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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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Search for NP at the Intensity Frontier

16/5/19 22 

LFV are also optimal 
BSM windows

16/5/19 22 

LFV are also optimal 
BSM windows

16/5/19 22 

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
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History of cLFV Searches

History of CLFV searches with muons 

future experiments
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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 Experiment for μ→eγ Search
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The Five Observables & Rsig
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The best fitted likelihood function is shown. “Signal” in arbitrary scales.

accidental

radiative 
decay

signal

teγ

θeγ φeγ

Ee Eγ

Rsig

Rsig = log10(S / (fRR + fAA)), where S=signal, R=radiative, A=accidental

sum
Total
Accidental
Radiative
Signal

• 7.5 x 1014 stopped muons in 2009-2013
• 5 discriminating variables: Ee, Eγ, Teγ, θeγ, φeγ
• Likelihood analysis + frequentistic approach

MEG BR(μ→eγ) Limit Result

BR (μ→eγ) < 4.2x 10-13 

at 90% C.L.
Eur.Phys.J.C76 (2016)

Magnified signal for illustrative purposes
No significant excess of the signal
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The MEG Upgrade: MEGII
• Same detector concept as in MEG
• Increase beam intensity from 3 x 107 μ/s to 7 x 107 μ/s
• Improve rate capability, resolution and efficiency everywhere

Beam intensity
optimized to
enhance
sensitivity
(accidental
background
prop. to I2 

μ)

M. De Gerone, LP 2021

The MEG II experiment

10

LXe 
calorimeter

Pixelated Positron 
Timing Counter

Single volume 
cylindrical drift 
chamber

Radiative 
decay 
counter

γ

e+

µ+

Since 2013, an intense upgrade 
work has involved all detectors in 
order to improve the resolutions 
and increase MEG  sensitivity of 
about an order of magnitude down 
to ~ 6 x 10-14 (3 years of run) 

All detectors were completely re-
designed (Drift Chamber) or 
strongly upgraded (LXe 
calorimeter, Timing Counter). 
A new Radiative decay counter 
and a new integrated Trigger and 
DAQ system have been 
developed. 

We also plan to take advantage of 
an increased μ beam intensity 
up to 7 x 107 μ/s (x 2.3 higher).

Aim to
6x10-14
sensitivity
in 3 years
data taking
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MEGII Detector Highlights: Liquid Xenon

MEG-II Highlights (I)

24

We developed UV sensitive MPPC  
to cover the inner face of the LXe calorimeter 

Better Resolution, Better pile-up rejection 

Detector under commissioning 

σE ~ 1%, σposition ~ 2/5 mm (x,y/z)

• Liquid Xenon Calorimeter with higher granularity in inner face:
- better resolution, better pile-up rejection

MEG-II Highlights (I)

24

We developed UV sensitive MPPC  
to cover the inner face of the LXe calorimeter 

Better Resolution, Better pile-up rejection 

Detector under commissioning 

σE ~ 1%, σposition ~ 2/5 mm (x,y/z)

• Developed UV sensitive MPPC
- vacuum UV 12x12mm2 SiPM

• Commissioned during
engineering runs (2017-2021)

Background spectrum measured in 2019
compared to MC assuming different resolutions

42 44 46 48 50 52 54 56

210

110

1

10
Measured spectrum

1.7% resolution (best fit)

1.0% resolution

2.3% resolution
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MEGII Detector Highlights: Timing Counters

• High granularity: 
- 2 sections of  256 plastic scintillator tiles
- read by 3x3 mm2 SiPM

• Commissioned during 2017-2021 engineering 
runs

• Reached design resolution
σT=~35ps

Symmetry 2021, 1, 0 7 of 13

matrix detectors were frequently used during the runs, providing the beam profile and rate
consistent with those measured by the pill and APD counter at the beginning of the runs.
The target camera system was extensively tested and showed the capability to detect target
displacements at the required precision level (100 µm for movements along the direction
transverse to the target plane). In 2020, a ⇡�p charge-exchange run was performed, in
which the beam was changed from positive muons to 70.5 MeV/c negative pions and the
muon stopping target was replaced with a liquid hydrogen target to induce the reaction
⇡�p ! ⇡0n. Photons from the subsequent decay ⇡0 ! �� were used for LXe calibration
purposes.

