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1.  Introduc+on	and	Mo+va+on	

2.  Hadronic	τ-decays	

3.  LFV	tau	decays		
 
4.  Conclusion	and	outlook	

NB:	several	topics	not	covered:	Lepton	Universality,	
	 	 	 										CP	viola+on	in	tau	decays,									
																																																									g-2	

	 	 										EDM,	etc…	

 see	Alberto	Lusiani’s	talk	



1.   Introduction and Motivation 
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•  τ	lepton	discovered	in	1976	by	M.	Perl	et	al.		
(SLAC-LBL	group)	
-	Mass:																																							-	Life+me:		

 
 
 
 
 

•  Enormous	progress	in	tau	physics	since	then		
(CLEO,	LEP,	Babar,	Belle,	BES,	VEPP-2M,		
neutrino	experiments,...)		

–  Early years: consolidate τ as a standard lepton  
no invisible decays and standard couplings 

–  Better data: determination of fundamental 
SM parameters and QCD studies 

	

 
 
 

 

 

The τ  lepton 

1.77682(16) GeVmτ =

PDG’14 

132.096(10) 10 sττ
−= ⋅

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 
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•  τ	lepton	discovered	in	1976	by	M.	Perl	et	al.		
(SLAC-LBL	group)	
-	Mass:																																							-	Life+me:		

 
 
 
 
 

•  Enormous	progress	in	tau	physics	since	then		
(CLEO,	LEP,	Babar,	Belle,	BES,	VEPP-2M,		
neutrino	experiments,...)		

–  More recently: huge number of tau at  
the B factories: BaBar, Belle: 

•  Tool to search for NP: rare decays,  
final states in hadron colliders 

•  Precision physics:        αS, |Vus| etc	

 
 
 

 

 

The τ  lepton 

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

−= ⋅

Experiment Number of τ  pairs 
LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

5 

PDG’14 



2.   Hadronic τ-decays 
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2.1   Introduction 

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

•  																																											use	perturba(ve	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	distribu+on	of	the		
hadronic	system											huge	QCD	ac(vity!	

	
	
	

•  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( )

7 

(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 = +



  
•                                               parton	model	predic+on		

 
 
 

•     

•    
 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

2.2  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
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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
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Vus

2

Vud

2 =
Rτ

S

Rτ
NS  Vus

ud usd V d V sθ = +



  
•                                               parton	model	predic+on		

 
 
 

•     
 
 
 
 
 

•   Experimentally:	

 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

2.2  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
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1
3.6291 0.0086e

e

B B
R

B
µ

τ

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

(Inclusive) Hadronic tau decays 

Tau physics 
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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 = +



  
•                                               parton	model	predic+on		

 
 
 

•     
 
 
 
 
 

•   Experimentally:	

	
•  Due	to	QCD	correc(ons:	

	

 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

2.2  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
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  Extraction$of$αS$and$Vus.$The$idea$is$simple:$

(Inclusive) Hadronic tau decays 

Tau physics 
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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
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( )2 2
ud C us C SR V N V Nτ α= + +Ο

ud usd V d V sθ = +



•  From	the	measurement	of	the	spectral	func+ons,		
extrac+on	of	αS, |Vus| 
 	

•                                                naïve	QCD	predic+on		

 
 
 

•  Extrac+on	of	the	strong	coupling	constant	:		

 
 
 
 
 

•  Determina+on	of	Vus	:		
	
	
	
	

•  Aim:	compute	the	QCD	correc+ons	with	the	best	accuracy	
	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.3   Theory 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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  Extraction$of$αS$and$Vus.$The$idea$is$simple:$

(Inclusive) Hadronic tau decays 
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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
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+O(α s)

€ 
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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 = +



•  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-perturba(ve	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-Perturba(ve 

Perturba(ve 



•  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:	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4   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 +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

   
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:	

	 

	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

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	



•  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											
		
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

2.4   Calculation of the QCD corrections 

Emilie Passemar 17 

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,	fiOed	from	the	data	
													Use	of	weighted	distribu+ons	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

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

=

( ) ,NS
u dR m mτ ∝ ( ) s

SR mτ ∝



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

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

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4   Calculation of the QCD corrections 
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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	
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•  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,	fiOed	from	the	data	
Use	of	weighted	distribu+ons	

	
	
	
	
	

•  Small	unknown	NP	part																													very	precise	extrac+on	of	αS	!	

	
 
	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

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 =

  δ P ≈ 20%

  δ NP = −0.0064 ± 0.0013

Davier et al’14 

( )3% NP Pδ δ:

20 



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) 
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•    

 
 
 

•  Impressive	test	of	the	running	of	αS! 
 
