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1.   Introduction and Motivation 



1.1  Why study charged leptons? 

•  In the quest of New Physics, can be sensitive to 
very high scale: 

–  Kaon physics:  
 
 
–  Charged Leptons:  
 
 
 
 

•  At low energy: lots of experiments e.g., 
MEG, COMET, Mu2e, E-969, BaBar, BelleI-II, BESIII, 
LHCb           huge improvements on measurements 
and bounds obtained and more expected 
 

•  In many cases no SM background:  
e.g., LFV, EDMs 

 

•  For some modes accurate calculations of  
hadronic uncertainties essential 

 

 
 

 

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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[µ → eγ]  

[εK]  

E 

ΛNP 

ΛLE 

Charged leptons very important to look for New Physics! 
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1.2  The Program The very basic of charged leptons

Muon LFC

µ → µγ

(g − 2)µ, (EDM)µ

νe ↔ νµ

νµ ↔ ντ

νe ↔ ντ

NeutrinoOscillations

τ → ℓγ

τ → ℓℓ+i ℓ
−

j

Tau LFV

Tau LFC

τ → τγ

(g − 2)τ , (EDM)τ

Muon LFV

µ+ → e+γ

µ+e− → µ−e+
µ−N → e+N ′

µ−N → e−N
µ+ → e+e+e−

LFV

Thanks to Babu
Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 15

Adapted from Talk by  
Y. Grossman@CLFV2013 

  τ → ℓ + hadrons
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2.   Charged Lepton-Flavour Violation  



2.1  Introduction and Motivation 

•  Neutrino oscillations are the first evidence for lepton flavour violation 

•  How about in the charged lepton sector?  

•  In the SM with massive neutrinos effective CLFV vertices are tiny  
due to GIM suppression          unobservably small rates! 
 

E.g.:  
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 µ → eγ

  
Br µ → eγ( ) = 3α

32π
U µi

*

i=2,3
∑ Uei

Δm1i
2

MW
2

2

< 10−54

 eµ

  Br τ → µγ( ) < 10−40⎡⎣ ⎤⎦

Petcov’77, Marciano & Sanda’77, Lee & Shrock’77… 
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•  How about in the charged lepton sector?  

•  In the SM with massive neutrinos effective CLFV vertices are tiny  
due to GIM suppression          unobservably small rates! 
 

E.g.:  
 
 
 
 
 
 
•  Extremely clean probe of beyond SM physics 
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2.1  Introduction and Motivation 

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

 
 
 
 
 
 

•  But the sensitivity of particular modes to CLFV couplings is model 
dependent 

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

� Topologies are similar to those of tτ hadronic decays

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

David Hitlin    1st Conference on CFLV - Lecce

3

May 8, 2013

Talk by D. Hitlin @ CLFV2013 



2.2  CLFV processes: muon decays 

•  Several processes:   

Emilie Passemar 10-/14   (MEG at PSI)

10-15/16   (PSI)
10-16/17 → -18   (Mu2e, COMET) 

CLFV processes
• Muon processes :   µ → eγ ,  µ → eee,  µ A, Z( )→ e A, Z( )

  BR µ → eγ( ) < 5.7 10−13

MEG’13 

  10−14

  BR µ → eee( ) < 1.0 10−12

  10−15 −10−16

Sindrum 

  BRµ−e
Ti < 4.3 10−12

Mu2e/COMET 
  10−16 −10−17

9 

Mu3e 

Sindrum II 



2.2  CLFV processes: tau decays 

•  Several processes: 
 
 

 
 

 
 
 

•  48 LFV modes studied at Belle and BaBar 

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

A. Lusiani (INFN & SNS, Pisa) HFAG Report with Theory Introduction for |Vus |
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13th International Workshop on Tau Lepton Physics, Aachen, Germany, 15-19 September, 2014 31

Talk by A. Lusiani 
@Tau 2014 
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2.2  CLFV processes: tau decays 

•  Several processes: 

 
 
 
 

•  Expected sensitivity 10-9 or better at LHCb, Belle II?  
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•  Build all D=6 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 pattern of them 

