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Outline : 

1.  Introduction and Motivation 
Tau lepton as a laboratory to explore the Standard Model and 
possible extensions 

2.  2-body Tau decays 

–  τ → Kπντ : Ex: Vus determination, CP violating asymmetry 

–  Lepton Flavour Violation: τ → ππµ 
 
 

3.  3-body Tau decays: τ → 3πντ  
 
4.  Conclusion and outlook 
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1.1   Hadronic 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 ! 

•  Very rich phenomenology but 
–  Precise measurements needed 
–  Have the hadronic uncertainties under control 

 Tests of QCD and EW interactions 
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Overview 
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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   Hadronic 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 

  

•  Very rich phenomenology but 
–  Precise measurements needed 
–  Have the hadronic uncertainties under control 

 Tests of QCD and EW interactions 
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1.2  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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( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα
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β decays 

Kl3 decays 
or τ decays  

Negligible  
(B decays) 

Test of unitarity 
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1.2  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,…. 
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1.3   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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1.3   Exclusive hadronic processes 

Experimental situation :                                               Theoretical situation 
•   

                   Parametrization using   
   
        
    Branching fractions 

 
 
 
 

•         

 
 
 
 
 
 

                            Branching fractions 
 
 
 
 

•                                                                                             Poor knowledge 
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,
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⎪
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⎪
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Branching fractions 
Spectrum 

ALEPH, CLEOIII, OPAL 
Belle, BaBar  

ChPT + Analiticity + 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 + Analiticity + Unitarity+ 
Resonances 
         Much more difficult and  
         model dependent 

3P ττ ν→>

Branching fractions 
Spectrum 

ALEPH, CLEOIII, OPAL 
Belle, BaBar  
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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,		
	
         More to come from LHCb,	BES,		

	Belle	II,	CMS,	ATLAS	
 
 

•  But τ physics has still potential  
“unexplored frontiers” 

 deserve future exp. & th. efforts 
 
 
 

•  In the following, some selected examples 

 

 
 
 

 

 

1.4  Experimental situation 

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 
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2.   2 body τ-decays: τ → Kπντ  

Emilie Passemar 



 
 
 

•    

 
 
 

•  Experimental measurement : 

•  CP violation 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) % 
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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

( ) ( )
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2.1  Introduction: 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,  

CLEO, FOCUS 

Emilie Passemar 



2.1  τ → Kπντ CP violating asymmetry

 

•  New physics? Charged Higgs, WL-WR mixings, leptoquarks, tensor 
interactions (Devi, Dhargyal, Sinha’14, Cirigliano, Crivellin, Hoferichter’17)?    								

	
	
	
	
•  Need to investigate how large can be the prediction in realistic new physics 

models: it looks like a tensor interaction can explain the effect  
but in conflict with bounds from neutron EDM and DD mixing           	

	
 
                 light BSM physics?  

 
 

Bigi’Tau12 

Very difficult to explain!  
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Cirigliano, Crivellin, Hoferichter’17 



  
Kπ  sγ µu 0 = pK − pπ( )µ +

ΔKπ

s
pK + pπ( )µ

⎡

⎣
⎢

⎤

⎦
⎥  f+ (s) −

ΔKπ

s
pK + pπ( )µ  f0(s)

2.1  τ → Kπντ CP violating asymmetry
	

•  In this measurement, need to know hadronic part          form factors 
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vector scalar with 
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  s = Q2 = ( pK + pπ )2

  ΔKπ = MK
2 − Mπ

2( )



2.2  τ → Kπντ angular CP violating asymmetry
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•  Measurement of the angular CP asymmetry from Belle:  

–                                : kinematic factors 

–  Angles:  
in Kπ rest frame 

•  β: angle between kaon and e+e- CMS frame 
•  Ψ: angle between τ and CMS frame 
 

in τ rest frame 
•  θ: angle between τ direction in CMS and  

direction of Kπ system (dependence with Ψ) 

 
 
  
 

 
 

CP violating term 
S-P interference    A(Q2 ),  B(Q2 ),  C(Q2 )

   

dΓ τ - → Kπ −ντ( )
d Q2 d cosθ  d cosβ

= A(Q2 ) − B(Q2 ) 3cos2ψ −1( ) 3cos2 β −1( )⎡⎣ ⎤⎦ f+ (s)
2

                                     + mτ
2 !f0(s)

2
−C(Q2 )cosψ cosβ Re f+ (s) !f0

*(s)( )
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dΓ τ - → Kπ −ντ( )
d Q2 d cosθ  d cosβ

= A(Q2 ) − B(Q2 ) 3cos2ψ −1( ) 3cos2 β −1( )⎡⎣ ⎤⎦ f+ (s)
2

                                     + mτ
2 !f0(s)

2
−C(Q2 )cosψ cosβ Re f+ (s) !f0

*(s)( )

2.2  τ → Kπντ angular CP violating asymmetry
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•  Measurement of the angular CP asymmetry from Belle:  

–                                  : kinematic factors 

 
 
  
 

 
 

CP violating term 
S-P interference    A(Q2 ),  B(Q2 ),  C(Q2 )

+

   
!f0(s) = f0(s) + η 2

mτ
2 fH (s) with 0( ) ( )H

u s

sf s f s
m m

=
−

Khün & Mirkes’05 

Charged Higgs contribution 
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2.3  Kπ  form factors 

16 

 

•  Belle uses sum of BWs to fit the invariant mass distribution       Belle’08 
 

 
 
 
 

•  Can be justified for the vector but not for the scalar! 
          Use a parametrization relying on dispersion relations instead: 
–  Resum all final state Kπ  rescattering  

 
 
 
 

 
–  Allow to combine with K → πlνl precise measurements  

•  Several theoretical parametrizations proposed: All rely on analyticity and 
 unitarity and crossing symmetry Jamin, Pich, Portolés’06,’08, Moussallam’08, 
Boito, Escribano, Jamin’09,’10, Bernard, Boito, E.P.’11, Bernard’14 

 
 

 Form Factor and Analysis of Babar results 

Use Belle results for the Form Factors Fv and Fs. Phys. Lett.  654, 65 (2007). 
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Two  best fit solutions: 

They conclude that 1-2 % tensor 
contribution could explain the BaBar 
 rate asymmetry for both cases. 

|T/SM|2  RT|FT|  cos\�    res.  Model 

     0.009 -0.213 -0.82   (a) 

     0.018 -0.303 -0.90   (b) 

K K 
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•  Parametrization to analyse both Kl3 and  
τ       Kπντ          Use dispersion relations 

 
 
 
 
 

•  Omnès representation:  

 
 
 

    - 
 
 

    -                           unknown 

 
 

 
 

•  Subtract dispersion relation to weaken the high energy contribution of the 
phase. Improve the convergence but sum rules to be satisfied! 