 

2.5   Results and determination of αS 

Emilie Passemar 

  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 = ±

PDG’15 

9. Quantum chromodynamics 39

reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

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)

)
(–)

Figure 9.3: 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).

9.5. Acknowledgments

We are grateful to J.-F. Arguin, G. Altarelli, J. Butterworth, M. Cacciari, L. del
Debbio, D. d’Enterria, P. Gambino, C. Glasman Kuguel, N. Glover, M. Grazzini, A.
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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2.5   Results and determination of αS 

 
 
 
 
 
 
 
 
 
 

 
•  Extrac(on	of	αS		from	hadronic	τ		

decays	very	compe((ve!		
	
	

•  If	new	data	room	for	improvement!		
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–  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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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  
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Figure 9.3: 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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but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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3.   Charged Lepton-Flavour Violation  



3.1  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 26 

 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… 



3.1  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 



3.2  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 , ...

28 



3.2  CLFV processes: tau decays 

•  Several	processes:	
	
 

 
 

 
 
 

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

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

29 



   
 
 
 
 

 
•  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	paOern	of	them	

	
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

30 

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



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	rela(ve	strength	
between	operators	and	hence	on	the	underlying	mechanism	

  

Discriminating power: τLFV matrix

31 

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	Fi(s)	and	decay	constants	(e.g. fη, fη’)	

  

Discriminating power: τLFV matrix

32 

Celis,	Cirigliano,	E.P.’14	

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

i
Fi s( )   

s = p
π + + p

π −( )2

with	



4.   Charged Lepton-Flavour Violation and Higgs 
Physics 



4.1  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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4.1  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	

+ 



4.2  Constraints from τ → µππ	

•  Tree level Higgs exchange 

  

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

energies! 
 

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

  

+

Emilie Passemar 

hh

36 

Daub, Dreiner, Hanart, Kubis, Meissner’13 

Celis, Cirigliano, E.P.’14 



4.2  Constraints from τ → µππ	

•  Tree level Higgs exchange 

 
 
  

+
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hh
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Yτµ	

  
Γτ→µππ ∝ Γπ (s) + Δπ (s) +θπ (s)

2

∫ Yτµ
2

  
s = p

π + + p
π −( )2

with 

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



•  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 

4.2  Constraints from τ → µππ 
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Γ

τ→µπ +π − ∝ FV (s)
2

∫ Yτµ
2Yτµ	



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  
 

39 

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− −→



4.3  Determination of FV(s)	

Emilie Passemar 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 

ρ(770) 

ρ’(1465) 

ρ’’(1700)  
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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: 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

4.4  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 
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•  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 falling as 1/s  
for large s (obey unsubtracted  
dispersion relations)  
 

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

42 

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



 
 
 
 
 
 
 
 
 
 

 

 "σ "

0f

0f
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4.5  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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4.5  Constraints in the τµ sector 

Emilie Passemar 45 Belle’08’11’12  except last from CLEO’97 

Bound: 

  
Yµτ

h 2
+ Yτµ

h 2
≤ 0.13



4.5  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

-310

-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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4.6  Hint of New Physics in h → τ µ ? 
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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

4.7  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	

•  Constraints	from	τ	→	μγ	important!										Belle II  
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4.8  Interplay between LHC & Low Energy 
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•  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,	LHCb	

	
•  See	also,	e.g.:	

Aris(zabal-Sierra	&	Vicente’14,		
Lima	et	al’15,		
Omhura,	Senaha,	Tobe	’15	
Altmannshofer	et	al.’15	
Bauer	and	Neubert’16,	Buschmann	et	al.’16,	etc…	

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

12

t Æ
3m

H90% C
.L.L

future
t Æ 3m

»C 9mm
»>
2.
0
H2s
L

»C 9mm
»<
0.
6
H2s
L

1s hÆ mt for
tanHb23L = 40

tanHb23L = 70

2.0 2.5 3.0 3.5 4.0
0.00

0.01

0.02

0.03

0.04

0.05

mZ'êg' @TeVD

si
nHq R
L

cosHa23-b23L = 0.25, a = 1ê3

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.   Conclusion and outlook 
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5.1   Conclusion 

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

But	error	assignment	and	treatment	of	the	NP	part	and	new	data	needed	
–  Extrac+on	of	Vus	:									see	Alberto	Lusiani’s	talk	

•  Charged	LFV	are	a	very	important	probe	of	new	physics	
-  Extremely	small	SM	rates	
-  Experimental	results	at	low	energy	are	very	precise							very	high	scale	sensi+vity	
-  Excellent	model	discrimina+ng	tools:		