 
 

 

•   
 

2.3  Effective Field Theory approach 

Emilie Passemar 

   
L = LSM + C (5)

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

12 

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 
 
 



 
   

•  Dipole: 
 

 
 
 
 
 
 

 
•  Scalar (Pseudo-scalar) : 

 
 
 
 

 
Integrating out heavy quarks generates gluonic operator: 
 
 
 
 
 
 
Importance of this operator emphasized in Petrov & Zhuridov’14 

 

 
 
 

 
 
 

 

2.3  Effective Field Theory approach 

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

 OD

• Dipole
Dominant in SUSY-GUT and 

SUSY see-saw scenarios

Rich structure at dim=6

τ
 !τ

µ !µ

   
Leff

S ⊃ −
CS

Λ 2 mτ mqGFµPL,Rτ  qq

 OS
q

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

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

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

τ

µ

  ϕ ≡ h0 , H 0 , A0

  
1
Λ 2 µPL,RτQQ à 

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

 OGG
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•  Vector (Axial-vector) :  
 
 
 
 
 
 
 
 

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

 
 
 
 

 
 

 
 
 

 
 
 

 

2.3  Effective Field Theory approach 
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 OV
q

   
Leff

 V ⊃ −
CV

q

Λ 2 µγ
µPL,Rτ  qγ µq

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

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

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

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

Type II seesaw,   LRSM,  leptoquarks 

(Axial-vector) qq

μ eτ µ

 Γ ≡ 1 ,γ µ

    
Leff

 4ℓ ⊃ −
CS ,V

4ℓ

Λ 2 µ  ΓPL,Rτ  µ  ΓPL,Rµ

   
OS ,V

4ℓ

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

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

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

• 4 Leptons, ...

Type II and III seesaw,  RPV SUSY,  LRSM 

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

Type II seesaw,   LRSM,  leptoquarks 

(Axial-vector) qq

μ e

τ
µ

µ

µ
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2.4  Model discriminating power of muon processes 

Emilie Passemar 

•  Summary table: 

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

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

Discriminating power: μLFV matrix
Cirigliano@Beauty2014 
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2.4  Model discriminating power of muon processes 

•  Summary table: 

 
 
 
 

•  µ → eγ    vs. µ → 3e          relative strength between dipole and 4L 
operators            

 

Discriminating power: μLFV matrix

• μ → 3e  vs μ →eγ: relative strength of dipole and 4L operators

6 ×10-3

Discriminating power: μLFV matrix

Emilie Passemar 

Cirigliano@Beauty2014 
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2.4  Model discriminating power of muon processes 

•  Summary table: 

 

•  µ →eγ   vs.  µ → e  conversion        relative strength between dipole 
and quark operators           

 

Discriminating power: μLFV matrix

• μ →e  vs μ →eγ and 
target-dependence of 
μ →e conversion:  
relative strength of 
dipole and quark 
operators

Discriminating power: μLFV matrix
Cirigliano@Beauty2014 
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2.5  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary table: 

 
•  In addition to leptonic and radiative decays, hadronic decays are 

very important          sensitive to large number of operators! 

  

Discriminating power: τLFV matrix

18 

Celis, Cirigliano, E.P.’14 



2.5  Model discriminating power of Tau processes 

Emilie Passemar 

•  Summary table: 

 
•  In addition to leptonic and radiative decays, hadronic decays are 

very important          sensitive to large number of operators! 

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

  

Discriminating power: τLFV matrix

19 

Celis, Cirigliano, E.P.’14 



2.5  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 condition, with I=0 
s-wave ππ  and  KK scattering data as input  

 

Discriminating power: τLFV matrix

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

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

i
Fi s( )

  
s = p

π + + p
π −( )2

Celis, Cirigliano, E.P.’14 

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

n  = ππ, KK

•  General solution:

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

Polynomials 
determined by 

matching to ChPT

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

  n = ππ , KK
Emilie Passemar 20 



2.5  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

21 Emilie Passemar 

Celis, Cirigliano, E.P.’14 



2.6 Model discriminating of BRs  
 
•  Studies in specific models 

  Disentangle the underlying dynamics of NP 

 
 
 

 

Buras et al.’10 

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

4.7 Patterns of Correlations and Comparison with the MSSM

and the LHT

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

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

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

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

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

MSSM.

