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Outline : 

1.  τ lepton as a laboratory to explore the Standard Model and possible 
extensions 

2.  Extraction of Vus from hadronic τ decays and test of the CKM 
unitarity 
 
 

3.  Lepton Flavour Violation 
 

4.  Conclusion and outlook 
 
NB: several very interesting topics not covered:  
lepton universality, CP violation, g-2, EDMs, neutrinos, etc… 
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1.   Introduction and Motivation 
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Particle physics

Central question of QFT-based particle physics

L =?

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

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

•  Where do we look?   Everywhere!                     search for New Physics with  
                broad search strategy given lack of            

                     clear indications on the SM-EFT 
                boundaries (both in energies and    
                effective couplings)  

 
 
 
 

  

 
 

 

 
 
 

 

 

1.1  Quest for New Physics 
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Key unique role of Tau physics 



 
 
 
 

  

 
 
 
 

 
•  Naive prediction:  

 
 
 

 

 

1.2  Tau decays 
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Key unique role of Tau physics 

1.77682(16) GeVmτ =
132.096(10) 10 sττ

−= ⋅and 

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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•  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:  

 
 

–  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

2 τµ

E 
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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:  

 
 

–  Kaon physics: 

–  Tau physics: 

 
 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
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ud usd V d V sθ = +

 
 
 

•  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… 

 
 

 
 

  

 
 
 

 

 

1.4  τ   lepton as a unique probe for understanding QCD 

Emilie Passemar 

PDG’14 

Improve our understanding of the  
SM and QCD at low energy 
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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,	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 

 

 
 
 

 

 

1.5  Experimental situation 

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 
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2.   Vus and CKM unitarity test 
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•  The CKM Mechanism source of Charge Parity Violation in SM 
 

•  Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 
eigenstates in Standard Model  

 
  
  

 
 

 

 

 

 
 

2.1  Probing the CKM mechanism 

Emilie Passemar 

University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

The CKM Mechanism

The CKM Mechanism source of ChargeParityViolation in SM
• Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model

• Fully parametrized by four parameters if unitarity holds: three real parameters 
and one complex phase that if non-zero results in CPV

• Unitarity can be visualized using triangle equations, e.g. 
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Weak Eigenstates Mass EigenstatesCKM Matrix

VCKMV †
CKM = 1 ! V ⇤

ubVud + V ⇤
cbVcd + V ⇤

tbVtd = 0

Overview 
of τ physics

Swagato 
Banerjee

The |Vus| element of CKM Matrix

10
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λ2 λ 

λ3 

λ3 λ2 

J.C.Hardy & I.S. Towner, PRC 91 (2015) 025501

Particle Data Group 2016

Precision measurement of |Vus| is a test of CKM unitarity

Vij: Mixing between Weak and Mass Eigenstates

• |Vud| = 0.97417 ± 0.00021 (from nuclear β decays) 

• |Vub| = (4.09 ± 0.39) x 10-3 (from B → Xu ℓ ν decays) 

 ⇒  |Vus|CKM = 0.22582 ± 0.00091
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2.2   Extraction of Vus 

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

Ø  Fundamental parameter of the Standard Model 
Check unitarity of the first row of the CKM matrix:  
       Cabibbo Universality 

 
 
 
Ø  Input in UT analysis 

 
•  Look for new physics 

Ø  In the Standard Model : W exchange          only V-A structure  

 
 
 

 

 

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

Negligible  
(B decays) 
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2.2   Extraction of Vus 

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

 
         BSM effects :  

 
Ø  Look for new physics by comparing the extraction of Vus from different 

processes: helicity suppressed Kµ2, helicity allowed Kl3, hadronic τ decays 

 
 
 

 

 

2 2 2 1ud us CKMubV V V + Δ+ + =

( )2~ vCKMΔ Λ

Emilie Passemar 

Standard Model New Physics 
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ud usd V d V sθ = +

•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 
 
 
 
 
 

•  From τ decays (crossed channel) 
 

 
 
 
 

  
 
 

 

 

2.2   Paths to Vud and Vus  

Vud  τ          ππντ τ               πντ τ             hNSντ 

Vus τ           Kπντ τ               Kντ 
τ              hSντ 
(inclusive) 

Vud 
 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      πlνl Λ      peνe  K       lνl   
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ud usd V d V sθ = +
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2.3   Vus from inclusive measurement 

•  Tau, the only lepton heavy enough to decay into hadrons 
	
	

•  																																																	 use perturbative tools: OPE… 
	
	

•  Inclusive τ decays :	            fund. SM parameters 
                                                                    	
	

•  We consider  

	
	
	
	

•  ALEPH and OPAL at LEP measured with  
precision not only the total BRs but also  
the energy distribution of the  
hadronic system         huge QCD activity! 

	
	
	

•  Observable studied: 
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( ),ud us ττ ν→   α S mτ( ) ,  Vus ,  ms( )

  mτ ~ 1.77GeV > ΛQCD

  Γ τ − →ντ + hadronsS=0( )

  Γ τ − →ντ + hadronsS≠0( )

(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 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )

ud usd V d V sθ = +

Davier	et	al’13 
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•                                               parton model prediction  

 
 
 

•     

•    
 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4  Theory 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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  Rτ = Rτ
NS + Rτ

S ≈ Vud

2
NC + Vus

2
NC

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 
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QCD switch 

(αS=0) 
€ 

Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

€ 

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

11 

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS  Vus

ud usd V d V sθ = +

Figure from  
M. González Alonso’13 
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•                                               parton model prediction  

 
 
 

•     
 
 
 
 
 

•   Experimentally: 
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€ 

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 

ud usd V d V sθ = +
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•                                               parton model prediction  