The DAQ and the trigger system operated successfully enabling stable data taking
during the runs. A limited number of DAQ channels was available because the mass
production of the full electronics was not yet started, awaiting the detailed results from the
prototype test. Various problems were identified and solved; in particular common-mode
noise was reduced to a level that does not affect the photon energy resolution. The trigger
was successfully commissioned and performed well during the runs. The full system has
been deployed in spring 2021 with about 9000 channels reading out the whole MEG II
detectors. A first test showed that the system could run at an event rate of 50 Hz resulting
in a data stream of about 8 GBit/s.

The pTC was the first sub-detector that was fully commissioned already during
the first engineering run, in 2017. It operated in the nominal MEG II muon beam. The
background e+ hit rate was confirmed to be less than 100 kHz as expected. Radiation
damage to SiPMs was carefully studied. The dark current in the SiPMs gradually increased
during the use of the beam while the impact on the time resolution was kept under control
by cooling the detector to 10 �C. The e+ time was reconstructed by combining hit times
after subtracting the time-of-flight between counters. It is expected to be calculated from
the e+ trajectory given by the CDCH but the highly segmented design of pTC allows the
tracking of e+ using the hit pattern. This pTC-alone tracking was used to evaluate the pTC
time resolution; Figure 2 shows the resolution measured with the 2017 data as a function of
the number of hits. The measured resolution was worse than the expectation from the tests
with a 90Sr source made before the installation because of the larger noise level in the MEG
II environment. By weighting with the distribution of the number of the hits for the signal
e+s obtained by a Monte Carlo (MC) simulation and correcting for a bias in the evaluation
method, the overall time resolution was estimated to be 35 ps, a factor of two better than
that in MEG (76 ps). After 3 years of physics run, the resolution is expected to deteriorate
to 41 ps due to the radiation damage, still satisfying the requirement of about 40 ps. In the
2018–2020 runs, only one sector, either upstream or downstream, was installed to provide
a trigger to the DAQ for taking Michel e+ data together with the CDCH.
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Figure 2. The pTC time resolution as a function of the number of hit counters obtained from the 2017
run. The signal e+ hits nine counters on average.

Time resolution (2017 data) as a function of
the e+ hits
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MEGII Detector Highlights: Drift Chamber

• Single volume drift chamber with 2π coverage
- low mass single volume 
- 2m long ,1300 sense wires
- stereo angle
- high trasparency to TC

• Problems of wire fragility in presence
of contaminants+humidity

• Detector successfully operated since 2020 with a gas
mixture He:C4H10 + isopropylic alcool + O2

G.Cavoto

New positron spectrometer

● Single volume 2π coverage drift chamber 
● 2-m long, stereo wire, low mass chamber 
● 1200 sense wires 
● 8° stereo angle (z reco.) 
● 1.7×10-3 X0 per track  

● Higher transparency to  
 timing counter 
● Double the detection efficiency! 
● Precise reconstruction of 

path length (better timing  
resolution)

Gradient  
Magnetic  
Field 

Old

New

�19 Jun 8th  2016Cabling completed

Crate (HV + 
signals) outside 
CDCH barrack

216 FE-cards 
mounted on US side 
for the HV test
• First time with all 

the electronics 
available

2 patch panels for 
HV distribution 19/29
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MEGII Detector Highlights: RDC

• Radiative Decay Counter (RDC):
new auxiliary detector for background rejection
- ~50% of accidental background has a photon
that comes from a radiative decay

- detects positron in coincidence with a photon
in calorimeter

- improve sensitivity by ~15%

• Performances demonstrated already in 2017 runSymmetry 2021, 1, 0 10 of 13

and showed a good efficiency and time resolution in a laboratory. The first tests under
muon beam conditions were performed during the 2020 run.

