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Abstract: The search for the Lepton Flavor Violating decay µ → eγ exploits the most intense
continuous muon beams, which can currently deliver ∼108 muons per second. In the next decade,
accelerator upgrades are expected in various facilities, making it feasible to have continuous beams
with an intensity of 109 or even 1010 muons per second. We investigate the experimental limiting
factors that will define the ultimate performances, and hence the sensitivity, in the search for µ→ eγ

with a continuous beam at these extremely high rates. We then consider some conceptual detector
designs and evaluate the corresponding sensitivity as a function of the beam intensity.
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1. Introduction

In the Standard Model (SM), if the neutrino masses are neglected, three families (or flavors) of
leptons exist, and, in any process, the number of leptons of each family is separately conserved.
Lepton flavor conservation is anyway an accidental symmetry: a mere consequence of the particle
content of the model, following namely from the absence of right handed neutrinos. Actually,
this symmetry is not exact, as already demonstrated by the discovery of neutrino oscillations,
but the impact on charged lepton decays is negligible, giving for instance a predicted branching
ratio (BR) for the µ → eγ decay around 10−54, well below the current experimental limit,
BR(µ→ eγ) < 4.2× 10−13 [1].

On the other hand, the accidental nature of this symmetry makes it very sensitive to new physics
(NP) processes beyond the SM. In many models, lepton flavor violation (LFV) in the charged lepton
sector arises in a measure that is already strongly constrained by the present experimental limits.

These features make the search for LFV very attractive because negative results are able to strongly
constrain the development of NP models, while an observation would be unambiguous evidence of
physics beyond the SM.

In this work, we investigate the potential of the next generation of searches for the LFV decay
µ→ eγ, in the view of the possible availability of high intensity muon beams, delivering a number of
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muons per second up to two orders of magnitude larger than what is presently possible at the Paul
Scherrer Institut (PSI, Switzerland), where the most intense continuous muon beam line in the world
is operated, with up to 108 muons per second. Projects to reach a muon beam rate of 109 or even
1010 muons per second are under considerations at the PSI [2] and elsewhere [3,4]. In these kinds of
facilities, muons come from the decay of pions produced by a proton beam impinging on a fixed target.
At the PSI, a high intensity muon beam line (HiMB) is studied, which should be able to increase by a
factor >4 the muon capture efficiency at the production target, thanks to a new design of the solenoid
magnets used to convey the muons into the beam line, and by a factor ∼7 the transport efficiency
from the production target to the experimental halls, thanks to an improved beam optics. The main
limitation at the PSI comes from the fact that the proton beam needs to be mostly preserved to serve a
neutron spallation source downstream of the muon production target. Hence, a thin target is used
and only 18% of the original 2 mA beam is used to produce muons. At RCNP (Japan), the MuSIC
project aims to use a thicker target in order to get a similar production rate with a much lower proton
beam intensity. It requires a magnetic field at the production target to collect pions and muons with a
large acceptance and a magnetic field adiabatically changing from 3.5 T at the center of the target to
2 T at the exit of the capture solenoid to improve the acceptance of the beamline. The tests already
performed showed that ∼106 muons per Watt of proton beam power can be produced. Some studies
are also ongoing for the production of continuous muon beams in the context of the PIP-II project at
Fermilab (Batavia, IL, USA).

2. Materials and Methods

Our discussion of the sensitivity reach of future experiments looking for µ→ eγ considered the
typical features of these kinds of searches. Positive muons were used in these experiments, in order to
avoid their capture in the target nuclei, which would distort the energy spectrum of the decay products.
In order to get an intense muon beam with low contamination of pions and electrons, the beam lines
were tuned to transport particles of about 28 MeV/c of momentum, corresponding to muons produced
by pions decaying at rest just at the surface of the production target. Muons of such a low momentum
can be stopped by thin targets, and typically a few hundred microns of plastic material are sufficient for
that purpose. The muons decay at rest and the two-body µ→ eγ kinematics is exploited, by looking
for a positron and a photon emitted back to back, with equal energies (neglecting the electron mass),
Ee = Eγ = mµc2/2 ∼ 52.8 MeV.