 
 
 

•     
 
 
 
 
 

•  Experimentally: 

	
•  Due	to	QCD	correcIons:	
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•  From the measurement of the spectral functions,  
extraction of αS, |Vus| 
  

•                                                naïve QCD prediction  

 
 
 

•  Extraction of the strong coupling constant :  

 
 
 
 
 

•  Determination of Vus :  
	
	
	
	

•  Main difficulty: compute the QCD corrections with the best accuracy 
	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4   Theory 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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  Rτ
NS = Vud

2
NC +O α S( )

measured calculated 

Sα

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS +O α S( )

ud usd V d V sθ = +
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•  Calcula-on	of	Rτ: 

	
	
	
	

•  Analy-city:	Π	is	analy-c	in	the	en-re	complex	plane	except	for	s	real	posi-ve	
	

																					Cauchy	Theorem	

	
	
	

•  We	are	now	at	sufficient	energy	to	use	OPE:	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.5   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:	separa-on	scale	between															
	short	and	long	distances	
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•  Calcula-on	of	Rτ: 

 
 
•  Electroweak	correc-ons:	

•  	Perturba-ve	part	(D=0):	
	
	
	
	
	

•  D=2:	quark	mass	correc-ons,	neglected	for																								but	not	for											
	

•  	D	≥	4:	Non	perturba-ve	part,	not	known,	fiPed	from	the	data	
													Use	of	weighted	distribu-ons	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

2.5   Calculation of the QCD corrections 
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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 ∝
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•  	D	≥	4:	Non	perturba-ve	part,	not	known,	fiPed	from	the	data	
													Use	of	weighted	distribu-ons	
	

Exploit	shape	of	the	spectral	func-ons		
to	obtain	addi-onal	experimental		
informa-on	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.5   Calculation of the QCD corrections 

Emilie Passemar 

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	
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2.5   Inclusive determination of  Vus 

 
•  With	QCD	on:		

 
 
 
 
 
 

•  Use OPE: 

 
 
 
 
 
 

•  	
												computed	using	OPE	
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2

Vud

2 =
Rτ

S

Rτ
NS +O α S( )

M. González-Alonso /23 
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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 = 0.0242(32) Gamiz	et	al’07,	Maltman’11		

  Rτ ,S = 0.1633(28)

  Rτ ,NS = 3.4718(84)

HFAG’17		
	

  Vud = 0.97417(21)

  Vus = 0.2186 ± 0.0019exp ± 0.0010th

3.1σ	away	from	unitarity!	 
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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 
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NB:	BRs	measured	by	B	factories	are	systema-cally		
smaller	than	previous	measurements	 25 



2.6   Vus using info on Kaon decays and τ      Kπντ 
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•  Longstanding inconsistencies  
between τ  and kaon decays  
in extraction of Vus  

            Recent studies  
 

R. Hudspith, R. Lewis, K. Maltman, 
J. Zanotti’17 
	

•  Crucial input:  
τ	→	Kπντ	Br + spectrum  
 
 
 

 need new data 
	

  Vus = 0.2229 ± 0.0022exp ± 0.0004theo
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Antonelli, Cirigliano, Lusiani, E.P. ‘13 

•  Longstanding inconsistencies  
between τ  and kaon decays  
in extraction of Vus 

         Recent studies  
	    R. Hudspith, R. Lewis, K. Maltman, 
     J. Zanotti’17 
	
•  Crucial input:  

τ	→	Kπντ	Br + spectrum  
 
 
 

               need new data 
	

  Vus = 0.2229 ± 0.0022exp ± 0.0004theo |us|V
0.22 0.225

, PDG 2016l3K
 0.0010±0.2237 

, PDG 2016l2K
 0.0007±0.2254 

CKM unitarity, PDG 2016
 0.0009±0.2258 

 s incl., Maltman 2017→ τ
 0.0004± 0.0022 ±0.2229 

 s incl., HFLAV 2016→ τ
 0.0021±0.2186 

, HFLAV 2016νπ → τ / ν K→ τ
 0.0018±0.2236 

 average, HFLAV 2016τ
 0.0015±0.2216 

HFLAV
Spring 2017

Figure 1: |V
us

| averages. The “Maltman 2017” |V
us

| determination [87] reports the experimental uncertainty followed
by the theoretical uncertainty.

5.3 |V
us

| from ⌧ summary

We summarize the |V
us

| results reporting the values, the discrepancy with respect to the |V
us

| determination from
CKM unitarity, and an illustration of the measurement method:

|V
us

|
uni

= 0.22582 ± 0.00089 [from
p

1 � |V
ud

|2 (CKM unitarity)] ,

|V
us

|⌧s

= 0.2186 ± 0.0021 � 3.1� [from �(⌧� ! X�
s

⌫⌧ )] ,

|V
us

|⌧K/⇡ = 0.2236 ± 0.0018 � 1.1� [from �(⌧� ! K�⌫⌧ )/�(⌧� ! ⇡�⌫⌧ )] .

Averaging the two above |V
us

| determinations that rely on the ⌧ branching fractions (taking into account all corre-
lations due to the ⌧ HFLAV and other mentioned inputs) we obtain, for |V

us

| and its discrepancy:

|V
us

|⌧ = 0.2216 ± 0.0015 � 2.4� [average of 2 |V
us

| ⌧ measurements] .

