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Outline : 

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

2.  Leptonic Tau decays 
 
 

3.  Hadronic Tau decays 
 
 

4.  Lepton Flavour Violation 

5.  Taus at the LHC 
 
 

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

Central question of QFT-based particle physics

L =?

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

H

H
ig

g
s

3 générations

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

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

3 generations 



 

•  Where do we look?   Everywhere!  

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

Y. Grossman NP with flavor factories KEK, Oct. 28, 2014 p. 26

Key unique role of Tau physics 

Where is the tail? Y.	Grossman@KEKFF’14 



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

•  Tool to search for New Physics at colliders: 

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

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
 

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

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

 
 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
 
 

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

        αS, |Vus|, ms 

 

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

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

 
 

•  Tool to search for New Physics at colliders: 

Ex: h à τ τ, LFV in h à τ µ 
 

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

        αS, |Vus|, ms 

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

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

–  Inputs for the muon g-2 
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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 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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2.   Leptonic τ-decays 
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•  The leptonic decay width: 

 
 
 
 

 
 
 
 

•  Test of µ/e universality: 
 
 

 

2.1  Lepton Universality 
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Experimental inputs: 
 

                            Rates with well-determined  
              treatment of radiative decays 

•  Branching ratios 
•  Tau lifetimes 

  Γ τ l 3( )
Inputs from theory: 
 

                   Radiative corrections  
  
δ RC

Marciano’88 
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σ SM lepton universality, 1←

A.	Lusiani@FCCP’15 
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•  Test of µ/e universality: 

 
 
 

•  Tested at 0.14% from Tau leptonic Brs! (0.28% in Z decays)  
 

2.1  Lepton Universality 

16 Emilie Passemar 

K K

W W

eB

B B

W P W

W S S P

W P

W P

W Wo

o o

o o

o o

* *

* *

1.0011 0.0015

0.9962 0.0027

0.9858 0.0070

1.034 0.013

r

r

r

r

/g gW P

1.0018 0.0014

1.0021 0.0016

0.9978 0.0018

1.0010 0.0025

0.996 0.010

o

o

o

o

o

K K

K K

W W

e

e

e

e

e

B B
B B
B B
B B

B B

W P W

S P S

P

SP S

P

o o

o o

o o

o o

o o

/ eg gP

W W e

B
B B
W P P W

W

W Wo

o o

1.0029 0.0015

1.031 0.013

r

r

/ eg gW

Charged  Current  Universality 

A. Pich                                                                                            W  Physics                                                                                                  4 

K K

W W

eB

B B

W P W

W S S P

W P

W P

W Wo

o o

o o

o o

* *

* *

1.0011 0.0015

0.9962 0.0027

0.9858 0.0070

1.034 0.013

r

r

r

r

/g gW P

1.0018 0.0014

1.0021 0.0016

0.9978 0.0018

1.0010 0.0025

0.996 0.010

o

o

o

o

o

K K

K K

W W

e

e

e

e

e

B B
B B
B B
B B

B B

W P W

S P S

P

SP S

P

o o

o o

o o

o o

o o

/ eg gP

W W e

B
B B
W P P W

W

W Wo

o o

1.0029 0.0015

1.031 0.013

r

r

/ eg gW

Charged  Current  Universality 

A. Pich                                                                                            W  Physics                                                                                                  4 



•  Test of µ/e universality: 

 
 
 

•  Tested at 0.14% from Tau leptonic Brs! (0.28% in Z decays)  
•  What about the third family? 

2.1  Lepton Universality 
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•  What about the third family? 

 
 
•  Universality tested at 0.15% level and good agreement except for   

–  W decay old anomaly  
–  B decays  

 
 

2.1  Lepton Universality 
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A.	Pich@KEKFF’15 
based on HFAG’14	
 

       
 



Two	observables
Large Negligible

[HFAG’14]
Note: Yτ,μ ≫ Ye

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

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

μ μ
A,H,H±

τ

γ,Z,W

γ
A,H,H±

μ μμ,ν

γ

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

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

M.	Endo@b2Pp’15	

Barr-Zee contribution  
with A enhances muon g-2 



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

2.2  Lepton universality & NP 
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•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  
1.  LFU test in b → c charged currents: τ vs. light leptons (µ, e) : 

 
 
 
 
 
 
 

 
 

 
 

 
 

2.2  Lepton universality & NP 
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G. Isidori –  Kaon Physics: the next step                                          Kaon 2016, Birmingham, Sept 2016

Lepton Flavor Universality

A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics: 

I) LFU test in b → c charged currents: τ vs. light leptons (μ, e)

SM prediction quite solid: f.f. uncertainty cancel (to a good extent...) in the ratio 
Consistent results by 3 different exps. → 4σ excess over SM (combining D and D*)
D & D* channels are well consistent with a universal enhancement (~15%) of the 
SM bL → cL τL νL amplitude  (RH or scalar amplitudes disfavored)

 bL           cL

W

τL                 νL
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NP
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A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics: 

I) LFU test in b → c charged currents: τ vs. light leptons (μ, e)

SM prediction quite solid: f.f. uncertainty cancel (to a good extent...) in the ratio 
Consistent results by 3 different exps. → 4σ excess over SM (combining D and D*)
D & D* channels are well consistent with a universal enhancement (~15%) of the 
SM bL → cL τL νL amplitude  (RH or scalar amplitudes disfavored)
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W
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τL                 νL
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SM	predic*on	solid:	f.f.	uncertainty	
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Consistent	results	by	3	different	exps								4σ	excess	over	SM	(combining	D	and	D*)  
        New results from LHCb on Friday, see talk by Kristof	De	Bruyn		
 
  



•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  
1.  LFU test in b → c charged currents: τ vs. light leptons (µ, e) : 

2.  LFU test in b → s neutral currents: µ vs. e :  

 
 

•  This has triggered intense theoretical activities: 
D & D* channels are well consistent with a universal enhancement (~15%) of 
the SM bL → cL τL νL amplitude (RH or scalar amplitudes disfavored)  
 
Natural to conceive NP models where LFU is violated more in processes 
involving 3rd gen. quarks & leptons (↔ hierarchy in Yukawa coupl.)  

