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ICTS School, May 2 2022J. Zupan  Lepton Flavor Violation (Lectures 1 & 2)

outline

• lecture 1: lepton flavor in the SM

• lecture 2: LFV observables in muons

• lecture 3: LFV in taus; Higgs and flavor

• lecture 4: LFV searches and light new 
physics
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outline lectures 1 & 2

• in lectures 1 & 2:

• leptonic vs. quark flavor structure in 
the standard model

• observables sensitive to lepton flavor 
violation in muons
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useful references

• some general introductions to flavor physics

• Yuval Grossman's lectures in this school

• Nir, 0708.1872, 1605.00433 

• Grossman, Tanedo, 1711.03624

• JZ, 1903.05062 

• ...

• on lepton flavor violation

• Calibbi, Sirognelli, 1709.00294 

• Ardu, Pezzullo, 2204.08220
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quarks vs. leptons

• when comparing quark and lepton sector of the Standard 
Model we observe:

• leptons of the same generation are lighter than quarks

•  smaller number of kinematically allowed decay modes for ,
 than for t,b,c

• e.g.,  allowed, while  is not

• quarks carry color  bound inside hadrons

• lepton decays are simpler to predict

• "up" leptons' (= 's) mass  "down" leptons' (= ') mass

• absolute neutrino masses not yet known

• in many processes neutrino masses can be neglected

τ
μ

B− → τ−ν̄τ τ− → B−ντ

⇒

ν ≪ ℓ
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quarks
• in the SM the flavor structure resides in the Yukawa interactions 

 

•  are  complex matrices

• each can be diagonalized by a bi-unitary transform. 

• but not both at the same time (i.e. both can be made diagonal only after 
EWSB when we split  into upper and lower components)

• keeping  symmetry explicit perform quark field redefinitions

• so that the Yukawa matrices transform to

• can choose a basis such that (down quark mass basis)

Yu,d 3 × 3

QL

SU(2)L
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Q0
L = VQQL

<latexit sha1_base64="cbhG+ej8uA+IM9UgMiI/z2GwyfE=">AAAB83icbZDLSgMxFIbPeK31VnXpJlhEV2VGKroRim5cuGjBXqAdhkyaaUOTzJBkhDL0Ndy4UMStL+POtzFtZ6GtPwQ+/nMO5+QPE860cd1vZ2V1bX1js7BV3N7Z3dsvHRy2dJwqQpsk5rHqhFhTziRtGmY47SSKYhFy2g5Hd9N6+4kqzWL5aMYJ9QUeSBYxgo21eo3g4eymFTSQhaBUdivuTGgZvBzKkKselL56/ZikgkpDONa667mJ8TOsDCOcToq9VNMEkxEe0K5FiQXVfja7eYJOrdNHUazskwbN3N8TGRZaj0VoOwU2Q71Ym5r/1bqpia79jMkkNVSS+aIo5cjEaBoA6jNFieFjC5goZm9FZIgVJsbGVLQheItfXobWRcWrVi4b1XLtNo+jAMdwAufgwRXU4B7q0AQCCTzDK7w5qfPivDsf89YVJ585gj9yPn8ALeCQfA==</latexit>

u0
R = VuuR

<latexit sha1_base64="cZ1r5XZmro6PP/P/bq0NXbsw844=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm8EiuiqJVHQjFN24rGIv0IYwmU7aoZNJmItQQl/DjQtF3Poy7nwbp20W2vrDwMd/zuGc+cOUM6Vd99sprKyurW8UN0tb2zu7e+X9g5ZKjCS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4eh2Wm8/UalYIh71OKV+jAeCRYxgba2eCR5Or1uBQRaCcsWtujOhZfByqECuRlD+6vUTYmIqNOFYqa7nptrPsNSMcDop9YyiKSYjPKBdiwLHVPnZ7OYJOrFOH0WJtE9oNHN/T2Q4Vmoch7YzxnqoFmtT879a1+joys+YSI2mgswXRYYjnaBpAKjPJCWajy1gIpm9FZEhlphoG1PJhuAtfnkZWudVr1a9uK9V6jd5HEU4gmM4Aw8uoQ530IAmEEjhGV7hzTHOi/PufMxbC04+cwh/5Hz+AOZakPQ=</latexit>