 

2.4  Dispersive representation for the form factors 

  
f+ ,0 (s) = exp

s
π

ds'
s'

φ+ ,0 (s')
s'− s − iεsth

∞

∫
⎡

⎣
⎢

⎤

⎦
⎥

,0:  ( ) ( )in Ks s s sπφ δ+< =

Kπ scattering phase 

,0:  ( )ins s sφ+≥

,0 ,0( ) ( )ass sφ φ π π+ += = ± ( ),0( ) 1 /f s s+ →

Brodsky & Lepage 

( )2th Ks m mπ≡ +

ϕ+,0(s) : phase of the form factor 
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disc f 0,+ (s)⎡⎣ ⎤⎦ ∝ tℓ

I∗(s) f 0,+ (s)
Unitarity: 



•  Dispersion relation with n subtractions in     : 

 
 
 
 

Ø                    dispersion relation with 3 subtractions: 2 in s=0 and 1 in s=ΔKπ 
             Callan-Treiman 

 

Ø                  dispersion relation with 3 subtractions in s=0 
 

 
 
 
 
 
 

   
 
 

 

2.4  Dispersive representation for the FFs 

s

( )
( )

,0
,0 1

( ')'( ) exp ( )
''th

n

n ns

ss s dsf s P s
s s is s

φ
π ε

∞ +
+ −

⎡ ⎤−
= +⎢ ⎥

− −−⎢ ⎥⎣ ⎦
∫

0( )f s

( ) ( )
( )( )( )2

0
2
0
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' ( ')'
' ' '

lnln( ) exp  
K

K K
K

K K
m m

K

s ssf s s
m

sdC s
s s i

C
s sπ

π π
π

π π π π

φ
ε

λ
π

∞

+

⎡ ⎤⎛ ⎞Δ − Δ⎛ ⎞
= + − Δ − +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟Δ Δ⎢ ⎥⎝ ⎠⎝ ⎠⎣ − Δ − ⎦−∫

Bernard, Boito, E.P.’11 
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( )f s+

( ) ( )( )2

2 3

2 2
' '' '2

3
1( ) exp +  ( ''

'2 '
)

Km m

s s sf s ds
s s s im m

s
ππ π π

φλ λ λ
ε

+
+ + +

∞

+ + −

⎡ ⎤⎛ ⎞
⎢ ⎥= − +⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦−∫

Extracted from a model including  
2 resonances K*(892) and K*(1414)  

Boito, Escribano, Jamin’09,’10 

Jamin, Pich, Portolés’08 
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Bernard’14 



 
 
 

•  Model for ϕ+(s):        

 
 
 
 

         
 
 
 
 

   
 
 

 

Modeling of the phase 
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Diogo Boito

i ii iii

: 2 resonances  3 subtractions⇤ � ��K⇥

D(mn,�n) = m2
n � s� �n ReH̃(s)� imn�n(s)

f̃+(s) =

�
m2

K� �Ng2ReH̃K�(0) + �s

D(mK� ,�K�)
� �s

D(mK⇥ ,�K⇥)

⇥
Jamin, Pich and Portolés, 

PL B664 (2008)

K⇥�(892)
��

K0

=
��

K0

K⇥�(892)
��

K0

K⇥�(892)
H̃(s) + · · ·+

K�(1410)K�(892)

Phase with two resonances:

10

EuroFlavour10 Munich 09.09.10

iii. fits to tau data + constraints from Kl3

   

!f+ (s) =
mK*

2 −κ K* Re !HKπ (0) + Re !HKη (0)( ) + βs

D mK*,Γ K*( ) − βs
D mK*' ,Γ K*'( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

Diogo Boito

i ii iii

: 2 resonances  3 subtractions⇤ � ��K⇥

D(mn,�n) = m2
n � s� �n ReH̃(s)� imn�n(s)

f̃+(s) =

�
m2

K� �Ng2ReH̃K�(0) + �s

D(mK� ,�K�)
� �s

D(mK⇥ ,�K⇥)

⇥
Jamin, Pich and Portolés, 

PL B664 (2008)
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=
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K⇥�(892)
H̃(s) + · · ·+

K�(1410)K�(892)

Phase with two resonances:
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iii. fits to tau data + constraints from Kl3

Diogo Boito

i ii iii

: 2 resonances  3 subtractions⇤ � ��K⇥

D(mn,�n) = m2
n � s� �n ReH̃(s)� imn�n(s)

f̃+(s) =

�
m2

K� �Ng2ReH̃K�(0) + �s

D(mK� ,�K�)
� �s

D(mK⇥ ,�K⇥)

⇥
Jamin, Pich and Portolés, 

PL B664 (2008)

K⇥�(892)
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K0

=
��

K0

K⇥�(892)
��

K0

K⇥�(892)
H̃(s) + · · ·+

K�(1410)K�(892)

Phase with two resonances:

10
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iii. fits to tau data + constraints from Kl3

   D mn ,Γ n( ) = mn
2 − s −κ n Re !H∑ − imnΓ n(s)with 

   
tanδ Kπ

P ,1/2 =
Im !f+ (s)
Re !f+ (s)

Boito, Escribano, Jamin’09,’10 

Jamin, Pich, Portolés’08 
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Bernard’14 



Fit to the τ     Kπντ  decay data + Kl3 constraints 
    Bernard, Boito, E.P.’11 
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2.5  Determination of the form factors 

21 

•  Results of the fits: 
    Bernard, Boito, E.P.’11 
   Antonelli, Cirigliano Lusiani, E.P.’13 

Very accurate 
determination of 

K*(892)! 



2.5  Kπ form factors from τ → Kπντ and Kl3 decays  
 

•  Precise extraction of Kπ scattering phase and good determination of K* 
 

                                                     and 

 
     PDG :                                               and  
 
 

     Tau-Charm:                                              and 
 
 
 

•  Callan-Treiman test or lattice QCD test (FK/Fπ and f+(0)) 

•  Vus from τ → Kπντ: 
: 
 

•  Prediction of the strange Brs and Vus 

 
 
 

•  Use of the form factors for CPV tests, etc. 
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* 892.02 0.21 MeVKm = ± * 46.300 0.426 MeVKΓ = ±

* 891.66 0.26 MeVKm = ± * 50.8 0.9 MeVKΓ = ±

* 892.02 0.02 MeVKm = ± * 46.300 0.044 MeVKΓ = ±

2
(0)VK u KsN If

τ

τ
τ πν +→Γ = ( )0 , ( ), ( )KI ds F s f s f sτ

+= ∫with 
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2.6  Vus determination 
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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 -> Kπντ decays (+ f+(0), FLAG)

τ  branching fraction ratio

Kl3 analyses

Kl2 /πl2 decays (+ fK/fπ)

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/fπ)

From Unitarity 
Flavianet  

Kaon WG’10 
  update by  

Moulson’CKM16 

BaBar & Belle 
HFAG’17 

NB:	BRs	measured	by	B	factories	are	systema4cally		
smaller	than	previous	measurements	



2.6  Kπ phase shift 
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NB:	BRs	measured	by	B	factories	are	systema4cally		
smaller	than	previous	measurements	

Kπ I=1/2 P-wave scattering phase

● Fit to τ→Kπντ with restrictions from Kl3 
K*π threshold

threshold
parameters

1.2   Ex: �π scattering: P-wave 
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Tau data 

τ � Kπντ  

   Boito, Escribano & Jamin’10 

See also  
lattice QCD 
Dudek et al. 
Wilson et al.’14 



( ) ( ) ( ) 0K  s u 0 =  ( )  ( )K K
K K Kp p p p f s p p f s

s s
π π

µ π π πµ µ µ
π γ +

Δ Δ⎡ ⎤− + + − +⎢ ⎥⎣ ⎦

2.7  Separating scalar from vector form factors 
	

•  In this measurement, need to know hadronic part            form factors 
 
	
	
	
	
	
	
	
	
	
	

	
	

	
•  Up to now know from decay spectrum but difficult to disentangle scalar and 

vector form factor         consider the FB asymmetry instead  

•  Formula: can disentangle scalar and vector FF easily 
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vector scalar with 

( ) ( )
( ) ( )FB

cos -cos
cos -cos

d d
A

d d
θ θ
θ θ

Γ − Γ
=

Γ + Γ
Beldjoudi & Truong’94 
Moussallam, B2TIP 
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Never done before! 

