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1. Searches for Charged Lepton Flavour Violation with Muons

In the original formulation of the Standard Model (SM) of particle physics, lepton flavour is a

conserved quantity, however, only due to an accidental symmetry. Hence, lepton flavour violation
(LFV) is a common signature in numerous models of physics beyond the SM (BSM) [1]. Moreover,
with the observation of neutrino oscillations it became evident that LFV processes in the neutral
lepton sector occur in nature [2—4].
LFV processes in the charged lepton sector, however, have eluded observation so far. If mediated
solely via neutrino mixing, charged LFV (cLFV) interactions would be suppressed to tens of orders
of magnitude below the sensitivity of current and near future experiments. For the cLFV process
u — ey, for example, branching ratios % below 107>* are predicted [5—7]. Consequently, the
observation of cLFV would be an unambiguous sign of physics beyond the SM and beyond neutrino
mixing.

There is a wide range of cLFV searches performed e.g. at general purpose and B-physics

experiments at colliders as well as specialised kaon and muon physics experiments.
Among all types of cLFV searches, searches for u-to-e transitions yield the strongest limits today.
This is because muons can be effectively produced at high rates and decay to comparably clean
final states which include only electrons, neutrinos and photons. Typically, dedicated experiments
are operated at high-intensity muon sources which perform background-free searches for a selected
u-to-e LFV channel. These experiments have to meet not only the demands with regard to precision
for an effective background suppression, but also have to cope with challenges arising from high
muon decay rates in terms of data processing and background from accidental combinations. In
addition, the muons are typically stopped in these experiments which results in decay electrons
with momenta of ©(10MeV) for which the momentum resolution is significantly deteriorated by
multiple Coulomb scattering. The experiments therefore rely on detectors with minimised material
amount in the active detector volume.

There is a global initiative to push the sensitivity of the so-called three golden channels
ut = ety, ut > e*te"e’ and u-to-e conversion on nuclei u~N — ¢~ N by orders of magnitude in
the coming years: the ongoing MEG II and DeeMe experiments as well as the upcoming COMET,
Mu2e and Mu3e experiments. These experiments are presented in the following. In addition, the
complementarity of the three golden channels as well as further options for BSM searches at muon
cLFV experiments are discussed.

2. Searches for y — ey

The latest and currently most stringent limits on cLFV processes have been set by the MEG
collaboration on the decay u* — e*y [8].
In the rest frame of the decaying muon, the signature of the signal decay is a mono-energetic
positron and photon emitted back-to-back with an energy of half the muon rest mass. Background
events stem from the radiative muon decay u* — e¢*yv, v, in which the neutrinos are not detected,
as well as from accidental coincidences of positrons and photons from different origins such as SM
muon decays, Bremsstrahlung or positron annihilation. The first type of background is suppressed
by precise measurements of the energy and direction of the positron and photon, and the latter type
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(a) Longitudinal and transverse view of the MEG experiment [8]. (b) 3D view of the MEG II experiment [9].

Figure 1: Schematics of the MEG and MEG II experiments searching for u — ey [8, 9].

by an accurate measurement of their relative timing as well as by operating with a continuous muon
beam.

The MEG experiment is depicted in Fig. 1a. The experiment was operated from 2009 to 2013 at
the 7E5 channel at the Paul Scherrer Institute (PSI). The incoming continuous u* beam is stopped
on a slanted target in the centre of the detector at a stopping rate of 3 x 107 u/s. The trajectory
and momentum of positrons is measured with a low-material drift chamber system placed in the
COnstant Bending RAdius magnet with a gradient field between 1.27T to 0.49T. The COBRA
magnet has the advantage that the bending radius of the e* trajectory depends only weakly on
the emission angle and that e* are quickly swept out of the detector even at low longitudinal
momenta. An additional timing counter built from scintillating bars with photo-multiplier (PMT)
readout is installed for precise measurements of the impact time and position of e*. The energy
and timing of the photon is measured with a Liquid Xenon scintillation detector which is read out
with PMTs. The direction of the photon is inferred from the interaction vertex in the LXe and the
reconstructed intersection point of the trajectory of a matching positron with the target surface. The
data acquisition system is triggered by information from the LXe and timing counter detectors on
the photon energy and the relative direction and timing of the positron and photon.