 
 

•  Angular distribution could help?          Belle II  
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2.6σ deviation from the SM 

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]

vs 

See talk by Dr.	Xinqiang	Li	



•  For constraints on the Lorentz structure: 
 

           Michel parameters   
 
Important activity in Belle         see talks by Denis	Epifanov, Nobuhiro	Shimizu		
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3.   Hadronic τ-decays 

Emilie Passemar 



3.1   Introduction 

•  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( )

26 

(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 
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )

ud usd V d V sθ = +

Davier	et	al’13 



  
•                                               parton model prediction  

 
 
 

•     

•    
 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

3.2  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

27 
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  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 



  
•                                               parton model prediction  

 
 
 

•     
 
 
 
 
 

•   Experimentally: 
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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 = +



  
•                                               parton model prediction  

 
 
 

•     
 
 
 
 
 

•  Experimentally: 

	
•  Due	to	QCD	correcPons:	
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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 
	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.2   Theory 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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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:	
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Braaten,	Narison,	Pich’92	( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
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EW
ds s sR m S s i s i
m m m

τ

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

∫
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2 ) = 6iπ SEW
ds
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2 1 − s
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⎛
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1 + 2 s
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⎛
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⎞

⎠⎟
Π 1( ) s( ) + Π 0( ) s( )⎡

⎣
⎢
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⎤

⎦
⎥
⎥s =mτ

2!∫
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1( ) ( , ) ( )
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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:	

•  	Perturba*ve	part	(D=0):	
	
	
	
	
	

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

•  	D	≥	4:	Non	perturba*ve	part,	not	known,	fi]ed	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,	fi]ed	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	



 
 
 
	
	
	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.4   Extraction of αS  
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See also: S. Alekhin et al., arXiv:1512.05194 [hep-ph]

A. Pich Precision Physics with QCD 2

PDG 2015

τ-d
e

ca
y

s
la

ttice
stru

c
tu

re
fu

n
c

tio
n

s
e

+
e

- a
n

n
ih

ila
tio

n

hadron 
collider

electroweak
precision fits

Baikov

ABM
BBG
JR

MMHT

NNPDF

Davier

Pich
Boito
SM review

HPQCD (Wilson loops)

HPQCD (c-c correlators)

Maltmann (Wilson loops)

JLQCD (Adler functions)

Dissertori (3j)

JADE (3j)

DW (T)

Abbate (T)

Gehrm. (T)

CMS 
  (tt cross section)

GFitter

Hoang 
  (C)

JADE(j&s)

OPAL(j&s)

ALEPH (jets&shapes)

PACS-CS (vac. pol. fctns.)

ETM (ghost-gluon vertex)

BBGPSV (static energy)

S. Bethke, G. Dissertori, G. Salam

QCD αs(Mz) = 0.1181 ± 0.0013

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

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τ decays (N3LO)

1000

 (NLO

pp –> tt (NNLO)

)
(–)

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

A. Pich Precision Physics with QCD 2

•  ExtracPon	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	
	DeterminaPon	of	the	fundamental	parameters	of	QCD		
	A	session	on	Tuesday	afernoon	

	
•  New	data	on	spectral	func*ons	needed	to	help	to	answer	some	of	these	

ques*ons	
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3.4   Inclusive determination of  Vus 

 
•  With	QCD	on:		

 
 
 
 
 
 

•  Use OPE: 

 
 
 
 
 
 

•  	
												computed	using	OPE	
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2 =
Rτ

S

Rτ
NS +O α S( )
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2
≈ 2.85 + 0.15
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Vud
2 ≈

Rτ
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2

The complication is here! 

QCD switch 

(αS≠0) 

[exp: ~3.628(9)] 
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Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

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

+ corr. 
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Rτ
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2
+O(α s)

€ 
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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 = 0.0239(30) Gamiz	et	al’07,	Maltman’11		

  Rτ ,S = 0.1615(28)

  Rτ ,NS = 3.4650(84)

HFAG’14		
	

0.97425(22)udV =

  Vus = 0.2176 ± 0.0019exp ± 0.0010th

3.4σ	away	from	unitarity!	 

36 



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’CKM14 

BaBar & Belle 
HFAG’14 
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NB:	BRs	measured	by	B	factories	are	systema*cally		
smaller	than	previous	measurements	



3.5   Vus using info on Kaon decays and τ      Kπντ 

38 

Use information from K decays 

Larger  R6 
 
 
 

Larger   Vus 

Antonelli-Cirigliano-Lusiani-Passemar 

(0.713 ± 0.003)% 
(0.471 ± 0.018)% 

(0.857 ± 0.030)% 
 
(2.967 ± 0.060)% 

A. Pich                                                                                            W  Physics                                                                                                  15 

Use information from K decays 

Larger  R6 
 
 
 

Larger   Vus 

Antonelli-Cirigliano-Lusiani-Passemar 

(0.713 ± 0.003)% 
(0.471 ± 0.018)% 

(0.857 ± 0.030)% 
 
(2.967 ± 0.060)% 
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Antonelli, Cirigliano, Lusiani, E.P. ‘13 

•  Longstanding	inconsistencies		
between	τ		and	kaon	decays		
in	extrac*on	of	Vus	seem	to	have		
been	resolved	!	