All |V
us

| determinations based on measured ⌧ branching fractions are lower than both the kaon and the CKM-unitarity
determinations. This is correlated with the fact that the direct measurements of the three major ⌧ branching fractions
to kaons [B(⌧ ! K�⌫⌧ ), B(⌧ ! K�⇡0⌫⌧ ) and B(⌧ ! ⇡�K

0

⌫⌧ )] are lower than their determinations from the
kaon branching fractions into final states with leptons within the SM [69, 88, 89]. In addition, according to recent
studies [90, 87], the theory uncertainty of the |V

us

| determination from inclusive ⌧ ! X
s

⌫ may be underestimated.
The same recent studies also report an alternative |V

us

| determination that relies on the ⌧ spectral functions in
addition to the inclusive ⌧ ! X

s

⌫ branching fraction. The resulting value of |V
us

| is consistent with the other
|V

us

| determinations (more precisely, it is about 1� lower); however the better agreement mostly depends on the
fact that the HFLAV average of B(⌧ ! K�⌫⌧ ) has been replaced with the SM prediction based on the measured
B(K� ! µ�⌫µ) and the HFLAV average of B(⌧ ! K�⇡0⌫⌧ ) has been replaced with a yet unpublished BABAR
result contained in a PhD thesis.

In previous editions of the HFLAV report, we also computed |V
us

| using the branching fraction B(⌧ ! K⌫) and
without taking the ratio with B(⌧ ! ⇡⌫). We do not report this additional determination because it did not include
the long-distance radiative corrections in addition to the short-distance contribution, and because it had a negligible
effect on the overall precision of the |V

us

| calculation with ⌧ data.

Figure 1 summarizes the |V
us

| results, reporting also recent determinations of |V
us

| from kaon decays [91], CKM
matrix unitarity [91] and the above mentioned determination of |V

us

| from inclusive ⌧ ! X
s

⌫ decays and ⌧ spectral
functions [87].
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Very good prospect from Belle II, BES? 27 



3.   Charged Lepton-Flavour Violation  



3.1  Tau LFV 

•  Lepton	Flavour	Number	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	

•  In	New	Physics	models:	seazible	effects	
Comparison	in	muonic	and	tauonic	channels	of	branching	ra-os,	
conversion	rates	and	spectra	is	model-diagnos-c	
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 µ → eγ

  
Br µ → eγ( ) = 3α

32π
U µi

*

i=2,3
∑ Uei

Δm1i
2

MW
2

2

< 10−54

  e, µ µ ,τ

  Br τ → µγ( ) < 10−40⎡⎣ ⎤⎦

Petcov’77, Marciano & Sanda’77, Lee & Shrock’77… 
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● ATLAS BaBar Belle CLEO LHCb

90% CL upper limits on τ LFV decays

3.2  Tau LFV 

•  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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● ATLAS BaBar Belle CLEO LHCb

90% CL upper limits on τ LFV decays

3.2  Tau LFV 

•  Several	processes:	
	
 

 
 

 
 
 
 
 

•  Expected	sensi-vity	10-9	or	beker	at	LHCb,	Belle	II?		

•   
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   τ → ℓγ ,  τ → ℓα ℓβℓ β ,  τ → ℓY
  P ,  S,  V ,  PP , ...

31 



Emilie Passemar 32 

Overview 
of τ physics

Swagato 
Banerjee

Evolution of LFV limits

30
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Belle II physics prospect – tau LFV 

I. Heredia 

MWPF2015


main background from  ee

ISR

  

reduce sensitivity by a factor ~7


very clean mode

reduce sensitivity by a factor of 50

B() B()

mSUGRA+seesaw 10
-7

10
-9

PRD 66(2002) 115013

SUSY+SO(10) 10
-8

10
-10

PRD 68(2003) 033012

SM+seesaw 10
-9

10
-10

PRD 66(2002) 034008

Non-Universal Z' 10
-9

10
-8

PLB 547(2002) 252

SUSY+Higgs 10
-10

10
-7

PLB 566(2003) 217

          possible reach by Belle II (50 ab
-1

)     <10
-9

      < 10
-10   

     →  good to test NP 

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

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

S. Banerjee’17 



   
 
 
 
 

 
•  Build	all	D>5	LFV	operators:	

		
	
Ø  Dipole:	

	
	
	
	
	
	

	
	
	
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

33 

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• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

τ
 !τ

µ !µe.g. 



   
 
 
 
 

 
•  Build	all	D>5	LFV	operators:	

		
Ø  Dipole:	
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•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

See	e.g.		
Black,	Han,	He,	Sher’02	
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Leff
D ⊃ −

CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ,V ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

Dominant in RPV SUSY and RPC 
SUSY for large tan(β) and low mA, 

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

τ

µ

  ϕ ≡ h0 , H 0 , A0

e.g.  Γ ≡ 1 

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

Dominant in RPV SUSY and RPC 
SUSY for large tan(β) and low mA , 

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

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

Type II seesaw,   LRSM,  leptoquarks 

(Axial-vector) qq

μ eτ µ

Γ ≡ γ µ

34 



   
 
 
 
 

 
•  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 

 
	
	
	

•   
 

3.3  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):	

	
	
	
	

•   
 

3.3  Effective Field Theory approach 
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Λ
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• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

Dominant in RPV SUSY and RPC 
SUSY for large tan(β) and low mA , 

leptoquarks 

q

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 

(Axial-vector) qq

μ e

τ
µ

µ
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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	

	
	
	

•   
 

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

Λ
O (5) +
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i
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3.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary	table:	

 
 
 
 

•  The	no-on	of	“best	probe”	(process	with	largest	decay	rate)	is	model	dependent	
 
 

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

  

Discriminating power: τLFV matrix

38 

Celis,	Cirigliano,	E.P.’14	



3.4  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary	table:	

 
	

•  In	addi-on	to	leptonic	and	radia-ve	decays,	hadronic	decays	are	very	important										
sensi-ve	to	large	number	of	operators!	