The MEG collaboration has performed a blinded, maximum likelihood analysis on a data set of
7.5 x 10" u* decays. As observables, the positron and photon energy E, and E,, as well as the
relative time 7., and the relative azimuthal and polar angles 6., and ¢, of the positron and photon
were used to distinguish signal from background events. Event distributions are shown in Fig. 2.
No significant excess with respect to the expected background was found and an upper limit on
the branching ratio of u* — e*y was set at B(u* — e*y) < 4.2 x 10713 at 90 % confidence level
(CL) [8].

The MEG experiment underwent a substantial upgrade—MEG II—in order to boost the sensi-
tivity of the u* — e*y search by increasing the rate capability and by improving the resolution of
the detector (see Fig. 1b).

The drift chamber has been replaced by a single-volume, cylindrical drift chamber with high wire
density and the timing counter by a pixelated timing counter built from scintillating tiles with Silicon
Photon Multiplier (SiPM) readout. The PMTs on the entrance surface of the LXe detector were
replaced by SiPMs for higher granularity. In addition, a new detector, the radiative decay counter,
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(a) Event distribution in the (Ee, E ) plane. (b) Event distribution in the (cos @ey, fey ) plane.

Figure 2: Distributions of observed events (red circles) and contours (10, 1.640, 207) of the signal probability
density function (blue dashed-dotted, solid and dotted lines). ©,, denotes the relative stereo angle of the
positron and photon [8].

was installed downstream of the target in order to veto positrons from background processes. The
radiative decay counter consists of scintillating crystals and plastic scintillators for both a precise
energy and timing measurement. In this way, MEG II is capable to operate at stopping rates of
7 x 107 11 /s making full use of the muon beam rates available at PSI.

The MEG II experiment is taking physics data since 2021. It is expected to achieve a sensitivity to
B(ut — e*y) downto 6 x 1074 at 90 % CL [9].

3. Searches for y — eee

Unlike the other golden muon LFV channels, the u* — e*e”e* decay is not characterised

by mono-energetic particles in the final state. Background stems on the one hand from the SM
ut — e*e"e*v,v, decay which can be distinguished from signal decays only by the missing
momentum from the undetected neutrinos. On the other hand, background events are generated
by accidental combinations of electrons and positrons from various origins such as the dominating
u* — e"v,v, decay, Bhabha scattering and photon conversion as well as from misreconstruction.
The suppression of the first type of background requires an excellent momentum resolution in
the tracking of electrons and positrons, and the suppression of the latter type accurate vertex
reconstruction and timing measurement as well as a low material detector operated at a continuous
muon beam.
Current limits on u* — e*e” e stem from the SINDRUM experiment which operated at PST [10].
The SINDRUM experiment studied u* decays at rest with a spectrometer built from concentric
multiwire proportional chambers (MWPC) and a hodoscope made of scintillation counters placed
in a 0.33 T solenoidal field. The collaboration found no events in the signal-sensitive region and set
an upper limit on the branching ratio at Z(u* — e*e~e*) < 1.0 x 1072 at 90 % CL.
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Figure 3: Schematic of the Mu3e detector in phase I [11]. The recurl stations are placed upstream and

downstream of the central detector station. A u* — e*e”e* signal decay is shown with positron trajectories

in red and the electron trajectory in blue.

More than three decades later, the upcoming Mu3e experiment aims to repeat the search for
u* — e*e” et with a sensitivity improved by four orders of magnitude compared to SINDRUM.
The Mu3e experiment will be conducted in two phases. The phase I experiment is depicted in
Fig. 3. The incoming, continuous u* beam is stopped on a hollow, double-cone target in the
centre of the experiment at a stopping rate of 108 u/s. The detector is a low-material tracking
detector built from novel, ultra-thin Silicon pixel sensors in High Voltage Monolithic Active Pixel
Sensor technology [12] for precise tracking of electrons and positrons. The detector is placed
in a 1T solenoidal magnetic field with a magnet bore large enough to enable the electrons and
positrons to return—or recurl—to the detector and be measured again. For recurling particles
which have performed a half turn in-between measurements, scattering effects that deteriorate the
momentum resolution cancel to first order. The detector geometry is therefore optimised for a high
acceptance of recurling particles by installing recurl stations upstream and downstream of the central
detector station. Additional scintillating detectors, i.e. scintillating fibres in the central station and
scintillating tiles in the recurl stations, are installed for accurate timing measurements.
The Mu3e experiment operates without a traditional hardware trigger. Instead, all sub-detectors
continuously stream data to the event filter farm where online track reconstruction and vertex finding
are performed on Graphics Processing Units. Events with u™ — e*e”e™ candidates are selected
and stored for elaborate offline reconstruction at optimum resolution and analysis.
Background events will be suppressed by selections on the relative timing of the electron and
positrons, the quality and position of the reconstructed vertex and kinematic observables such as the
invariant mass. A distribution of simulated signal and background events from 10" u* decays is
shown in Fig. 4a. The phase I Mu3e experiment has an expected sensitivity on B(u* — e*e”e™) of
afew 107'5 at 90 % CL depending on the running time (see Fig. 4b). The Mu3e phase I experiment
is currently under construction. First physics data runs are planned in 2025.