															See	talk	by	K. Maltman 
															See	also	talks	in	Vus	session	
	
•  Crucial	input:		

τ	→	Kπντ	Br	+	spectrum		
																need	new	data	
	



•  Invariant	mass	spectra:	constraints	on	FF	very	important	for	tes*ng	QCD	
dynamics	and	the	SM	and	new	physics:	

	
	
	
	
	
	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

τ à Kπντ 

Kπ  form	factors	:											Vus		

Emilie Passemar 

3.6   Exclusive Tau decays 

Jamin, Pich, Portolés’08 
 
 Bernard, Boito, E.P’11 
Bernard’13,  
Escribano, González-Solis, Jamin, Roig’14 

See	talk	by	S. González-Solis, 
    R. Escribano  

Boito, Escribano, Jamin’09,’10  



•  Invariant	mass	spectra:	constraints	on	FF	very	important	for	tes*ng	QCD	
dynamics	and	the	SM	and	new	physics:	
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3.6   Exclusive Tau decays 

•  3	body	tau	spectra	also	important:	e.g.	τ à πππντ,	τ à Kππντ	, τ à η(‘)ππντ																	
										in	this	case	Dalitz	plots	needed,	see	talk	by	Z. Was 

ππ  form	factors												g-2	of	the	muon,	LFV	hadronic	tau	decays,	proton	radius	etc	 ,QYDULDQW��0DVV��6SHFWUD�� 

Useful tests of QCD Dynamics 
Form Factors 

Non-perturbative parameters 
 

Resonance Chiral Theory  (RFT) 

W�o QW�S��S0 

Belle data 

Gómez Dumm - Roig 

W�o QW�S��KS Jamin-Pich-Portolés 

Belle data 

A. Pich                                                                                            W  Physics                                                                                                  16 

BaBar τ à ππντ e+e- à ππ 

Gómez Dumm – Roig’13 

e.g.: Gómez Dumm & Roig’12 
        Was et al. 

Cirigliano, Celis, E.P.’14 See	talks	on	Monday &	
					Tuesday 



4.   Charged Lepton-Flavour Violation  



4.1  Introduction and Motivation 

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

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

E.g.:		

•  Extremely	clean	probe	of	beyond	SM	physics	
	
 Emilie Passemar 42 

 µ → eγ

  
Br µ → eγ( ) = 3α

32π
U µi

*

i=2,3
∑ Uei

Δm1i
2

MW
2

2

< 10−54

 eµ

  Br τ → µγ( ) < 10−40⎡⎣ ⎤⎦

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



4.1  Introduction and Motivation 

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

 
 
 
 
 
 
 
 

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

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

� Topologies are similar to those of t hadronic decays

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

David Hitlin    1st Conference on CFLV - Lecce

3

May 8, 2013

Talk by D. Hitlin @ CLFV2013 



4.2  CLFV processes: tau decays 

•  Several	processes:	
	
 

 
 

 
 
 

•  48	LFV	modes	studied	at	Belle	and	BaBar	

•   
 

Emilie Passemar 

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

•  Several	processes:	
	
 

 
 

 
 
 

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

•   
 

Emilie Passemar 

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

45 

See talks on Thursday afternoon 



4.5  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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4.5  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	

+ 



4.6  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

48 Emilie Passemar 

Cirigliano, Celis, E.P.’14 



4.6  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
-410 -310 -210 -110 1

|  
 

µτ
|Y

-410
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-210

-110

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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Plot from Harnik, Kopp, Zupan’12  
updated by CMS’15 

τ → µππ 



4.7  Hint of New Physics in h → τ µ ? 

CMS’15 

B2TiP, KEK, Tsukuba, Oct 28 2015J. Zupan   Higgs and Lepton Flavor Violation

• hint of a signal in h→τ"?

• CMS: Br(h→τ")=(0.89±0.39)%

• ATLAS: Br(H→"τ)=(0.77±0.62)% 

11

h→τ" exp. info

CMS-HIG-14-005

ATLAS, 1508.03372 ATLAS’15 
  BR h →τµ( ) = 0.84−0.37

+0.39( )%   BR h →τµ( ) = 0.53 ± 0.51( )%@2.4σ @1σ 

  BR h →τµ( ) = −0.76−0.84
+0.81( )% 13 TeV@CMS M. Cepeda@Higgs Tasting’16 
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4.7  Hint of New Physics in h → τ µ ? 
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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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See	talks	on	Friday 



FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in

models with scalar leptoquarks (diagonal red and orange shaded band). See text for details.

G` ⌘ SU(3)L ⇥ SU(3)E 2 GF . In the SM (without neutrino masses), the charged lepton Yukawa

matrix � ⇠ (3, ¯3) is the only source of G` breaking. Consequently all lepton interactions are

flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.

8

4.8  Interplay between LHC & Low Energy 

Jefferson Lab, Mar 2 2015J. Zupan   Rare Higgs Decays

new physics 
interpretation

• if real, what type of NP?

