
 Theory of Charged Lepton Flavour Violation
 

Emilie Passemar* 
Indiana University/Jefferson Laboratory 

                   
10th Anniversary 

JPARC Symposium 2019 
« Unlocking the Mysteries of Life, Matter and the Universe »  

Tsukuba, Japan, September 23 - 26, 2019  
          

 
 
 

*Supported by NSF 



Outline  

1.  Introduction and Motivation 
 

2.  Charged Lepton-Flavour Violation: Model discriminating power of 
muons and tau channels 

3.  Ex: Non-Standard LFV couplings of the Higgs boson 

4.  Conclusion and Outlook 



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]  

[ε�]  

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

 ℓ L

  Br τ → µγ( ) < 10−40⎡⎣ ⎤⎦

Petcov’77, Marciano & Sanda’77, Lee & Shrock’77… 
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•  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( )

MEG’16 

  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

10 

Mu3e 

Sindrum II 

  BR µ → eγ( ) < 4.2 ×10−13

  6 ×10−14



2.2  CLFV processes: muon decays 

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

  BR µ → eγ( ) < 4.2 ×10−13

MEG’16 

  6 ×10−14

  10−15 −10−16

Sindrum 

Mu2e/COMET 
  10−16 −10−17
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Mu3e 

Sindrum II 

  BR µ → eee( ) < 1.0 ×10−12

  BRµ−e
Ti < 4.3 ×10−12



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 , ...

12 



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

 
 

 
 
 

•  Expected sensitivity 10-9 or better at LHCb, Belle II, HL-LHC?  

•   
 

HL-LHC&HE-LHC’18 
Belle II Physics Book’18 



Alexey Petrov (WSU & MCTP) HE/HL LHC, Fermilab, 4-6 April 2018

James Miller, 2006
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A multitude of models…
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•  Build all D>5 LFV operators: 

		
	
Ø  Dipole: 

	
	
	
	
	
	

	
	
	
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

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

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

τ
 !τ

µ !µe.g. 
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Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ,V ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

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

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

τ

µ

  ϕ ≡ h0 , H 0 , A0

e.g.  Γ ≡ 1 

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Rich structure at dim=6

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

leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

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

Type II seesaw,   LRSM,  leptoquarks 

(Axial-vector) qq

μ eτ µ

Γ ≡ γ µ



   
 
 
 
 

 
•  Build all D>5 LFV operators: 

		
Ø  Dipole: 

 
Ø  Lepton-quark (Scalar, Pseudo-scalar, Vector,  

Axial-vector): 

Ø  Integrating out heavy quarks generates gluonic operator 
 
 
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...
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CD
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µν PL,RτFµν

   
Leff

S ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

  
1
Λ 2 µPL,RτQQ à 

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

• 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

Importance of this  
operator emphasized  
in Petrov & Zhuridov’14 



   
 
 
 
 

 
•  Build all D>5 LFV operators: 

		
Ø  Dipole: 

 
Ø  Lepton-quark (Scalar, Pseudo-scalar, Vector,  

Axial-vector): 
 

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

	
	
	
	

•   
 

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

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...
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D ⊃ −

CD

Λ 2 mτ µσ
µν PL,RτFµν
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S ⊃ −
CS ,V

Λ 2 mτ mqGFµ  ΓPL,Rτ  qΓq

    
Leff

 4ℓ ⊃ −
CS ,V

4ℓ

Λ 2 µ  ΓPL,Rτ  µ  ΓPL,Rµ

 Γ ≡ 1 ,γ µ

• 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

e.g. 



   
 
 
 
 
•  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 pattern of them 
 
 
 

•   
 

2.3  Effective Field Theory approach 

Emilie Passemar 
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Λ
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Ci
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i
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 Γ ≡ 1 ,γ µ



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 

22 Emilie Passemar 



BR for �� 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

23 Emilie Passemar 



  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

24 

Celis,	Cirigliano,	E.P.’14	



2.5  Model discriminating power of Tau processes 

•  Summary table: 

 
 
 
 

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

	
	

•  2-channel unitarity condition is solved with  
I=0	S-wave	ππ		and		KK	sca2ering	data	as	input		

Discriminating power: τLFV matrix

25 

Celis,	Cirigliano,	E.P.’14	

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

   Donoghue,	Gasser,	Leutwyler’90	
		 	 												Moussallam’99	

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

n  = ππ, KK

•  General solution:

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

Polynomials 
determined by 

matching to ChPT

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

  n = ππ , KK

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

i
Fi s( )

  
s = p

π + + p
π −( )2

with 

Emilie Passemar 



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

26 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  Discriminating power of τ → µ(�)ππ  decays  

 

 
 
 

 

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

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

Celis-VC-Passemar 1403.5781    

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

28 Emilie Passemar 

• Dipole
Dominant in SUSY-GUT and 

SUSY see-saw scenarios

Rich structure at dim=6

τ
 !τ

µ !µ

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

Spin and isospin of the 
hadronic operator leave 
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

29 Emilie Passemar 



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

 

 
 
 

 

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

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

Celis-VC-Passemar 1403.5781    

Different distributions according  
to the operator! 

