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Charged Lepton Flavour Violation
with COMET2, and other projects
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‣ Neutrino oscillations have always been  
Lepton Flavor Violating (LFV) processes  
(e.g. solar neutrinos) 

‣ But the process has been proven non-local  
from the distance (L) and energy (E ) dependence

cLFV vs neutrino oscillations

e- μ-
ν

L
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Why looking for cLFV?

• Neutral Lepton Flavour Violations(/transitions):  exist!!!
• Why not charged LFV? (local, L=0, version of neutrino oscillation)
• Truly rare processes: e.g. BR(μ→ e γ) < 10-12

• « No » SM background: e.g. BR(μ→ e γ)SM ∼ 10-54

• Crucial to reveal or discriminate certain mechanisms of neutrino 
mass, e.g. involving sterile neutrinos
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3.1 Lepton flavours: a brief chronology of NP searches 71

be said of cLFV: any manifestation would imply that the SM must be non-trivially extended; in
other words, observable cLFV implies the presence of truly new degrees of freedom.

The most minimal extension of the SM allowing to accommodate neutrino oscillation data
consists in the addition of right-handed neutrinos, which in analogy to all other massive fermions,
combine with the left-handed states, thus giving rise to massive Dirac neutral fermions. In the
framework of the SMνR , individual lepton numbers are violated - this being encoded in the UPMNS

matrix, and transitions such as µ→ eγ can indeed occur, being mediated by W bosons and massive
neutrinos (and weighed by the PMNS matrix elements, Uij), as depicted by the Feynman diagram
of Fig. 3.1. Despite being allowed, the predicted rate [288] for such a transition is
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Figure 3.1: Feynman diagram schematically representing cLFV radiative lepton decays in the SM
with massive neutrinos.
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≃ O(10−55) , (3.1)

where best-fit values for neutrino data were used. Clearly, such a tiny value lies beyond the reach of
any future experiment; the experimental observation of such a cLFV signal would then imply that
Nature must be described by a more ambitious extension than the SMνR : New Physics degrees of
freedom must be involved to have BR(µ→ eγ) within experimental reach. Similar values (extremely
small) are also found for observables such as the three-body muon decay µ → eee, neutrinoless
muon conversion, or tau-sector observables. It is important to stress the strong difference with
respect to NP contributions to quark flavour observables (as for example the closely resembling
b → sγ transition): whilst in the quark sector new contributions are strongly constrained by the
comparison of experimental data to the SM predictions (and are typically called upon to alleviate
possible tensions between theory and experiment), in the lepton sector there is in essence no SM
contribution! Any confirmed observation is necessarily an indisputable signal of NP, and despite its
possibly small value, cannot be interpreted or explained in terms of SM theoretical uncertainties.

An important point is nevertheless crucial to stress: while neutrino oscillations necessarily imply
that lepton flavour is violated (at least in the neutral lepton sector), the observation of a charged
lepton flavour violation signal is not necessarily associated with neutrino oscillation phenomena; in
other words, cLFV can emerge as an independent process, without any connection to the mechanism
of neutrino mass generation. This is the case of several models which will be discussed in Chapter 4,
such as Two-Higgs-Doublet models, or the general MSSM, in which flavour violating vertices of the
type ℓiℓjφnew exist (φnew denoting a new particle), and neutrinos are massless. This re-inforces the
remarkable potential of an observation of cLFV as an indisputable signal of New Physics.

The above discussion illustrates but a fraction of the massive potential of cLFV, which we
briefly summarise below:
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νS and cLFV in muonic atoms: μ-e conversion
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cLFV in “muonic” atoms: µ− eµ− eµ− e conversion

! Muonic atoms: 1s bound state formed when µ− stopped in target

SM processes: µ− → e−νµν̄e (decay in orbit); µ− + (A,Z) → νµ + (A,Z − 1) (nuclear capture)

! cLFV µ− − e−µ− − e−µ− − e− conversion: µ− + (A,Z)→ e− + (A,Z)µ− + (A,Z)→ e− + (A,Z)µ− + (A,Z)→ e− + (A,Z)

coherent conversion, increases with Z (maximal for 30 ≤ Z ≤ 60)
e

µ

NP

q

q
′

! Event signature: single mono-energetic electron

EN
µe = mµ − EB(A,Z)− ER(A,Z), EAl, Pb, Ti

µe ≈ O(100 MeV)

! Backgrounds⇒⇒⇒ only physics (e.g. µ decay in orbit); beam (purity), cosmic rays, ...

! Experimental status (present bounds and future prospects):

CR(µ− e, N) bound material year

4.3× 10
−12

4.3× 10
−12

4.3× 10
−12 Ti 1993

4.6× 10
−11

4.6× 10
−11

4.6× 10
−11 Pb 1996

7× 10
−13

7× 10
−13

7× 10
−13 Au 2006

Experiment (material) future sensitivity year

Mu2e (Al) 3× 10
−17

3× 10
−17

3× 10
−17

∼ 2021

COMET (Al) - Phase I (II) 10
−15

10
−15

10
−15 (10−17

10
−17

10
−17) ∼ 2018(21)

PRISM/PRIME (Ti) 10
−18

10
−18

10
−18

DeeMe (SiC) 10
−14



Muon capture: tremendous progress on the way
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3.3 cLFV observables: the muonic channels 85

The COMET experiment will be subsequently modified: PRISM/PRIME will further improve the
sensitivity to these cLFV processes [364]. Another possibility is that of DeeMe [365], which is a
parallel project at J-PARC, albeit on a smaller experimental scale: working with a silicon-carbide
target, the goal is to lower the present sensitivity by almost two orders of magnitude. In the long
term, Project-X (at Fermilab) [366,367] is expected to benefit from very intense muon beams, with
at least ten times more muons than Mu2e (however for a lower energy beam, around 1-3 GeV). We
summarise the expected future sensitivities in Table 3.8.