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

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

and the LHT model over the MSSM.

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

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

ratio LHT MSSM (dipole) MSSM (Higgs) SM4

Br(µ�!e�e+e�)

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

Br(⌧�!e�e+e�)

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

Br(⌧�!µ�µ+µ�
)

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

Br(⌧�!e�µ+µ�
)

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

Br(⌧�!µ�e+e�)

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

Br(⌧�!e�e+e�)

Br(⌧�!e�µ+µ�
)

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

Br(⌧�!µ�µ+µ�
)

Br(⌧�!µ�e+e�)

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

R(µTi!eTi)

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

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

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

calculated here.
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2.7  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    

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

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

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

Celis-VC-Passemar 1403.5781    

Very different distributions according  
to the final hadronic state! 

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν



3.   Charged Lepton-Flavour Violation and Higgs 
Physics 



3.1  Non standard LFV Higgs coupling 

 

•   
  
 

 

•  High energy : LHC 
    

 
 
 
•  Low energy : D, S operators 

 
 

 

 

 −Yij fL
i fR

j( )h

In the SM:   v
SMh i

ij ij
m

Y δ=

Yτµ	



Hadronic part treated with perturbative 
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 
Harnick, Koop, Zupan’12 
Blankenburg, Ellis, Isidori’12 
McKeen, Pospelov, Ritz’12 
Arhrib, Cheng, Kong’12 
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3.1  Non standard LFV Higgs coupling 

 

•   
  
 

 

•  High energy : LHC 
    

 
 
 
•  Low energy : D, S, G operators 

 
 

 
 
 
 

 

 

 −Yij fL
i fR

j( )h

Yτµ	



Hadronic part treated with perturbative 
QCD 

   
ΔLY = −

λij

Λ 2 fL
i fR

j H( )H †H  −Yij fL
i fR

j( )h

Reverse the process 
 
 
 

+ 

Yτµ	



Hadronic part treated with  
non-perturbative QCD 

Goudelis, Lebedev, Park’11 
Davidson, Grenier’10 

In the SM:   v
SMh i

ij ij
m

Y δ=
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•  Constraints from Higgs decay (LHC) vs. low energy LFV and LFC 
observables 

3.2  Constraints in the µe sector 
• Constraints: Higgs decays vs low-energy LFV and LFC observables 

Plot from                     
Harnik-Kopp-Zupan ’

1209.1397

* Diagonal couplings 
set to SM value  

• μe sector: powerful low-energy constraints ⇒  BR(H→μe) < 10-7

•  Best constraints 
coming from low 
energy: µ → eγ  

Harnick, Koop, Zupan’12 

  BR µ → eγ( ) < 5.7 10−13

MEG’13 

  BR h → µe( ) < 10−7
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3.3  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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14 10 Conclusions

|   
τµ

|Y
-410 -310 -210 -110 1

|  
 

µτ
|Y
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-110

1  = 8 TeVs, -119.7 fbCMS preliminary

B
R

<0.1%

B
R

<1%

B
R

<10%

B
R

<50%

ττ→LHC h

observed

expected
τµ→h

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

Figure 6: Constraints on the flavor violating Yukawa couplings, |Yµt|, |Ytµ|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! µt) from
the present analysis. The diagonal Yukawa couplings are approximated by their SM values.
The black dashed lines are contours of B(H ! µt) for reference. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green).
The orange diagonal line is the theoretical naturalness limit YijYji  mimj/v2. The yellow line
is the limit from a reinterpretation, by a theoretical group [8], of an ATLAS H ! tt search.

τ → µππ 

3.3  Constraints in the τµ sector 

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

but loop level 
         sensitive to UV  
 completion of the theory 

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

•  Constraints from HE: 
LHC wins for τ µ! 

•  Opposite situation for  µe! 