There is a physics background coming from the radiative muon decay (RMD), µ+ → eγνeν̄µ,
when the two neutrinos carry off a small fraction of the energy. The dominant background, when
high beam rates are used, is anyway the accidental coincidence of a positron from a muon decay,
µ+ → e+νeν̄µ, with a high energy photon from an RMD or emitted by a positron annihilating in flight
(AIF) with an electron in the detector material. The rate of accidental coincidences is proportional
to the square of the muon beam rate Γµ, and hence it becomes dominant over RMDs at very high
muon beam rates. In order to discriminate against accidental coincidences, the difference between the
positron and photon emission time, Teγ, is required to be zero.

If a signal region is defined in the parameter space given by the photon and positron energies,
the relative stereo angle Θeγ and the relative time, with dimensions proportional to the detector
resolutions δEe, δEγ, δΘeγ and δTeγ, the accidental rate is found to be [5]:

Γacc ∝ Γ2
µ · δEe · (δEγ)

2 · δTeγ · (δΘeγ)
2. (1)

It indicates that, if a significant background yield is expected during the lifetime of the experiment,
a further increase of the beam intensity is useless because the sensitivity, depending on the ratio of the
signal yield over the square root of the background yield remains constant, unless the resolutions are
improved. Equivalently, given an experimental setup running for a given time, there is an ideal muon
beam rate: the one giving only very few expected background events.
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We analyzed in detail the experimental factors that will limit the sensitivity of the future
searches for µ→ eγ. We considered different detector options, both for the positron and the photon,
and performed simulations to determine the performances that could be reasonably reached. We made
this exercise considering different experimental approaches.

In particular, we studied the two different techniques that can be used to detect the photon.
In a calorimetric approach, a fast and luminous inorganic scintillating material is used to measure the
photon energy, time and position at the detector. Alternatively, thin layers of dense material can be
used to produce a photon conversion to e+e−, and the two charged particles are tracked in a magnetic
field to determine the photon energy and conversion point. The first approach, used in the last several
decades by the CrystalBox [6] and MEG [7] experiments, gives a relatively high efficiency (>60% in
MEG), while the resolutions are determined by the physical properties of the scintillating material.
The MEG experiment, and its upgrade MEG II [8] (currently under construction) have a liquid Xe (LXe)
calorimeter, with an homogeneous volume of 900 `, giving very good energy (∼2%) and time (∼60 ps)
resolutions. The second approach, adopted for the MEGA experiment [9], suffers from a very low
efficiency (a few percent per conversion layer) due to the low conversion probability, but allows
for reaching extremely good resolutions, which, according to the discussion above, can allow for
exploiting a higher beam rate to recover the loss of efficiency. Neither techniques provide a precise
determination of the photon direction. It is more precisely determined by tracking the positron back to
the target, assuming that the photon comes from the same place, and taking the line joining this
point to the photon conversion point as the photon direction. Nonetheless, the conversion technique
gives some information about the photon direction, as the combination of the directions of the e+e−

pair. This supplementary information can be used to require the photon and the positron to come
approximately from the same point, and it helps to reduce the accidental background.

We also considered the best performances that could be reached in the positron reconstruction,
which is typically carried on with a magnetic spectrometer, which provides high efficiency and the
best resolutions in momentum and direction.

The impact of the target and other detector materials is also taken into account. Due to the
low positron momentum, the multiple Coulomb scattering (MS) plays a dominant role in the
determination of the positron kinematics, and the target itself, as thin as it can be, still gives non
negligible contributions. Moreover, materials on the positron trajectory increase the probability of
producing AIF photons and hence increase the accidental background.

In Figure 1, the conceptual design of a detector searching for µ→ eγ is shown, for the calorimetric
and the conversion techniques.