d0R = VddR

<latexit sha1_base64="PkAZS5FJw1rKqH64mY4e8C42Xv0=">AAAB83icbZDLSsNAFIZP6q3WW9Wlm8EiuiqJVHQjFN24rGIv0IYwmUzaoZNJmJkIJfQ13LhQxK0v4863cdJmoa0/DHz85xzOmd9POFPatr+t0srq2vpGebOytb2zu1fdP+ioOJWEtknMY9nzsaKcCdrWTHPaSyTFkc9p1x/f5vXuE5WKxeJRTxLqRngoWMgI1sYaBN7D6XXHC5ABr1qz6/ZMaBmcAmpQqOVVvwZBTNKICk04Vqrv2Il2Myw1I5xOK4NU0QSTMR7SvkGBI6rcbHbzFJ0YJ0BhLM0TGs3c3xMZjpSaRL7pjLAeqcVabv5X66c6vHIzJpJUU0Hmi8KUIx2jPAAUMEmJ5hMDmEhmbkVkhCUm2sRUMSE4i19ehs553WnUL+4bteZNEUcZjuAYzsCBS2jCHbSgDQQSeIZXeLNS68V6tz7mrSWrmDmEP7I+fwCX7ZDB</latexit>

Y 0
d = V †

QYdVd

<latexit sha1_base64="Xe+xhfu5IubfJJSqQtPrOsefTg0=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF9FQSqehFKHrx2IJNK20Mm80mXbrZhN2NUEK9+Fe8eFDEq//Cm//GbZuDVh8MPN6bYWaenzIqlWV9GaWFxaXllfJqZW19Y3PL3N5xZJIJTNo4YYno+kgSRjlpK6oY6aaCoNhnpOMPryZ+554ISRN+o0YpcWMUcRpSjJSWPHPv1guOLhyvddcPUBQRAbUAHS/wzKpVs6aAf4ldkCoo0PTMz36Q4CwmXGGGpOzZVqrcHAlFMSPjSj+TJEV4iCLS05SjmEg3n34whodaCWCYCF1cwan6cyJHsZSj2NedMVIDOe9NxP+8XqbCczenPM0U4Xi2KMwYVAmcxAEDKghWbKQJwoLqWyEeIIGw0qFVdAj2/Mt/iXNSs+u101a92rgs4iiDfXAAjoENzkADXIMmaAMMHsATeAGvxqPxbLwZ77PWklHM7IJfMD6+AasAlcI=</latexit>

Y 0
u = V †

QYuVu

<latexit sha1_base64="uM2NQZ/oKOpjDCn+btAIVW0FlwE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXZVEKroRim5ctmDTShvDZDJJh04ezEMooW78FTcuFHHrX7jzb5y2WWj1wIXDOfdy7z1+xqiQlvVllBYWl5ZXyquVtfWNzS1ze8cRqeKYtHHKUt71kSCMJqQtqWSkm3GCYp+Rjj+8mvide8IFTZMbOcqIG6MooSHFSGrJM/duPXV04Xitu36AoohwqAXoeMozq1bNmgL+JXZBqqBA0zM/+0GKVUwSiRkSomdbmXRzxCXFjIwrfSVIhvAQRaSnaYJiItx8+sEYHmolgGHKdSUSTtWfEzmKhRjFvu6MkRyIeW8i/uf1lAzP3ZwmmZIkwbNFoWJQpnASBwwoJ1iykSYIc6pvhXiAOMJSh1bRIdjzL/8lzknNrtdOW/Vq47KIowz2wQE4BjY4Aw1wDZqgDTB4AE/gBbwaj8az8Wa8z1pLRjGzC37B+PgG+fWV9Q==</latexit>
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• quark Yukawa interactions in down mass basis 
 
 
 

• can move flavor changing interactions to kinetic term by field 
redefinition 
 

• in the so-called mass basis

quarks

7

H =

✓
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◆
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quarks

• all flavor violation in charged currents 
(couplings to )

• neutral currents are flavor conserving

• no flavor viol. in  couplings

• couplings to Higgs are flavor 
diagonal 

W±

Z
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ckm matrix
• hierarchical structure + unitarity

• encoded in Wolfenstein parametrization 
 
 
 
 

• CKM matrix depends on 3 real params, 1 phase

• 3 mixing angles, 1 phase

• in Wolfenstein param. trade for 

• 3 real params: λ, A, ρ, 

• 1 imag. param:  η

9
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• 3 mixing angles, 1 phase
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• 3 real params: λ, A, ρ, 
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flavor in the SM  
quark sector

• neutral currents are flavor conserving (at tree level)

• photon, gluon, Z: have flavor (generation)  universal interactions 
 
 
 
 

• Higgs has flavor diagonal interactions 

• proportional to quark mass

• charged currents are flavor changing

• W couplings are flavor changing

10
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leptons

• first assume that neutrino masses are zero

• extremelly good approximation in

• collider experiments, meson decays, 
charged lepton decays,...