•  For LFV Higgs and  
nothing else: LHC bound  

  BR τ → µγ( ) < 2.2 ×10−9

  BR τ → µππ( ) < 1.5 ×10−11Plot from Harnick, Koop, Zupan’12  
                            updated by CMS 
 



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

•   τ → µ(e)ππ   sensitive to Yµτ hh

Talk by J. Zupan 
@ KEK-FF2014FALL 
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•   τ → µ(e)ππ   sensitive to Yµτ   ���
but also to Yu,d,s!	



	



Talk by J. Zupan 
@ KEK-FF2014FALL 

Emilie Passemar 
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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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4.   LFC processes: anomalous magnetic moment 
of the muon 



4.1  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 
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The experimental precision for aµ will be worse than for ae, so why do it ? 
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•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

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

γ 

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

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

aτ even more sensitive, but insufficient experimental accuracy 

Giudice, Paradisi, Passera’12 

Eidelman, Giacomini, Ignatov, Passera’07 
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4.2  Contribution to (g-2)µ	
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Loop contributions: 
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... or some unknown 
type of new physics ? 
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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 !! 

Need to compute the SM prediction with high precision!           Not so easy!  
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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!!

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 
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 !! 
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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 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*
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h
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had 
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aµ
had,LO =

α2

3π 2
ds

m
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∞

∫    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 

39 



•  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  
KLOE2, Belle-II, BES-III? 

 

•  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  

 
 

 

 
 
 
               

4.4  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! 

 

 

 
 

 

 
 
 
               

4.4  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

Emilie Passemar 41 



•  Amount of discrepancy in ballpark of SUSY with mass scale of several 100 GeV  

 
 
 
 
 

•  Dark photon scenarios? 
 
 

 

•  Correlations with LFV modes to study 
 
•  Before interpreting this discrepancy as  

new physics          need to be sure the  
hadronic background is under control: 
–  Theoretical efforts needed 
–  New experimental measurements 

 

   

 

4.5  What could a 3σ discrepancy tell us? 
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Amount of discrepancy in ballpark of 
SUSY with mass scale of several 100 GeV 

  
Δaµ

SUSY ≈ +13 ⋅10−10 sgn(µ) 100 GeV
mSUSY

%

&'
(

)*

2

tanβ

But strong mSUSY limits from LHC require large tanβ#

Alternative recent scenario 
involves “dark photons” 

! Light vector boson from dark matter 
sector coupling to SM through mixing 
with photon 

Coupling to charged particles with 
strength ε·e 

Pospelov, PRD 80, 095002 (2009) 
Tucker-Smith and Yavin, PRD 83, 101702 (2011) 

  
Δaµ

dark γ ≈
α
2π

ε 2 ⋅F
mdark γ

mµ

(

)
*

+

,
-

which, for ε ≈ 0.001—0.002 and             
mdark γ ≈ 10—100 MeV, can provide a 
solution for the discrepancy 

Searches for the dark photon in that 
mass range are currently underway at 
Jefferson Lab, USA, and MAMI in Mainz, 
Germany 
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 massg~562 GeV  (2010) [arXiv:1103.1984]-1=34 pbL
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Only a selection of the available results leading to mass limits shown*

-1 = (0.034 - 1.04) fbLdt'
 = 7 TeVs

ATLAS
Preliminary

ATLAS Searches* - 95% CL Lower Limits (Lepton-Photon 2011)
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-1 = (0.034 - 1.04) fbLdt'
 = 7 TeVs

ATLAS
Preliminary

ATLAS Searches* - 95% CL Lower Limits (Lepton-Photon 2011)
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5.   Conclusion and Outlook 



Summary 

•  Direct searches for new physics at the TeV-scale at LHC by ATLAS and 
CMS         energy frontier 

 
 

•  Probing new physics orders of magnitude beyond that scale and helping to 
decipher possible TeV-scale new physics requires to work hard on the 
intensity and precision frontiers 

 
 

•  Charged leptons offer an important spectrum of possibilities:  

Ø  LFV measurement has SM-free signal 

Ø  Current experiments and mature proposals promise orders of 
magnitude sensitivity improvements 