40− 20− 0 20 40
9−10×

 [s]LXe t− RDCt
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All events
 removed+High energy e

Figure 4. Distribution of time difference between an e+ measured in RDC and a � in LXe detector
for the events triggered by a high energy � at the LXe detector (black). The peak corresponds to the
RMD events. The flat time distribution corresponds to accidental hits of high energy e+ from Michel
decays, which is reduced by applying a cut on the e+ energy measured with the LYSO crystals of
RDC (ELYSO

e+ < 8 MeV, red histogram).

4. Discussion
All the detector components were integrated into the MEG II experiment and tested

in the engineering runs, which enables us to identify and solve issues prior to the start of
physics data collection. Based on the results from the engineering runs, we re-evaluated
the projected sensitivity of MEG II. The updated detector performance is summarized
in Table 1 (MEG II updated) in comparison with that in MEG and MEG II design. We
input these updated values to the sensitivity calculation; however, note that some of the
parameters were evaluated on more realistic MC simulations, updated on the basis of
observation on data, and others on the data but the results are still preliminary. The
following is assumed here:
• The DAQ time is 20 weeks per year with 84% live time for three years;
• The muon stopping rate is Rµ+ = 7 ⇥ 107 µ+/s;
• The PDE of VUV-MPPCs is at a constant value of 6%;
• The upstream RDC is not included.

The sensitivity (S90) is defined as the median of 90% confidence branching-ratio upper
limits for the background-only hypothesis. In three years, we will reach a sensitivity of
S90 = 6 ⇥ 10�14, which is roughly one order of magnitude better than MEG’s sensitivity of
5.3 ⇥ 10�13. The expected single event sensitivity is 1 ⇥ 10�14. In the realistic evaluation
of the detector performance, some parameters improved while others became worse than
the assumed design parameters; however, the overall projected sensitivity stays almost
the same as that reported in Ref. [14]. The data statistics is 5.6 times larger than MEG, and
the remaining improvement of a factor of 1.6 comes from the lower background due to the
improved detector resolutions. Actually, the sensitivity improvement is not yet saturated
and an extension of DAQ time can improve the sensitivity reach further.

If the degradation of VUV-MPPC PDE is not saturated at a value above 5%, we have
to recover it by the annealing process. Because annealing all the MPPCs takes a couple
of months, it can be done only during the annual accelerator shutdown period. In this
case, the obtainable statistics is limited by the accumulated beam intensity up to which
the MPPC is operational. For the given statistics, it is better to run for the full beam
time at a reduced beam intensity since the number of accidental background events has
a quadratic dependence on the beam intensity. Moreover, the detector performance is

Time difference between an e+ measured in RDC
and a 𝛾 in the calorimeter

M. De Gerone, LP 2021

MEG II detectors highlights

14

Radiative decay counter detector: a 
brand new detector for high energy γ 
background from radiative μ decay 
tagging by detecting low momentum e+. 
• Made by LYSO + plastic scintillator 

tiles coupled to SiPMs for positron 
timing / energy reconstruction. 

• Expected improved sensitivity by 16%

Target monitoring: target position is 
monitored by means of a couple of photo-
cameras placed inside magnet. Position 
has to be known with a better than 100 
μm resolution in order not to spoil angular 
resolutions.
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MEGII Detector Highlights: DAQ, Trigger
• Trigger and DAQ are now integrated in a custom designed compact

board (WaveDAQ)

• Based on DRS4 chip

• Also provides power and amplification for SiPM and MPPC

• The full system was successfully operated during 2021 run

Francesco Renga - WIN2019, Bari, 3-8 June 2019

MEG-II Highlights - RDC, DAQ, Trigger

21

Trigger and DAQ will be integrated  
in a single, compact system 

(WaveDAQ) 