K0 

K0 K0 

K0 

K K 

K 

K0 
K 

  s = Q2 = ( pK + pπ )2

 
cos δ1

1/2 − δ 0
1/2( )



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) 

2.8  τ → Kπντ CP violating asymmetry

•  Measurement of the direct contribution of NP in the angular CP violating 
asymmetry done by CLEO and Belle 
						Belle does not see any asymmetry at the 0.2 - 0.3% level  
 
 
 
 
 
 
 
 
 
 
 

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

Belle’11	
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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 
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 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

2.9  Three body CP asymmetries 

27 

 
 

•  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 interactions 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, Little, Datta,  
London et al.,’08 
Mileo, Kiers and, Szynkman’14 
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3.   Lepton Flavour Violation: τ → ππµ  
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3.1  Introduction: Non standard LFV Higgs coupling 

 

•   
  
 

 

•  High	energy	:	LHC	
    

 
 
 
•  Low	energy	:	D,	S	operators	

 
 

 

 

In	the	SM:			 v
SMh i

ij ij
m

Y δ=

Yτµ

Hadronic	part	treated	with	perturba4ve	
QCD	

   
ΔLY = −

λij

Λ 2 fL
i fR

j H( )H †H  −Yij fL
i fR

j( )h

Goudelis,	Lebedev,	Park’11	
Davidson,	Grenier’10	
Harnik,	Kopp,	Zupan’12	
Blankenburg,	Ellis,	Isidori’12	
McKeen,	Pospelov,	Ritz’12	
Arhrib,	Cheng,	Kong’12	
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3.1  Non standard LFV Higgs coupling 
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•  High	energy	:	LHC	
    

 
 
 
•  Low	energy	:	D,	S,	G	operators	

 
 

 

 

In	the	SM:			 v
SMh i

ij ij
m

Y δ=

Yτµ

Hadronic	part	treated	with	perturba4ve	
QCD	

   
ΔLY = −

λij

Λ 2 fL
i fR

j H( )H †H  −Yij fL
i fR

j( )h

Goudelis,	Lebedev,	Park’11	
Davidson,	Grenier’10	
Harnik,	Kopp,	Zupan’12	
Blankenburg,	Ellis,	Isidori’12	
McKeen,	Pospelov,	Ritz’12	
Arhrib,	Cheng,	Kong’12	
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Reverse	the	process 
 
 
 

Yτµ

Hadronic	part	treated	with		
non-perturba4ve	QCD	

+ 



3.2  Constraints from τ → µππ

•  Tree level Higgs exchange 

 
 
 

•  Problem : Have the hadronic part under control, ChPT not valid at these 
energies! 
 

 Use form factors determined with dispersion relations matched at low 
 energy to CHPT 

 

 
•  Dispersion relations: based on unitarity, analyticity and crossing symmetry 

         Take all rescattering effects into account 
ππ  final state interactions important 

  

+
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Daub, Dreiner, Hanhart, Kubis, Meissner’13 
Celis,	Cirigliano,	E.P.’14	



•  Tree level Higgs exchange 
 
 

 
 
 
 

 
    
 
 
 

 
 

+

( )hqf ywith the form factors:  
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hh

3.1  Constraints from τ     µππ 

64 
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3.2  Constraints from τ → µππ

•  Tree level Higgs exchange 

 
 
  

+
hh
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Yτµ

couplings to the light quarks, ¯̀(1 ± �5)⌧ · q̄{1, �5}q. Finally, the diagram to the right, through

heavy-quarks in the loop generates gluonic operators of the type ¯̀(1±�5)⌧ ·GG and ¯̀(1±�5)⌧ ·GG̃.

When considering hadronic LFV decays such as ⌧ ! `⇡⇡ or ⌧ ! `P (P = ⇡, ⌘, ⌘0) one

needs the matrix elements of the quark-gluon operators in the hadronic states. In particular,

P-even operators will mediate the ⌧ ! `⇡⇡ decay and one needs to know the relevant two-

pion form factors. The dipole operator requires the vector form factor related to h⇡⇡|q̄�µq|0i
(photon converting in two pions). The scalar operator requires the scalar form factors related

to h⇡⇡|q̄q|0i. The gluon operator requires h⇡⇡|GG|0i, which we will reduce to a combination of

the scalar form factors and the two-pion matrix element of the trace of the energy-momentum

tensor h⇡⇡|✓µµ|0i via the trace anomaly relation:

✓µµ = �9
↵s

8⇡
Ga

µ⌫G
µ⌫
a +

X

q=u,d,s

mq q̄q . (2)

To impose robust bounds on LFV Higgs couplings from ⌧ ! `⇡⇡, we need to know the hadronic

matrix elements with a good accuracy. With this motivation in mind, we now discuss in detail

the derivation of the two-pion matrix elements.

3 Hadronic form factors for ⌧ ! `⇡⇡ decays

The dipole contribution to the ⌧ ! `⇡⇡ decay requires the matrix element

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�

1
2(ū�

↵u� d̄�↵d)
�

�0
↵ ⌘ FV (s)(p⇡+ � p⇡�)↵, (3)

with FV (s) the pion vector form factor. As for the scalar currents and the trace of the energy-

momentum tensor ✓µµ, the hadronic matrix elements are given by

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�muūu+mdd̄d
�

�0
↵ ⌘ �⇡(s) ,

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�mss̄s
�

�0
↵ ⌘ �⇡(s) ,

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�✓µµ
�

�0
↵ ⌘ ✓⇡(s) , (4)

with �⇡(s) and �⇡(s) the pion scalar form factors and ✓⇡(s) the form factor related to ✓µµ. Here

s is the invariant mass squared of the pion pair: s = (p⇡+ + p⇡�)2 = (p⌧ � p`)
2.

In what follows, we determine the form factors by matching a dispersive parameterization

(that uses experimental data) with both the low-energy form dictated by chiral symmetry and

the asymptotic behavior dictated by perturbative QCD. Numerical tables with our results are

available upon request.