Experiment (material) future sensitivity year

Mu2e (Al) 3× 10−17 [360] ∼ 2021

COMET (Al) - Phase I 3× 10−15 [362] ∼ 2018

COMET (Al) - Phase II 3× 10−17 [362] ∼ 2021

PRISM/PRIME (Ti) 10−18 [364]

DeeMe (SiC) 10−14 [365]

Table 3.8: Future sensitivities for CR(µ− e, N).

Lepton number violating neutrinoless µ− − e+µ− − e+µ− − e+ conversion in Nuclei
In the presence of new interactions which also violate total lepton number, another neutrinoless
nuclear conversion can take place:

µ− + (A,Z) → e+ + (A,Z − 2)∗ . (3.46)

Due to its LNV nature, the above (charge-changing) transition is related to neutrinoless double
beta decay. The final state nucleus can be left in its ground state or in an excited one (notice that
contrary to µ− − e− conversion, no coherent enhancement is possible as the final state nucleus is
different from the initial one). The observable can be defined as

CR(µ− − e+, N∗) =
Γ(µ− + (A,Z)→ e+ + (A,Z − 2)∗)

Γ(µ− + (A,Z)→ all captures)
. (3.47)

The experimental signature of the transition is quite different from the clean emission of the
monochromatic electron in µ− − e− conversion. It is in general assumed that a large fraction
of the final state nuclei will be in the so-called “giant dipole resonance” state. Since the latter
states are characterised by mean energies and widths of around 20 MeV, the emitted positron will
correspondingly have a broad momentum distribution. The energy of the outgoing positron is given
by EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗) , where ∆Z−2(∗) denotes the difference between
the nuclear binding energies of the two nuclei, taking into account the possible excitation energy
of the final one. In analogy to µ− − e− conversion, radiative muon and/or pion capture, followed
by asymmetric e−e+ conversion of the photon, constitues the dominant source of background.
Increasing the purity of the beam, and choosing the intervening nuclei (so to ensure that the signal
energy remains above the endpoint of the radiative muon capture background) allows to improve
the experimental sensitivity.

In Table 3.9, we provide a summary of some of the existing bounds (transitions to nuclear
ground state and excited state). In principle, it could be possible to use the next generation of
µ−−e− conversion experiments to search for both electrons and positrons in the final state (should
the detector allow for this).

X

X
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COMET Detectors

in vacuum under  
1T magnetic field 

(# of straw stations  
is not determined)ECAL Straw Tracker
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COMET Staged Approach (2012~)

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  
spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Comparison : COMET vs. Mu2e

Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II

6x109 stopped muon/sec  
with 3.2 kW
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Schedule of COMET

Phase-I and Phase-II

COMET Phase-I :  
2018 ~ 

S.E.S. ~ 3x10-15 

(for 150 days 
with 3.2 kW proton beam)

COMET Phase-II :  
2022 ~ 

S.E.S. ~ (1.0-2.6)x10-17 

(for 2x107 sec  
with 56 kW proton beam)

JFY 2015 2016 2017 2018 2019 2020 2021 2022 2023

COMET 

Phase-I

construction

data

taking

COMET

Phase-II

construction

data taking
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PRISM/PRIME : Future Search 

with S.E. sensitivity of 3x10-19 

PRISM 
beamline

PRISM-FFAG 
muon storage ring

momentum slit

extract kickers

injection kickers

matching section

 curved solenoid 
(short)

SC solenoid / 
pulsed horns

PRIME 
detector

MW beam
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νS and cLFV in muonic atoms: μ+e → e+e
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cLFV in “muonic” atoms: Coulomb enhanced decays

! Muonic atom decay: µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− [Koike et al, ’10]

Initial µ−µ−µ− and e−e−e−: 1s state bound in Coulomb field of the muonic atom’s nucleus

! Coulomb interaction increases overlap between

Ψµ− and Ψe− wave functions

Γ(µ−e− → e−e−, N) ∝ σµe→eevrel [(Z − 1)αme]
3/π

NP

e−

e−

µ−

e−

! Clean experimental signature: back-to-back electrons, Ee− ≈ mµ/2

larger phase space than µ→ 3eµ→ 3eµ→ 3e

! Rate strongly enhanced in large ZZZ atoms

Γ/Γ0 " (Z − 1)3Γ/Γ0 " (Z − 1)3Γ/Γ0 " (Z − 1)3 [Uesaka et al, ’15-’16]

Consider experimental setups for Pb, U !?

! Experimental status: New observable!

Hopefully included in COMET’s Physics programme
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νS and cLFV in muonic atoms: prospects
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cLFV in “muonic atoms” and sterile neutrinos

! cLFV muonic atom decay µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− vs µ− eµ− eµ− e conversion (Aluminium target)
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OTHER BOUNDS
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Log BR(µe→ eeµe→ eeµe→ ee)

“3+1” toy model [Abada, De Romeri and AMT, ’15]

! Sizeable values for BR(µ−e− → e−e−µ−e− → e−e−µ−e− → e−e−) - potentially within experimental reach! [COMET]

probe “heavy mass” regimes unaccessible for SHiP, FCC, LHC, ...

! For Aluminium [COMET], CR(µ− eµ− eµ− e) appears to have stronger experimental potential

.. consider “heavy” targets to probe BR(µ−e− → e−e−µ−e− → e−e−µ−e− → e−e−)
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