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

  

Discriminating power: τLFV matrix

39 
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3.4  Model discriminating power of Tau processes 

•  Summary	table:	

 
 
 
 

•  Form	factors	for	τ → µ(e)ππ	determined	using	dispersive	techniques	
•  Hadronic	part:		

	
	

•  2-channel	unitarity	condi-on	is	solved	with		
I=0	S-wave	ππ		and		KK	scakering	data	as	input		

Discriminating power: τLFV matrix

40 

Celis,	Cirigliano,	E.P.’14	

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

   Donoghue,	Gasser,	Leutwyler’90	
		 	 												Moussallam’99	

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

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

i
Fi s( )

  
s = p

π + + p
π −( )2

with	



3.5  Discriminating power of τ → µ(e)ππ  decays  

 

 
 
 

 

• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν
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• Dipole
Dominant in SUSY-GUT and 

SUSY see-saw scenarios

Rich structure at dim=6

τ
 !τ

µ !µ

Celis, Cirigliano, E.P.’14 
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• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
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• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS

Λ 2 mτ mqGFµPL,Rτ  qq
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• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

 

 
 
 

 

• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

Different distributions according  
to the operator! 

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS

Λ 2 mτ mqGFµPL,Rτ  qq

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν
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3.5  Discriminating power of τ → µ(e)ππ  decays  



3.6  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	perturba-ve	
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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3.6  Non standard LFV Higgs coupling 

 

•   
  
 

 

•  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	perturba-ve	
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-perturba-ve	QCD	

+ 



Constraints in the τµ sector 

•  At	low	energy		
Ø  τ → µππ : 

ρ 0f

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

	

+
hh
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Constraints in the τµ sector 

•  Constraints	from	LE:	
Ø  τ → µγ :		best	constraints		

but	loop	level	
									sensi-ve	to	UV		
	comple-on	of	the	theory	

Ø  τ → µππ :  tree	level		
diagrams	
									robust	handle	on	LFV	

•  Constraints	from	HE:	
LHC	wins	for τ µ! 

•  Opposite	situa-on	for		µe! 

•  For	LFV	Higgs	and		
nothing	else:	LHC	bound		

  BR τ → µγ( ) < 2.2 ×10−9

  BR τ → µππ( ) < 1.5 ×10−11

14 9 Summary

|   
τµ

|Y
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|  
 

µτ
|Y
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1  (8 TeV)-119.7 fbCMS

BR<0.1%

BR<1%

BR<10%

BR<50%

ττ→ATLAS H

observed

expected
τµ→H

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

Figure 6: Constraints on the flavour-violating Yukawa couplings, |Yµt| and |Ytµ|. The black
dashed lines are contours of B(H ! µt) for reference. The expected limit (red solid line)
with one sigma (green) and two sigma (yellow) bands, and observed limit (black solid line)
are derived from the limit on B(H ! µt) from the present analysis. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green). The
yellow line is the limit from a theoretical reinterpretation of an ATLAS H ! tt search [4]. The
light blue region indicates the additional parameter space excluded by our result. The purple
diagonal line is the theoretical naturalness limit YijYji  mimj/v2.

9 Summary
The first direct search for lepton-flavour-violating decays of a Higgs boson to a µ-t pair, based
on the full 8 TeV data set collected by CMS in 2012 is presented. It improves upon previously
published indirect limits [4, 26] by an order of magnitude. A slight excess of events with a
significance of 2.4 s is observed, corresponding to a p-value of 0.010. The best fit branching
fraction is B(H ! µt) = (0.84+0.39

�0.37)%. A constraint of B(H ! µt) < 1.51% at 95% confidence
level is set. The limit is used to constrain the Yukawa couplings,

p
|Yµt|2 + |Ytµ|2 < 3.6 ⇥ 10�3.

It improves the current bound by an order of magnitude.
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Figure 5: Constraints on the flavour violating Yukawa couplings, |Yµt| and |Ytµ|. The black
dashed lines are contours of B(H ! µt) for reference. The expected limit (red solid line) with
one standard deviation (green) and two standard deviation (yellow) bands, and observed limit
(black solid line) are derived from the limit on B(H ! µt) from the present analysis. The
shaded regions are derived constraints from null searches for t ! 3µ (dark green) and t ! µg
(lighter green). The light blue region indicates the additional parameter space excluded by our
result. The purple diagonal line is the theoretical naturalness limit YijYji  mimj/v2.

9 Conclusions
A direct search for lepton flavour violating decays of the Higgs boson in the H ! µt channel
is described. The data sample used in the search was collected in proton-proton collisions atp

s = 13 TeV with the CMS experiment at the LHC and corresponds to an integrated integrated
luminosity of 2.3 fb�1. No excess is observed. The best-fit branching fraction is B(H ! µt) =
�0.76+0.81

�0.84% and an upper limit of B(H ! µt) < 1.20% (1.62% expected) is set at 95% CL.

At
p

s = 8 TeV a small excess was observed, corresponding to 2.4s, with an analysis based on
an integrated luminosity of 19.7 fb�1 that yielded an expected 95% CL limit on the branching
fraction of 0.75%. More data are needed to make definitive conclusions on the origin of that
excess.
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4.   Conclusion and outlook 
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4.1  Conclusion 

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

•  Several interesting anomalies: LFU, Vus, Higgs LFV, CPV in τ → Kπντ, g-2 

•  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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4.2  Outlook 

Emilie Passemar 

•  45 billion 𝜏+𝜏− pairs in full dataset from 𝜎(𝜏+𝜏−)E=𝛶(4S)= 0.9 nb @Belle II 

 

•  B2TiP initiative: define the first set of measurements to be performed at Belle III 

 
 

•  Golden/Silver modes for the Tau, Low Multiplicity and EW working group 
 

 
  
  

 
 

 

 

 

 
 

Table 17: Belle II Golden/Silver observables for ⌧ physics and low multiplicity.