3.1 Determination of the ⇡⇡ vector form factor

The vector form factor FV (s) has been measured both directly from e+e� ! ⇡+⇡� [31–35]

and via an isospin rotation from ⌧ ! ⇡�⇡0⌫⌧ [36, 37]. It has also been determined by several

theoretical studies [38–54].

6

  
s = p

π + + p
π −( )2



•  Coupled channel analysis up to √s ~1.4 GeV: Mushkhelishvili-Omnès approach 
 

Inputs: I=0, S-wave ππ  and  KK data 
 
 
 
 
•  Unitarity           the discontinuity of the form factor is known 
 

 
              
 

�
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3.3  Unitarity

See also Osset & Oller’98 
  Lahde & Meissner’06 

 

  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

Daub, Dreiner, Hanhart, Kubis, Meissner’13 
 Celis,	Cirigliano,	E.P.’14	

Form factors
•  Two channel unitarity condition (ππ, KK) (OK up to  √s ~ 1.4 GeV)

n  = ππ, KK

•  General solution:

Canonical solution falling as 1/s for large s 
(obey un-subtracted dispersion relation) 

Polynomials 
determined by 

matching to ChPT

•  Solved iteratively, using input on s-
wave I=0  meson meson scattering

  n = ππ , KK

  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

π 

π π 

π π 

π 

π 

π 

+ 

π 

π 

 K

 K

 K

 K

Scattering matrix: 
 

     ππ → ππ, ππ →  
        → ππ,           
 
 

KK
KK KK KK→ 



•  Inputs : ππ → ππ,  
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

•  A large number of theoretical analyses Descotes-Genon et al’01, Kaminsky et al’01, 
Buettiker et al’03, Garcia-Martin et al’09, Colangelo et al.’11 and all agree 

•  3 inputs: δπ (s), δK(s), η from B. Moussallam           reconstruct T matrix 
Emilie Passemar 34 

Garcia-Martin et al’09 
Buettiker et al’03 

3.4  Inputs for the coupled channel analysis 

KK



 
•  General solution to Mushkhelishvili-Omnès problem: 
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Polynomial determined from a  
matching to ChPT + lattice 

Canonical solution falling as 1/s  
for large s (obey unsubtracted  
dispersion relations)  
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3.4  Dispersion relations 



 
•  Knowing the discontinuity of X(s)         write a dispersion relation for it 
 

•  Analyticity of the FFs: X(z) is 
–  real for z < sth 
–  has a branch cut for z > sth 

–  analytic for complex z 
 

•  Cauchy Theorem and Schwarz reflection principle: 
 

 
 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Emilie Passemar 36 

Canonical solution                      :   X (s) = C(s), D(s)

24ths mπ≡

   
X (s) = 1

π
dz X (z)

z − sC!∫

Re(z)

  Im(z)

 Λ
2

 C

= 1
2iπ

dz
disc F (z)⎡⎣ ⎤⎦
z − s − iεsth=4Mπ

2

Λ2

∫ + 1
2iπ

dz F (z)
z − sz =Λ2∫

  
X (s) = 1

π
dz

Im X (z)⎡⎣ ⎤⎦
z − s − iε

4 Mπ
2

∞

∫
Λ→ ∞ X(s) can be reconstructed  

everywhere from the  
knowledge of ImX(s) 
 



 
•  General solution to Mushkhelishvili-Omnès problem: 

 
 

•  Canonical solution found by solving the dispersive integral equations iteratively 
starting with Omnès functions 
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Polynomial determined from a  
matching to ChPT + lattice 

Canonical solution falling as 1/s  
for large s (obey unsubtracted  
dispersion relations)  
 

  X (s) = C(s), D(s)

37 

3.4  Dispersion relations 



 
•  Fix the polynomial with requiring                        + ChPT:  

•  Feynman-Hellmann theorem:  

 
 
•  At LO in ChPT:  
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3.5  Determination of the polynomial 

FP (s)→ 1 / s

Brodsky & Lepage’80 



 
•  Fix the polynomial with requiring                        + ChPT:  

•  Feynman-Hellmann theorem:  

 
 
•  At LO in ChPT:  
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3.5  Determination of the polynomial 

FP (s)→ 1 / s

Brodsky & Lepage’80 



•  At LO in ChPT:  
 

 
 

•  For the scalar FFs: 

 
 
 

•  Problem: large corrections in the case of the kaons! 
 Use lattice QCD to determine the SU(3) LECs  
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3.5  Determination of the polynomial 

Bernard, Descotes-Genon, Toucas’12 
Daub, Dreiner, Hanhart, Kubis, Meissner’13 



•  For θP enforcing the asymptotic constraint is not consistent with ChPT 
The unsubtracted DR is not saturated by the 2 states 

 

 Relax the constraints and match to ChPT 
 
 
 
 
 
 
 

             with  
  
      
•  At LO ChPT:   

•  Higher orders                
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3.5  Determination of the polynomial 

!f = df
ds

⎛
⎝⎜

⎞
⎠⎟ s=0

   
!θπ ,K = 1

Emilie Passemar 

!θK = 1.15 ± 0.1



 
 
 
 
 
 
 
 
 
 

 

 "σ "

0f

0f
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•  Uncertainties: 
 

-  Varying scut  (1.4 GeV2 -1.8 GeV2) 

-  Varying the matching conditions 

-  T matrix inputs 

0f
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 "σ "

0f

Only unc. from matching conditions here! 

See Talk by S. Ropertz  for precise 
determination for E >1 GeV     



2.4  Comparison with ChPT 

 
 
 

•  ChPT, EFT only valid at low energy for 
 

 It is not valid up to E = !  
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3.6  Results: Spectrum 

ρ 0f

Dominated by 
Ø  ρ(770) (photon mediated) 
Ø  f0(980)  (Higgs mediated) 

 

h
+h

Emilie Passemar 45 

Celis, Cirigliano, E.P.’14 



3.7  Results: Bounds 

Emilie Passemar 46 BaBar’10, Belle’10’11’13  except last from CLEO’97 

Bound: 

  
Yµτ

h 2
+ Yτµ

h 2
≤ 0.13

Celis, Cirigliano, E.P.’14 



 

•  Dispersive treatment of hadronic part          bound reduced by one order of 
magnitude!  

 
 

•  ChPT, EFT only valid at low energy for 
               not valid up to                     ! 
 

3.8  Impact of our results 

Emilie Passemar 
( )E m mτ µ= −

p << 4 ~ 1 GeVfππΛ =

47 

Celis, Cirigliano, E.P.’14 



4.   3-body τ-decays 
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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 
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4.1  τ → πππντ 
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•  τ → πππντ

�

•  3-body: form factors function of one variable q2=s            amplitude function  
of s and cosθ or t & u and Q2  
Structure functions WX  

 
      Hµ: restricted to axial vector current Aµ by G-parity  
 
•  Consider helicity amplitudes                                     simple partial wave expan.  

