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1947

...

 10 years after 
discovery of 

the muon

 having been 
distinguished 

from Yukawa’s 
meson 

(Conversi et al)

● Weak interaction universality from atomic e and ¹ -capture
● discussion of whether muon decay involves “β-decay”s:
 ¹ → e + º (with a single type of neutrino)
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1947

Geiger
Counters

 

   15 cmLead

Graphite

 Studies of 
fundamental 
properties of 
muon decay

 using
O(1000) 

cosmic events

decay into
how many

particles, and  
which ones

  Demonstrated ¹ → e + ° is not a major component of ¹-decay
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1955



Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation—TAU2014, Aachen

1959

Feinberg, 1958
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1961

also Salam,
Nishijima,

Schwinger
and others
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Lepton Flavour Conservation to O(10−6)

● Experimental evidence accumulated in 1950s
● No evidence for muon decays to an electron and a 
photon

● severe constraint on models of the weak interaction
● New conservation laws
● Helped force lepton flavour conservation to be written 
into SM

● two (→ three) generations of massless neutrinos
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1955
 Conservation of 
electric charge:

 a consequence of 
gauge invariance and a 
massless gauge boson

 Gauge invariance 
cannot explain “heavy 

particle” number 
(baryon number, lepton 

number etc) 
conservation
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Lepton Flavour Conservation 
in the Standard Model

● In the Standard Model:
● Lepton flavour is conserved absolutely

● not by “principle”, but through its structure

● Deviations from the SM can introduce Lepton 
Flavour Violation
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Charged Lepton Flavour Violation
● Beyond-the-Standard Model Physics can cause CLFV

● e.g. massive neutrinos

● but this is GIM-suppressed:
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Charged Lepton Flavour Violation
● Beyond-the-Standard Model Physics can cause CLFV

● e.g. introduction of non-zero neutrino mass

● but this is GIM-suppressed:
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Charged Lepton Flavour Violation
● Beyond-the-Standard Model Physics can cause CLFV

● e.g. introduction of non-zero neutrino mass

● but this is GIM-suppressed:

● if CLFV seen, unambiguous signal for new physics 
 (going beyond Dirac mº > 0)

● no theoretical background uncertainties
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Charged Lepton Flavour Violation

● Forbidden entirely in SM

● BSM Physics can give rise to CLFV

● e.g. massive neutrinos

● but CLFV GIM-suppressed to less than O(10{50)
● background-free for further new physics 
● Majorana or Dirac? Lepton Number Violation?

● more generally, CLFV rates can be much larger

● highly-sensitive probes to BSM physics

See talks 
today
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Type-I
Seesaw
Mechanism

D.N. Dinh, A. Ibarra, E. Molinaro, S.T. Petcov, 
J. High Energy Phys. 1208 (2012) 125

See talks today
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Type-I
Seesaw
Mechanism

D.N. Dinh, A. Ibarra, E. Molinaro, S.T. Petcov, 
J. High Energy Phys. 1208 (2012) 125

Concrete 
predictions of 

ratios between 
processes, and 

of absolute 
rates for given 
heavy neutrino 

mass mN
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Further Beyond the Standard Model

● Many models can give rise to CLFV:
● Seesaw mechanism
● Supersymmetric Grand Unified Theories
● Multiple Higgs doublets
● Left-right symmetric models
● Extra dimensions
● Little Higgs
● Extra generations of quarks and leptons

See talks today
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Key CLFV Muon Decay Processes

● ¹+ → e+ + °

MEG at PSI

● ¹+ → e+   + e+ + e{ 

  Mu3E at PSI
● ¹{ + N → e{ + N
      muon-to-electron conversion: Mu2E at Fermilab

COMET at J-PARC

See talks today
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Muon-to-Electron Conversion
● Search for the process

● Time available after formation of muonic atom:
  up to about 1 microsecond (Z-dependent)
● Ee = m¹ 

{ Ebind { Erecoil
 

muonic atom mono-energetic electron
 105 MeV
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Muon-to-Electron Conversion
● Search for the process

● Time available after formation of muonic atom:
  up to about 1 microsecond (Z-dependent)
● Ee = m¹ 

{ Ebind { Erecoil
 

● observed signal is 
smeared because of 
detector effects

muonic atom mono-energetic electron
 105 MeV

m¹
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102

¹ → e + °103

104 ¹ → e
conversion

Complementarity 
Between CLFV 
Channels

● e.g., Muon-to-electron 
conversion and ¹ → e + °

●   Sensitive to different
BSM physics

 

 
 
 
● 

de Gouvea
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Relative 
dependences 
of the muon-
to-electron 
conversion 
branching 
ratio on the 
target 
nucleus 

for different 
models of New 
Physics 
interactions

Cirigliano, 
Kitano, Okada, 
and Tuzon, 
arXiv:0904.0957
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2006
 from 
data 

taken in 
2000 at 

PSI

 Current world 
best limit on 

¹-to-e 
conversion:
 < 7× 10−13  

(on Gold)
 SINDRUM had a 
rich programme 

of CLFV 
measurements
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COMET Phase-I at J-PARC
● Muon-to-electron conversion at 100 times the sensitivity 
of current world limit, to start taking data in 2016
● First phase of full COMET programme
● Running at about 5% of the intensity of Phase-II
● Also allows us to study the beam line and backgrounds 
in-situ to prepare for Phase-II



Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation—TAU2014, Aachen

COMET Phase-I at J-PARC

High-
power pulsed
proton beam

Superconducting
muon transport
solenoid

Superconducting
pion-capture 
solenoids

Detector systems

● Muon-to-electron conversion at 100 times the sensitivity 
of current world limit, to start taking data in 2016
● First phase of full COMET programme
● Running at about 5% of the intensity of Phase-II
● Also allows us to study the beam line and backgrounds 
in-situ to prepare for Phase-II
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Experimental 
Limits on Lepton 
Flavour Violation

90% C.L.
upper limits on 

branching ratios

See talks today
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Summary
● Charged lepton flavour violation is an extremely 
clean and sensitive probe for physics beyond the 
Standard Model

● No theoretical backgrounds to discovery
● Experimentally and theoretically rich:

● Numerous experimental channels
● Significant model dependences

● A “discovery” would be followed by a thorough 
programme of precision study (à la neutrinos)

● is muon g { 2 a hint?

● Significant advances now and in the near future....
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8 GeV 
Proton 
Beam

Pion Production Target and
Superconducting Pion 
Capture Solenoid

Pion 
decay 

section

Muon stopping target

Detector section for 
signal electrons

Muon
transport
section

COMET Experimental Layout
(Coherent Muon to Electron Transition)

2 m
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Charge and momentum 
selection for muons and signal 
electrons:
uses curved solenoids with 
superimposed dipole fields to 
guide desired charge and 
momentum along beam centre

5 Tesla

Muon Stopping
Target

Momentum/
Sign SelectionPion

Capture Detector Solenoid