Pr
oce

ss

Ob
ser

vab
le

Th
eor

y
Sy
s. l

im
it (

Dis
cov

ery
) [a

b
�1 ]

vs
LH

Cb
/B

ES
III

vs
Be
lle

An
om

aly

NP• ⌧ ! µ� Br. ? ? ? - ? ? ? ? ? ? ? ? ? ?• ⌧ ! lll Br. ? ? ? - ? ? ? ? ? ? ? ? ? ?• ⌧ ! K⇡⌫ A

CP

? ? ? - ? ? ? ? ? ? ?? ??• e

+

e

� ! �A

0(!invisible) � ? ? ? - ? ? ? ? ? ? ? ? ? ?• e

+

e

� ! �A

0(! `

+

`

�) � ? ? ? - ? ? ? ? ? ? ? ? ? ?• ⇡ form factor g � 2 ?? - ? ? ? ?? ?? ? ? ?• ISR e

+

e

� ! ⇡⇡ g-2 g � 2 ?? - ? ? ? ? ? ? ?? ? ? ?

16/17

https://confluence.desy.de/display/BI/B2TiP+WebHome 

52 



5.   Back-up 
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3.1  Constraints from τ → µππ

•  Photon mediated contribution requires the pion 
vector form factor: 

 

 
 
  

54 

•  Contribution from dipole diagrams 
 

 
 
 

 
 

    
 
 
 

•  Diagram only there in the case of                          absent for 
        neutral mode more model independent    

τ µ π π− − + −→ 0 0τ µ π π− −→

Emilie Passemar 

2.5  Constraints from τ → µππ 

24 

  
Γ

τ→µπ +π − ∝ FV (s)
2

∫ Yτµ
2Yτµ	

Photon mediated contribution requires
 the pion vector form factor

Dispersive parametrization 
following the properties of analyticity

 and unitarity of the Form Factor

Determined from a fit to the
                         Belle data 

Belle Collaboration, Phys.Rev. D78, 072006 (2008)

AC, Cirigliano, Passemar (1309.3564)

Gasser, Meißner ´91
Guerrero, Pich ´97, 
Oller, Oset, Palomar ´01
Pich, Portolés ´08,
…

 
 
 
 
 
 
 
 
 
 
 

ρ(770) 

ρ’(1465) 
ρ’’(1700)  

•  Dispersive parametrization  
following the properties of  
analyticity and unitarity  
of the Form Factor 

Gasser, Meißner ́91  
Guerrero, Pich’97 
Oller, Oset, Palomar ́01 
Pich, Portolés  ́08 
Gómez Dumm&Roig’13 
... 

•  Determined from a fit  
to the Belle data on τ- → π-π0ντ 

Celis, Cirigliano, E.P.’14 



Determination of FV(s) 

•  Vector form factor 
 

Ø  Precisely known from experimental measurements 
 
 
 

 
Ø  Theoretically: Dispersive parametrization for FV(s) 

 
 
 
 
 
 

Ø  Subtraction polynomial + phase determined from a fit to the                        
Belle data  
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e e π π+ − + −→ and                          (isospin rotation) 0
ττ π π ν− −→

FV (s) = exp λV
' s
mπ
2 +
1
2
λV
'' − λV

'2( ) s
mπ
2

"

#
$$

%

&
''

2

+
s3

π
ds'
s'3

φV (s')
s'− s − iε( )4mπ

2

∞

∫
*

+

,
,

-

.

/
/

Extracted from a model including  
3 resonances ρ(770), ρ’(1465)   
and ρ’’(1700)  fitted to the data  

Emilie Passemar 

Guerrero, Pich’98,  Pich, Portolés’08 
  Gomez, Roig’13 

0
ττ π π ν− −→



Determination of FV(s)
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Determination of FV(s) thanks to precise measurements from Belle! 
 
 

 

ρ(770) 

ρ’(1465) 

ρ’’(1700)  
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•  Tree level Higgs exchange 
 
 

 
 
 
 

 
    
 
 
 

 
 

+

( )hqf ywith the form factors:  
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hh

3.1  Constraints from τ     µππ 
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3.1  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

Voloshin’85	



 
•  No experimental data for the other FFs          Coupled channel analysis  

up to √s ~1.4 GeV 
Inputs: I=0, S-wave ππ  and  KK data 

�

•  Unitarity: 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Determination of the form factors : Γπ(s), Δπ (s), θπ (s) 
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  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

π 

π π 

π π 

π 

π 

π 

+ 

π 

π 

 K

 K

 K

 K

  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

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

Daub et al’13 

58 



•  Inputs : ππ → ππ, KK  
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

•  A large number of theoretical analyses Descotes-Genon et al’01, Kaminsky et al’01, 
Buttiker 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 59 

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

Celis, Cirigliano, E.P.’14 

Determination of the form factors : Γπ(s), Δπ (s), θπ (s) 



 
•  General solution: 

 
•  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 

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

60 

3.4.4  Determination of the form factors : Γπ(s), Δπ (s), θπ (s) 



Determination of the polynomial 

•  General solution 

 
•  Fix the polynomial with requiring                                                    + ChPT:  

 
 

Feynman-Hellmann theorem:  

 
 
•  At LO in ChPT:  

61 

FP (s)→ 1 / s (Brodsky & Lepage)  



Determination of the polynomial 

•  General solution 

 
•  At LO in ChPT:  

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

62 

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



Determination of the polynomial 

•  General solution 

 
 
•  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 
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 "σ "

0f

0f
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•  Uncertainties: 
 

-  Varying scut  (1.4 GeV2 - 1.8 GeV2) 

-  Varying the matching conditions 

-  T matrix inputs 

0f

Emilie Passemar 65 

 "σ "

0f



2.4  Comparison with ChPT 

 
 
 

•  ChPT, EFT only valid at low energy for 
 

 It is not valid up to E = !  
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5.   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

5.1   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) 

5.1  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,	BES	III	or	Tau-Charm	factory	

•  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!		
 