 

 
 
 
 
 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
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Kühn, Mirkes’92 

Basic definitions

More information encoded in structure functions WX (Kühn, Mirkes, 1992)

τ

ντ

W

π

M ∝ LµHµ, Hµ = ⟨πππ|Vµ − Aµ|0⟩

Hµ: restricted to axial vector current Aµ by G-parity

helicity amplitudes Aλ = ϵµ(λ)Hµ: simple partial wave expansion

ϵµ(λ): polarization vector of final state system with helicity λ = ±, 0, t

WX : linear combinations of Hλλ′

= AλA†
λ′
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τ
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Hµ: restricted to axial vector current Aµ by G-parity

helicity amplitudes Aλ = ϵµ(λ)Hµ: simple partial wave expansion

ϵµ(λ): polarization vector of final state system with helicity λ = ±, 0, t

WX : linear combinations of Hλλ′

= AλA†
λ′

Polarization vector of final state system with  
helicity    

Q2  
Basic definitions

More information encoded in structure functions WX (Kühn, Mirkes, 1992)

τ

ντ

W

π

M ∝ LµHµ, Hµ = ⟨πππ|Vµ − Aµ|0⟩

Hµ: restricted to axial vector current Aµ by G-parity

helicity amplitudes Aλ = ϵµ(λ)Hµ: simple partial wave expansion

ϵµ(λ): polarization vector of final state system with helicity λ = ±, 0, t

WX : linear combinations of Hλλ′

= AλA†
λ′

Lorenz, E.P. in progress 

  
s = p

π − + p
π1

+( )2

,
  
t = p

π1
+ + p

π 2
+( )2

,

  
u = p

π + + p
π +( )2

  s + t + u = Q2 + 3M
π ±
2

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 
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Tau2012 proceeding by K. Kiers 
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3.4  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 interactions 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, Little, Datta,  
London et al.,’08 
Mileo, Kiers and, Szynkman’14 
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•  τ → πππντ

�

•  3-body: form factors function of one variable q2=s            amplitude function  
of s and cosθ or t & u and Q2  
structure functions WX  

 
      Hµ: restricted to axial vector current Aµ by G-parity  
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Basic definitions

More information encoded in structure functions WX (Kühn, Mirkes, 1992)

τ

ντ

W

π

M ∝ LµHµ, Hµ = ⟨πππ|Vµ − Aµ|0⟩

Hµ: restricted to axial vector current Aµ by G-parity

helicity amplitudes Aλ = ϵµ(λ)Hµ: simple partial wave expansion

ϵµ(λ): polarization vector of final state system with helicity λ = ±, 0, t

WX : linear combinations of Hλλ′

= AλA†
λ′



What do we know at the amplitude level?

Aλ(s, t, u) analytic continuation of scattering amplitudes

Q2 = s + t + u − 3M2
π

Aµ

Aijmn
λ (s, t, u) ∝

∑

I

∑

l

√
2l + 1al

I,λ(s)d
l
λ0(θπ)P

ijmn
I

P
ijmn
I : isospin projection, θπ = 2-pion angle

Bose symmetry restricts I + l
!
= even

transverse amplitude: p- and d-wave dominating

4.2  Decomposition of the amplitude 

51 

 
•  Analytical continuation of the amplitude  

and decomposition 
�

                   

  

 

 
 
 
 
 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
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Lorenz, E.P. in progress 

What do we know at the amplitude level?

Aλ(s, t, u) analytic continuation of scattering amplitudes

Q2 = s + t + u − 3M2
π

Aµ

Aijmn
λ (s, t, u) ∝

∑

I

∑

l

√
2l + 1al

I,λ(s)d
l
λ0(θπ)P

ijmn
I

P
ijmn
I : isospin projection, θπ = 2-pion angle

Bose symmetry restricts I + l
!
= even

transverse amplitude: p- and d-wave dominating

Wigner function 

a1 properties in hadronic tau decays Ina Lorenz

two-by-two scattering element ⟨π(p1)π(p2)|π(−p3)Aµ(Qµ)⟩. For three body decays often denoted

as Dalitz plot invariants s1,s2 and s3, here we use

s = (p1 + p2)
2, t = (p2 + p3)

2, u = (p1 + p3)
2, Q2 = s+ t +u−3M2

π . (2.4)

The center-of-mass scattering angle in each channel, θs,θt and θu, respectively, are related to the
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where dΦ is the phase space element. Lµν and Hµν , can be combined to form 16 symmetric and
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defined via the polarization of the final state system. Consider the polarization vectors εµ(λ ) of the

three pions in their c.m. frame or the W boson in its rest frame, respectively. We can now define
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where the subscript denotes the helicity. The outgoing pions have the two possible physical states

|π0π0π±⟩ and |π+π−π±⟩, that can be related by their isospin structure and crossing symmetry. In

the following we will consider A
π0π0π±

λ (s, t,u)=̂A 3311
λ (s, t,u) and neglect isospin breaking.
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∑
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(
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where P
i jmn
I is the isospin projection operator. The relevant Wigner d-matrix is given by dl

10(θ) =

−sinθ/
√

l(l+1)P′
l (cos θ), where the prime denotes a derivative of the Legendre polynomial. The

above expansion results in partial waves aIl that contain no kinematical but only dynamical cuts.
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Il (s) in an iterative procedure suggested by Khuri and Treiman [5].
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In the following we always consider aIl = a+,Il . For each channel, we can write the discontinuity

as a sum of the unitarity cut in this channel and those from the crossed channel as a
le f t
Il

Disc aIl(s) = ρ(s)t∗l (s)
(

a
right
Il (s)+a

le f t
Il (s)

)

, (3.2)

where ρ(s) =
√

1−4M2
π/s and tl(s) is the partial wave of the two-pion system, well-known from

ππ scattering. This discontinuity enters the standard dispersion relation, e.g. unsubtracted,

a
right
Il (s) =

1

π

∫ ∞

s0

ds′
Disc a

right
Il (s′)

s′ − s
, s0 = 4M2

π . (3.3)

Expanding A 3311
+ (s, t,u) in the s-channel physical region, comparing to Eq. (3.1), multiplying both

sides with P′
l (zs) and integrating over zs = cosθs we can write

a
le f t
Il (s) ∝ ∑

I′,l′
(2l′+1)

∫ +1

−1
dzs(1− z2

s )P
′
l (zs)

(

P′
l′(zt)C

II′

st aI′l′(t(s,zs))+P′
l′(zu)C

II′

su aI′l′(u(s,zs))
)

,

(3.4)

where Cst/su are the standard crossing matrices, see e.g. Ref. [4]. To find a solution of this set of

equations, we parametrize the transverse partial wave amplitudes similiar to Ref. [6], as

aIl(s) = ΩIl(s)

(

n−1

∑
i

cis
i +

sn

π

∫ ∞

s0

ds′

s′n
ρ(s′)t∗l (s

′)

Ω∗
Il(s

′)

a
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Il (s′)

(s′ − s)

)

, ΩIl(s) = exp

(

s

π

∫ ∞

s0

ds′

s′
δIl(s′)

s′ − s

)

,

(3.5)

where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.

4. Preliminary results

Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.

4. Preliminary results

Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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where Cst/su are the standard crossing matrices, see e.g. Ref. [4]. To find a solution of this set of
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where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.