Also provides power and amplification 
for SiPM/MPPC 

Had to face severe common-noise problems 
— now fixed — 

The design and test of the DAQ electronics is 
going to be finalized in the next few months, 
mass production will start immediately after 

21

MEGII: The new electronic - DAQ and Trigger

• Full electronics (DAQ and Trigger) installed 

• ~9000 channels (up to 5 GSPS) 

• Bias voltage, preamplifiers and shaping included for SiPMs 

• Trigger electronics and several trigger algorithms included and successfully delivered for the test 
beams/engineering run

17
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MEGII Calibrations
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MEGII Status and Prospects

• Detector commissioned during engineering runs 2017-2021

• All detectors ran with complete readout in MEGII experimental
conditions

• Run 2021 has already physics potential

• Everything is ready for the incoming physics data taking time
(Summer 2022)

• We plan to reach 6 x 10-14 sensitivity in 3 years of data taking
(MEG sensitivity = 5.3 x 10-13)

Symmetry 13 (2021) 9, 1591
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Not Only μ→eγ: X17 Search

• An experiment at the Atomki lab 
(Hungary), observed a 7σ significant 
excess in the distribution of the e+e-

relative angle in the nuclear 
reaction:

7Li(p,e+e-)8Be

• This anomaly can be interpreted as 
a new particle called X17

• MEGII has the opportunity to search for the X17 
with:

- the C-W accelerator used for calibrating 
the calorimeter to produce nuclear reaction

- the drift chamber to detect e+e- pair
(reduced magnetic field)

Redesign of the target region
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Not Only μ→eγ: X17 search
• Preliminary feasibility studies show that ~5𝜎 sensitivity could 

be reached in few days data taking

- First tests done during 2021 and 2022 shutdowns
(stability of the setup, trigger...)

- Measurement foreseen in late 2022

Signal and background (Internal Pair Creation)
from MC simulations for 40 hours DAQ (preliminary)

e+e- invariant mass (MeV)
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Thank you for the attention
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Backup
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The PSI Surface Muon Beam

• Decay at rest of π+ on the target surface

• Select positive muons to avoid caputre (Pμ~29 MeV)

• It is possible to focalize and stop the muons in a thin target to reduce 
multiple scattering of the e+

22 

The muon beam: why PSI? 

•  Most intense continuous muon beam in the world 

•  Up to ~108 µ+/s: only 3x107 µ+/s used for MEG 
  to optimize the sensitivity 

Proton beam current          : ~2.2mA 
Muon production                : from π decaying on the   
                                             production target surface 
Muon central momentum   : 28 MeV/c   
Δp/p                                   : 5% (full-width)    

Cecilia Voena, FLASY 2014 
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Next Generation of μ→eγ Searches ?

• 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)

24
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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)

24

Preliminary study at
FNAL (PIP-II)
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New Physics Reach

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
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European strategy update @ Granada

Year
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
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Situazione> 2025
• Se esiste uno esistono anche gli altri 

• Discriminazione dei modelli?

Now

ballistic

future

• Mu2e and Mu3e are structured in

different phases and upgrades

have been proposed

• For μ->eγ, preliminary (simulation) studies

have been performed for future

experiment (after MEG-II)

from 36 institutions in six countries, including Italy, Germany, and the UK. Using 100 kW of
protons from PIP-II, the Mu2e-II projected sensitivity is a factor ten or more better than the
Mu2e sensitivity. Data taking could begin in the late 2020s.

The COMET collaboration is also heavily involved in R&D towards the PRISM project, which
combines COMET Phase-II with an FFAG muon storage ring to potentially provide muon beam
intensities of > 1012 stop-µ/s with a narrow momentum bite allowing the use of very thin
stopping targets, and significantly reduced pion contamination owing to the increased transport
path length. In conjunction with an upgrade to the J-PARC proton source to achieve 1.3 MW
and to the detector systems to accomodate the higher rates, PRISM o↵ers the potential to
achieve sensitivies to µ

�
N ! e

�
N of the order of 10�19. The monochromatic, pion-suppressed,

high-intensity muon beam provided by PRISM will allow the use of stopping targets comprised
of heavy elements, such as gold or lead, that can be important in understanding the underlying
new physics operators in the event of a discovery [33].