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 

 
 

 
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

5.2  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,	LiPle,	DaPa,	London	et	al.,’08	
Mileo,	Kiers	and,	Szynkman’14	
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Emilie Passemar 71 Belle’08’11’12  except last from CLEO’97 

Bound: 

  
Yµτ

h 2
+ Yτµ

h 2
≤ 0.13



KEK-FF2014FALL, Oct 29 2014, TsukubaJ. Zupan   CP and flavor violation in Higgs…

• hadronic tau decays τ→"&+&-,τ→"&0&0
$

• sensitive to both Yτ","τ and 
 light quark yukawas Yu,d,s!

• Yu,d,s poorly bounded ~O(Yb)$
• for Yu,d,s at their SM values then  
 
 

• for Yu,d,s at their present upper bounds  
 
 

• Br(τ→"&+&-) below present exp. limit, if discovered  
 would (among other things) imply upper limit on Yu,d$

• similarly pseudoscalar Higgses can be bounded from τ→"&(η,η’), τ→e&(η,η’)$

• can saturate present experimental limits

τ→"##

13

reinterpreting Celis, Cirigliano, Passemar, 1309.3564;!
see also Petrov, Zhuridov, 1308.6561 !

Br(⌧ ! e⇡+⇡�) < 4.3⇥ 10�7, Br(⌧ ! e⇡0⇡0) < 2.1⇥ 10�7

Br(⌧ ! e⇡+⇡�) < 2.3⇥ 10�10, Br(⌧ ! e⇡0⇡0) < 6.9⇥ 10�11

Br(⌧ ! µ⇡+⇡�) < 1.6⇥ 10�11, Br(⌧ ! µ⇡0⇡0) < 4.6⇥ 10�12

Br(⌧ ! µ⇡+⇡�) < 3.0⇥ 10�8, Br(⌧ ! µ⇡0⇡0) < 1.5⇥ 10�8

•   τ → µ(e)ππ   sensitive to Yµτ   �
but also to Yu,d,s!

�

•  Yu,d,s   poorly bounded 
 
 

•  For Yu,d,s  at their SM values : 

 
 
 

•  But for Yu,d,s  at their upper bound: 
 
 
 
below present experimental limits! 

 
 

•  If discovered         among other things upper limit on Yu,d,s!   �
Interplay between high-energy and low-energy constraints! 

Talk by J. Zupan 
@ KEK-FF2014FALL 

KEK-FF2014FALL, Oct 29 2014, TsukubaJ. Zupan   CP and flavor violation in Higgs…

• hadronic tau decays τ→"&+&-,τ→"&0&0
$

• sensitive to both Yτ","τ and 
 light quark yukawas Yu,d,s!

• Yu,d,s poorly bounded ~O(Yb)$
• for Yu,d,s at their SM values then  
 
 

• for Yu,d,s at their present upper bounds  
 
 

• Br(τ→"&+&-) below present exp. limit, if discovered  
 would (among other things) imply upper limit on Yu,d$

• similarly pseudoscalar Higgses can be bounded from τ→"&(η,η’), τ→e&(η,η’)$

• can saturate present experimental limits

τ→"##

13

reinterpreting Celis, Cirigliano, Passemar, 1309.3564;!
see also Petrov, Zhuridov, 1308.6561 !

Br(⌧ ! e⇡+⇡�) < 4.3⇥ 10�7, Br(⌧ ! e⇡0⇡0) < 2.1⇥ 10�7

Br(⌧ ! e⇡+⇡�) < 2.3⇥ 10�10, Br(⌧ ! e⇡0⇡0) < 6.9⇥ 10�11

Br(⌧ ! µ⇡+⇡�) < 1.6⇥ 10�11, Br(⌧ ! µ⇡0⇡0) < 4.6⇥ 10�12

Br(⌧ ! µ⇡+⇡�) < 3.0⇥ 10�8, Br(⌧ ! µ⇡0⇡0) < 1.5⇥ 10�8
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3.5  What if τ → µ(e)ππ  observed? 
       Reinterpreting Celis, Cirigliano, E.P’14 
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•  With B-factories new measurements : 

 

3.6   Prospects : τ strange Brs 

•  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 ! 



3.6   Prospects : τ strange Brs 

•  PDG	2014:	«	Eigtheen	of	the	20	B-factory	branching	frac-on	measurements	are	
smaller	than	the	non-B-factory	values.	The	average	normalized	difference	between	
the	two	sets	of	measurements	is	-1.30	»	(-1.41	for	the	11	Belle	measurements	and	
-1.24	for	the	9	BaBar	measurements)			

       
 
•  Measured	modes	by	the	2	B	factories:	
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•  Observable	studied																																																			and	
 

 
•  Decomposi-on	as	a	func-on	of	observed	and	separated	final	states					      

 
 
 

 
 

 

 

2.2   Experimental situation  

Emilie Passemar 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )

  Rτ = Rτ ,V + Rτ , A + Rτ ,S

dR
ds

τ

75 

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 

R⌧ =

�(⌧� ! hadrons ⌫⌧ )

�(⌧� ! e�⌫̄e⌫⌧ )