4. Preliminary results

Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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where ρ(s) =
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where Cst/su are the standard crossing matrices, see e.g. Ref. [4]. To find a solution of this set of

equations, we parametrize the transverse partial wave amplitudes similiar to Ref. [6], as
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where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.

4. Preliminary results

Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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Isospin projection 

Parametrization

G(s) =

∫ sin
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ds′

π

ImG

s′ − s
+
∑

i

cizi(s), Danilkin et al., JPAC (2015)

z(s) =

√
sin − s −√

sin√
sin − s +

√
sin

, sin : inelasticity threshold

Aµ

Redefine aIl,λ to contain only dynamical cuts

⇒ relate left- and righthand cuts iteratively:

aright(s) = Ω(s)

∫ ∞

s0

ds′ sin δ(s′)

πΩ(s′)

aleft(s′)

(s′ − s)

aleft(s) ∝
∫ +1

−1

d cos θπPl(cos θπ)
∑

I,l

...aright(s) inversion of partial wave expansion
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In the following we always consider aIl = a+,Il . For each channel, we can write the discontinuity

as a sum of the unitarity cut in this channel and those from the crossed channel as a
le f t
Il

Disc aIl(s) = ρ(s)t∗l (s)
(

a
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le f t
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)

, (3.2)

where ρ(s) =
√

1−4M2
π/s and tl(s) is the partial wave of the two-pion system, well-known from

ππ scattering. This discontinuity enters the standard dispersion relation, e.g. unsubtracted,

a
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Il (s) =

1
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ds′
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right
Il (s′)

s′ − s
, s0 = 4M2

π . (3.3)

Expanding A 3311
+ (s, t,u) in the s-channel physical region, comparing to Eq. (3.1), multiplying both

sides with P′
l (zs) and integrating over zs = cosθs we can write
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where Cst/su are the standard crossing matrices, see e.g. Ref. [4]. To find a solution of this set of

equations, we parametrize the transverse partial wave amplitudes similiar to Ref. [6], as

aIl(s) = ΩIl(s)

(

n−1

∑
i

cis
i +

sn

π

∫ ∞

s0

ds′

s′n
ρ(s′)t∗l (s

′)

Ω∗
Il(s

′)

a
le f t
Il (s′)

(s′ − s)

)

, ΩIl(s) = exp

(

s

π

∫ ∞

s0

ds′

s′
δIl(s′)

s′ − s

)

,

(3.5)

where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.

4. Preliminary results

Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.
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Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-
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CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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where the Omnès functions ΩIl(s) contain the unitary cut in s, and we use their parametrization

from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.

4. Preliminary results

Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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Parametrization

G(s) =
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cizi(s), Danilkin et al., JPAC (2015)
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√
sin − s −√

sin√
sin − s +

√
sin
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Aµ

Redefine aIl,λ to contain only dynamical cuts

⇒ relate left- and righthand cuts iteratively:
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•  Solution: 

•  With  

•  Solve by an iterative procedure  

  

 

 
 
 
 
 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
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from Ref. [7]. The term in brackets in Eq. (3.5) contains the cuts from the crossed channels and

corresponds to an n-times subtracted dispersion relation with the subtraction constants ci. In a

first step the left-hand cuts can be set to zero. However, three main restrictions of this approach

are relevant in our case. First, the framework relies on the assumption that two body interactions

dominate. This assumption is only justified at low energy, Q2 ≪ 1 GeV2. Second, the truncation

of Eq. (3.1) induces an uncertainty that has to be tested in practice. Third, a precise knowledge of

the individual waves decreases with increasing energy.
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Our calculation for the helicity amplitudes can directly be compared to the experimentally deter-

mined structure functions. All structure functions that are not compatible with zero according to

CLEO [8] can be related to WA(s, t,u) ∝ |A 3311
+ (s, t,u)|2 + |A 3311

− (s, t,u)|2 [1]. In Fig. 2 we show

the structure functions given by the CLEO collaboration in the corresponding bins and our fit result.

Here we ignore the left hand cuts which corresponds to the first iteration step in a Khuri Treiman

approach. For a complete analysis, see Ref. [9]. The dotted lines show the binning in Q2, the solid

line bars correspond to bins in s and t and the red dashed line to our preliminary fit. Changing

the variables by Eq. (2.4) and integrating WA(Q2,s, t) over s and t yields the integrated structure

functions wA,int(Q2) shown in Fig. 3. Here, a three body resonance-like structure occurs and can
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•  Analysis in progress : 
 

•  Relate the amplitude to the structure functions measured by CLEO  

 

 
 
 
 
 
 
 
 
 
 
•  Problem, low statistics: it would be great to have more measurements! 

 

 
  

 

 
 
 
 
 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
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Figure 2: Structure functions from CLEO [8].

be reproduced qualitatively by our parametrization based on two body interactions. Both figures

on structures functions show a better agreement with the data for lower bin numbers or lower Q2

values, respectively. For this kinematical region the Omnès functions are known with higher pre-

cision. For close to vanishing Q2 values the Khuri Treiman approach would be justified, as the

dominating two body interaction corresponds to first order contributions in chiral perturbation the-

ory. The CLEO measurement [8] found the contributions from an off-shell W to be compatible

Figure 3: Integrated structure functions from CLEO [8].

with zero. We thus approximate the decay rate by the transverse component [1]

dN

NdQ2

∣

∣

∣

∣

λ=1

∝

(

(M2
τ −Q2)

Q2

)2
(

1+2Q2/M2
τ

)

wA,int(Q
2). (4.1)

The comparison to the decay rates from CLEO and ALEPH is given in Fig. 4. Due to the very

coarse grained bins in s and t, we show the binning in Q2. Again, the fit does not contain a specific

parametrization of the three body resonance like a Breit Wigner, but merely two body interactions.

This might hint towards an interesting origin of the a1 meson, and/or towards the necessity for

4
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•  Analysis in progress 
 

•  Decay spectrum measured by ALEPH:  

 

 
 
 
 
 
 
 
 
 
 
•  It would be very good to have in addition the Dalitz plot distribution in Q2! 

 

 
  

 

 
 
 
 
 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
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Figure 4: Decay rate from a fit to CLEO structure functions, also compared to ALEPH [10].

more iterations in the partial wave procedure or to include also three body unitarity. As a feasibility

study, this work shows a good first description of the structure function and the tau decay rate.

Therefore for a future detailed analysis it would be desirable to obtain the Dalitz plot distributions

for a direct analysis, in particular from more precise measurements by Belle and BABAR. The full

Dalitz plot information will help to separate the different uncertainties, namely the knowledge of

the Omnès functions, the range of applicability of the approach and the truncation error.
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Conclusion and outlook 

•  Hadronic tau decays are very important          test of 
–   QCD  

–  EW effects: CPV in τ → Kπντ, Vus, Higgs LFV etc.  
 

