
 
 
Results have been stable  
over the years 
 
For average substract IB corr. 

  fK + f
π + = 1.1932(21)

0.18% uncertainty 

  fK fπ = 1.1967(18)

Vus/Vud = 0. 23108(29)exp(42)lat  

In 2011:   fK fπ = 1.193(6)
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1.1   Introduction: 2.3  |Vud|from 0+→ 0+ superallowed βdecays  

 

 

 

 
 

                Use of a data driven dispersive approach 
 
 

     
 
 

     
 

 
 

 

See Talk by Misha Gorshteyn 
@CKM2021 

Figure adapted  
from J. Hardy 
 

Recent improvement on the theoretical RCs +Nuclear Structure Corrections  
Seng et al.’18’19, Gorshteyn’18 
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•  Quantity of interest : 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

Inclusive τ-decays  
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Braaten,	Narison,	Pich’92	

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )



•  Calculation of Rτ: 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	
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1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫
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+
V V A A

J



•  Calculation of Rτ: 

 
 
 
 
 

•   Spectral functions:  

  

 
•  ALEPH and OPAL at LEP measured  

with precision not only the total BRs  
but also the energy distribution of the  
hadronic system  

 mix of non-perturbative and  
 perturbative effects 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	

(0 1)
1 ,v ( ) 2 Im ( )ud Vs sS � 3

(0 1)
1 ,a ( ) 2 Im ( )ud As sS � 3

Davier et al, 1312.1501 

SPECTRAL  FUNCTIONS 

BF  data 
needed 

A. Pich                                                                                      Leptons & QCD                                                                                            5 

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 3 Tau 2014, Aachen, Sept. 15-19, 2014 

Theoretically, Rτ can be expressed in terms of vacuum polarization functions as 

R⌧,V +A = 12⇡SEW

Z m2
⌧

0

ds

m2
⌧

✓
1� s

m2
⌧

◆2 ✓
1 + 2

s

m2
⌧

◆
Im⇧(1)(s + i") + Im⇧(0)(s + i")

�

with ⇧(J) = |Vud|2
⇣
⇧(J)

ūd,V + ⇧(J)
ūd,A

⌘

Im⇧(1)
ūd,V/A(s) =

1
2⇡

v1/a1(s), Im⇧(0)
ūd,A =

1
2⇡

a0(s)

Therefore, Rτ is a weighted integral of spectral functions 
 Basis for comparing measurements with theoretical predictions 

similar in e+e- 
annihilation 
into hadrons: 

 Im[                    ]  ∝  |                     hadrons |2 

BNP, NPB373 (1992) 581 

( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫



Measurements 
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = ?•    

 
 
 

•   Decomposition as a function of observed and separated final states:  
  
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

,, ,V A SR R RRt tt t= + +

,VRt , 0v shtt n-
=® +

,ARt , 0A shtt n-
=® +

,SRt , 1V A shtt n-
+ =® +

(even number of pions)

(odd number of pions)
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = ?•    

 
 
 

•   Decomposition as a function of observed and separated final states:  
  
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

, , ,V SARR R Rtt t t= + +

,VRt , 0v shtt n-
=® +

,ARt , 0A shtt n-
=® +

,SRt , 1V A shtt n-
+ =® +

(even number of pions)

(odd number of pions)



Measurements 
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = ?•    

 
 
 

•   Decomposition as a function of observed and separated final states:  
  
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

, , ,V SAR R R Rt tt t= + +

,VRt , 0v shtt n-
=® +

,ARt , 0A shtt n-
=® +

,SRt , 1V A shtt n-
+ =® +

(even number of pions)

(odd number of pions)



•  Calculation of Rτ: 

	
	
	

•  We are in the non-perturbative region:  
we do not know how to compute! 

 
 
 

•  Trick: use the analytical properties of Π! 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 

Emilie Passemar 93 

Braaten,	Narison,	Pich’92	
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m m m

τ

τ τ
τ τ τ

π ε ε
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= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

Non-Perturbaive 

Perturbaive 



•  Calculation of Rτ: 

	
	
	
	

•  Analyticity: Π is analytic in the entire complex plane except for s real positive 
 

                     Cauchy Theorem 

	
	
	

•  We are now at sufficient energy to use OPE: 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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3.3  Operator Product Expansion 
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( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =

P =
-å å C

separation scale
between short and 
long distances

µ

Wilson coefficients Operators

• D=0: Perturbative contributions

• D=2: Quark mass corrections

• D=4: Non perturbative physics operators,

• D=6: 4 quarks operators,  

• D³8: Neglected terms, supposed to be small…

similar for              and 

,s GGa
p j iim q q

1 2i j j iq q q qG G

2 (0) ( )
, 0 ,

2,4..