Summary

The MEG, Mu3e, Mu2e, and COMET experiments use intense muon beams to provide the broadest,
deepest, most sensitive probes of charged-lepton flavour violating interactions and to explore
the BSM parameter space with sensitivity to new physics mass scales of 103 � 104 TeV/c2,
well beyond what can be directly probed at colliders. Over the next five years, currently
planned experiments in Europe, the US, and Asia will begin taking data and will extend the
sensitivity to µ ! e charged-lepton flavour violating transitions by orders of magnitude. Further
improvements are possible and new or upgraded experiments are being considered that would
utilize upgraded accelerator facilities at PSI, Fermilab, and J-PARC. The schedule of planned
and proposed experiments is summarized in the figure below. Strong European participation
in the design, construction, data taking, and analysis will be important for the success of these
future endeavors and represents a prudent investment complementary to searches at colliders.

We urge the committee to strongly support the continued participation of European institu-
tions in experiments searching for charged-lepton flavour violating µ ! e transitions using
high-intensity beams at facilities in Europe, the US, and Asia, including possible upgraded
experiments at next-generation facilities available the latter half of the next decade at PSI,
Fermilab, and J-PARC.

Figure 1: Planned data taking schedules for current experiments that search for charged-lepton flavor
violating µ ! e transitions. Also shown are possible schedules for future proposed upgrades to these
experiments. The current best limits for each process are shown on the left in parentheses, while
expected future sensitivities are indicated by order of magnitude along the bottom of each row.

10

Future μ→e  experiment
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Future μ→eγ  experiment

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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Present CLFV limitsAN 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.
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Connection with g𝜇-2

Recent news from the intensity frontier (II)

• The long-standing deviation of the 
anomalous magnetic moment of the 

muon  from SM predictions 

have been confirmed by the new FNAL 
experiment

(aμ = gμ − 2)

7

Phys. Rev. Lett. 126 (2021) 14, 141801
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• Deviation of the anomalous magnetic moment of the muon (a𝜇 = g𝜇-2) 
from SM  prediction recently confirmed by FNAL 

• 𝜇→e𝛾 and  g𝜇-2 are intrinsically connected

• Dipole operator in effective field theory
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anomalous magnetic moment of the 
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Dipole interactions in effective field theories
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Processes intrinsically connected  

NP explanation for g-2 is likely to 
imply large LFV and muon EDM 

A. Crivellin and M. Hoferichter, arXiv:1905.03789 
K. S. Babu, B. Dutta and R. N. Mohapatra,  

Phys. Rev. Lett. 85 (2000) 5064 
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The recent LHCb results   on possible LFU violations  could be a sign of new physics giving rise 
to LFV: A. Crivellin et al., 2017 (LQ model) 
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MEG II Target Monitoring System
• Dominant systematic in MEG due to target position and deformation

(5% change in upper limit)

• Photogrammetric method to monitor the target during the run has been 
developed

• Need precision < 100𝜇m  not to affect positron angle resolution

Sci. Instrum. 92, 043707 
(2021) 

A photogrammetric method for target monitoring inside the MEG II detector 3

propose different optical configuration and algorithms. More-
over, a systematic analysis of the achievable resolution, ob-
tained in a controlled bench-top set-up, will be presented.