•  We have looked at: 

–  2 body: FFs for CPV in τ → Kπντ and search for LFV in in τ → ππµ 

–  3 body effects in τ → πππντ  in progress 
 

•  Experimental activities: CLEO, Belle, BaBar, LHCb 

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

•  But we need more experimental measurements and accurate theoretical 
prediction until energies of mτ ~ 1.8 GeV 
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•  The angular CP asymmetry from Belle:  

•  When integrating on the angle the interference term between scalar and 
vector vanishes 

 
 
  
 

 
 

   

dΓ τ - → Kπ −ντ( )
d Q2 d cosθ  d cosβ

= A(Q2 ) − B(Q2 ) 3cos2ψ −1( ) 3cos2 β −1( )⎡⎣ ⎤⎦ f+ (s)
2

                                     + mτ
2 !f0(s)

2
−C(Q2 )cosψ cosβ Re f+ (s) !f0

*(s)( )
CP violating term 
S-P interference  

Phenomenology: Two hadron system 

Hadronic Current:                (Kp system will only arrow Jp=1- and 0+) 
 

Full differential cross section in Kprest frame. 

 
 
 

 
Integrated over angular distribution 
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•  We need a tensor interaction to get some interference:  

 
 

•  When integrating the interference term between vector and tenson does not 
vanish:  

 
 
  
 

 
 

How to understand BaBar’s rate asymmetry 

A recent paper discuss the possibility about the tensor interaction 
(H.Devi, L.Dhargyal,N. Sinha, PRD 90,013016(2014). 
Effective Hamiltonian of Tensor int. 
 
 
G’ is an imaginary coupling 
 
The Vector-Tensor interference term does not vanish after 
angular integration. 
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FIG. 3: Diagrammatic representation of the electromagnetic
dipole operator contributing to the neutron EDM produced
by inserting the (τ̄σµνRτ )(ūσµνRu) operator (left), and the
contribution to D–D̄ mixing originating from the double in-
sertion of the operator (τ̄σµνRτ )(c̄σµνRu) (right, the second
permutation is omitted).

involving the τ and the up quark only. The renormaliza-
tion group evolution [41] of this operator then produces
an up-quark EDM du(µ),

LD = −
i

2
du(µ)ūσ

µνγ5uFµν , (31)

via the diagram shown in Fig. 3. Solving the RG follow-
ing [42–44] we find

du(µ) =
emτ

v2
V 2
us

π2
Im cT (µ) log

Λ

µ

≃ 3.0× Im cT (µ) log
Λ

µ
× 10−21 e cm. (32)

Using the 90% C.L. bound dn = guT (µ)du(µ) < 2.9 ×
10−26 e cm [45] and the recent lattice result [46] guT (µ =
2GeV) = −0.233(28) we obtain (µτ = 2GeV)

|Im cT (µτ )| ≤
4.4× 10−5

log Λ
µτ

<∼ 10−5, (33)

where the last inequality holds for Λ >∼ 100GeV. This
bound is based on the assumption that there are no other
contributions to the neutron EDM canceling the effect of
cT . However, for values of Im cT (µτ ) ∼ 0.1 required to
explain the tau CP asymmetry, the cT contribution alone
would predict a neutron EDM four orders of magnitude
larger than the current bound, requiring an extraordinary
cancellation at the level of one part in 104.
Such a cancellation could in principle occur with op-

erators related to the flavor structure C3311 in (28),
since the neutron EDM is sensitive to the combination
VudIm c11T + VusIm c21T , where c21T = cT and c11T is defined
analogously to (30). However, yet another combination
appears in D–D̄ mixing, which is very sensitive to the
imaginary part of the Wilson coefficients (as for example
defined in [47])
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where we have neglected the effect of external momenta,
i.e. the mass of the charm quark. Using the global fit
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FIG. 4: Allowed regions in the Im c21T –Im c11T plane from the
neutron EDM and D–D̄ mixing (for φ = ±π/4 and Λ =
1TeV), compared to the favored region from the τ → KSπντ
CP asymmetry. The exclusion regions for φ = ±π/4 differ
due to the asymmetric form of the fit result in [48].

of [48] and assuming the phase of Vcdc11T + Vcsc21T to be
equal to φ = ±π/4,3 this leads to the situation depicted
in Fig. 4. Since (34) requires the insertion of two effective
operators, the leading contribution here is of dimension 8,
while in an ultraviolet complete model there is in general
already a dimension-6 contribution, making the bounds
from D–D̄ mixing even stronger than the one shown in
Fig. 4. To evade all bounds, one would therefore not
only have to cancel the cT contribution to the neutron
EDM at the level of 10−4, but also tune the combination
Vcdc11T + Vcsc21T close to purely imaginary to evade the
constraint from D–D̄ mixing.

CONCLUSIONS

In this article we examined non-standard contributions
to the CP asymmetry in τ → KSπντ . We find that at the
dimension 6 level only the tensor operator can lead to di-
rect CP violation, with negligible QED corrections from
the scalar operator. However, the effect of the tensor
operator is much smaller than previously estimated as a
consequence of Watson’s final-state-interaction theorem.
Therefore, a very large imaginary part of the Wilson co-
efficient of the tensor operator would be required in order
to account for the current tension between theory and ex-
periment. In fact, we find in a model-independent analy-
sis that this is in general in conflict with the bounds from
the neutron EDM and D–D̄ mixing, making a BSM ex-
planation (realized above the electroweak breaking scale)

3 In general, the constraint is diluted by
√

| tan φ| and therefore
disappears for φ = ±π/2.

In conflict with bounds from  
neutron EDM and DD mixing  

How to understand BaBar’s rate asymmetry 

A recent paper discuss the possibility about the tensor interaction 
(H.Devi, L.Dhargyal,N. Sinha, PRD 90,013016(2014). 
Effective Hamiltonian of Tensor int. 
 
 
G’ is an imaginary coupling 
 
The Vector-Tensor interference term does not vanish after 
angular integration. 
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by inserting the (τ̄σµνRτ )(ūσµνRu) operator (left), and the
contribution to D–D̄ mixing originating from the double in-
sertion of the operator (τ̄σµνRτ )(c̄σµνRu) (right, the second
permutation is omitted).

involving the τ and the up quark only. The renormaliza-
tion group evolution [41] of this operator then produces
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Using the 90% C.L. bound dn = guT (µ)du(µ) < 2.9 ×
10−26 e cm [45] and the recent lattice result [46] guT (µ =
2GeV) = −0.233(28) we obtain (µτ = 2GeV)
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<∼ 10−5, (33)

where the last inequality holds for Λ >∼ 100GeV. This
bound is based on the assumption that there are no other
contributions to the neutron EDM canceling the effect of
cT . However, for values of Im cT (µτ ) ∼ 0.1 required to
explain the tau CP asymmetry, the cT contribution alone
would predict a neutron EDM four orders of magnitude
larger than the current bound, requiring an extraordinary
cancellation at the level of one part in 104.
Such a cancellation could in principle occur with op-

erators related to the flavor structure C3311 in (28),
since the neutron EDM is sensitive to the combination
VudIm c11T + VusIm c21T , where c21T = cT and c11T is defined
analogously to (30). However, yet another combination
appears in D–D̄ mixing, which is very sensitive to the
imaginary part of the Wilson coefficients (as for example
defined in [47])
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where we have neglected the effect of external momenta,
i.e. the mass of the charm quark. Using the global fit
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of [48] and assuming the phase of Vcdc11T + Vcsc21T to be
equal to φ = ±π/4,3 this leads to the situation depicted
in Fig. 4. Since (34) requires the insertion of two effective
operators, the leading contribution here is of dimension 8,
while in an ultraviolet complete model there is in general
already a dimension-6 contribution, making the bounds
from D–D̄ mixing even stronger than the one shown in
Fig. 4. To evade all bounds, one would therefore not
only have to cancel the cT contribution to the neutron
EDM at the level of 10−4, but also tune the combination
Vcdc11T + Vcsc21T close to purely imaginary to evade the
constraint from D–D̄ mixing.