Ø BRs 
Ø Decay distributions 

        Hadronic	decays	such	as	τ → µππ 	important!	
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5.1   Conclusion 

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

But	error	assignment	and	treatment	of	the	NP	part	and	new	data	needed	
–  Extrac+on	of	Vus	:							see	Alberto	Lusiani’s	talk	

•  Charged	LFV	are	a	very	important	probe	of	new	physics	
	

•  Several	topics	extremely	interes+ng	to	study	that	I	did	not	address:	
–  CPV	asymmetry	in	τ → Kπντ �

BaBar	result	does	not	agree	with	SM	expecta+on	(2.8σ)	
–  Lepton	universality	tests,	Michel	parameters…	
–  EDM	and	g-2	of	the	tau		
 
 
 

•  A	lot	of	very	interes(ng	physics	remains	to	be	done	in	the	tau	sector!		
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5.2  Prospects: Belle II Theory Interface Platform 

Emilie Passemar 

 

•  Ini+a+ve	to	coordinate	a	joint	theory-experiment	effort	to	study	the	
poten+al	impacts	of	the	Belle	II	program		

•  Tau,	EW	and	low	mul(plicity	working	group	

•  Mee+ngs	twice	a	year	un+l	2016	gathering	theory	experts	and	Belle	II	
members		

•  Next	mee+ng:	May	23	-	25,	2016	@	Pipsburgh	
	

•  Visit:	hOps://belle2.cc.kek.jp/~twiki/bin/view/B2TiP	
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6.   Back-up 



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 

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) % 
 
 

 
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	
	
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,	LiOle,	DaOa,	London	et	al.,’08	
Mileo,	Kiers	and,	Szynkman’14	
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•    

 
 

•  Perturbative part (mq=0) 
 

  

2.4   Operator Product Expansion 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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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 
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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) 
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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 
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•  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 

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) 
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•  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)

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

•  General solution 

 
•  Fix the polynomial with requiring                                                    + ChPT:  

 
 

Feynman-Hellmann theorem:  

 
 
•  At LO in ChPT:  

FP (s)→ 1 / s (Brodsky & Lepage)  
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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  

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

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

Emilie Passemar 71 



2.4  Comparison with ChPT 

 
 
 

•  ChPT, EFT only valid at low energy for 
 

 It is not valid up to E = !  
 

Emilie Passemar Emilie Passemar 72 



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  
 

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− −→
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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)  
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3.5  Results 

Emilie Passemar Belle’08’11’12  except last from CLEO’97 

Bound: 

  
Yµτ

h 2
+ Yτµ

h 2
≤ 0.13
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2.5  Model discriminating power of Tau processes 

Emilie Passemar 

•  Depending on the UV model different correlations between the BRs 

 
 
 
 
 
 
 
 
   
               Interesting to study to determine the underlying dynamics of    

   NP 
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Buras et al.’10 

LFV branching fraction ratios are model discriminators

Blanke, Buras, Duling, 
Recksiegel & Tarantino, 
Acta Phys. Polon. B41, 657 (2010) 

500 Gev

Buras, et al.

There are correlations in the 
branching fractions

 and

�(t→mg) vs. �(t→eg) 
in a general fourth 
generation scenario
(Buras)

�(t→mg) vs. �(t→eg) 
are anti-correlated.
Seeing both modes
would be evidence against 
a fourth generation

David Hitlin    1st Conference on CFLV - Lecce 5May 8, 2013

BSM:!Lepton!flavour!viola8on!

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

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 34!

Many!BSM!scenarios!relate!the!LFV!

rates!for!¿!and!µ           !!!

MEG!has!a!new!limit!

BF(µ!→!e°)!<!5.7!£!10A13!
!

Expect!a!further!order!of!magnitude!

improvement!at!MEG!towards!end!of!decade!

…!
!

…!and!then!further!

progress!at!mu3e,!

Mu2e,!Comet!…!!

SUSY with MFV 

Blankerburg et al.’12 
4th gen scenario 



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 
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• 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
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Emilie Passemar 

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:	

	
 
 
 
 
 
 
 
 
 

 
 
 

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

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	
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2.6   Inclusive determination of  Vus 

 
•  With	QCD	on:		

 
 
 
 
 
 

•  Use OPE: 

 
 
 
 
 
 

•  	
												computed	using	OPE	

 

 
 
 

 
 

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS +O α S( )

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 

In
te

ns
it

y 
F

ro
nt

ie
r 

20
13

 

€ 

Rτ = Rτ
S=0 + Rτ

S≠0 ≈ NC Vud
2

+ NC Vus
2
≈ 2.85 + 0.15

€ 

Vus
2

Vud
2 ≈

Rτ
S≠0

Rτ
S=0

€ 

Vus
2

The complication is here! 