Figure 1. Two possible approaches for the µ→ eγ search: calorimetric reconstruction of photons (left)
and conversion of photons to e+e− in a layer of dense material (right), followed by a spectrometer to
track the charged particle pair. In both cases, the positron is tracked in a magnetic spectrometer.
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3. Results

3.1. Experimental Limiting Factors

3.1.1. Efficiency

The positron and photon reconstruction efficiencies, indicated hereafter as εe and εγ, determine
the signal efficiency. The geometrical acceptance is the first factor to be considered. It is typically
constrained by the cost of the photon detector. The acceptance of the MEG experiment was,
for instance, ∼10%, determined by the angular coverage of the LXe calorimeter. The innovative
crystals we will discuss in Section 3.1.2 would mitigate this issue, but it would still be a relevant one in
future experiments.

If the calorimetric technique is used, the efficiency is limited by the number of photons converting
before reaching the calorimeter, typically in the material of the magnet of the positron spectrometer.
A reconstruction efficiency of ∼60% was obtained in MEG.

The photon conversion technique requires thin converters to guarantee very good resolutions.
In Figure 2, the conversion probability for 52.8 MeV photons in lead and tungsten for different
thicknesses are shown. A few percent εγ is typical if this approach is adopted.
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Figure 2. Conversion probability (black) and energy loss fluctuations in the converter (red) for
Lead (full lines) and Tungsten (dashed line), as a function of the converter thickness (in units of
radiation length, X0). The conversion probability for high energy photons, 7/9 X0, is also shown
(dash-dotted line).

Concerning the positron from the muon decay, tracking in a spectrometer usually provides a very
low reconstruction inefficiency, below a few 10%.

3.1.2. Photon Energy

Photon statistics dominate the Eγ resolution. The scintillator to be used is primarily determined
by the requirement of a high light yield, but a fast response is also needed to obtain a very good time
resolution. The properties of some common scintillating materials are quoted in Table 1 . LaBr3(Ce)
crystals are a good candidate for future experiments, thanks to the high light yield, which should
guarantee a good energy resolution and the low decay time, which is necessary to get a very good
time resolution.
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Table 1. Properties of state-of-the-art scintillators relevant for the application on µ+ → e+γ searches.

Scintillator Density (g/cm3) Light Yield (ph/keV) Decay Time (ns)

LaBr3(Ce) 5.08 63 16
LYSO 7.1 27 41
YAP 5.35 22 26
LXe 2.89 40 45

NaI(Tl) 3.67 38 250
BGO 7.13 9 300

If the pair conversion method is used, the e+ and the e− interact in the coverter, and the energy
resolution is deteriorated by the energy loss fluctuations, because Eγ is estimated as the sum of the
e+ and e− energies. We performed simulations with GEANT4 [10] showing that a 280 µm Pb layer
(∼5% X0) would give a resolution of∼240 keV in the limit of perfect tracking of the e+e− pair. Figure 2
also shows the contribution of the material effects to the resolution.

3.1.3. Positron Energy

The positron energy and positron angular resolutions in a spectrometer are ultimately determined
by MS and energy loss fluctuations. For this reason, gaseous detectors give the best performances
and have been used in the latest experiments. The Mu3e collaboration use a silicon vertex
tracker for the search of µ+ → e+e+e− [11], and a similar design has been suggested for future
µ+ → e+γ searches [12], considering that very thin sensors are now available, with a thickness of
50 µm Si + 25 µm Kapton per layer [13], for a total of∼10−3 radiation lengths per layer. For comparison,
in MEG or MEG II, the material seen by a typical track in the spectrometer is less than 3× 10−3 radiation
lengths, and nonetheless the contribution to the resolution from the multiple Coulomb scattering is a
significant factor in MEG and will almost be dominant in MEG II. As a consequence, no more than
a few silicon layers could be used. According to simulations [12], an energy resolution of ∼200 keV
could be reached, while gaseous detectors can perform much better [8].

The Mu3e collaboration is considering the possibility of adding a conversion layer to their detector
in the last phase of the experiment, which is designed to run at HiMB between 109 and 1010 µ/s,
with the goal of reaching a sensitivity below 10−14.