• if h→τ! due to 1-loop correction

• extra charged particles necessary

• τ→!γ typically too large

• h→τ! possible to explain if extra scalar doublet

• 2HDM of type III

• slightly above Cheng-Sher naturalness 
criterion

19

τ

!

h

Dorsner et al, 1502.07784

Dorsner et al.’15 

Emilie Passemar 

•  If	real	what	type	of	NP?	

•  If	h	→	τ	μ		due	to	loop		
correc*ons:	
–  extra	charged	par*cles		

necessary	

–  τ	→	μγ		too	large	
 
 
 
 
 
 
 
 
 
 
 
 

 
•  h	→	τ	μ		possible	to	explain		

if	extra	scalar	doublet:								 
       2HDM	of	type	III	

•  Need	other	sources	of	EWSB:	2HDMs,	technicolour	models					Altmannshofer et al.’15	

•  Constraints	from	τ	→	μγ	important!		
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4.8  Interplay between LHC & Low Energy 

Emilie Passemar 

•  2HDMs	with	gauged	Lμ	–	Lτ		
								Z’,	explain	anomalies	for	
–  h → τ µ	

–  B  → K*µµ	

–  RK = B  → Kµµ / B  → Kee	

•  Constraints	from	τ  → 3µ  �
crucial									Belle	II,	LHC	

•  See	also,	e.g.:	
ArisPzabal-Sierra	&	Vicente’14,		
Lima	et	al’15,		
Omhura,	Senaha,	Tobe	’15	
Altmannshofer	et	al.’15	
Bauer	and	Neubert’16,	Buschmann	et	al.’16,	etc…	
											See	talk	by	P.	Roig	

	Altmannshofer	&	Straub’14,	Crivellin	et	al’15	
Crivellin,	D’Ambrosio,	Heeck.’15	

12
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FIG. 6: Allowed regions in the mZ0/g0–sin(✓R) plane for a =
1/3: the horizontal stripes correspond to h ! µ⌧ (1�) for
tan�23 = 70, 40 and cos(↵23 � �23) = 0.25, and (light) blue
stands for (future) ⌧ ! 3µ limits at 90% C.L. The gray regions
are excluded by the 2� range for Cµµ

9 (see Eq. (56)). In this
range, ATLAS limits constrain mZ0 & 2.5TeV (see Fig. 4).

which has to be compared to the current upper limit of
1.2⇥10�8 at 90% C.L. which is obtained from combining
data from Belle and BaBar [94]. This limit can most
likely be improved by an order of magnitude to 10�9 in
the future [95].

In the previous sections, we have seen that a resolution
of the B-meson anomalies – indicated through a non-zero
C9 (Eq. (56)) – requires mZ0/g0 to be in the TeV range
(Fig. 5). In Fig. 6 we show the exclusion limits from
⌧ ! 3µ together with the preferred region for h ! µ⌧
and the C9 constraints on mZ0/g0. The important part
is the upper limit on mZ0/g0 from C9. With a non-zero
value for ✓R required by h ! µ⌧ , we can then predict a
rate for ⌧ ! 3µ mediated by the Z 0. For this we express
mZ0/g0 in terms of C9 and ✓R in Br[h ! µ⌧ ] to arrive at

Br [⌧ ! 3µ] ' 4.6⇥ 10�5C
2
9 cos

2 �23 sin
2 �23

a2 cos2(↵23 � �23)
Br[h ! µ⌧ ] .

(88)

We remind the reader that the angles ↵23 and �23 do
not correspond to the 2HDM angles from Sec. II but to
those from Refs. [32, 33]. Using the 2� lower limits on
C9 (Eq. (56)) and h ! µ⌧ (Eq. (2)), as well as the LHC
constraint | cos(↵23 � �23)|  0.4 [74, 75], we can predict

Br [⌧ ! 3µ] & 9.3⇥ 10�9

✓
10

tan�23

◆2

, (89)

working in the large tan�23 limit and setting a = 1/3.
The current bound is then tan�23 & 9, while the future

reach goes above tan�23 ⇠ 30. Using the 1� limits for C9

and h ! µ⌧ gives a current (future) bound of 30 (104)
on tan�23. This is much stronger than the prediction
of Ref. [33] in a model with vector-like quarks, where
1� limits only implied a future reach up to tan� ⇠ 60
(using the updated value for h ! µ⌧ from Eq. (2)). The
3HDM with gauged horizontal U(1)0 charges studied here
is hence more tightly constrained than the 2HDM with
vector-like quarks [33].

Equation (89) is the main prediction of the simultane-
ous explanation of the B-meson anomalies in connection
with h ! µ⌧ . Note that in addition to the mZ0/g0 limits
from C9, ATLAS constrains mZ0 vs. g0 (Fig. 4). For the
parameters in Fig. 6, this imposes the additional bound
mZ0 & 2.5TeV (or g0 & 0.65), which puts the U(1)0 Lan-
dau pole below roughly 3⇥ 1012 GeV for a = 1/3.

V. CONCLUSIONS AND OUTLOOK

In this paper we proposed a model with multiple
scalar doublets and a horizontal U(1)0 gauge symmetry
in which all three LHC anomalies in the flavour sector
(B ! K⇤µ+µ�, R(K) and h ! µ⌧) can be explained
simultaneously. Compared to previous explanations, our
model does not require vector-like quarks charged un-
der the new gauge group. The spontaneously broken
anomaly-free U(1)0 gauge symmetry is generated by

Q0 = (Lµ � L⌧ )� a(B1 +B2 � 2B3) , a 2 Q , (90)

which leads to successful fermion-mixing patterns. In
particular, it generates a large (small) atmospheric (re-
actor) mixing angle in the lepton sector and explains the
almost decoupled third quark generation. The univer-
sal charges the quarks of the first two generations allow
for the generation of the Cabibbo angle without danger-
ously large e↵ects in Kaon mixing, and the neutralness of
electrons under the U(1)0 symmetry softens constraints
without fine-tuning.