• in each of these: E ≫ mν

11
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leptons

• in the limits of vanishing  masses

• a single lepton Yukawa

• through field redefinitions can be made 
diagonal, real, positive 
 
 
 

• since  diagonal: no FV unless  

• since  real: no CPV unless 

ν

Yℓ mν ≠ 0
Yℓ mν ≠ 0

12
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leptons
•  in SM with massless  no leptonic FCNCs

• photon, Z: flavor (generation)  universal interactions 
 
 
 
 

• Higgs has flavor diagonal interactions 

• proportional to lepton masses

• charged currents (W couplings)  
are flavor universal

⇒ ν

ℓi

νi

ℓi

ℓi

ℓi

ℓi

ℓi

ℓi

13
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leptons

• this means that for  in the SM

•
•
•
•
• ...

mν = 0
Br(μ+ → e+e−e+) = 0
Br(μ+ → e+γ) = 0
Br(τ+ → μ+μ−μ+) = 0
Br(τ+ → μ+ρ0) = 0

14
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leptons

• agrees well with stringent experimental 
bounds in PDG

•
•
•
•
• ...

Br(μ+ → e+e−e+) < 1.0 × 10−12

Br(μ+ → e+γ) < 4.2 × 10−13

Br(τ+ → μ+μ−μ+) < 2.1 × 10−8

Br(τ+ → μ+ρ0) < 1.2 × 10−8

15
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neutrino masses

• however, neutrinos are not completely massless

• at some level leptonic FCNCs will arise in the 
SM

• how much does  matter?

• in experiments we are interested in: not too much

• corrections suppressed by 

• for instance for muon decays: 

mν ≠ 0

(mν/E)n ≪ 1

E ∼ mμ ⇒ mν/mμ < 10−9

16
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neutrino masses

17
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PMNS matrix

 symm., complex3 × 3

 complex3 × 3

• with  field content   forbidden in the SM

• two ways of introducing  masses

• Dirac neutrinos: add RH neutrino fields , singlets under SM + 
conserv.  
 

• Majorana neutrinos:  from dimension 5 Weinberg operator, is  
 
 

• counting of physical parameters slightly differs in the two cases

• in both cases weak (flavor) eigenstates are linear superpositions of 
mass eigenstates 

QUDL mν

ν
νR

L

mν ΔL = 2
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PMNS matrix

• canonical form of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix 
 
 

• P matrix takes the form:

•  for Dirac neutrinos

•  for Majorana 's

P = 1
P = diag (1,eiα21, eiα31) ν

18
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PMNS matrix

• assuming "normal ordering":  
 
 
,  

m3 > m2 > m1
m2

2 − m2
1 ∼ (10−3 eV)2

m2
3 − m2

1 ∼ (0.05 eV)2

sin θ12 ∼ sin θ23 ∼ 0.5 sin θ13 ∼ 0.15
δ, α12, α13 = ?

19

CKM  
matrix

PMNS 
matrix
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 in the SMμ → eγ
• we already know that   vanishes for massless neutrinos

• GIM mechanism very effective in LFV transitions

• amplitude proportional to  
 
 
 

• similar suppressions for 

• for charged LFV transitions SM is well below experimental 
reach

• if found, a clear signal of new physics

μ → eγ

A(μ → eγ) ∝ m2
ν

μ → 3e, τ → 3μ, μ → e, …

20

Very small !!!
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new physics: 

see saw example

• a simple example of new physics probed by 

• a see-saw model for neutrino masses

• allow for Majorana mass term for  
 
 

• mass spectrum consists of Majorana neutrinos

• 3 heavy states, mostly  with masses 

• 3 light neutrinos, mostly , mass matrix 

μ → eγ

νR

νR ∼ MR

νL

21

Dirac mass term  mixing of  and ⇒ νL νR
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see saw and μ → eγ
• due to  and  mixing