II. THE PHOTOGRAMMETRIC APPROACH

A. The experimental setup

The MEG II target is an elliptical foil (length of 270 mm
and height of 66 mm) with 174 µm average thickness, made of
scintillating material. Its normal direction lies on the horizon-
tal plane and forms an angle of 75� with respect to the z axis.
The target foil is supported by two hollow carbon fiber frames.
A pattern of white dots, superimposed on a black background,
is printed on both the frame and the foil. The dots are ellip-
tical with an height and a width of 0.51 mm and 1.52 mm on
the target and 0.42 mm and 1.27 mm on the frame. The ra-
tio of the two axes is chosen in such a way that, considering
the target orientation and the photo-camera position, the dots
look circular in the picture. This dots pattern has been found
superior to others including white lines with black contours.
Figure 2 shows a picture of the MEG II target. The dots are

FIG. 2. The MEG II target with the dot pattern on the foil and the
frame.

imaged with a digital CMOS photo-camera (IDS, mod. UI-
3282SE), with a Sony IMX264 sensor having 2456 ⇥ 2054
pixels of 3.5 µm size, for a total sensor size of 8.473 mm ⇥
7.086 mm. A TUSS optical system, mod. LVK7518, with
a focal length of 75 mm and a maximum aperture of f/1.8
is used. The read-out of the photo-camera uses a Raspberry
board, hosted in a crate close to the apparatus, that is using a
USB3 protocol for the communication. Previous tests found
that the Ethernet communication is not compatible with the
MEG II high magnetic field. The USB cable from the photo-
camera, which also provides power, exits the internal volume
via a feed-through present on a connection flange, sealed with
glue. A LED system supported independently illuminates the
target during the data-taking.

The value of the magnetic field at the position where the
photo-camera is installed along the z axis is about 0.8 T. The
magnetic force applied on the photo-camera assembly has
been evaluated and the support design optimized through a
dedicated topological analysis in terms of material and ge-
ometry. This ensures a proper rigidity during the measure-
ment stage. The possible interference induced by the photo-
camera to the magnetic field was measured with Hall probes

and found to be negligible. The photo-camera was placed
on an ad-hoc support, approximately in the nominal position,
which hosted a Hall cube with 6 sensors (2 for each direction).
The observed deviations from the total field in the presence
of the photo-camera were found to be less than 0.6%, 0.2%,
0.2% in the x, y, z directions respectively.

To evaluate the effect of radiation damage, a photo-camera
with the same sensor was left installed for more than one
month during the 2017 MEG II engineering run. Although
an increase in the number of hot pixels was observed, the ef-
fect is far too low to affect significantly the performances of
the measurement system.

In conclusion, we are confident that the final photo-camera
will work inside the COBRA magnetic field, will not affect
the field itself and will remain operative for the expected time
of MEG II data-taking (3 years).

The photogrammetric approach is based on the repetition
of several measurements of the same points at different times.
Therefore the stability of the photo-camera mounting is cru-
cial. Furthermore, the correct positioning is fundamental even
to avoid any interference with the muon beam entering the
multi-wire chamber and other equipment installed in that area.
The space allocated for the instrumentation is outside the
tracking volume, in order not to interfere with the positron de-
tection. A clearance of 80 mm around the beam axis was left
in order not to intersect the beam halo. Within the allowed
space, it was necessary to define a system capable of aiming
with extreme precision at the centre of the target. Given the
small space available, it was not possible to insert pointing ad-
justment elements and a solution with a fixed setup was cho-
sen. Considering also the need of inserting as little material as
possible and the complexity of the shape, it was chosen to re-
alize it through an additive manufacturing technology. There-
fore, after testing a 3D printed polycarbonate prototype, the
photo-camera support has been realized in Carbon Fiber (CF)
Reinforced Composite material, exploiting one of the most
innovative techniques emerging from the additive manufac-
turing global market. The CF structure was chosen in order
to physically couple only materials with similar thermal and
mechanical properties (the support plate of the chamber was
made of CF as well). Moreover, it is sufficiently rigid to sup-
port the weight of the equipment (about 1 kg overall) without
introducing deformations that may influence the pointing on
the target. An additional arm was added to it for a correct
routing of the power and reading cables towards the bottom of
the chamber to avoid interference with the beam. This support
has been used for the 2019 MEG II engineering run.

