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Searches for charged Lepton Flavor Violation in the muon sector require specialized detector
technologies for reconstructing particles of relatively low energy with extreme resolutions. For
` → 4W, the detection of signal photons with 52.8 MeV energy from muon decays at rest can
be performed with high efficiency and good resolutions using calorimeters. However, when very
high muon beam rates are available, reconstructing with a magnetic spectrometer the 4+4− pairs
emerging from photon conversion can be a valid alternative. I will review here the pros and cons
of the different techniques in view of future `→ 4W experiments.
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1. Introduction

The search for the charged Lepton Flavor Violation (cLFV) is one of the most powerful probes
for New Physics (NP) beyond the Standard Model (SM). Being an accidental symmetry in the SM,
solely deriving from the particle content of the theorywithout a deeper binding to the gauge structure
of the Lagrangian, the conservation of the lepton flavor is naturally violated in most NP models, in
such a measure that the present experimental limits already constrain severely the parameter space
of such theories. In combination with the absence of substantial cLFV processes in the SM (which
are mediated by neutrino oscillations and, due to the small mass of the neutrino, are predicted to be
about 40 orders of magnitude smaller than the current limits), it places these searches among the
cleanest and effective probes for NP.

Among the searches for cLFV, three channels in the muon sector play a prominent role:
`+ → 4+W, `+ → 4+4+4− and the `− → 4− conversion in the nuclear field. When examined in an
effective field theory approach, about 90 operators contribute to these processes. Moreover, if these
operators are defined at a high energy scale, they mix through the running down to the experimental
scale. As a consequence, if an observation is made in a single channel with no constraint on the
others, no information about the structure of the underlying physics can be extracted. Conversely,
it has been shown [1] that strong constraints can be obtained from the combination of the three
channels, provided that their experimental sensitivities are kept at comparable levels.

A comparison of sensitivities can be performed looking at plots like the one in Fig. 1. The
parameter ^� on the horizontal axis quantifies the relative weight of the dipole-like operator
in ` → 4 transitions compared to contact 4-fermion operators at the experimental scale, and the
sensitivity is expressed in terms of the NP scaleΛ that is explored assuming unitWilson coefficients.
The dipole operator is the sole contribution when ^� = 0, while 4-fermion operators dominate at
large ^� .

The plot shows a specific scenario for the relative weight of the different possible 4-fermion
operators, however quite general conclusions can be drawn. The limit on the ` → 4W branching
ratio (BR) from the MEG experiment [2] (not yet updated with the most recent limit from MEG
II [3]) currently dominates the constraints in a wide region of the parameter space, and will be
further improved in the near future when the final MEG II sensitivity will be reached. However,
when final phases of the experiments Mu3e (searching for `+ → 4+4+4−) and Mu2e (searching for
`− → 4− conversion) will complete their experimental program in the next decade, the MEG II
constraints will be significantly superseded over the full parameter space.

As explained above, it is critical to keep comparable sensitivities in all three channels to
disentangle different possible NP contributions in case of a discovery. It calls for a step forward in
the search for `→ 4W to recover the competitiveness that will be eventually lost. The plot of Fig. 1
shows that reaching a sensitivity of a few 10−15 on the ` → 4W BR could be enough to restore the
preeminence of this channel in the dipole hypothesis and keep it competitive in a wide range of the
parameter space.

A chance to improve the limit on ` → 4W will be provided by the upgrade of the muon beam
lines at the Paul Scherrer Institute (PSI, Switzerland), where the MEG experiment is operated. The
proton beam facility HIPA, currently providing up to 108 `/s in the experimental areas, will be
equipped with new high intensity muon beam (HIMB) lines with an innovative design, which are
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Figure 1: An example of the NP sensitivities of different experimental programs on cLFV in the muon sector
in terms of the NP scale explored for unit Wilson coefficients. See the text here and [1] for details.

expected to deliver up to a factor 100 more muons. It will be obtained thanks to newly designed
pion and muon capture solenoids and purely solenoidal muon transport lines. Ideas to reach
similar intensities have been also developed at FNAL [4]. The Mu3e experiment, which is under
construction at PSI, is already designed to run at such high intensities. Conversely, there is not yet
an approved project to operate a `→ 4W experiment on the new beam lines.

