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Why µ→eγ? - theory 
•  As for other charged lepton flavor violating decays: 
  allowed but unobservable in the Standard Model (SM)  

•  Enanched (sometimes just  
  below experimental limit) in  
  many New Physics Model 

€ 

BR(µ → eγ) SM <10−50

Observation of µ→eγ is 
Physics beyond SM 

Cecilia Voena, FLASY 2014 

Heaviest Right Handed  
ν mass 

MEG previous  limit 

M.Cannoni, J.Ellis, et al. 
Phys Rev D 88 075005 

MEG present result 
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Charged Lepton Flavor Violation (cLFV)

• Allowed but unobservable in
the Standard Model
(with neutrino mass ≠0)

• Enhanced, sometimes just below the 
experimental limit, in many
New Physics (NP) models

Observation of cLFV is a clean signal of
Physics beyond the Standard Model

neutrino oscillation new particle
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LFV are also optimal 
BSM windows

• Probe NP at very high energy scales:  Λ > 102-104 TeV

• High intensity frontier: complementary to LHC

• Benchmark test for NP Models

• Not only muons: τ, EDM...

MEG-II (PSI)

=> this talk
Mu3e (PSI)

Mu2e (Fermilab)
COMET (J-Park)

Muons golden processes

cLFV in the Muon Sector (I)
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cLFV in the Muon Sector (II)

• Loops may mix dipole 
and 4-fermion operators
creating patterns that are
specific to the NP model

• Complementarity
of the different muon
modes
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Principles of 𝜇→e𝛾 Searches

• High intensity muon beam 
stopped in a thin target

• Two types of backgrounds:
- physical background
- accidental background
from decay products of different
muons

Eγ=52.8 MeV

Ee=52.8 MeVteγ=0
Θeγ=0

SIGNAL

from 𝜇→e𝜈𝜈𝛾
(RMD) or annihilation in 
flight (AIF) of e+

RADIATIVE MUON DECAY (RMD)
ACCIDENTAL BACKGROUND

Observables: Ee+,Eg,qeg,φeγ,teg

∝ beam rate2

from Michel decay 
𝜇→e𝜈𝜈
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The MEG-II Location: PSI 

• Paul Scherrer Institute
- continuous muon beam up to  few 108 μ+/s

• Multi-disciplinary lab:
- fundamental research, cancer     
therapy,  muon and neutron
sources

- protons from cyclotron   
(D = 15m, Eproton = 590MeV
P = 1.4MW)

1.4MW Proton Cyclotron at PSI

Provides world’s most powerful DC muon beam  > 108/sec

The Unique Facility 
for μ→eữ Search
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The MEG II Experiment

Beam intensity
optimized to
enhance
sensitivity
3-5・107 𝜇/s

Aim to
6x10-14
sensitivity

+ Highly selective trigger 
& acquisition of full 
waveforms for all sensors 

Superconducting
magnet
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The MEG II Detector

• Cylindrical Drift Chamber in a graded
magnetic field, high granularity,
very thin wires
(e+ momentum and trajectory)

• Liquid Xenon Calorimeter with high 
granularity, readout by PMTs
and UV sensitive MPPC (𝛾 detection)

• Pixelated Timing Counter
2x256 scintillating times readout
by SIPM (e+ time)

Eur. Phys. J. C78 (2018) no.5, 380 
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Detector Performances

• Improvements in resolution and
efficiency almost everywhere 
with respect to MEG

relative time resolution from 
muon radiative decay

positron momentum 
resolution from muon
Michel decay

𝜎~ 78ps
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The MEG II Dataset (so far)

Published data 

Analysis on going:
result foreseen after
summer
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Likelihood (Blind) Analysis

• Extended unbinned maximum likelihood fit to estimate the number of signal events

• Region where the signal is expected is kept hidden until the analysis is defined

• Fully frequentistic confidence intervals using the Feldman-Cousins 
prescription with profile likelihood ordering for the treatment of 
nuisance parameters number of radiative 

decay events

number of 
accidental
events

target
alignment
parameter
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Sensitivity

• Sensitivity: 90% upper limit in case no signal is observed

Data

Upper Limit distribution
from Toy Monte Carlo
experiments

Sensitivity 8.8 x 10-13 
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Results: Likelihood Projection