3.1.4. Relative Angle Θeγ

The relative angle Θeγ is measured by combining the positron angle, the photon conversion
point and the positron vertex on the target, which has to be as thin as possible to reduce the MS
affecting the positron angle measurement. On the other hand, the thickness of the target is dictated
by the necessity of stopping a large fraction of the incoming muons. A good strategy to optimize
the resolutions and the stopping power consists in slanting the target with respect to the beam axis.
If the normal vector to the target plane forms an angle α with the beam axis, muons see an effective
thickness enlarged by 1/ cos(α), while the typical thickness seen by positrons is magnified only by a
factor 1/ sin(α). An angle α = 70◦ was used in MEG and α = 76◦ will be used in MEG II. Nonetheless,
if a 90% stopping efficiency is required, simulations suggest that the contribution to the angular
resolutions is always larger than 3 mrad, even with Beryllium, the material which gives the best
performances. In addition, reducing the thickness by accepting a loos off stopping efficiency is not
feasible: the target has to be placed at the Bragg peak to have a reasonable stopping efficiency, and
muons not stopped in the target would decay in the gas just after the target, giving a contribution to
the background without increasing the signal rate. Hence, a positron angle resolution better than a few
mrad cannot be obtained with conventional techniques.

There are alternative options that would allow for overcoming these limitations. First, it is not
necessary to use surface muons if an intense beam can be obtained by slowing down a higher energy
beam. Second, the beam could be stopped in a large volume of gas. It would prevent applying the
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relative angle reconstruction as it is usually done, but alternative approaches should be developed.
These options are under consideration and will be the subject of future studies.

The photon conversion technique allows for measuring the conversion point with an extreme
precision, approximately the single hit resolution of the e+e− tracker. Hence, the positron vertex
measurement dominates the photon angle resolution. With calorimetry, the granularity of the detector
determines the resolution, but it is reasonable to assume a resolution below 1 cm. In both cases,
the positron angle resolution is dominant and defines the ultimate Θeγ resolution.

3.1.5. Relative Time Teγ

A good Teγ resolution has been guaranteed in the MEG experiments by the use of scintillation
detectors placed at the end of the positron trajectory, in combination with the good time resolution of
the LXe calorimeter. Replicating these performances in future experiments will require either the use of
a calorimetric approach with very fast crystals or the inclusion of scintillators on the e+e− trajectory if
the photon conversion is used.

3.1.6. Summary

Table 2 shows a summary of the limiting factors for the efficiency and resolutions of future
µ+ → e+γ searches, as derived from simulations and analysis of past experiments. More details can
be found in [14].

Table 2. Limiting factors for the efficiency and resolutions of future µ+ → e+γ searches.

Typical figure Comments
Calorimetry γ Conversion

Efficiency

Material budget 0.5∼0.9 – magnet coil
Pair production – 0.02∼0.04 0.05∼0.1 X0
Minimum e+e− energies – 0.8 Ee+ , Ee− > 5 MeV

Photon Energy Resolution

Energy loss – 250∼800 keV 0.05∼0.1 X0
Photon Statistics & segmentation 800 keV –

Positron Energy Resolution

Energy loss 15 keV
Tracking & MS 100 keV

Relative Angle Resolution

MS on target 2.6/2.8 mrad (θeγ/φeγ)
MS on gas & walls 3.3/3.3 mrad (θeγ/φeγ) Re = 20 cm, Rγ = 30 cm, B = 1 TTracking 6.0/4.5 mrad (θeγ/φeγ)
Alignment <1 mrad <100 µm target alignment

3.2. Sensitivity Reach

We considered a conceptual µ+ → e+γ detector based on the photon conversion technique.
In this design, a target identical to the one of MEG II is surrounded by a cylindrical gaseous positron
tracker. Externally, a Lead conversion layer is placed, with a 0.1 X0 thickness. Behind it, another
gaseous detector is used as an e+e− pair spectrometer.

Optionally, a small gaseous or two-layer solid state detector can be considered as a vertex tracker to
improve the determination of the positron angles and the muon decay point.