• PMNS matr. does not  diagonalize the full  mass matrix

• the mixing matrix  entering the  vertex is not 
unitary 

• modified prediction for  
 
 
 
 

• GIM mechanism no longer fully operational

•  not suppressed by light  masses, can be larger

νL νR

νL,R

𝒰 W − ℓ − ν

μ → eγ

Br(μ → eγ) ν

22

note: in  we  
have  not 

mν
YT

ν Y†
ν
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searching for new 
physics

• LFV observables probe very high scales 
 
 
 
 
 
 
 

• the rest of these lectures: focusing on the 
above observables

23
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observables

• CLFV transitions

• , , ,  conv., ...

• CPV probes

• electric dipole moment (EDM) of the 
electron

• Higgs decays

• , , , ...

μ → eγ τ → μγ μ → 3e μ → e

h → ττ h → μμ h → τμ

24
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muons

• today: LFV muon decays

• tomorrow: all the other probes

25
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experimental progress
• steady experimental progress since 1940s

26
cosmic 

rays
stopped  

beams
π stopped  

beams
μ
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very rare processes

• planned experiments aim for 

• very rare: if one were to use cosmic rays 
passing through your hand*

•    would take more than the age of 
the Universe to collect a sample large 
enough for one event

Br(μ → …) ∼ 10−15 − 10−18

⇒

27

* the flux of cosmic ray muons at sea level is ∼ 1 muon /cm2 /min
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talk by Toshiyuki Iwamoto @ FPCP2020
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timeline

• pre-Covid timeline from 2019

29

Physics Briefing Book, 1910.11775



μ → eγ

30
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• present best bound

• MEG (2016): 

• future experiment (just started physics 
data taking)

• MEG-II (~2025):

Br(μ+ → e+γ) < 4.2 × 10−13

Br(μ+ → e+γ) < 6 × 10−14

31

 experimental 
results

μ → eγ

MEG coll., hep-ex/1605.05081

present status in Meucci, 2201.08200
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heavy new physics
• if there is heavy NP, can be integrated out

• results in SM Effective Field Theory (SMEFT)

• renormalizable SM supplemented by higher dimensional 
operators 
 

•  results in a dimension 6 operator 
 
 

• exp. bounds imply that it is highly suppressed

μ → eγ

32

μ → eγ ⇒ Λ21 ≳ 3500 TeV Greljo, Stangl, Thomsen, 2103.13991
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new physics examples 
for μ → eγ

• any new states with FV couplings to SM leptons will 
contribute to 

• a selection of examples

• neutrino mass models

•  see-saw

• loop generated  
neutrino masses

• 2 Higgs Doublet Model

• low energy supersymmetry

• extra dimensional models

μ → eγ

33
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 experimentsμ → eγ
• in muon rest frame  and  are monochromatic

•
• convenient to perform experiments with stopped muons

• use  so that it does not get bound to nucleus, i.e., avoid the spread of 
line from decay in orbit

• the measured process is thus 

• muons are stopped in the thinnest possible targets

• so that the  do not loose energy when escaping

• search for monochromatic  line at the kinematical edge of SM 
 decay (the "Michele edge")

• require coincidence with a photon of the same energy

• energy resolution very important to reduce SM background

• irreducible background is the SM decay 

e γ
Ee = Eγ ≃ mμ/2 ≃ 52.8 MeV

μ+

μ+ → e+γ

e+

e+

μ+ → e+νeν̄μ

μ+ → e+νeν̄μγ

34
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ICTS School, May 2 2022J. Zupan  Lepton Flavor Violation (Lectures 1 & 2)

 experimentsμ → eγ
• in muon rest frame  and  are monochromatic

•
• convenient to perform experiments with stopped muons

• use  so that it does not get bound to nucleus, i.e., avoid the spread of 
line from decay in orbit

• the measured process is thus 

• muons are stopped in the thinnest possible targets

• so that the  do not loose energy when escaping

• search for monochromatic  line at the kinematical edge of SM 
 decay (the "Michele edge")