 

Ø  The muon g–2 may already show a deviation from the SM 

Ø  Progress towards a better knowledge of hadronic uncertainties 

Ø  New physics models usually strongly correlate these sectors   
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Summary 

•  Direct searches for new physics at the TeV-scale at LHC by ATLAS and 
CMS         energy frontier 

 
 

•  Probing new physics orders of magnitude beyond that scale and helping to 
decipher possible TeV-scale new physics requires to work hard on the 
intensity and precision frontiers 

 
 

•  Charged leptons offer an important spectrum of possibilities:  

Ø  We show how CLFV decays offer an excellent model discriminating 
tools giving indications on  
-  the mediator (operator structure)  
-  the source of flavour breaking (comparison τ µ vs. τe  vs. µe) 
 
 

•  Interplay low energy and collider physics: LFV of the Higgs boson    
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7.   Back-up 



CLFV in see-saw models
Type I:

Fermion singlet
Type II:

Scalar triplet
Type III:

Fermion triplet

• Observable CLFV if see-saw scale low (with protection of LN)

• Each model leads to specific CLFV pattern



•  Effective scale the experiments are probing 

•  Relative strenght between different operators: e.g. αS vs. αD 
 
 

 mediators, mechanisms 

 
•  Flavour structure of the couplings: e.g.          vs.  

 

 
 source of flavour breaking 

 

2.3  What can be learned from the data? 

Emilie Passemar 

 α D
eµ

 α D
µτ

CLFV in see-saw models
Type I:

Fermion singlet
Type II:

Scalar triplet
Type III:

Fermion triplet

• Observable CLFV if see-saw scale low (with protection of LN)

• Each model leads to specific CLFV pattern

• CLFV in Type II seesaw:  
tree-level 4L operator 
(D,V at loop) →          
4-lepton processes 
most sensitive

• CLFV in Type III seesaw:  tree-level LFV couplings of Z  ⇒               

μ →3e and μ →e conversion at tree level, μ →eγ at loop

• Ratios of 2 processes 
with same flavor 
transition are fixed

Abada-Biggio-Bonnet-
Gavela-Hambye ’07, ’08



Discriminating power

DeGouvea, Vogel, 2013

κ ∼ C1/C2 ratio of two operators

Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 20

2.4  Model discriminating power of muon processes 

•  Dependence: NP scale Λ versus ratio of two operators 

 

  
κ =

C1

C2

DeGouvea & Vogel’13 



2.5  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  
 
 

 
•  Benchmarks:  

Ø  Dipole model: CD ≠ 0, Celse= 0 

 

Ø  Scalar model: CS ≠ 0, Celse= 0 

Ø  Vector (gamma,Z) model: CV ≠ 0, Celse= 0 
 

Ø   Gluonic model: CGG ≠ 0, Celse= 0 

 

 
 
 

 

  
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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μ→ e conversion 

•  For µ →e conversion 

Cirigliano, Kitano, Okada, Tuzon’09 

μ→e  vs  μ→eγ   
•   Assume dipole dominance:  

Kitano-Koike-Okada ‘02
VC-Kitano-Okada-Tuzon ‘09

€ 

B(µ → e,Z)
B(µ → eγ)

O(α/π)

Z

 Pattern controlled by: 
 1) Behavior of overlap integrals 
 2) Total capture rate 
     (sensitive to nuclear structure) 
 Deviations would indicate    
 presence of scalar / vector terms
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μ→e  vs  μ→eγ   
•   Assume dipole dominance:  

Kitano-Koike-Okada ‘02
VC-Kitano-Okada-Tuzon ‘09

€ 

B(µ → e,Z)
B(µ → eγ)

O(α/π)

Z

 Pattern controlled by: 
 1) Behavior of overlap integrals 
 2) Total capture rate 
     (sensitive to nuclear structure) 
 Deviations would indicate    
 presence of scalar / vector terms



2.6.1  BR for μ→ e conversion 

•  For µ →e conversion, target dependence of the amplitude is different for 
V,D or S models Cirigliano, Kitano, Okada, Tuzon’09 