Signal (magnified)
Radiative decay bkg
Accidental decay bkg
Best fit
dots: data

Te𝛾 Ee+ E𝛾

𝜃e𝛾 𝜙e𝛾 R

Nobs = 66
Nexp,ACC = 68.0± 3.5
Nexp,RMD = 1.2 ± 0.2 
Nsig<2
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Results: the Signal Box



15

Results: Upper Limit on 𝜇→e𝛾

• New best limit in the world

• Already reached ~MEG (2016) sensitivity
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MEG II Perspectives

Plan: run until
2026, aim at
6x10-14

sensitivity
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Summary and Conclusions
• MEG II goal: search 𝜇 → e𝛾 with 6×10-14 sensitivity

=> ×10  improvement vs MEG final result (2016)

• First result of MEG II on 2021 data

• No signal excess => BR(𝜇 → e𝛾) < 7.5 ・10-13 @90%CL

• Combined limit with MEG 2016 
=> BR(𝜇 → e𝛾) < 3.1 ・10-13 @90%CL

• Plan of MEG II
- 2023 DAQ successfully finished
- run 2024 about to start
- continue till 2026 to reach 6×10-14 sensitivity
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Backup
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Other Opportunities at MEG II 

• Search for 𝜇→ea𝛾 (axion-like particle)

- dedicated run at very low intensity
- search for a peak in missing mass 
distribution

• Search for the X17 boson

- attempt to confirm/exclude the excess 
observed at ATOMKI (Hungary) in the 
angular spectrum of e+e- pairs from 
Internal Pair Conversion (IPC) in 8Be* 
(and other nuclei) transitions 

- 4 weeks of DAQ at the beginning of 2024
(3-5𝜎 expected)

- options for additional data taking to be  
evaluated
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Normalization

• How many muons: normalization factor k 

• Evaluation by background positron counting in dedicated 
dataset

• Can automatically include efficiency factors
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Systematics
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• Activities around the world to increase the muon beam rate to 109-
1010 muons/s

• Crucial to understand which factors will limit the sensitivity

Bsig ∝Γµ Bacc ∝Γµ
2 ⋅δEe ⋅ (δEγ )

2 ⋅δTeγ ⋅ (δΘeγ )
2

Francesco Renga - CLFV2019, Fukuoka, 17-19 June 2019

The next generation of high intensity muon beams

HiMB Project  
@ PSI 

x4 µ capture eff. 

x6 µ transport eff. 

1.3 x 1010 µ/s A. Knecht, SWHEPPS2016

MuSIC Project  
@ RCNP 

Thick production 
target 

π capture solenoid 

4 x 108 µ/s 
at the production targetS. Cook et al., Phys. Rev. Accel. Beams 20 (2017)
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Preliminary study at
FNAL (PIP-II)

Future 𝜇→e𝛾 Searches



23

Expected Sensitivity

A few 10-15 level seems to be within reach for a 3-year run at ~ 108 µ/s 
with calorimetry (expensive) or ~ 109 µ/s with conversion (cheap)

15

Fully exploiting 1010 µ/s and breaking the 10-15 wall 

seem to require a novel experimental concept
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• A few 10-15 level seems to be within reach for 3 years running
with 109 muons/s with

Photon conversion approach
Photon conversion vs 
calorimetric approach

Cavoto et. al.
Eur.Phys J.C78 (2018)
1-37

Future 𝜇→e𝛾 Experiment
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Br (µ+
! e