QCD switch 

(αS≠0) 

[exp: ~3.628(9)] 

€ 

Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

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

+ corr. 

€ 

Rτ
S=0 ≈ NC Vud

2
+O(α s)

€ 

α s

11 

  
δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2

  Rτ
NS mτ

2( ) = NC  SEW Vud

2
1 + δ P + δ NP

ud( )

  Rτ
S mτ

2( ) = NC  SEW Vus

2
1 + δ P + δ NP

us( )

Vus
2
=

Rτ ,S

Rτ ,NS

Vud
2 − δRτ ,th

SU(3)	breaking	quan+ty,	strong	
dependence	in	ms		computed	from	
OPE	(L+T)	+	phenomenology	
	
   
δ Rτ ,th = 0.0239(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!	 

81 



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 

Emilie Passemar 

NB:	BRs	measured	by	B	factories	are	systema+cally		
smaller	than	previous	measurements	 82 



4.3  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!!
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Uncertainty!dominated!by!hadronic!vacuum!
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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:  

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

Loop contributions: 

Weak 

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ
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γ γ
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γ
µ µ
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µ µ
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µ µ

QED 
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γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h
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γ

γ

µ µ

γ

γµ

µ µ

SUSY... ? 

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

h

γ
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γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

 χ χ

 ν

   

  χ
0

   

... or some unknown 
type of new physics ? 

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

? 

Hadronic 

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

“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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Lafferty, summary  
talk@Tau2014 

Blum et al.’13 



 

•  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 

4.4  Towards a model independent determination of 
       HVP 

( ) 2

2 2
,

2 24

( ) ( )
3

had LO
Vm

m K sa ds R s
sπ

µ
µ

α
π

∞
= ∫

( )
( )( )V

e e hadrons
R s

e e

σ
σ µ µ

+ −

+ − + −

→
=

→

Emilie Passemar 
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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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•  Tau data can be used for 2π and 4π channels with isospin rotation  
 
 
 
 
 
 
 
 
 
 
 

•  Tau spectral functions measured by ALEPH, Belle, CLEO, OPAL  
 
 

•  Excellent precision of tau data. Branching ratio (ie, spectral function 
normalisation) for τ → ππ0ν known to 0.4%  

 
 

•  Invariant mass spectrum requires unfolding using detector simulation, 
which is however under good control  

 
 

 

4.5   Can precise Tau data help? 

85 
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So far KLOE published small and large-angle photon scattering results based 
on ππ(γ) data only, ie, requiring explicit insertion of QED radiator function  

New result at EPS-2011 using ππ(γ) / µµ(γ) ratio (as BABAR) 

•  Many corrections cancel: radiation, luminosity, vacuum polarisation 

•  However, crucially relies on well understood π / µ separation 

•  Statistics: 2002 data (239 pb–1): 0.87 M µµ(γ) / 3.4 M ππ(γ) events 

•  Overall, excellent 1% systematic error achieved (BABAR: 0.5—1.0%) 

G. Venanzoni (KLOE)  at EPS 2011 

Band depicts KLOE 10 errors 

Preliminary 

Good agreement found! 
This corroborates the 
earlier KLOE results and 
thus the discrepancy with 
BABAR (and τ data)  

π-	

π0	



 

•  Tau data can be used for 2π and 4π channels with isospin rotation  
 
 
 
 
 
 
 
 
 
 
 

•  Tau spectral functions measured by ALEPH, Belle, CLEO, OPAL  
 
 

•  Excellent precision of tau data. Branching ratio (ie, spectral function 
normalisation) for τ → ππ0ν  known to 0.4%  

 
 

•  Main experimental challenge: abundance and shape modeling of feed-
through from other tau final states  

 

•  Main theoretical challenge: isospin breaking  
Radiative corrections, charged vs. neutral mass splitting and 
electromagnetic decays: (–3.2 ± 0.4)% correction to aµ

had  

 

4.5   Can precise Tau data help? 
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So far KLOE published small and large-angle photon scattering results based 
on ππ(γ) data only, ie, requiring explicit insertion of QED radiator function  

New result at EPS-2011 using ππ(γ) / µµ(γ) ratio (as BABAR) 

•  Many corrections cancel: radiation, luminosity, vacuum polarisation 

•  However, crucially relies on well understood π / µ separation 

•  Statistics: 2002 data (239 pb–1): 0.87 M µµ(γ) / 3.4 M ππ(γ) events 

•  Overall, excellent 1% systematic error achieved (BABAR: 0.5—1.0%) 

G. Venanzoni (KLOE)  at EPS 2011 

Band depicts KLOE 10 errors 

Preliminary 

Good agreement found! 
This corroborates the 
earlier KLOE results and 
thus the discrepancy with 
BABAR (and τ data)  

π-	

π0	
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4.5   Can precise Tau data help? 