The Mu3e phase II experiment will be operated at muon stopping rates of 2 x 10° u/s at the
upcoming High-Intensity Muon Beams (HIMB) project at PSI [13]. Paired with an increased
acceptance for recurling tracks and improved vertex and timing resolution, sensitivities of 107'6
at 90 % CL are expected. The optimum design and detector technologies are currently under
investigation.
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Figure 4: Simulated performance of the Mu3e experiment in phase I [11].

4. Searches for uN - eN

Another channel to search for LFV with muons are p-to-e conversions in muonic atoms:
U N —-e N.

The measurement principle is shown in Fig. 5a. As in the previously discussed experiments, the
u~ beam is produced from a proton beam hitting a production target and the decay of the resulting
pions and other hadrons to muons. The muons are then stopped on a stopping target where muonic
atoms are formed. The y~N — e N decay is characterised by a mono-energetic electron which
energy is determined by the muon rest mass, the atomic binding energy of the muon and the atomic
recoil energy.

Background stems from muon decays in orbit u~ N — e~ v, v, N or can be beam-induced for example
from pions, electrons and anti-protons as well as muon decays in flight. In addition, cosmic rays can
generate background events via decay, scattering of interactions with material in the experiment.
The first type of background is suppressed by an excellent energy or momentum measurement while
for the last one dedicated cosmic ray vetoes are installed. Beam-induced background decays faster
than muonic atoms and can therefore be reduced by the usage of a pulsed proton beam and by
starting data recording only several 100 ns after the proton pulse (see Fig. 5b). Target materials are
typically chosen with the requirement of long lifetimes for the muonic atom.

The current most stringent limits on g~ N — e~ N stem from the SINDRUM II experiment at
PSI. The SINDRUM II experiment used a Gold foil as stopping target and measured the electron
trajectories with a combination of a drift chamber and a scintillator and Cerenkov hodoscope placed
in a solenoidal magnetic field. Proton pulses were generated every 19.75 ns. SINDRUM II collected
atotal of 4.37(32) x 10'3 4~ stopped on target. The momentum distributions of the observed events
are shown in Fig. 6. No significant excess above the expected background was found and an upper
limit on the conversion rate was set at Z(u~Au — e~ Au) < 7.0 x 10713 at 90 % CL [14].

Three experiments will repeat the search for ux~ N — e” N in the near future: DeeMe [17] and
COMET [18] at J-PARC and Mu2e [19] at Fermilab.
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The DeeMe experiment will search for u-to-e conversion on Carbon. A schematic of the
experiment in shown in Fig. 5a. The 3 GeV Rapid Cycling Synchrotron delivers proton double
pulses at a frequency of 25 Hz allowing to have 10 s long data taking intervals starting around
300 ns after the second pulse. The Carbon target serves as both muon production and muon stopping
target. With a secondary beamline, electrons from signal processes are separated from electrons
from background processes which tend to have lower momenta. Positively charged particles are
removed, as well. The electrons momenta are then measured in a magnet spectrometer consisting
of a 0.4 T dipole magnet bending the beam by 70° and two times two thin MWPCs upstream and
downstream of the magnet. The high voltage at the MWPCs is switched to a high gas gain mode only
during the data acquisition windows for detector protection in intervals of high prompt background.
The DeeMe collaboration has performed commissioning runs and is getting ready to take physics
data. A sensitivity to the conversion rate on Carbon of # (" C — ¢ C) $2 x 10713 at 90 % CL
is expected.
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Figure 7: Schematic of the COMET experiment in phase I and II [18, 20].