+
�) Br (µ+

! e
+
e
�
e
+) BrAu/Al

µ!e

4.2 · 10�13 4.0 · 10�14 1.0 · 10�12 5.0 · 10�15 7.0 · 10�13 1.0 · 10�16

C
D
L 1.0 · 10�8 3.1 · 10�9 2.0 · 10�7 1.4 · 10�8 2.0 · 10�7 2.9 · 10�9

C
S LL
ee 4.8 · 10�5 1.5 · 10�5 8.1 · 10�7 5.8 · 10�8 1.4 · 10�3 2.1 · 10�5

C
S LL
µµ 2.3 · 10�7 7.2 · 10�8 4.6 · 10�6 3.3 · 10�7 7.1 · 10�6 1.0 · 10�7

C
S LL
⌧⌧ 1.2 · 10�6 3.7 · 10�7 2.4 · 10�5 1.7 · 10�6 2.4 · 10�5 3.5 · 10�7

C
T LL
⌧⌧ 2.9 · 10�9 9.0 · 10�10 5.7 · 10�8 4.1 · 10�9 5.9 · 10�8 8.5 · 10�10

C
S LR
⌧⌧ 9.4 · 10�6 2.9 · 10�6 1.8 · 10�4 1.3 · 10�5 1.9 · 10�4 2.7 · 10�6

C
S LL
bb 2.8 · 10�6 8.6 · 10�7 5.4 · 10�5 3.8 · 10�6 9.0 · 10�7 1.2 · 10�8

C
T LL
bb 2.1 · 10�9 6.4 · 10�10 4.1 · 10�8 2.9 · 10�9 4.2 · 10�8 6.0 · 10�10

C
S LR
bb 1.7 · 10�5 5.1 · 10�6 3.2 · 10�4 2.3 · 10�5 9.1 · 10�7 1.2 · 10�8

C
S LL
cc 1.4 · 10�6 4.4 · 10�7 2.8 · 10�5 2.0 · 10�6 1.8 · 10�7 2.4 · 10�9

C
T LL
cc 3.5 · 10�9 1.1 · 10�9 6.8 · 10�8 4.8 · 10�9 6.6 · 10�8 9.5 · 10�10

C
S LR
cc 1.2 · 10�5 3.6 · 10�6 2.3 · 10�4 1.6 · 10�5 1.8 · 10�7 2.4 · 10�9

C
V RR
ee 3.0 · 10�5 9.4 · 10�6 2.1 · 10�7 1.5 · 10�8 2.1 · 10�6 3.5 · 10�8

C
V RL
ee 6.7 · 10�5 2.1 · 10�5 2.6 · 10�7 1.9 · 10�8 4.0 · 10�6 6.7 · 10�8

C
V RR
µµ 3.0 · 10�5 9.4 · 10�6 1.6 · 10�5 1.1 · 10�6 2.1 · 10�6 3.5 · 10�8

C
V RL
µµ 2.7 · 10�5 8.5 · 10�6 2.9 · 10�5 2.0 · 10�6 4.0 · 10�6 6.6 · 10�8

C
V RR
⌧⌧ 1.0 · 10�4 3.2 · 10�5 5.3 · 10�5 3.8 · 10�6 4.8 · 10�6 7.9 · 10�8

C
V RL
⌧⌧ 1.2 · 10�4 3.6 · 10�5 5.1 · 10�5 3.6 · 10�6 4.6 · 10�6 7.6 · 10�8

C
V RR
bb 3.5 · 10�4 1.1 · 10�4 6.7 · 10�5 4.8 · 10�6 6.0 · 10�6 1.0 · 10�7

C
V RL
bb 5.3 · 10�4 1.6 · 10�4 6.6 · 10�5 4.7 · 10�6 6.0 · 10�6 9.9 · 10�8

C
V RR
cc 8.1 · 10�5 2.5 · 10�5 2.3 · 10�5 1.6 · 10�6 2.1 · 10�6 3.4 · 10�8

C
V RL
cc 6.7 · 10�5 2.1 · 10�5 2.4 · 10�5 1.7 · 10�6 2.1 · 10�6 3.5 · 10�8

C
L
gg N/A N/A N/A N/A 6.2 · 10�3 8.1 · 10�5

Table 3: Limits on the various coe�cients Ci(mW ) from current and future experimental

constraints, assuming that (at the high scale mW ) only one coe�cient at a time is non-

vanishing and not including operator-dependent e�ciency corrections.

the Wilson coe�cients of tensor operators) and gluons. However, it also appears to

be the best setup to study any kind of vector interaction (with the exception of the

aforementioned C
V
ee operators, for which µ ! 3e represents the golden channel). This

is mostly due to notable RGE e↵ects in the vector operator mixing matrix.

Concerning, µ ! e conversion it is important to keep in mind that we chose for the

constraints in Table 3 a chiral basis, i.e. we worked with left- and right-handed fields.

However, for Wilson coe�cients given at the low experimental scale, the µ ! e conversion

rate is only sensitive to operators with vector or scalar currents on the quark side, but

not to operators with axial-vector or pseudo-scalar currents. Therefore, it is informative

to switch the basis and consider operators with scalar (vector) and pseudo-scalar (axial-

14

.....