μ→e  vs  μ→eγ   
•   Assume dipole dominance:  

Kitano-Koike-Okada ‘02
VC-Kitano-Okada-Tuzon ‘09

€ 

B(µ → e,Z)
B(µ → eγ)

O(α/π)

Z

 Pattern controlled by: 
 1) Behavior of overlap integrals 
 2) Total capture rate 
     (sensitive to nuclear structure) 
 Deviations would indicate    
 presence of scalar / vector terms
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2.5  Model discriminating power of Tau processes 

•  Two handles:  
Ø  Branching ratios:                              with FM dominant LFV mode for model M 

 
 
 
 

•  ρ (770) resonance (JPC=1--): cut in the π+π- invariant mass: 

•  f0 (980) resonance (JPC=0++): cut in the π+π- invariant mass: 

 
 
 

 

• Two basic handles:  1)  Pattern of BRs

Dominant LFV decay 
mode for model “M”

Celis-VC-Passemar 1403.5781    

μ μ

μτμτ

q q

μτ

Illustrative
benchmark 

model

Benchmark 

• Two basic handles:  1)  Pattern of BRs

Dominant LFV decay 
mode for model “M”

Celis-VC-Passemar 1403.5781    

μ μ

μτμτ

q q

μτ

Illustrative
benchmark 

model

• Two basic handles:  1)  Pattern of BRs

Dominant LFV decay 
mode for model “M”

Celis-VC-Passemar 1403.5781    

μ μ

μτμτ

q q

μτ

Illustrative
benchmark 

model

• Two basic handles:  1)  Pattern of BRs

Dominant LFV decay 
mode for model “M”

Celis-VC-Passemar 1403.5781    

μ μ

μτμτ

q q

μτ

Illustrative
benchmark 

model

  
RF ,M ≡

Γ τ → F( )
Γ τ → FM( )

  587 MeV ≤ s ≤ 962 MeV

  906 MeV ≤ s ≤ 1065 MeV
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• Two basic handles:  1)  Pattern of BRs

Dominant LFV decay 
mode for model “M”

Illustrative
benchmark 

model

Celis-VC-Passemar 1403.5781    
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4.2  Prospects: 

Emilie Passemar 
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3.4.2  Dispersion relations: Method  
���
	



•  Unitarity           the discontinuity of the form factor is known 

 
•  Only one channel n = ππ  

 

 
 
 
 
 
 
 
 

 

Emilie Passemar 

  

1
2i

disc Fππ (s) = Im Fππ (s) = Fππ→n
n
∑ Tn→ππ( )*

56 

π 

π π 

π π 

π 

( )1  Im( ) ( ) ( ) i ) s n
2

( I
I

i
I I

s
IF s F s Fdisc ess

i
δδ −= =

ππ scattering phase  
known from experiment 

Watson’s  theorem 



•  Knowing the discontinuity of               write a dispersion relation for it 

•  Cauchy Theorem and Schwarz reflection principle 

  
 

     
 

•  If       does not drop off fast enough for                        
         subtract the DR 

 

3.4.2  Dispersion relations: Method  

s →∞

  
F(s) = Pn−1(s) + sn

π
ds'
s'n

Im F(s')⎡⎣ ⎤⎦
s'− s − iε( )MPP

2

∞

∫ Pn-1(s) polynomial 

F

F

Emilie Passemar 

  sth ≡ MPP
2

F (s) = 1
π

F (s')
s'− s∫ ds'

  

1
2iπ

disc F(s')⎡⎣ ⎤⎦
s'− s − iε

MPP
2

∞

∫ ds'
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3.4.2  Dispersion relations: Method  

•  Solution: Use analyticity to reconstruct the form factor in the entire space 
 

 Omnès representation : 
 
 
 
 
 

 
•  Omnès function : 

 
 
 

•  Polynomial: PI(s) not known but determined from a matching to experiment 
or to ChPT at low energy 

Emilie Passemar 

(( ) ( )) II IP sF s sΩ=

polynomial Omnès function 

  
Ω I (s) = exp

s
π

ds'
s'

δ I (s')
s'− s − iεsth

∞

∫
⎡

⎣
⎢

⎤

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

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

'2( ) s
mπ
2

"

#
$$

%

&
''

2

+
s3

π
ds'
s'3

φV (s')
s'− s − iε( )4mπ

2

∞

∫
*

+

,
,

-

.