The whole detector is immersed in a magnetic field. The signal positron curls before reaching the
converter layer and finally reaches a set of scintillators for positron timing, while at least one of the
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tracks from the photon conversion goes through the whole e+e−pair spectrometer and reaches another
set of scintillators for the photon timing.

We estimated the expected performances of such a detector, assuming that the ultimate
resolutions of Table 2 can be reached with an incremental improvement of the present experimental
techniques. We consider two scenarios for the inner vertex detector. The first scenario is conservative:
having the first measured point closer to the target allows to improve the vertex position resolution,
but angle and momentum measurements are still dominated by the rest of the spectrometer, with
a further deterioration due to the multiple scattering in the additional inner detector. The second
scenario is optimistic: the angular resolution due to the tracking becomes negligible thanks to the inner
vertex detector. In this case, material effects before and inside the first layer of the inner vertex detector
determine the resolution. A summary of the expected performances can be found in Tables 3 and 4.

If we consider the calorimetric technique, the design of the central part of the detector would be
very similar, but a scintillation detector outside of the magnet would replace the e+e− pair tracker.
With LaBr3(Ce) crystals, the depth of the calorimeter could be about 20 cm. In Tables 3 and 4,
the expected performances are summarized. Here, we assume that the photon conversion point can be
still determined with a negligible resolution compared to the positron vertex resolution.

With these performances and 100 weeks of data taking (three to four years at the PSI), with muon
rates from 108 to 1010 muons per second, and assuming the same photon background rate of the
MEG experiment (scaled linearly with the muon beam intensity), we could estimate the the expected
sensitivity of the experiment according to a frequentist approach [15].

The expected sensitivity of similar experiments to the µ+ → e+γ decay is illustrated in
Figures 3 and 4 as a function of the beam intensity. We also considered the possibility of having
multiple conversion layers. In this case, the preservation of a good time resolution requires the
inclusion of thin and fast detectors in the conversion layer itself [14].
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Figure 3. Expected 90% Confidence Level (C.L.) upper limit on the Branching Ratio of µ+ → e+γ in
different scenarios for a 3-year run. See [14] for details.

Table 3. Expected performances (efficiency and resolutions) for a basic design with different options
as discussed in the text.

Observable One Photon Conversion Layer Photon Calorimeter

Teγ [ps] 60 50
Ee [keV] 100 100
Eγ [keV] 320 850

Efficiency [%] 1.2 42
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Table 4. Angular resolutions for different types of a vertex detector. A conservative estimate is given
in parentheses.

θeγ [mrad] φeγ [mrad]

None 7.3 6.2
TPC 3.5 (6.1) 3.8 (4.8)

Silicon 8.0 (6.3) 7.4 (6.9)
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Figure 4. Expected 90% C.L. upper limit on the Branching Ratio of µ+ → e+γ in different scenarios for
a 3-year run. See [14] for details.

4. Discussion

Lepton flavor violation studies represent one of the most important approaches to search for NP.
Physics scenarios beyond the SM are already strongly constrained by the present limit on µ → eγ

and the MEG II experiment should improve it by a factor 10. In this work, the future of the searches
for µ→ eγ has been investigated. In a 3-year run, a beam of 109 µ/s could make it possible to push
the sensitivity to BR (µ→ eγ) down to a few 10−15, although going below this level seems anyway
unfeasible without a novel approach.

For beam intensities below 5× 108 muons per second, the calorimetric approach gives the best
prospects. If a muon beam rate exceeding 109 muons per second is available, the much cheaper photon
conversion option would be recommended and would provide similar sensitivities.

The fluctuations of the particle interactions in the materials of the detector will eventually limit
the sensitivity reach of µ → eγ experiments performed with the current approach. A further step
forward will be possible only with the development of new experimental concepts.

5. Conclusions

In this paper we presented the results of a study of the possible sensitivity of future experiments
searching for the lepton flavor violating decay µ → eγ. We show that, at future facilities
with beam intensity between 109 and 1010 muons per second, it could be possible to reach a
sensitivity of a few 10−15 on the branching ratio of the decay with an incremental improvement of
the experimental techniques, while going below 10−15 would require a more radical rethinking of the
experimental approach.
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