• require coincidence with a photon of the same energy

• energy resolution very important to reduce SM background

• irreducible background is the SM decay 

e γ
Ee = Eγ ≃ mμ/2 ≃ 52.8 MeV

μ+

μ+ → e+γ

e+

e+

μ+ → e+νeν̄μ

μ+ → e+νeν̄μγ

34

Meucci, 2201.08200

μ+ → e+νeν̄μ



μ → 3e

35
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μ → 3e
•  : tree level or one loop NP contribs. possible 

 
 
 
 

• if NP heavy, can be integrated out

• then the  transition described by an EFT with

• dipole operators

• four fermion 
operators 

μ+ → e+e−e+

μ → 3e

36
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dipole limit

• if NP such that the dipole contribution dominates

• then  and  rates are related 
 
 
 
 

• in general all operators are present

• the above operators mix under the RG

μ → 3e μ → eγ

37
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experiments

• also use stopped  so the lab frame is the muon rest frame 

•  is a 3-body decay, so no mono-energetic particle

• maximal energy for each  is 

• the signature is 

• 2  and 1  coming from common vertex (and nothing else)

• their energy adds up to 

• the main "irreducible" SM background  decay

• two neutrinos appear as missing energy 

• need very precise energy measurement to make sure 

μ+

μ+ → e+e−e+

e Emax ≃ mμ/2

e+ e−

mμ

μ+ → e+e−e+ν̄μνe

Einv

Ee+ + Ee− + Ee+ = mμ

38
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• present best bound

• SINDRUM (1988):

• future 

• Mu3e: 
Phase 1 (~2025):  
Phase 2 (2030s): 

Br(μ+ → e+e−e+) < 1.0 × 10−12

Br(μ → 3e) < 2 × 10−15

Br(μ → 3e) ≲ 10−16

39

Nuclear Physics B 1988, 299 

2009.11690 



 conversionμ → e

40
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 conversionμ−N → e−N
•  conversion:

•  converts to  in the  
field of nucleus, without  
emission of 's

• the  is first stopped in target, and quickly forms muonic 
atom

• the  conversion has two body kinematics

• results in monochromatic  with energy 
 
 
 

• e.g. in Al (used in Mu2e), 

μ−N → e−N
μ− e−

ν
μ−

μ−N → e−N
e−

Ee = 104.96 MeV
41

μ− e−

N N

Ee = mµ � Eb �
m2

µ

2mN
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muonic binding energy
Eb ∼ Z2α2mμ /2

kin. eng. of  
the nucleon
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• if NP effects described by EFT, the  
relevant higher dim. ops. are

• dipole operators

• four fermion 
operators with  
quarks

• general treatment  
rather complicated

• requires predictions for nuclear matrix elements

• no first principle calculations for elements used as 
targets, approximate nucl-th treatments 

42

  
conversion

μ−N → e−N

μ− e−

N N
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• results are quoted in terms of 
normalized conversion rate

• normalization to nuclear capture rate 
reduces theoretical uncertainties

43

 conversionμ−N → e−N
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• experimentally  conversion offers many 
advantages over, e.g., 

• the only intrinsic bckgd is  decay in orbit

• in  the  is at the kinematical edge of DIO 

μ → e
μ → eγ

μ− → e−νμν̄e

μ−N → e−N e−

44

DIO for Al
data: TWIST coll.

Ee ≃ mμ/2

 lineμ → e

 conversionμ−N → e−N
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• present bound

• SINDRUM-II (1993, 2006): 

• future (on C)

• DeeMee: 

• future (on Al)

• COMET Phase 1: 

• Mu2e & COMET Phase-II: 

• Mu2e-II:  

Rμe < 6.1(7.1) × 10−13 on Ti (Au)

Rμe ≲ 1(0.2) × 10−13 on C (SiC)

Rμe ≲ 10−15

Rμe ≲ 10−17

Rμe ≲ 10−18

45

 conversionμ−N → e−N

Physics Letters B 1993, 317, 631
Eur. Phys. J. C 2006, 47  
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complementary probes
• complete list of dim 6 CLFV operators

46

probed by  
μ → eγ
μ → 3e
μ → e



ICTS School, May 2 2022J. Zupan  Lepton Flavor Violation (Lectures 1 & 2)

dipole operator 
dominance

• simplified scenario - assume the dipole operator 
dominates

• interesting to compare the reach of different experiments 

47

Calibbi, Sirognelli, 1709.00294
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upshot

• several different probes in rare muon 
decays

• can probe different types of new 
physics

• also disentangle different 
contributions

• significant improvements projected

48
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