3( ) 1
2

ud D
V EW ud V

D
R s V St d d

=

æ ö
= + +ç ÷

è ø
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•  Calculation of	Rτ: 

 
 
•  Electroweak corrections: 

•   Perturbative part (D=0):		
	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Perturbative Part 
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Braaten,	Narison,	Pich’92	

( ) ( )2  1C EW P NPR m N Sτ τ δ δ= + +

1.0201(3)EWS = Marciano &Sirlin’88, Braaten & Li’90, Erler’04 

2 3 45.20 26 127 ... 20%P a a a aτ τ τ τδ = + + + + ≈ Baikov, Chetyrkin, Kühn’08 

( )s ma τ
τ

α
π

=



•  Calculation of	Rτ: 

 
 
•  Electroweak corrections: 

•   Perturbative part (D=0): 

•  D=2: quark mass corrections, neglected for                       but not for 

•  D ≥ 4: Non perturbative part, not known, fitted from the data 
             Use of weighted distributions 
 
Ex: In the non-strange sector: 

   
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Non-perturbative part 
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Braaten, Narison, Pich’92 

( ) ( )2  1C EW P NPR m N Sτ τ δ δ= + +

1.0201(3)EWS = Marciano &Sirlin’88, Braaten & Li’90, Erler’04 

2 3 45.20 26 127 ... 20%P a a a aτ τ τ τδ = + + + + ≈ Baikov, Chetyrkin, Kühn’08 

( )s ma τ
τ

α
π

=

( ) ,NS
u dR m mτ ∝ ( ) s

SR mτ ∝

  δ NP
NS = −0.0064(13) Davier et al.’14 



•  	D ≥ 4: Non perturbative part, not known, fitted from the data 
           Use of weighted distributions 
 

Exploit shape of the spectral functions  
to obtain additional experimental  
information 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Non-Perturbative part 
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Le	Diberder&Pich’92	

( ) s
SR mτ ∝

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 5 Tau 2014, Aachen, Sept. 15-19, 2014 

Exploit shape of SFs to obtain additional  
experimental information: Le Diberder-Pich,                

PL B289, 165 (1992) 

Weighting factor suppresses the region where  
OPE fails and we have small statistics. 

 with corresponding perturbative and nonperturbative OPE terms 

  Theory prediction very similar to Rτ: 

  Because of the strong correlations, only four moments are used. 

 Five experimental inputs (Rτ + 4 moments) for four unknowns  

R⌧ ⌘ R00
⌧

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 5 Tau 2014, Aachen, Sept. 15-19, 2014 

Exploit shape of SFs to obtain additional  
experimental information: Le Diberder-Pich,                

PL B289, 165 (1992) 

Weighting factor suppresses the region where  
OPE fails and we have small statistics. 

 with corresponding perturbative and nonperturbative OPE terms 

  Theory prediction very similar to Rτ: 

  Because of the strong correlations, only four moments are used. 

 Five experimental inputs (Rτ + 4 moments) for four unknowns  

R⌧ ⌘ R00
⌧

Zhang’Tau14	



3.3   Exclusive hadronic processes 

•  For the exclusive hadronic processes τ   →  Hντ : 

 
 

•  The hadronic matrix element :  
 

•  Experimental measurement : decay rate 

 
 
 

•  Challenge : determination of the form factors to extract SM parameters or NP 
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( ) ( )51
2
F

CKM
GM H V u u H

τ

µ
τ ν τ µτ ν γ γ→ = −

( ) ( ) ( )2 e  0  struct.QCD iiL
iH H V A Lorent Fz qµ µ µ µ

= − =

( )
2

2

4 M S
F

CKH V LG
m

Pd H dµν
τ µν

τ

ντ =Γ →

ChPT + Analyticity + Unitarity 
Dispersion Relations 
Models 

parametrization of the ffs 

Experimental Data 
TAUOLA  etc 

FFs: masses,  
widths,couplings 

SM param., NP  
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3.3   Exclusive hadronic processes 

Experimental situation :                                               Theoretical situation 
•   

                   Parametrization using   
   
        
    Branching fractions 

 
 
 
 

•         

 
 
 
 
 
 

                            Branching fractions 
 
 
 
 

•                                                                                             Poor knowledge 
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PP ττ ν→
0 0

0 0

,
,

 modes

K K
K K
π π

π π
η

− −

− −

⎧
⎪
⎨
⎪
⎩

Branching fractions 
Spectrum 

ALEPH, CLEOIII, OPAL 
Belle, BaBar  

ChPT + Analyticity + Unitarity 
Dispersion relations on the  
market 
         Reasonably good control 