• Limits on the Wilson coefficients of LFV effective operators 
from present and future cLFV muon processes

arXiv:170203020
A. Crivellin et al.

1 column = present best limit
2 column = future limit

Wilson Coefficient
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AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 5

Reaction Present limit C.L. Experiment Year Reference

µ+
! e+� < 4.2⇥ 10�13 90% MEG at PSI 2016 [48]

µ+
! e+e�e+ < 1.0⇥ 10�12 90% SINDRUM 1988 [49]

µ�Ti ! e�Ti † < 6.1⇥ 10�13 90% SINDRUM II 1998 [50]
µ�Pb ! e�Pb † < 4.6⇥ 10�11 90% SINDRUM II 1996 [51]
µ�Au ! e�Au † < 7.0⇥ 10�13 90% SINDRUM II 2006 [53]
µ�Ti ! e+Ca⇤ † < 3.6⇥ 10�11 90% SINDRUM II 1998 [52]
µ+e� ! µ�e+ < 8.3⇥ 10�11 90% SINDRUM 1999 [54]
⌧ ! e� < 3.3⇥ 10�8 90% BaBar 2010 [55]
⌧ ! µ� < 4.4⇥ 10�8 90% BaBar 2010 [55]
⌧ ! eee < 2.7⇥ 10�8 90% Belle 2010 [56]
⌧ ! µµµ < 2.1⇥ 10�8 90% Belle 2010 [56]
⌧ ! ⇡0e < 8.0⇥ 10�8 90% Belle 2007 [57]
⌧ ! ⇡0µ < 1.1⇥ 10�7 90% BaBar 2007 [58]
⌧ ! ⇢0e < 1.8⇥ 10�8 90% Belle 2011 [59]
⌧ ! ⇢0µ < 1.2⇥ 10�8 90% Belle 2011 [59]

⇡0
! µe < 3.6⇥ 10�10 90% KTeV 2008 [60]

K0
L ! µe < 4.7⇥ 10�12 90% BNL E871 1998 [61]

K0
L ! ⇡0µ+e� < 7.6⇥ 10�11 90% KTeV 2008 [60]

K+
! ⇡+µ+e� < 1.3⇥ 10�11 90% BNL E865 2005 [62]

J/ ! µe < 1.5⇥ 10�7 90% BESIII 2013 [63]
J/ ! ⌧e < 8.3⇥ 10�6 90% BESII 2004 [64]
J/ ! ⌧µ < 2.0⇥ 10�6 90% BESII 2004 [64]
B0

! µe < 2.8⇥ 10�9 90% LHCb 2013 [67]
B0

! ⌧e < 2.8⇥ 10�5 90% BaBar 2008 [68]
B0

! ⌧µ < 2.2⇥ 10�5 90% BaBar 2008 [68]
B ! Kµe ‡ < 3.8⇥ 10�8 90% BaBar 2006 [65]
B ! K⇤µe ‡ < 5.1⇥ 10�7 90% BaBar 2006 [65]
B+

! K+⌧µ < 4.8⇥ 10�5 90% BaBar 2012 [66]
B+

! K+⌧e < 3.0⇥ 10�5 90% BaBar 2012 [66]
B0

s ! µe < 1.1⇥ 10�8 90% LHCb 2013 [67]
⌥(1s) ! ⌧µ < 6.0⇥ 10�6 95% CLEO 2008 [69]

Z ! µe < 7.5⇥ 10�7 95% LHC ATLAS 2014 [70]
Z ! ⌧e < 9.8⇥ 10�6 95% LEP OPAL 1995 [71]
Z ! ⌧µ < 1.2⇥ 10�5 95% LEP DELPHI 1997 [72]
h ! eµ < 3.5⇥ 10�4 95% LHC CMS 2016 [73]
h ! ⌧µ < 2.5⇥ 10�3 95% LHC CMS 2017 [74]
h ! ⌧e < 6.1⇥ 10�3 95% LHC CMS 2017 [74]

Table II. – Limits for the branching ratio of charged lepton flavour violating processes of leptons,

mesons, and heavy bosons. More extensive lists of B-meson and ⌧ CLFV decays (including all

hadronic modes) can be found in [75, 76].
†
Rate normalised to the muon capture rate by the

nucleus, see Eq. (99).
‡B-charge averaged modes.

Present cLFV Limit