   
Leff

D ⊃ −
CD

Λ 2 mτ µσ
µν PL,RτFµν

   
Leff

S ⊃ −
CS

Λ 2 mτ mqGFµPL,Rτ  qq

   
Leff

G ⊃ −
CG

Λ 2 mτGFµPL,Rτ  Gµν
a Ga

µν

30 

2.7  Discriminating power of τ → µ(�)ππ  decays  



3.   Ex: Charged Lepton-Flavour Violation and 
Higgs Physics 



3.1  Non standard LFV Higgs coupling 

 

•   
  
 

 

    

 
 
•  Arise in several models  Cheng, Sher’97, Goudelis, Lebedev,Park’11  

	 	 			Davidson, Grenier’10	
 
 
 

•  Order of magnitude expected                     No tuning:  
 
•  In concrete models, in general further parametrically suppressed  
 
 

In	the	SM:			 v
SMh i

ij ij
mY δ=

   
ΔLY = −

λij

Λ 2 fL
i fR

j H( )H †H  −Yij fL
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1.1   Introduction: 

•  Consider the possibility of non-standard LFV couplings of the Higgs  
  

•  LFV has been discovered in the neutrino sector:         neutrino oscillations  
why not for the charged leptons?  

•   Arise in several models 
 
 

•  Order of magnitude expected:         No tuning: 
 
In concrete models, in general further parametrically suppressed 
 

1.1  Introduction  
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Yτµ"

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

• what is a reasonable aim for precision on Yij?

• if off-diagonals are large ⇒ spectrum in 
general not hierarchical

• no tuning, if  
 

• in concrete models it will be typically further 
suppressed parametrically  

a general benchmark
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3.1  Non standard LFV Higgs coupling 

 

•   
  
 

 

•  High energy : LHC 
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3.2  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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Bound: 

  
Yµτ

h 2
+ Yτµ

h 2
≤ 0.13



3.2  Constraints in the τµ sector 

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

but loop level 
       sensitive to UV  
 completion of the theory 

Ø  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 ×10−11

14 9 Summary
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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/v

2.

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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3.3  Hint of New Physics in h � τ µ ? 

CMS’15 

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

• hint of a signal in h→τ"?

• CMS: Br(h→τ")=(0.89±0.39)%

• ATLAS: Br(H→"τ)=(0.77±0.62)% 

11

h→τ" exp. info

CMS-HIG-14-005

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

+0.39( )%   BR h →τµ( ) = 0.53 ± 0.51( )%@2.4σ @1σ 
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Figure 10: Constraints on the flavour violating Yukawa couplings, |Yµt|, |Ytµ| (left) and
|Yet|, |Yte| (right), from the BDT result. The expected (red dashed line) and observed (black
solid line) limits are derived from the limit on B(H ! µt) and B(H ! et) from the present
analysis. The flavour-diagonal Yukawa couplings are approximated by their SM values. The
green (yellow) band indicates the range that is expected to contain 68% (95%) of all observed
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green) [41, 93]. The green hashed region is derived by the CMS direct search presented in
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2 [41].
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Figure 6: Observed and expected 95% CL upper limits on the B(H ! µt) for each individual
category and combined. Left: BDT fit analysis. Right: Mcol fit analysis.

Table 6: Expected and observed upper limits at 95% CL and best fit branching fractions in
percent for each individual jet category, and combined, in the H ! et process obtained with
the BDT fit analysis.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ <0.90 <1.59 <2.54 <1.84 <0.64
eth <0.79 <1.13 <1.59 <0.74 <0.49
et <0.37

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

etµ <1.22 <1.66 <2.25 <1.10 <0.78
eth <0.73 <0.81 <1.94 <1.49 <0.72
et <0.61

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

etµ 0.47 ± 0.42 0.17 ± 0.79 �0.42 ± 1.01 �1.54 ± 0.44 0.18 ± 0.32
eth �0.13 ± 0.39 �0.63 ± 0.40 0.54 ± 0.53 0.70 ± 0.38 0.33 ± 0.24
et 0.30 ± 0.18