PPP ττ ν→
  

 modes
KKK

KK
K

π π π
π

ππ
η

⎧
⎪
⎪⎪
⎨
⎪
⎪
⎪⎩

Parametrization using 
ChPT + Analyticity + Unitarity+ 
Resonances 
         Much more difficult and  
         model dependent 

  τ →> 3Pντ

Branching fractions 
Spectrum 

ALEPH, CLEOIII, OPAL 
Belle, BaBar  
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1.1   Introduction: 1.1  Test of New Physics : Vus 

Ø  BSM: sensitive to tree-level and loop effects of a large class of models 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Ø  Look for new physics by comparing the extraction of Vus from different 
processes: helicity suppressed Kµ2, helicity allowed Kl3, hadronic τ decays 
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2 2 2 1ud us CKMubV V V + Δ+ + =

9 

1.2  Constraining New Physics 

Grossman, E.P., Schacht’20 



Two	observables
Large Negligible

[HFAG’14]
Note: Yτ,μ ≫ Ye

•  The lepton universality tests give strong constraints on type-X (lepton-
specific) 2HDMs         Model favoured to explain the g-2 discrepancy 

2.2  Lepton universality & NP 
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Muon	g-2
>3σ anomaly

μ μ
A,H,H±

τ

γ,Z,W

γ
A,H,H±

μ μμ,ν

γ

Type-X [Chang,Chang,Chou,Keung’00,’01;Dedes,Haber’01]

Barr-Zee contribution with A enhances muon g-2Contribution to LU : 

M.	Endo@b2ip’15	

Barr-Zee contribution  
with A enhances muon g-2 



•  The lepton universality tests give strong constraints on type-X (lepton-
specific) 2HDMs 

2.2  Lepton universality & NP 
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Muon	g-2

LU is most powerful to test type-X 2HDM
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2.3  Lorentz structure of  
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Lorentz  Structure: 
Effective  Hamiltonian:

High-precision  τ data needed!

Normalization:

A. Pich                                                                                            τ Physics                                                                                                  10



2.3  Lorentz structure of  
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µ- Longitudinal Polarization in  τ-→µ-νµντ

Probability to decay into a right-handed muon:

A. Pich                                                                                            τ Physics                                                                                                  11

_

( ) ( )2 2 2 2 21 1| | | | 3 '| | | | | | 1
4 2R

S S T V V
RR RL RR RL RL RR RLQ Q Q g g g g gµ ξ= + = + + + + = −

Not yet constraining. Error dominated by statistics…

MC τ+τ− event Tiny probability of muon decaying inside the detector compensated by huge statistics

Belle, 2303.10570' 0.22 0.94 0.42ξ = ± ±

)1.23 (90% CL
R

Qµ ≤

Estimated STCF sensitivity
with 80% positron polarization

(assuming  ρ , η , ξ  and  ξδ  are 
measured with 10-3 accuracy)

P. Pakhlov



•  New era in particle physics :            
        success of the Standard Model: a successful theory of microscopic 
phenomena with no intrinsic energy limitation 

 

•   Shall we continue to test the Standard Model and search for New Physics? 
 

Yes!          Despite its phenomenological successes, the SM has some deep  
 

unsolved problems: 
–  hierarchy problem 
–  flavour pattern 
–  dark-matter, etc…. 

–  Strong interaction not so well understood:  
confinement, etc 

 

 
 
 

 

 

1.1  The triumph of the SM and quest for NP 
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•  Shall we continue to test the Standard Model and search for New Physics? 
 

Yes!          Despite its phenomenological successes, the SM has some deep  
 

unsolved problems: 
–  hierarchy problem 
–  flavour pattern 
–  dark-matter, etc…. 

–  Strong interaction not so well understood:  
confinement etc 

 
 
 

•  Consider the SM as as an effective theory,  
i.e. the limit –in the accessible range  
of energies and effective couplings–  
of a more fundamental theory, with  
–  new degrees of freedom  
–  new symmetries 

 
 

 
 

 
 

 
 

 
 
 

 

 

1.2  Quest for New Physics 
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Particle physics

Central question of QFT-based particle physics

L =?

i.e. which degrees of freedom, symmetries, scales ?

H

H
ig

g
s

3 générations

SM best answer up to now, but
neutrino masses
dark matter
dark energy
baryon asymmetry of the
universe
hierarchy problem

S. Descotes-Genon (LPT) Heavy flavours 20/01/14 3

3 generations 



 

•  Where do we look?   Everywhere!  

 search for New Physics with a broad search strategy given the lack of            
     clear indications on the SM-EFT boundaries (both in terms of energies and        
     effective couplings)  
 

  

 
 

 
 

 
 
 

 

 

1.2  Quest for New Physics 
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Key unique role of Tau physics 