The observed quark mixing of the CKM matrix re-
quires the U(1)0 to be broken with a second scalar doublet
with U(1)0 charge �a, which leads to flavour-violating
couplings of the Z 0 and of the scalars, giving simulta-
neously a natural explanation for the smallness of Vub

and Vcb. Scalar contributions to Bs–B̄s mixing typi-
cally require ↵ � � ' ⇡/2, which is, however, relaxed
for mA < mH . The anomalies in B ! K⇤µ+µ� and
R(K) can be explained with a TeV-scale Z 0 boson and
a < 1 while satisfying Bs–B̄s-mixing constraints and lim-
its from direct Z 0 searches at the LHC. Future LHC and
FCC (Future Circular Collider) searches are very inter-
esting for our model as they might strengthen the current
limits or lead to the discovery of the Z 0 boson.

Introducing a third scalar doublet, with U(1)0 charge
�2, gives rise to the decay h ! µ⌧ in complete analogy to
Refs. [32, 33]. Together with the large Z 0 e↵ect necessary
to resolve B ! K⇤µ+µ� and R(K), the decay h ! µ⌧
then allows us to predict a rate for ⌧ ! 3µ, depending
on tan� and cos(↵��), potentially measurable in future
experiments.
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5.   Taus at LHC 



W’s  @  LHC 
� Excellent signature to probe New Physics   
 Difficult to identify light objects (Z,Wr) with only Jets 
 QCD Jets orders of magnitude larger  
 Must rely on leptons 

� LHC produces high-momenta W’s   
 Tightly collimated decay products  (mini-jet like) 
 Momentum reconstruction possible 

� Low multiplicity.  Good tagging efficiency 

� Heaviest lepton coupling to the Higgs  (4th H Br) 

� Polarization information 

A. Pich                                                                                            W  Physics                                                                                                  22 

Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and
 j � 0. The measured results with their measured and expected uncertainties are reported for the combination of
ATLAS and CMS, together with the measured results with their uncertainties for each experiment. The uncertainties
are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
 j � 0 Measured Expected uncertainty Measured Measured
Z 1.00+0.10

�0.11
+0.10
�0.10 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.09 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.14
�0.13 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.14 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.23
�0.22 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2

+0.9
�1.0 0.0+1.4 0.5+1.4

�0.5
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Figure 18: Fit results for the combination of ATLAS and CMS in the case of the parameterisation with reduced
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Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and
 j � 0. The measured results with their measured and expected uncertainties are reported for the combination of
ATLAS and CMS, together with the measured results with their uncertainties for each experiment. The uncertainties
are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
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See	talks	on	Wednesday •  Tau: Largest Higgs-Lepton coupling: 
4th Higgs BR 

•  Excellent signature to probe NP:  
Difficult to identify light objects (Z,W±)  
with only Jets  
QCD Jets orders of magnitude larger 
         Must rely on leptons  
 

•  LHC produces high-momenta τ’s 
Tightly collimated decay products  
(mini-jet like)  
Momentum reconstruction possible  
 

•  Low multiplicity, Good tagging efficiency  

•  Polarization information  

	

	
	



6.   Conclusion and outlook 
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Conclusion and outlook 

•  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! 

    I hope Tau 2016 gives a chance to dicuss some of it 
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7.   Back-up 



Conclusion and outlook 

•  Leptonic	Universality	hints	

•  Hadronic	τ-decays	very	interes*ng	to	study	
–  Very	precise	determina*on	of	αS			

–  Extrac*on	of	Vus		
	

•  Charged	LFV	are	a	very	important	probe	of	new	physics	
	

•  Several	topics	extremely	interes*ng	to	study	that	I	did	not	address:	
–  Michel	parameters	
–  CPV	asymmetry	in	τ → Kπντ 	
–  EDM	and	g-2	of	the	tau		
–  Neutrino	physics	
 

•  A	lot	of	very	interesPng	physics	remains	to	be	done	in	the	tau	sector!		
	

									I	hope	Tau	2016	gives	a	chance	to	dicuss	some	of	it	
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5.   LFC processes: anomalous magnetic moment 
of the muon 



5.1  Introduction 

 
•  The gyromagnetic factor of the muon is modified by loop contribution 
 
•  We can also study ae with better experimental precision  

but if new physics heavy then more sensitivity in aµ �
�
�
�
�
�
�
�
aτ    even more sensitive but insufficient experimental  
accuracy 
 

•  But  ae  important if NP is light  
          Important constraints on NP scenarios  

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

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

γ 

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

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

aτ even more sensitive, but insufficient experimental accuracy 

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

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

γ 

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

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

aτ even more sensitive, but insufficient experimental accuracy 

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

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

γ 

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

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

aτ even more sensitive, but insufficient experimental accuracy 

Giudice, Paradisi, Passera’12 

Eidelman, Giacomini, Ignatov, Passera’07 
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5.2  Contribution to (g-2)µ	

46 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Loop contributions: 
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... or some unknown 
type of new physics ? 
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Hadronic 
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“Light-by-light 
scattering” 

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

Need to compute the SM prediction with high precision!           Not so easy!  
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5.3  Confronting measurement and prediction 

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

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

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 23!