In order to improve stiffness of the support a new support
has been realized in aluminium alloy 6060, always via addi-
tive manufacturing (Direct Metal Laser Melting process on a
powder bed). This enhances also the related mounting screws
pattern and reduces the effect of instantaneous deformation
when the magnetic field is switched on. The shape of the new
aluminium support is the result of a topological optimisation
aimed at exploiting the larger rigidity of aluminium, but only
introducing the strictly necessary material. This innovative in-
terface has been mounted on the real setup in preparation for
the 2020 engineering run.

A photogrammetric method for target monitoring inside the MEG II detector 4

The support is fixed to the system for the target motion at
a distance of about 1100 mm from the origin of the z axis,
in correspondence of the multi-wire chamber end-plate. The
transverse distance from the z axis is about 120 mm, with an
angle of 6.3o with respect to the z axis. As a result, the photo-
camera frames an area of about 110 mm ⇥ 92 mm around the
target center, which is enough to image all the target and its
support frame. A picture of the photo-camera on the final Al
support, installed in the MEG II detector and a CAD detail are
shown in Fig. 3.

FIG. 3. Picture (upper plot) and CAD detail (lower plot) of the in-
stallation of the photo-camera with the final Al support in the inner
cavity of the cylindrical drift chamber.

To have the largest possible portion of the target reason-
ably in focus, an aperture of f/16 was used, providing a large
enough depth of field. Given these conditions, an exposure of
750 ms was chosen in order to optimize the use of the sensor’s
dynamic range for the best contrast.

B. The method

The pattern of dots can be reproduced by the photo-camera
and the position of dots on the picture can be determined with
standard image processing algorithms. If the target moves
between two successive photo-camera shoots, the position of
these patterns in the picture will change. A measurement of
this displacement would allow to measure the corresponding
displacement of the target with respect to its original position.
Given the size of the target to be imaged and the resolution of

our photo-camera, one pixel in the image corresponds to a dis-
tance of a few tens µm on the target. Moreover, since imaging
algorithms allow to reach a sub-pixel precision on the position
of dot patterns, the goal of determining displacements below
100 µm in the transverse coordinates with respect to the opti-
cal axis is within reach. Displacements along the optical axis
can be detected considering that the distance d between two
points on the target translates into a distance dI between two
points on the image plane according to the magnification (M)
formula:

dI

d
= M =

f

f �L
(1)

where f is the focal length and L is the distance of the target
from the center of the photo-camera’s optical system. Hence,
a movement along the optical axis (i.e. a change of L) can
be detected as a change of dI . As we will show later, this
approach can obtain the required resolution also for the coor-
dinate transverse to the optical axis.

III. THE TARGET POSITION MEASUREMENT
ALGORITHM

In this section we describe in detail the algorithms used to
determine the dots positions within the photo-camera image
and to use the measured positions to extract the target position
by means of a c2 fit.

A. Dot positions measurements

The dots positions are determined in a three-step proce-
dure using standard image processing algorithms, as shown
in Fig. 4. At first, a region of interest is automatically defined
around each dot based on its expected position. A Canny edge
detection algorithm9 is applied to build an image of the dot
edges. Secondly, a circular Hough Transform10 is applied to
find which pixels belong to the edge between the black con-
tour and the white dot. Finally, a circumference is used to in-
terpolate the positions of these pixels with a c2 minimization
assuming 1 pixel uncertainy. The result of this fit procedure
provides a measurement of the center of the white dot in the
image. As an alternative approach, we evaluate a center of
gravity of the picture light intensity to determine the center of
the white dot, obtaining consistent results.

B. Target position and orientation measurement

If the target and photo-camera positions are known, the po-
sitions of the dots on the photo-camera image can be inferred
with simple arguments of geometrical optics. In particular,
given the center of the optical system, rays can be traced from
a dot position on the target, through the optical center, to the
sensor plane, giving the dot position in the image. With re-
spect to the use of first-order optical relationships, this ap-
proach minimizes the systematic uncertainties. They might be