= R⌧,V + R⌧,A + R⌧,S

=

1�Be �Bµ

Be

2 Tau 2014, Aachen, Sept. 15-19, 2014 

•  V: even number of π’s 
•  A: odd number of π’s 
•  S: odd number of K’s 

Experimentally, we measure for many tau decay modes 
            Normalization: Branching fractions (BRs) 
            Shape:             Invariant mass distributions (Spectral functions)  

The total hadronic tau decay width can be determined from leptonic BRs 

 branching fractions  mass spectrum     kinematic factor  Vector/Axial-vector 
spectral functions    

Zhang’Tau14	



•  Calcula-on	of	Rτ:	
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4   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 +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

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 



•  Calcula-on	of	Rτ: 

	
	
	

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

	
	
	

•  Trick:	use	the	analy-cal	proper-es	of	Π!	
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

2.4   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 +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

Non-PerturbaIve 

PerturbaIve 



•  Calcula-on	of	Rτ: 

	
	
	
	

•  Analy-city:	Π	is	analy-c	in	the	en-re	complex	plane	except	for	s	real	posi-ve	
	

																					Cauchy	Theorem	

	
	
	

•  We	are	now	at	sufficient	energy	to	use	OPE:	
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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:	separa-on	scale	between															
	short	and	long	distances	



•  Calcula-on	of	Rτ: 

 
 
•  Electroweak	correc-ons:	
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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	



•  Calcula-on	of	Rτ: 

 
 
•  Electroweak	correc-ons:	

•  	Perturba-ve	part	(D=0):		
	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4   Calculation of the QCD corrections 
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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

=



•  Calcula-on	of	Rτ: 

 
 
•  Electroweak	correc-ons:	

•  	Perturba-ve	part	(D=0):	
	
	
	
	
	

•  D=2:	quark	mass	correc-ons,	neglected	for																								but	not	for											
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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 ∝



•  Calcula-on	of	Rτ: 

 
 
•  Electroweak	correc-ons:	

•  	Perturba-ve	part	(D=0):	
	
	
	
	
	

•  D=2:	quark	mass	correc-ons,	neglected	for																								but	not	for											
	

•  	D	≥	4:	Non	perturba-ve	part,	not	known,	fiPed	from	the	data	
													Use	of	weighted	distribu-ons	
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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 ∝



•  	D	≥	4:	Non	perturba-ve	part,	not	known,	fiPed	from	the	data	
													Use	of	weighted	distribu-ons	
	

Exploit	shape	of	the	spectral	func-ons		
to	obtain	addi-onal	experimental		
informa-on	
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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	



•  Calcula-on	of	Rτ: 

 
 
•  Electroweak	correc-ons:	

•  	Perturba-ve	part	(D=0):	
	
	

•  D=2:	quark	mass	correc-ons,	neglected		
	
	

•  D	≥	4:	Non	perturba-ve	part,	not		
known,	fiPed	from	the	data	
Use	of	weighted	distribu-ons	

	
	
	
	
	

•  Small	unknown	NP	part																													very	precise	extrac-on	of	αS	!	
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Braaten,	Narison,	Pich’92	

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

1.0201(3)EWS =

  δ P ≈ 20%

  δ NP = −0.0064 ± 0.0013

Davier et al’14 

( )3% NP Pδ δ:



2.5   Results and determination of αS 

Emilie Passemar 

Pich’Tau14	

Reference Method GNP GP Ds(mW) Ds(m=) 
Baikov et al CIPT, FOPT 0.1998 (43) 0.332  (16) 0.1202  (19) 

Davier et al’14 CIPT, FOPT � 0.0064 (13) (15)  0.1199 (12)  0.332 ࡳ 
Beneke-Jamin BSR + FOPT � 0.007 (3) 0.2042 (50) 0.316  (06) 0.1180  (08) 

Maltman-Yavin PWM + CIPT � 0.012 (18) (16)  0.1187 (13)  0.321 ࡳ 

Menke CIPT, FOPT 0.2042 (50) 0.342  (11) 0.1213  (12) 

Narison CIPT, FOPT (10)  0.1192 (08)  0.324 ࡳ 

Caprini-Fischer BSR + CIPT 0.2037 (54) 0.322  (16) ࡳ 

Abbas et al IFOPT 0.2037 (54) 0.338 (10) 

&YHWLþ et al Eexp + CIPT 0.2040 (40) 0.341  (08) 0.1211  (10) 

Boito et al 
CIPT, DV � 0.002 (12) 

 ࡳ
0.347  (25) 0.1216  (27) 

FOPT, DV � 0.004 (12) 0.325  (18) 0.1191  (22) 

Pich’14 
CIPT 

��0.0064 (13) 0.2014 (31) 
0.342  (13) 0.1213  (14) 

FOPT 0.320  (14) 0.1187  (17) 

Pich’14 CIPT, FOPT ��0.0064 (13) 0.2014 (31) 0.332  (13) 0.1202 (15) 

Recent  Ds(mW)   Analyses  

CIPT:     Contour-improved perturbation theory  Eexp:      Expansion in derivatives of Ds  (E function) 
FOPT:    Fixed-order perturbation theory   PWM:  Pinched-weight moments 
BSR:      Borel summation of renormalon series  CIPTm:   Modified CIPT  (conformal mapping) 
IFOPT Improved FOPT     DV: Duality violation   (OPAL only) 

A. Pich                                                                                      Leptons & QCD                                                                                            11 
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PDG 2015
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S. Bethke, G. Dissertori, G. Salam

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  
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τ decays (N3LO)

1000

 (NLO
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)
(–)

See also: S. Alekhin et al., arXiv:1512.05194 [hep-ph]
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PDG 2015
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See also: S. Alekhin et al., arXiv:1512.05194 [hep-ph]

A. Pich Precision Physics with QCD 2

•  ExtracIon	of	αS		from	hadronic	τ		very	
interes-ng	:	Moderate	precision	at	
the	τ	mass												very	good	precision	
at	the	Z	mass	

•  Beau-ful	test	of	the	QCD	running	

Bethke,	Dissertori,	Salam,	PDG’15	



•  Several	delicate	points:	
–  How	to	compute	the	perturba-ve	part:	CIPT	vs.	FOPT?	
–  How	to	es-mate	the	non	perturba-ve	contribu-on?	Where	do	we	

truncate	the	expansion,	what	is	the	role	of	higher	order	condensates?	
–  Which	weights	should	we	use?		
–  What	about	duality	viola-ons?		