…!or!…!

Let’s!agree!on!“about!3¾”!

Uncertainty!dominated!by!hadronic!vacuum!

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

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

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

energy!e+eA!scarering!to!hadronic!¿!decays!

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

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

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 23!

…!or!…!

Let’s!agree!on!“about!3¾”!

Uncertainty!dominated!by!hadronic!vacuum!

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

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

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

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

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

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

≡R(s)

 Im[                   ] ∝ |                 had |2 

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

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

Theoretical Prediction:  
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Loop contributions: 
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... or some unknown 
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“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 
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•  Hadronic contribution cannot be computed from first principles  
due to low-energy hadronic effects 

 
 

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

 
 
 
 
 

•  Leading order hadronic vacuum polarization : 

 
 
 

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

            ππ contribution extracted from data 

5.4  Towards a model independent determination of 
       HVP and LBL 

( ) 2

2 2
,

2 24

( ) ( )
3

had LO
Vm

m K sa ds R s
sπ

µ
µ

α
π

∞
= ∫

( )
( )( )V

e e hadrons
R s

e e

σ
σ µ µ

+ −

+ − + −

→
=

→
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Hadronic*Contribu2on*

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

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

≡R(s)

 Im[                   ] ∝ |                 had |2 

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

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 
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•  Huge 20-years effort by experimentalists and theorists to reduce error on 
lowest-order hadronic part  
Ø  Improved e+e– cross section data from Novisibirsk (Russia) 
Ø  More use of perturbative QCD 
Ø  Technique of “radiative return” allows to use data from Φ and B factories  
Ø  Isospin symmetry allows us to also use τ hadronic spectral functions  

 
 

 

 
 
 

                      

•  But still some progress  
need to be done 
Ø  Inconsistencies τ  vs. e+e-: 

Isospin corrections? 
Ø  Inconsistencies between  

ISR and direct data:  
Radiative corrections? 

Ø  Lattice Calculation? 
 

New data expected from  
VEPP, KLOE2, BES-III? 
         Belle II 

5.4  Towards a model independent determination of 
       HVP and LBL 

Dominant Region 
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use QCD 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)

Due to the strongly decaying integration 

kernel, 73% of dispersion integral stems 

from π+π� channel, which must be 

obtained from experiment  

Plot not fully up to date – for illustration only 
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•  For light-by-light scattering: until recently it was believed that  
dispersion relation approach not possible (4-point function) 
        only model dependent estimates 

•  But recent progress from Bern group: Colangelo, Hoferichter, Procura, Stoffer’14                
     Data driven estimate possible using dispersion relations! 

 

 

 
 

 

 
 
 
               

5.4  Towards a model independent determination of 
       HVP and LBL 
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Loop contributions: 
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“Light-by-light 
scattering” 

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

Exp. inputs for evaluation of aµ(had, l-by-l)

e+e− → e+e−π0 γπ → ππγπ → ππ

e+e− → π0γe+e− → π0γ ω,φ → ππγ e+e− → ππγ

ππ → ππ

Pion transition form factor

Fπ0γ∗γ∗

(

q2
1
, q2

2

)

Partial waves for

γ∗γ∗
→ ππ e+e− → e+e−ππ

Pion vector

form factor F π
V

Pion vector

form factor F π
V

e+e− → 3π pion polarizabilitiespion polarizabilities γπ → γπ

ω,φ → 3π ω,φ → π0γ∗ω,φ → π0γ∗

Fig. from G. Colangelo et al, arXiv:1408.2517

D. Nomura (YITP) g − 2: Theory Oct 30, 2014 20 / 21

Slide by M. Vanderhaeghen, talk at “Lepton Moments 2014”, July 2014
D. Nomura (YITP) g − 2: Theory Oct 30, 2014 19 / 21
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5.   CPV in tau decays 

Emilie Passemar 



 
 
 

•    

 
 
 

•  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) % 
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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

( ) ( )
( ) ( )

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,	Li]le,	Da]a,	London	et	al.,’08	
Mileo,	Kiers	and,	Szynkman’14	
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Alberto Lusiani – Pisa Tau Decay Measurements Elaborations of tau results

Lepton universality - HFAG 2016 prelim.

Standard Model for leptons �, ⇢ = e, µ, ⌧ (Marciano 1988)
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gµ

◆
=

s
B⌧e

Bµe

⌧µm5

µfµe rµW rµ�
⌧⌧m5

⌧ f⌧e r⌧W r⌧�
= 1.0012 ± 0.0015 =

s
B⌧e

BSM

⌧e
✓

g⌧

ge

◆
=

s
B⌧µ

Bµe

⌧µm5

µfµe rµW rµ�
⌧⌧m5

⌧ f⌧µr⌧W r⌧�
= 1.0030 ± 0.0014 =

s
B⌧µ

BSM

⌧µ

✓
gµ

ge

◆
=

s
B⌧µ

B⌧e

f⌧e

f⌧µ
= 1.0019 ± 0.0014

• precision: 0.20�0.23% pre-B-Factories ) 0.14�0.15% today
thanks essentially to the Belle tau lifetime measurement, PRL 112 (2014) 031801

•
r

⌧
� = 1 � 43.2 · 10�4 and r

µ
� = 1 � 42.4 · 10�4 (Marciano 1988), M

W

from PDG 2013
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Alberto Lusiani – Pisa Tau Decay Measurements Elaborations of tau results

Universality improved B(⌧ ! e⌫⌫̄) and Rhad - HFAG 2016 prelim.