The second upcoming experiment at J-PARC is the two-staged COherent Muon to Electron
Transition experiment. COMET searches for p-to-e conversion on Aluminum. A schematic of the
experiment in its two stages is shown in Fig. 7.

In contrast to DeeMe, the muon production and muon stopping target are separated which allows
for a more efficient suppression of beam-induced background. Muons are produced by directing
a pulsed proton beam with bunch intervals of around 1.17 us on a graphite target. In phase I, the
stopping target is separated from the production target by a 90° transport solenoid (see Fig. 7a).
The stopping target is built from aluminum discs located inside the detector section and delivers
stopping rates of 1.2 x 10° u/s. It is surrounded by the Cylindrical Detector (CyDet) consisting of
a cylindrical drift chamber and a trigger hodoscope built from two layers of plastic scintillators.
The additional StrECAL detector—a combination of a straw tube tracker and an electromagnetic
calorimeter built from LYSO crystals read out by avalanche photodiodes—performs direct beam
measurements. The StrECAL is moreover a prototype for the phase II detector. The Cosmic Ray
Veto is built from scintillators as well as glass Resistive Plate Chambers.

The COMET phase I experiment is currently under construction and is planned to commence data
taking in 2024/2025. A sensitivity of Z,.(u~ Al - e~Al) $7.0 x 10713 at 90 % CL is expected.

In phase II, the production target will be replaced by a tungsten target. Combined with
improvements on the proton beam and capture solenoid, a muon production increased by a factor
of twenty is expected. The muon transport solenoid will be extended to a full 180° turn. The muon
stopping target will be separated from the detector section by a C-shaped electron spectrometer and
the muon stopping efficiency will be increased. The COMET II experiment will be sensitive to
Rue( Al - e Al) < 3.2 x 10717 at 90 % CL.

As a successor of COMET, there is another upgrade under investigation at J-PARC, the Phase
Rotated Intense Slow Muon source PRISM which features a muon storage ring and the PRIsm
Muon to Electron conversion experiment PRIME [21]. The PRISM/PRIME project is expected to
reach sensitivities on %, of 10718
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The Mu2e experiment at Fermilab also searches for u~ Al — e~ Al in two stages [19]. A
schematic of the experiment is shown in Fig. 8.

A pulsed 8 GeV proton beam hits a tungsten muon production target with a pulse every 1.7 us. The
production target is separated from the muon stopping target and detector section by an S-shaped
transport solenoid. The stopping target is located in front of the tracker and calorimeter inside the
detector solenoid. In phase I, muon stopping rates of 10'” u1/s are envisaged. The tracking detector
is a straw tube tracker while the calorimeter is constructed from scintillating crystals with SiPM
readout. Each side of the detector solenoid hall is covered with four layers of scintillators which
Serve as cosmic ray veto.

The phase I experiment is currently under construction and is expected to commence data taking in
2025. Tt will have a sensitivity of %, (" Al - e~ Al) < 6.2 x 107'® at 90 % CL.

The MuZ2e phase II experiment will be operated at a proton beam intensity increased by a factor
of ten enabled by the Proton-Improvement-Plan-1I PIP-II at Fermilab. Combined with improvements
on all systems, sensitivities of R, (u”Al - e Al) < 6 x 10717 at 90 % CL are in reach of Mu2e
phase II.

5. Complementary of Muon cLFV Searches

The sensitivity of the three golden channels to different types of BSM interactions can be
studied and compared by means of effective field theories (see for example [22]). As shown in
Fig. 9, each channel has specific strengths and weaknesses in constraining the various interactions.
Thus, the interplay of potential observations and non-observations in the muon LFV channels will
allow to draw a more complete picture of favoured and disfavoured BSM models.

Furthermore, it is possible to distinguish certain effective operators directly in uy” N — e” N
and u* — eTe” e searches.

In 4N — e™ N, the dependence of the conversion rate on the atomic number Z of the nucleus
varies for the different operators (see Fig. 10). Thus, searches with different target materials can be
used to narrow down the type of BSM interaction. However, the choice of suited target materials is
limited as the lifetime of the muonic atom needs to be sufficiently long and as well as for technical
reasons. In addition to aluminum, for example titanium, vanadium and lithium are considered.