A Letter of Intent for a next-generation ` → 4W experiment on HIMB has been submitted to
the Scientific Committee of PSI in February 2026 [5]. A critical aspect of this project is the photon
detection technique. In this contribution, after discussing how these searches are limited by the
experimental resolutions, I will specifically review the possible approaches to significantly improve
the performance in the reconstruction of 52.8 MeV photons.

2. Experimental limiting factors in the search for `→ 4W

The search for `→ 4W is most effectively performed searching for positrons and photons with
2-body kinematics in the decay of muons at rest. In a proton beam facility, pions from proton
interaction on fixed targets are used for muon production. Muons of ∼ 28 MeV/c can be abundantly
produced, captured and transported as very pure beams when pions decay at rest on the surface
of the proton target (surface muons). Positive muons can be stopped in extremely thin layers of
material (for instance a few hundred micrometers of plastic or beryllium) without being captured by
the nuclei, and decay at rest to positrons and photons, which exit the stopping target with minimal
interactions.

For a `+ → 4+W search, beside the prompt background produced by radiative muon decays
`+ → 4+a4a`Wwhen the neutrinos carry little energy, an accidental background arises from the time
coincidence of positrons and photons coming from two different muon decays. At extremely high
beam rates, which are needed to accumulate the necessary statistics for competitive BR sensitivities,
the accidental background largely dominates over the radiative decay background. As an accidental
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time coincidence, the rate � of this background scales with the square of the muon beam rate.
Since the signal rate ( scales linearly with the muon beam rate, the sensitivity of an experiment
with non-zero background (approximately (/

√
�) is insensitive to an increase in the beam rate,

which can be indeed detrimental due to the higher stress on the detectors. Consequently, an optimal
beam rate exists for an experiment, corresponding to the one providing a few background events
over the full lifetime of the experiment. This optimal beam rate is determined by the experimental
resolutions on the variables that can be used to suppress the accidental background, namely these
discriminating between a prompt 2-body decay and the accidental coincidence of particles from
multi-body decays: the positron and photon energy (52.8 MeV for the signal), their relative angle
(180 degrees) and their relative time and production point (which have to be the same for the two
particles).

In the MEG II experiment, the positron kinematics is reconstructed in a magnetic spectrometer
with a drift chamber and scintillating tiles for fast timing. The positron production point is
determined propagating the drift chamber track to the thin target plane. The photon is detected by
a LXe calorimeter providing energy, time and conversion point reconstruction. No information is
available about the photon direction, which is evinced assuming that the photon is produced on the
target, at the same point of the positron. With the resolutions of the MEG II detectors, the optimal
beam rate to run the experiment for a few years is about 5×107 `/s, meaning that MEG II is already
not capable of exploiting the full beam rate available at PSI and higher rates will not give any real
benefit with the current detection technologies.

In order to fully exploit the higher beam rates at HIMB or, in a longer timescale, at FNAL,
alternative experimental approaches need to be adopted for a next generation ` → 4W experiment,
aiming at a significant improvement of the resolutions.

On the positron side, the ultimate limiting factor is the material budget of the detector, because
the multiple scattering almost dominates the resolutions even with an extremely light gaseous
detector as the MEG II drift chamber. On the other hand, a large increase of the beam rate will
expose the detector to radiation doses and pileup that could not be tolerated by a drift chamber.
Although alternative gaseous detectors have been proposed (namely a time projection chamber, or
a drift chamber with an alternative arrangement of the wires), it is generally acknowledged that the
most viable solution is to adopt very thin, monolithic silicon pixel detectors, in a design similar
to the one of Mu3e. With a thickness below 50 `m, which seems to be feasible in a reasonable
time scale, these sensors would be competitive in terms of material budget and would guarantee the
necessary rate capabilities. However, it is unlikely to get an improvement in tracking resolutions
with respect to MEG II.