  BR h →τµ( ) = 0.25 ± 0.25( )% 13 TeV@CMS CMS’17 



8 Results

The best-fit branching ratios and upper limits are computed while assuming B(H ! µ⌧) = 0 for the
H ! e⌧ search and B(H ! e⌧) = 0 for the H ! µ⌧ search. The best-fit values of the LFV Higgs boson
branching ratios are equal to (0.15+0.18

�0.17)% and (�0.22 ± 0.19)% for the H ! e⌧ and H ! µ⌧ search,
respectively. In the absence of a significant excess, upper limits on the LFV branching ratios are set for
a Higgs boson with mH = 125 GeV. The observed (median expected) 95% CL upper limits are 0.47%
(0.34+0.13

�0.10 %) and 0.28% (0.37+0.14
�0.10 %) for the H ! e⌧ and H ! µ⌧ searches, respectively. These limits

are significantly lower than the corresponding Run 1 limits of Refs. [7, 8]. The breakdown of contributions
from di�erent signal regions is shown in Figure 4.
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Figure 4: Upper limits at 95% CL on the LFV branching ratios of the Higgs boson, H ! e⌧ (left) and H ! µ⌧
(right), indicated by solid and dashed lines. Best-fit values of the branching ratios (µ̂) are also given, in %. The limits
are computed while assuming that either B(H ! µ⌧) = 0 (left) or B(H ! e⌧) = 0 (right). First, the results of the
fits are shown, when only the data of an individual channel or of an individual category are used; in these cases
the signal and control regions from all other channels/categories are removed from the fit. These results are finally
compared with the full fit displayed in the last row.

The branching ratio of the LFV Higgs boson decay is related to the non-diagonal Yukawa coupling matrix
elements [84] by the formula

|Ỳ ⌧ |
2 + |Y⌧` |

2 =
8⇡
mH

B(H ! `⌧)

1 � B(H ! `⌧)
�H (SM),

where �H (SM) = 4.07 MeV [85] stands for the Higgs boson width as predicted by the Standard Model.
Thus, the observed limits on the branching ratio correspond to the following limits on the coupling matrix
elements:

p
|Y⌧e |

2 + |Ye⌧ |
2 < 0.0020, and

q
|Y⌧µ |

2 + |Yµ⌧ |
2 < 0.0015. Figure 5 shows the limits on the

individual coupling matrix elements Y⌧` and Ỳ ⌧ together with the limits from the ATLAS Run 1 analysis
and from ⌧ ! `� searches [84, 86].
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Figure 5: Upper limits on the absolute value of the couplings Y⌧` and Ỳ ⌧ together with the limits from the ATLAS
Run 1 analysis (light grey line) and the most stringent indirect limits from ⌧ ! `� searches (dark purple region).
Also indicated are limits corresponding to di�erent branching ratios (0.01%, 0.1%, 1%, 10% and 50%) and the
naturalness limit (denoted n.l.) |Y⌧`Ỳ ⌧ | .
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v

[84] where v is the vacuum expectation value of the Higgs field.

9 Conclusions

Direct searches for the decays H ! e⌧ and H ! µ⌧ are performed with proton–proton collisions
recorded by the ATLAS detector at the LHC corresponding to an integrated luminosity of 36.1 fb�1 at a
centre-of-mass energy of

p
s = 13 TeV. No significant excess is observed above the expected background

from Standard Model processes. The observed (expected) upper limits at 95% confidence level on the
branching ratios of H ! e⌧ and H ! µ⌧ are 0.47% (0.34+0.13

�0.10 %) and 0.28% (0.37+0.14
�0.10 %), respectively.

These limits are more stringent by a factor of 2 (5) than the corresponding limits for the H ! e⌧ (H ! µ⌧)
decay determined by ATLAS at

p
s = 8 TeV.
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•  Constraints from Higgs decay (LHC) vs. low energy LFV and LFC 
observables 

3.4  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  

Harnik, Kopp, Zupan’12 

  BR µ → eγ( ) < 5.7 10−13

MEG’13 

  BR h → µe( ) < 10−7
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4.   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 measurements have SM-free signal 

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

 

Ø  In addition to leptonic and radiative decays          hadronic decays 
important, e.g. τ → µ(e)ππ,  µN  → eN

 

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    

•  Several experimental programs:  
MEG, Mu3e, COMET, Mu2e, Belle II, BESIII, LHCb, LHC-HL 
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