Universality improved B(⌧ ! e⌫⌫̄)

• (M. Davier, 2005): assume SM lepton universality to improve B
e

= B(⌧ ! e⌫̄
e

⌫⌧ )
fit B

e

using three determinations:
I B

e

= B
e

I B
e

= Bµ · f (m2

e

/m2

⌧ )/f (m
2

µ/m
2

⌧ )
I B

e

= B(µ ! e⌫̄
e

⌫µ) · (⌧⌧/⌧µ) · (m⌧/mµ)5 · f (m2

e

/m2

⌧ )/f (m
2

e

/m2

µ) · (�⌧��⌧
W

)/(�µ� �
µ
W

)
[above we have: B(µ ! e⌫̄

e

⌫µ) = 1]
• Buniv

e = (17.818 ± 0.022)% HFAG-PDG 2016 prelim. fit

R
had

= �(⌧ ! hadrons)/�
univ

(⌧ ! e⌫⌫̄)

• R
had

=
�(⌧ ! hadrons)
�

univ

(⌧ ! e⌫⌫̄)
=

B
hadrons

Buniv

e

=
1 � Buniv

e

� f (m2

µ/m
2

⌧ )/f (m
2

e

/m2

⌧ ) ·Buniv

e

Buniv

e

I two different determinations, second one not “contaminated” by hadronic BFs
• R

had

= 3.6359 ± 0.0074 HFAG-PDG 2016 prelim. fit

• R
had

(leptonic BFs only) = 3.6397 ± 0.0070 HFAG-PDG 2016 prelim. fit
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Alberto Lusiani – Pisa Tau Decay Measurements

Tau mass

]2 [MeV/cτm
1776 1776.5 1777 1777.5 1778

PDG 2015 average
 0.12±1776.86 

BES 2014

 0.13−
 0.10+ 0.12 ±1776.91 

BaBar 2009
 0.41± 0.12 ±1776.68 

KEDR  2007
 0.15±  0.23−

 0.25+1776.81 
Belle 2007

 0.35± 0.13 ±1776.61 
OPAL  2000

 1.00± 1.60 ±1775.10 
CLEO  1997

 1.20± 0.80 ±1778.20 
BES   1996

 0.17−
 0.25+  0.21−

 0.18+1776.96 
ARGUS 1992

 1.40± 2.40 ±1776.30 
DELCO 1978

 4.00−
 3.00+1783.00 

PDG 2015

• most precise measurements by
e+e� colliders at ⌧+⌧� threshold
I few events but very significant
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Alberto Lusiani – Pisa Tau Decay Measurements

Tau lifetime

 s]-15  [x 10ττ
285 290 295

HFAG Summer 2014
  0.52±290.29 

PDG 2014 average
  0.50±290.30 

Belle 2013
  0.33±  0.53 ±290.17 

Delphi 2004
  1.00±  1.40 ±290.90 

L3 2000
  1.50±  2.00 ±293.20 

ALEPH 1997
  1.10±  1.50 ±290.10 

OPAL 1996
  1.20±  1.70 ±289.20 

CLEO 1996
  4.00±  2.80 ±289.00 

HFAG-Tau
Summer 2014

• LEP experiments, many methods
I impact parameter sum (IPS)
I momentum dependent impact

parameter sum (MIPS
I 3D impact parameter sum (3DIP)
I impact parameter difference (IPD)
I decay length (DL)

• Belle
I 3-prong vs. 3-prong decay length
I largest syst. error: alignment
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Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 8 Tau 2014, Aachen, Sept. 15-19, 2014 

-  Baikov, Chetyrkin, Köhn,  
   PRL 101 (2008) 012002, [0801.1821] 
-  Beneke, Jamin, JHEP 0809 (2008) 044, 
   [0806.3156] 
-  Maltman, Yavin, PRD78 (2008) 094020,   
   [0807.0650] 
-  Menke, 0904.1796 
-  Caprini, Fischer, EPJC64 (2009) 35, 
   [0906.5211] 
-  Magradze, Few Body Syst. 48 (2010) 
   143, Erratum-ibid. 53 (2012) 365,  
   [1005.2674] 

-  Cvetic, Loewe, Martinez, Valenzuela, 
   PRD82 (2010) 093007, [1005.4444] 
-  Caprini, Fischer, Rom.J.Phys. 55 (2010) 
   527, [1012.1132] 
-  Boito et al., PRD84 (2011) 113006, 
   [1110.1127]; PRD85 (2012) 093015,  
   [1203.3146] 

-  Beneke, Boito, Jamin, JHEP 1301 
   (2013) 125, [1210.8038] 

* 

* experimental uncertainty when  
   available is shown as inner error bar 

0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
_s

ALEPH 1993
CLEO 1995
ALEPH 1998
OPAL 1999
ALEPH 2005
BCK 2008
DDHMZ 2008
BJ 2008
MY 2008
Menke 2009
CF 2009
Magradze 2010
CLMV 2010
CF 2010
Boito et al. 2011
Boito et al. 2012
DHMZ/ALEPH 2013

CIPT
CIPT

CIPT+FOPT
CIPT

CIPT+FOPT
CIPT+FOPT

CIPT
BSR+FOPT
PWM+CIPT

CIPT+RCPT
BSR+CIPT

APT
mCIPT

BSR+CIPT
FOPT, DVCIPT, DV
FOPT, DVCIPT, DV

CIPT+FOPT



•    

 
 

•  Perturbative part (mq=0) 
 

  