/
/

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

Emilie Passemar 

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

0
ττ π π ν− −→



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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•  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 
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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 62 

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

64 

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  

65 

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



Determination of the polynomial 

•  General solution 

 
 
•  For θP enforcing the asymptotic constraint is not consistent with ChPT 

The unsubtracted DR is not saturated by the 2 states 
 

 Relax the constraints and match to ChPT 
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 "σ "

0f

0f

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

 
 
 

•  ChPT, EFT only valid at low energy for 
 

 It is not valid up to E = !  
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3.5  Results 

Emilie Passemar 69 Belle’08’11’12  except last from CLEO’97 

Bound: 

  
Yµτ

h 2
+ Yτµ

h 2
≤ 0.13



Isospin relation muon g-2 
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2.5  Model discriminating power of Tau processes 

 
•  Studies in specific models 

 
 
 

 

Buras et al..’10 

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

4.7 Patterns of Correlations and Comparison with the MSSM

and the LHT

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

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

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

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

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

MSSM.

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

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

and the LHT model over the MSSM.

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

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

ratio LHT MSSM (dipole) MSSM (Higgs) SM4

Br(µ�!e�e+e�)

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

Br(⌧�!e�e+e�)

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

Br(⌧�!µ�µ+µ�
)

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

Br(⌧�!e�µ+µ�
)

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

Br(⌧�!µ�e+e�)

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

Br(⌧�!e�e+e�)

Br(⌧�!e�µ+µ�
)

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

Br(⌧�!µ�µ+µ�
)

Br(⌧�!µ�e+e�)

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

R(µTi!eTi)

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

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

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

calculated here.
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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 

 
 

  

73 

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

�(tτ→mμgγ) vs. �(tτ→egγ) 
in a general fourth 
generation scenario
(Buras)

�(tτ→mμgγ) vs. �(tτ→egγ) 
are anti-correlated.
Seeing both modes
would be evidence against 
a fourth generation

David Hitlin    1st Conference on CFLV - Lecce 5May 8, 2013
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4.  CP-odd Higgs with LFV 



•  Tree level Higgs exchange 

 
 
 
 
 

•    
 
 
 
 
•  Mediate only one pseudoscalar meson         very characteristic! 

  

 
 

 
    
 
 
 
 

 

+A
A

YL
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4.1  Constraints from τ         lP 



•  Tree level Higgs exchange 
Ø  η, η’ 

 
 

     with the decay constants : 
 
 
 

 
    
 
 
 

 

Ø π : 
 

 

4.1  Constraints from τ          lP 
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4.2  Results 

•  τ     µP 

   

Emilie Passemar 

2 2A AZ Y Yµτ τµ= +

N.B.: Diagonal couplings 1A
fy =

(*) : No contribution from effective dipole operator or CP-even Higgs 
 
 

BaBar’06’10 , Belle’10’11’13 
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4.2  Results 

2 2A A
e eZ Y Yτ τ= +BaBar’06’10 , Belle’10’11’13 

Emilie Passemar 

N.B.: Diagonal couplings 1A
fy =

(*) : No contribution from effective dipole operator or CP-even Higgs 
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•  τ     eP 



4.3  Prospects at LHC 

•  Decay width : 
 

 
Assumption : only SM channels (                              ) are important 

•  Large BR for                can be expected since A does not couple to WW, ZZ 
at tree level.  Results : 

Emilie Passemar 

, , , ...A gg bb cc ττ→
A τµ→

N.B.: Diagonal couplings 1A
fy = 79 

see also e.g., Assamagan, Deandrea, Delsart’03 
               Davidson & Verdier’12  
               Arana-Catania, Arganda, Herrero’14 