Such improvements need to be pursued on the photon side. In this case, there are two
approaches that can be considered at the energies of interest. Photons can be reconstructed in a
calorimeter, either liquid as in MEG and MEG II or crystal-based as in many previous experiments.
Alternatively, a thin layer of material can be used to convert the photon into 4+4− pairs, which
can be reconstructed in magnetic spectrometer. This approach was already adopted in the MEGA
experiment [6].

Studies for a calorimeter surpassing the performance of the MEG II LXe detector have been
performed in the last decade and are still ongoing [7]. Simulation results show that the energy
resolution of LYSO crystals at 52.8 MeV could go significantly below 1%, the current MEG II
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resolution being around 2%. However, it would require much larger crystals to be grown than what
is currently available on the market. Moreover, the cost of a 4c calorimeter built with such large
crystals could quickly become unsustainable.

Compared to calorimeters, photon conversion can provide, in a relatively cost-effective design,
extremely good resolutions at the cost of a significantly suppressed efficiency. However, if the
beam rate can be largely increased, as it is the case, the efficiency loss can be compensated and the
resolution improvement can be fully exploited.

In the following we will examine how a photon conversion detector could be conceived and the
potential of an experiment based on this approach.

3. Fundamentals of photon conversion detection

In a photon detector based on the conversion approach, a thin layer of material is used to make
the photon convert and the outgoing 4+4− pair is reconstructed in a magnetic spectrometer. The
reconstruction of the tracks can provide an extremely good resolution on the photon energy and
photon conversion point. Moreover, it provides a direct measurement of the photon direction. It is
expected to be less precise than the direction inferred assuming the positron position at the target as
the photon origin, but it can be used to impose a positron-photon vertex consistency requirement,
which helps suppress the accidental background. The effectiveness of this requirement increases if
the muon decays are spread over a larger surface or multiple targets.

The studies published in [8] showed however that the resolution of the photon conversion
approach can be completely spoiled by the energy loss fluctuations of the 4+ and the 4− in the
material of the converter. Fig. 2 shows that a significant improvement of the MEG II photon energy
resolution would require a converter thickness well below 0.1 -0, making the conversion probability
not very attractive for a future experiment.
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Figure 2: Conversion probability (black and left axis) and resolution contribution from energy loss fluctua-
tions in the converter (red and right axis) as a function of the converter thickness for lead (continuous line)
and tungsten (dashed line).

This difficulty can be overcome by making the converter material active. If scintillating
crystals are used as the converter material, a light signal can be collected, proportional to the energy
deposited by the 4+4− pair. It can be used to correct the energy measurement for the loss in the

5



P
o

S
(

W
I

F
A

I
2

0
2

5
)

0
2

3
Photon detection techniques for `→ 4W Francesco Renga

converter. With such a technique, relatively thick converters can be used, increasing the efficiency
without a relevant loss of resolution. Moreover, scintillating crystals can be fast enough to provide
a measurement of the photon timing with a resolution comparable or better than in MEG II.

Tests have been performed using LYSO [9], demonstrating that the light yield of 3 mm-thick
crystals is sufficient to get resolutions well below 100 keV in energy and 30 ps in time. It should be
noted, however, that some events are affected by the emission of hard photons escaping the detection.
This produces large tails in the energy resolution function, which can be effectively accounted as
an inefficiency. Moreover, the thickness of the crystals cannot be significantly increased without
making the 4+ and 4− too soft to be effectively tracked in a spectrometer.

Concerning the 4+4− tracking, in many cases the energy sharing between the two tracks is so
asymmetric that one of the two tracks is well below 10 MeV. The low momentum of the particles
suggests the use of a gaseous detector for minimal material budget. However, depending on the
magnetic field magnitude, the lowest momentum particles could have a very small curvature radius,
requiring high granularity to be correctly resolved. The most promising technological option seems
to be a Time Projection Chamber (TPC), with the drift field orthogonal to the conversion layer
to minimize the drift distance. In the simplest scenario where the converters are arranged on a
cylindrical layer around the beam and magnetic field axis, the TPC would be a cylindrical shell with
radial drift orthogonal to the magnetic field, read out by a cylindrical micro-pattern gaseous detector
(MPGD) on the outer surface. It poses important challenges for the mechanical construction and
the modeling and control of the drift trajectories.