	
 A	MITP	topical	workshop	in	Mainz:	March	7-12,	2016	
	DeterminaIon	of	the	fundamental	parameters	of	QCD		
		

•  New	data	on	spectral	func-ons	needed	to	help	to	answer	some	of	these	
ques-ons	
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3.5  Model discriminating power of Tau processes 

•  Two handles:  

Ø  Branching ratios:                                with FM dominant LFV mode for  
 
model M 

 
 
 
Ø  Spectra for > 2 bodies in the final state: 

                                    and  
 
 

 
 

 

 
 
 

 

  
RF ,M ≡

Γ τ → F( )
Γ τ → FM( )

  
dR

π +π − ≡
1

Γ τ → µγ( )
dΓ τ → µπ +π −( )

d s 

dBR τ → µπ +π −( )
d s

88 Emilie Passemar 

Celis,	Cirigliano,	E.P.’14	



3.6  Model discriminating of BRs  
 
•  Studies	in	specific	models	

  Disentangle	the	underlying	dynamics	of	NP	

 
 
 

 

Buras	et	al.’10	

to the ranges given in Table 3 for the SM4 and the LHT model.

4.7 Patterns of Correlations and Comparison with the MSSM

and the LHT

In [4,55] a number of correlations have been identified that allow to distinguish the LHT

model from the MSSM. These results are recalled in Table 3. In the last column of this

table we also show the results obtained in the SM4. We observe:

• For most of the ratios considered here the values found in the SM4 are significantly

larger than in the LHT and by one to two orders of magnitude larger than in the

MSSM.

• In the case of µ ! e conversion the predictions of the SM4 and the LHT model

are very uncertain but finding said ratio to be of order one would favour the SM4

and the LHT model over the MSSM.

• Similarly, in the case of several ratios considered in this table, finding them to be

of order one will choose the SM4 as a clear winner in this competition.

ratio LHT MSSM (dipole) MSSM (Higgs) SM4

Br(µ�!e�e+e�)

Br(µ!e�)
0.02. . . 1 ⇠ 6 · 10�3 ⇠ 6 · 10�3 0.06 . . . 2.2

Br(⌧�!e�e+e�)

Br(⌧!e�)
0.04. . . 0.4 ⇠ 1 · 10�2 ⇠ 1 · 10�2 0.07 . . . 2.2

Br(⌧�!µ�µ+µ�
)

Br(⌧!µ�)
0.04. . . 0.4 ⇠ 2 · 10�3 0.06 . . . 0.1 0.06 . . . 2.2

Br(⌧�!e�µ+µ�
)

Br(⌧!e�)
0.04. . . 0.3 ⇠ 2 · 10�3 0.02 . . . 0.04 0.03 . . . 1.3

Br(⌧�!µ�e+e�)

Br(⌧!µ�)
0.04. . . 0.3 ⇠ 1 · 10�2 ⇠ 1 · 10�2 0.04 . . . 1.4

Br(⌧�!e�e+e�)

Br(⌧�!e�µ+µ�
)

0.8. . . 2 ⇠ 5 0.3. . . 0.5 1.5 . . . 2.3

Br(⌧�!µ�µ+µ�
)

Br(⌧�!µ�e+e�)

0.7. . . 1.6 ⇠ 0.2 5. . . 10 1.4 . . . 1.7

R(µTi!eTi)

Br(µ!e�)
10�3 . . . 102 ⇠ 5 · 10�3 0.08 . . . 0.15 10�12 . . . 26

Table 3: Comparison of various ratios of branching ratios in the LHT model [55], the

MSSM without [63, 64] and with significant Higgs contributions [65, 66] and the SM4

calculated here.
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3.7  Model discriminating of Spectra: τ → µππ 

 

 
 
 

 

• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

• Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS

Λ 2 mτ mqGFµPL,Rτ  qq
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Celis, Cirigliano, E.P.’14 • Two basic handles:  2)  Spectra in > 2 body decays 

Spin and isospin of the 
hadronic operator leave 
imprint in the spectrum

Celis-VC-Passemar 1403.5781    

Very	different	distribu-ons	according		
to	the	final	hadronic	state!	

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

NB:	See	also	Dalitz	plot	analyses		
for	τ	→	μμμ				 Dassinger	et	al.’07	



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

•   Key results at LHC after run I + beginning of run II  
–  The Higgs boson (last missing piece of the SM) has been found:  

         it looks very standard 
–  The Higgs boson is “light” (mh ~ 125 GeV → not the heaviest SM particle) 
–  No “mass-gap” above the SM spectrum (i.e. no unambiguous sign of NP 

up to ~ 1 TeV)  
 
 
 

•  Was this unexpected?  
Not really!           Consistent with (pre-LHC) indications coming from indirect 
NP searches (EWPO + flavour physcs) 

 

 
 
 

 

 

1.1  The triumph of the Standard Model 
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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 

 
 
 

 
 

 
 

 
 
 

 

 

1.2  Quest for New Physics 
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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 