2.4   Operator Product Expansion 
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Braaten, Narison, Pich’92 
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                                The dominant corrections come from the contour integration 
 Large running of !S along the circle                ,   

 
  
 
 
 
 
 
 
 
 
 
 
 

     

CIPT vs. FOPT 
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LeDiberder & Pich’’92 
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CIPT              FOPT 

n 1 2 3 4 5 

Kn 1 1.6398 6.3710 49.0757 

gn 0 3.5625 19.9949 78.0029 307.78 

rn 1 5.2023 26.3659 127.079 

The dominant 
corrections come from 
the contour integration 

Le Diberder- Pich 1992 

Large  running  of  as  along  the  circle   s = mW
2  e 

i
 

M   ,      M �  [0 , 2S] 

Perturbative Uncertainty on Ds(mW) 
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•  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: 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

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

Emilie Passemar 

  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 

80 



•  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 81 

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

Celis, Cirigliano, E.P.’14 

3.4.4  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 
 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Emilie Passemar 

Polynomial determined from a  
matching to ChPT + lattice 

Canonical solution 

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

82 

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:  

83 

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  

84 

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 

  

85 



 
 
 
 
 
 
 
 
 
 

 

 "σ "

0f

0f

Dispersion relations: 
Model-independent method,  
based on first principles  
that extrapolates ChPT  
based on data 

Emilie Passemar 86 



2.4  Comparison with ChPT 

 
 
 

•  ChPT, EFT only valid at low energy for 
 

 It is not valid up to E = !  
 

Emilie Passemar Emilie Passemar 87 



3.4.3  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  
 

88 

e e π π+ − + −→ and                          (isospin rotation) 0
ττ π π ν− −→

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

'2( ) s
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2

"

#
$$

%

&
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2

+
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π
ds'
s'3

φV (s')
s'− s − iε( )4mπ
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∫
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+

,
,

-
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/
/

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− −→



3.4.3  Determination of FV(s)	

Emilie Passemar 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 

ρ(770) 

ρ’(1465) 

ρ’’(1700)  

89 



3.5  Results 

Emilie Passemar 90 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

Emilie Passemar 

3.5  What if τ → µ(e)ππ  observed? 
       Reinterpreting Celis, Cirigliano, E.P’14 

91 

hh



•  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:	

	
 
 
 
 
 
 
 
 
 

 
 
 

Emilie Passemar 



•  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

94 

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	



•  A renewed interest in possible violations of LFU has been triggered by two 
very different sets of observations in B physics:  
1.  LFU test in b → s neutral currents: µ vs. e :  

  
 

 
 

 
 

2.2  Lepton universality & NP 

95 Emilie Passemar 

2.6σ deviation from the SM 

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]

vs 

 0 | Motivation

Is New Physics lurking in semi-leptonic B-decays?

[Bobeth, Hiller, Piranishvili (07)]

RSM
K = 1.003± 0.0001

vs.

RK =
Br[B+ ! K+µ+µ�][1,6]
Br[B+ ! K+e+e�][1,6]

= 0.745 · (1± 13%) [LHCb (14)]

3 a 2.6σ signal of Lepton Flavour Universality Violation (LFUV) in  
                 decaysB ! K`+`�

[Figure from De Cian (14)]



•  Calcula*on	of	Rτ:	
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4   Calculation of the QCD corrections 

Emilie Passemar 96 

Braaten,	Narison,	Pich’92	
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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-perturbaPve	region:		
we	do	not	know	how	to	compute!	

	
	
	

•  Trick:	use	the	analy*cal	proper*es	of	Π!	
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( ) ( ) ( ) ( )
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-PerturbaPve 

PerturbaPve 



•  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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( ) ( )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):		
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( ) ( )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,	fi]ed	from	the	data	
													Use	of	weighted	distribu*ons	
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( ) ( )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,	fi]ed	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,	fi]ed	from	the	data	
Use	of	weighted	distribu*ons	

	
	
	
	
	

•  Small	unknown	NP	part																													very	precise	extrac*on	of	αS	!	
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( ) ( )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 
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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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•    

 
 
 

•  Impressive	test	of	the	running	of	αS! 
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  α S mτ
2( ) = 0.332 ± 0.013

  α S MZ
2( ) = 0.1202 ± 0.0015

to	be	compared	to	

( )2

 width
0.1197 0.0028S Z Z

Mα = ±

Pich’Tau14	
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9. Quantum chromodynamics 33

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)
(–)

Figure 9.4: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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2.5   Results and determination of αS 

 
 
 
 
 
 
 
 
 
 

 
•  ExtracPon	of	αS		from	hadronic	τ		

decays	very	compePPve!		
	
	

•  If	new	data	room	for	improvement!		
–  Study	of	duality	viola*on	effects	
–  Improve	precision	on	non-	

perturba*ve	determina*on	:		
higher	order	condensates,	etc	

–  New	physics?		
  

 
 
 

•  The most precise test of asymptotic freedom!  
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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
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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.

20
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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

110 

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	



   
 
 
 
 

 
•  Build	all	D>5	LFV	operators:	

		
Ø  Dipole:	

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

	
	

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

	

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

	
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

111 

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

Leff
D ⊃ −

CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

    
Leff

 4ℓ ⊃ −
CS ,V

4ℓ

Λ 2 µ  ΓPL,Rτ  µ  ΓPL,Rµ

 Γ ≡ 1 ,γ µ



4.4  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	relaPve	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	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
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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	condi*on,	with	I=0	s-wave	
ππ		and		KK	scauering	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
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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 114 