4. Conceptual design and sensitivity for a future `→ 4W experiment

The most simple configuration we considered is composed of an inner silicon tracker for
positrons, surrounded by a few cylindrical layers of converters followed by cylindrical radial TPCs,
everything submerged in the magnetic field of a single solenoid. As an alternative, an inner
solenoid could contain the positron tracker, while the conversion detectors would be installed inside
an external toroid. The two options are shown in Fig. 3.

⊗ B

B

e+

𝛄

Figure 3: Sketches of the detector concepts. Left: single solenoid option; Right: solenoid-toroid option.

The single solenoid solution has the main advantage of minimizing the material budget in front
of the photon detector, which minimizes the inefficiency due to photons absorbed before reaching it.
The solenoid-toroid option would give more freedom in the choice of the magnetic field magnitude
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and make the construction of the TPCs easier, which could be planar instead of being cylindrical.
However, the construction of an inner solenoid thin enough not to spoil the efficiency would be a
severe challenge.

Based on preliminary simulations, in the single solenoid option with 4 conversion layers we
expect the resolutions and efficiencies quoted in Table 1.

Table 1: Summary of the detector resolutions and efficiencies for a four-layer converter. The geometrical
acceptance in parentheses is for phase-1 utilizing the MEG II magnet.

Resolutions/efficiencies

Photon energy 200 keV
Photon position 200 µm
Photon timing 30 ps
Photon angle 150 mrad
Photon detection efficiency (4 layers) 10 %
Positron energy 100 keV
Positron angle 6 mrad
Positron timing 30 ps
Positron detection efficiency 70 %
Geometrical acceptance 85 % (36 %)

Similar resolutions and positron efficiency are expected for the solenoid-toroid option, while
the photon efficiency would depend on the thickness of the inner magnet.

We are considering a staged approach, with:

1. a proof-of-concept test around 2030 to demonstrate the performance of the photon conversion
technique on a small detector;

2. a phase-1 experiment in the early 2030s, on the conventional PSI beam lines with ∼ 108 `/s,
where a gaseous detector (possibly the MEG II drift chamber) could be still used for positron
tracking, along with one or two layers of conversion detectors;

3. a phase-2 experiment at HIMB in the late 2030s, with a few 109 `/s, a monolithic pixel tracker
for positrons and multiple photon conversion layers.

In Fig. 4, the expected sensitivity of a 3-year phase-2 experiment is shown. Accessing BRs of
a few 10−15 seems to be possible.

In phase-1, the same magnet of the MEG II experiment could be used, with a toroid outside.
Since the MEG II magnet is not specifically designed to minimize the material budget, apart from a
small thinned region facing the MEG II magnet, the photon acceptance would be limited to a small
polar angle range. Reaching a sensitivity around 1.5. × 10−14, a factor 4 improvement with respect
to MEG II, seems to be possible with 2 conversion layers.

7



P
o

S
(

W
I

F
A

I
2

0
2

5
)

0
2

3
Photon detection techniques for `→ 4W Francesco Renga

810 910 1010
/sec]µ Rate [

15−10

14−10

 B
ra

nc
hi

ng
 r

at
io

 s
en

si
ti

vi
ty

1 layer

4 layers

10 layers

Figure 4: Expected sensitivity for a 3 year run in phase-2, as a function of the beam rate and for different
numbers of conversion layers.

5. Conclusions

We have presented a concept for a future ` → 4W experiment based on the pair-conversion
approach for the reconstruction of the photons. The use of an active converter followed by a gaseous
4+4− tracker is currently the baseline solution under consideration for a future experiment at PSI,
for which a Letter of Intent was submitted to the Scientific Committee of the laboratory. The new
experiment could explore the 10−15 branching ratio scale for `→ 4W, restoring the preeminence of
this channel for constraining the dipole-like ` → 4 LFV interactions and a good complementarity
with the other channels over a large portion of the parameter space.
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