In the case of u* — e*e”e™, the kinematics of the final decay products can reveal the type of BSM
interaction. In Fig. 11, Dalitz plots of the invariant mass squared of the two possible e*e™ pairs
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are shown. Different effective operators reveal characteristic distributions that allow to distinguish
various BSM interactions.

6. Exotic Physics at Muon Experiments

Despite being designed to investigate one specific channel, the above mentioned experiments
are not limited to a single measurement. A selection of searches that go beyond the scope are
presented in the following.

The ATOMKI collaboration has reported the observation of an excess in the angular distri-
butions of internal pair creation in the transition 'Li(p, e*e™)®Be [26] as well as in the transition
SH(p, e*e”)*He [27]. This excess would be compatible with the production and subsequent decay
of a hypothetical BSM boson at a mass of around 17 MeV commonly referred to as X (17).

The MEG II experiment will repeat this measurement using a p beam from a Cockcroft-Walton

10
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Figure 11: Dalitz plots of the invariant mass squared of e*e™ pairs from u* — e*e~e* mediated via various
effective operators in the Mu3e phase I experiment [24]. The effective Lagrangian is taken from [25].

accelerator and a Li;B4O7 target which are normally used for calibration purposes [28]. The col-
laboration has taken first data for this measurement.

In addition, the Mu3e collaboration will perform searches for e"e™ resonancesin u* — e* e e v, v,
in view of searches for dark photons [24]. This search will also be sensitive to X (17).

Another channel that will be investigated with the Mu3e experiment is u* — ¢ X in which X
is an axion-like particle from a broken flavour symmetry like a familon or majoron [29, 30] that
leaves the detector unseen. For this purpose, the Mu3e data acquisition is adapted to accommodate
online histogramming of track fit results such as momenta and emission angles of events with
single positrons on the event filter farm. Current limits on u* — e¢* X are set by Jodidio et al. at
B(ut — e*X) < 2.6 x 1070 at 90 % CL for massless X [31], and by the TWIST collaboration at
B(u™ - e*X) <9 x 107 at 90 % CL on average for X with masses between 13 MeV and 80 MeV.
The sensitivity of the Mu3e experiment in phase I exceeds the limits set by TWIST by two orders of
magnitude in a large range of X masses (see Fig. 12) and will be further improved in phase II due
to a twenty times larger number of observed muon decays and an enhanced detector performance.
Searches for u™ — ™ X will be also performed at MEG II [30, 32] and at the uN — eN experiments
Mu2e and COMET [33, 34]. MEG II will further investigate the channel u* — e*yX.

Furthermore, the lepton flavour and lepton number violating process u"N — e*N’ can be
investigated at the muon conversion experiments Mu2e and COMET [36], however they require a
better theoretical understanding of the background contribution of radiative muon capture u~ N —
vuN'y with y > e*e”. Current upper limits are set by SINDRUM II measurements with a titanium
target at & (uTi — e*Ca) < 1.7 x 10712 at 90 % CL [37].

7. Summary

The observation of cLFV u-to-e transitions would be an unambiguous sign of BSM physics.
Several experiments are currently operating or under construction which will investigate these
transitions with an up to four orders improved sensitivity compared to current limits: the ongoing
MEG II experiment at PSI searching for u* — e*y, the upcoming Mu3e experiment at PSI searching
for u* — e*e”e”, and the ongoing DeeMe experiment and the upcoming COMET experiment at
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Figure 12: Sensitivity of the Mu3e phase I experiment to u* — e¢*X compared to current most stringent
limits set by TWIST [24]. Two scenarios for the calibration of the momentum scale are shown: one assuming
calibration using an external process (ext. calib.), and the other one assuming simultaneous calibration using
the momentum spectrum of u* — e*v, v, decays (sim. calib.). TWIST results by courtesy of R. Bayes [35].

J-PARC as well as the upcoming Mu2e experiment at Fermilab searching for u-to-e conversion

on nuclei u~N — e~ N. The complementarity of these searches allows to narrow down the type
of BSM interaction in case of discovery or strongly constrain numerous BSM models in case of
non-observation. In addition, further BSM signatures can be investigated by these experiments with
competitive sensitivity.
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