CONCLUSIONS

In this article we examined non-standard contributions
to the CP asymmetry in τ → KSπντ . We find that at the
dimension 6 level only the tensor operator can lead to di-
rect CP violation, with negligible QED corrections from
the scalar operator. However, the effect of the tensor
operator is much smaller than previously estimated as a
consequence of Watson’s final-state-interaction theorem.
Therefore, a very large imaginary part of the Wilson co-
efficient of the tensor operator would be required in order
to account for the current tension between theory and ex-
periment. In fact, we find in a model-independent analy-
sis that this is in general in conflict with the bounds from
the neutron EDM and D–D̄ mixing, making a BSM ex-
planation (realized above the electroweak breaking scale)

3 In general, the constraint is diluted by
√

| tan φ| and therefore
disappears for φ = ±π/2.
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involving the τ and the up quark only. The renormaliza-
tion group evolution [41] of this operator then produces
an up-quark EDM du(µ),

LD = −
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2GeV) = −0.233(28) we obtain (µτ = 2GeV)
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4.4× 10−5

log Λ
µτ
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where the last inequality holds for Λ >∼ 100GeV. This
bound is based on the assumption that there are no other
contributions to the neutron EDM canceling the effect of
cT . However, for values of Im cT (µτ ) ∼ 0.1 required to
explain the tau CP asymmetry, the cT contribution alone
would predict a neutron EDM four orders of magnitude
larger than the current bound, requiring an extraordinary
cancellation at the level of one part in 104.
Such a cancellation could in principle occur with op-

erators related to the flavor structure C3311 in (28),
since the neutron EDM is sensitive to the combination
VudIm c11T + VusIm c21T , where c21T = cT and c11T is defined
analogously to (30). However, yet another combination
appears in D–D̄ mixing, which is very sensitive to the
imaginary part of the Wilson coefficients (as for example
defined in [47])
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where we have neglected the effect of external momenta,
i.e. the mass of the charm quark. Using the global fit
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1TeV), compared to the favored region from the τ → KSπντ
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of [48] and assuming the phase of Vcdc11T + Vcsc21T to be
equal to φ = ±π/4,3 this leads to the situation depicted
in Fig. 4. Since (34) requires the insertion of two effective
operators, the leading contribution here is of dimension 8,
while in an ultraviolet complete model there is in general
already a dimension-6 contribution, making the bounds
from D–D̄ mixing even stronger than the one shown in
Fig. 4. To evade all bounds, one would therefore not
only have to cancel the cT contribution to the neutron
EDM at the level of 10−4, but also tune the combination
Vcdc11T + Vcsc21T close to purely imaginary to evade the
constraint from D–D̄ mixing.

CONCLUSIONS

In this article we examined non-standard contributions
to the CP asymmetry in τ → KSπντ . We find that at the
dimension 6 level only the tensor operator can lead to di-
rect CP violation, with negligible QED corrections from
the scalar operator. However, the effect of the tensor
operator is much smaller than previously estimated as a
consequence of Watson’s final-state-interaction theorem.
Therefore, a very large imaginary part of the Wilson co-
efficient of the tensor operator would be required in order
to account for the current tension between theory and ex-
periment. In fact, we find in a model-independent analy-
sis that this is in general in conflict with the bounds from
the neutron EDM and D–D̄ mixing, making a BSM ex-
planation (realized above the electroweak breaking scale)

3 In general, the constraint is diluted by
√

| tan φ| and therefore
disappears for φ = ±π/2.
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3.1  Application 1: Kπ  form factors and Vus 

•  Master formula for τ       Kπντ : 

 
 
 
 

 
 
 
 
 
 
 
 

Hadronic matrix element: Crossed channel from K → πlνl 

 
      
 
 
 
 
 

 
      Use a dispersive parametrization to combine with Kl3 analysis 
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•  Decay rate master formula 
 
 
 

     
 

      

 

 
 
 
 
 

Extraction of Vus 

  
f+ 0( )Vus = 0.2141 ± 0.0014IK

± 0.0021exp   Vus = 0.2216 ± 0.0027

  f+ 0( ) = 0.9661 32( )
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BR τ → K 0π −ντ( ) = 0.416 ± 0.008( )%

Belle’14 
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•  Decay rate master formula 
 
 
 

     
 

      

 

•  Result of fit to Kl3 + τ       Kπντ and Kπ scattering data including 
     inelasticities in the dispersive FFs  

 
 
 
 
 

Extraction of Vus 

  
f+ 0( )Vus = 0.2141 ± 0.0014IK
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  f+ 0( )Vus = 0.2163 ± 0.0014

FLAG’13 
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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	paPern	of	them	

	
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

68 

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	
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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



4.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary	table:	

 
 
 
 

•  The	no4on	of	“best	probe”	(process	with	largest	decay	rate)	is	model	dependent	
 
 

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

  

Discriminating power: τLFV matrix
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4.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary	table:	

 
	

•  In	addi4on	to	leptonic	and	radia4ve	decays,	hadronic	decays	are	very	important										
sensi4ve	to	large	number	of	operators!	

•  But	need	reliable	determina4ons	of	the	hadronic	part:		
form	factors	and	decay	constants	(e.g. fη, fη’)	

  

Discriminating power: τLFV matrix
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4.4  Model discriminating power of Tau processes 

•  Summary	table:	

 

•  Recent	progress	in	τ	→	μ(e)ππ		using	dispersive	techniques	
	
	

•  Hadronic	part:																																																																																												with	
 
 

•  Form	factors	determined	by	solving	2-channel	unitarity	condi4on,	with	I=0	s-wave	
ππ		and		KK	sca`ering	data	as	input		

 

Discriminating power: τLFV matrix

Celis,	Cirigliano,	E.P.’14	
Daub	et	al’13	

  
Hµ = ππ  Vµ − Aµ( )eiLQCD  0 = Lorentz  struct.( )µ

i
Fi s( )   

s = p
π + + p

π −( )2

Celis,	Cirigliano,	E.P.’14	

Form factors
•  Two channel unitarity condition (ππ, KK) (OK up to  √s ~ 1.4 GeV)

n  = ππ, KK

•  General solution:

Canonical solution falling as 1/s for large s 
(obey un-subtracted dispersion relation) 

Polynomials 
determined by 

matching to ChPT

•  Solved iteratively, using input on s-
wave I=0  meson meson scattering

  n = ππ , KK
Emilie Passemar 71 