•  Situation for the 2 pion channel: τ   
Davier et al.’10 
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4.5   Can precise Tau data help? 

•  Situation for the 2 pion channel: e+e- vs. τ    Zhang Tau’2012 
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4.5   Can precise Tau data help? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  The tau data help to reduce the discrepancy between theory and 
experiment (1.9 σ) but open issues remain: isospin breaking  
Very challenging for theorists!  

 

 

P   Anomalous 
Magnetic  Moment 

-10exp (11 659 208.9 6.3) 10aP  r �
BNL-E821 

1010 ·          =  11 658 471.895 r  0.008    QED                                 Aoyama-Hayakawa-Kinoshita-Nio 

                                   �   15.4   r  0.1        EW                         Gnendiger et al, Czarnecki et al, Knecht et al 

                                   � 697.4   r  5.3        hvp    (703.0 r 4.4)W  ,  (692.3 r 4.2)e�e����������������Davier et al, 
                       Hagiwara et al, Jegerlehner-Nyffeler 

     �     8.6   r  0.1        hvp NLO+NNLO                 Kurz et al, Hagiwara et al, Krause 

     �   10.5   r  2.6        light-by-light             de Rafael-Prades-Vainshtein, Knecht et al,  
             Melnikov-Vainshtein, Nyffeler, Bijnens et al,  
                    Hayakawa et al, Goecke et al, Roig et al, 
                                                                                                                                                              Masjuan-Vanderhaeghen 

            =  11 659 186.6 r 5.9       (11 659 192.2 r 5.1)W   ,   (11 659 181.5 r 4.9)e�e�  

                    =   2.7 V�����������������������������V�����������������������������������V�

thaP

exp tha aP P�

Z. Zhang 

A. Pich                                                                                      Leptons & QCD                                                                                            16 
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Figure 4: The preliminary BABAR e+e� ! K+K�(�) bare cross
section including FSR in the � region. Data points from previ-
ous CMD-2 and SND experiments are shown for comparison.

5. The impact of BABAR data on the g � 2 prediction

The dominant ⇡⇡HVP contribution to aµ has received
a lot of attention over the last 10 years, with discrepan-
cies between experiments being partially resolved with
time. Fig. 5 shows the results from all experiments as
well as the determinations using ⌧ data corrected for
isospin-breaking [10]. To keep results as independent as
possible the comparison uses only data from the consid-
ered experiment (complemented by world-average data
in energy ranges not covered). It is seen that the BABAR
result is the most precise (with CMD-2) and helps re-
duce the tension between ee and ⌧ data.

The precision of the new data presented here on
the K+K� and 2(⇡+⇡�) channels also allow further
progress. The contributions up to 1.8 GeV are
aK+K�,LO
µ =

⇣
22.95 ± 0.14stat ± 0.22syst

⌘
⇥ 10�10 and

a2(⇡+⇡�),LO
µ =

⇣
13.64 ± 0.03stat ± 0.36syst

⌘
⇥ 10�10, re-

spectively to be compared with previous determi-
nations [12],

⇣
21.63 ± 0.27stat ± 0.68syst

⌘
⇥ 10�10 and⇣

13.35 ± 0.10stat ± 0.52syst
⌘
⇥ 10�10. For other multi-

hadronic channels the BABAR ISR results are by far the
most accurate and complete. In addition the dynamics
of each final state has been studied and found to be dom-
inated by resonances which have been identified. This
is important because it is possible in this way to derive
some cross section estimates [12] for final states which
are di�cult to measure (> 2⇡0) using the known branch-
ing fractions of these resonances. This detailed infor-
mation has been used in the most recent estimate of aµ,
showing a 3.6� discrepancy [12] with the direct mea-
surement [13]. Another estimate [14] uses also BABAR
cross section data.

500 520 540 560
aµ

2π,LO (10-10)

τ ALEPH

τ CLEO

τ OPAL

τ Belle

ee BABAR

ee CMD-2

ee SND

ee KLOE

Figure 5: The ⇡⇡ HVP contribution to aµ obtained from ⌧ de-
cays with isospin-breaking corrections (top) and e+e� data
(bottom) [10, 11].

I would like to thank the Nagoya group for organizing
a perfect ⌧ workshop.
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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

91 Emilie Passemar 



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
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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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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	


