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1. Introduction

In the Standard Model (SM) of particle physics, charged lepton flavor-violating (CLFV) processes
are forbidden. Although neutrino oscillations indicate lepton flavor violation in the neutral sector,
their contribution to CLFV processes is negligibly small, resulting in a branching ratio of only 1074
for u — ey [1], far below experimental reach. Therefore, an experimental discovery of CLFV would
be a clear signature of new physics beyond the SM. On the other hand, several proposed models
beyond the SM predict CLFV processes at measurable rates. Among CLFV channels, u — ey is
particularly sensitive to many of these models, motivating this search.

Experimentally, © — ey events are searched in decays of positive muons stopped inside a
muon stopping target. Signal events are characterized by two-body kinematics: a time-coincident
positron and photon, each with 52.8 MeV energy, emitted back-to-back. The dominant source of
background events in this search is accidental coincidences of positrons and photons from different
muon decays. In such events, positron-photon pairs do not have time or angle correlation, and they
exhibit continuous energy spectra up to 52.8 MeV. Another background source is radiative muon
decay (RMD), u — evvy, with neutrinos carrying small energies. Its contribution to the u — ey
search is minor due to the suppressed branching ratio of RMD near 52.8 MeV. These backgrounds
can be suppressed by precise kinematic measurements using high-resolution detectors.

The latest result on u — ey has been published by the MEG II experiment, setting an upper
limit on the branching ratio of 1.5 x 10~!3 using the dataset collected in 2021 — 2022 [2]. As the
full details of the analysis and results are given in Ref. [2], this proceedings, which discusses the
same result, highlights aspects not covered in Ref. [2].

2. The MEG II dataset collected in 2021 — 2022

The MEG 1II experiment, designed to search for 4 — ey, began data collection in 2021 and
plans to continue until 2026, aiming for an upper limit sensitivity of 6 x 107!4 on the u — ey
branching ratio. The experiment exploits the continuous muon beamline at PSI, which minimizes
the accidental time coincidence rate compared to a pulsed beam. Muons are stopped in a thin plastic
target, and positrons and photons from muon decays are measured by a positron spectrometer and
a liquid xenon detector, respectively. The spectrometer consists of a cylindrical drift chamber
for tracking and plastic scintillation counters for timing, both inside a solenoid with a gradient
magnetic field. The liquid xenon detector is placed outside the solenoid, and scintillation photons
are detected by VUV-sensitive SiPMs and PMTs. A radiative decay counter at the downstream end
of the detector identifies background photons by detecting associated low-energy positrons. Details
of the detectors are given in Ref. [3].

This proceedings presents a search for © — ey with the dataset collected in 2021 and 2022.
During a DAQ live time of 1.07 x 10° s, the muon stopping rate ranged from 3 x 107 to 5 x 107 s,
resulting in 3.5 X 10'* muons stopped in the target. The number of effectively measured muon
decays, including the detector efficiencies and acceptances, denoted as N, was evaluated to be

Ny ~ (1.34+0.07) x 10°. (1)

It was evaluated by counting the number of efficiently reconstructed positrons from y — evv in a
dedicated trigger. In this direct counting of the number of reconstructed positrons, contributions
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from the muon beam rate and positron efficiency are already absorbed, and their uncertainties
have negligible impact on N,. On the other hand, this method requires corrections for the photon
efficiency, the trigger efficiency, and the positron-photon pair selection efficiency, resulting in 5 %o
uncertainty in Eq (1).

The gap between N, and the number of muons stopped inside the target is dominated by
the detector acceptance (11 %), the photon detection efficiency (67 %), and the positron detection
efficiency (60 — 70 % depending on the muon rate). The acceptance and the photon efficiency, both
determined by the detector design and its material, are unchangeable factors in future analyses.
On the other hand, the positron inefficiency is partly due to reconstruction methods, which will be
improved in the future, as discussed again in Sec. 4.2.

3. Method and result of 1 — ey search

An extended unbinned maximum likelihood fit was performed with the fit parameters being Ngig,
Nace» Nrmp, and Xtgr. Here, N is the expected number of signal events in the dataset. The
others are nuisance parameters in this fitting; Nacc is that of accidental background events, Nrmp
is that of RMD background events, and Xtgr is a set of detector alignment parameters. The full
likelihood function is hence defined as

L(Nsig, NRMD> Naces XTGT)

:=Cext(Nace> NRMD, XTGT) (2a)
e_(Nsig+NRMD+NAcc) Nobs R R o N
X n (NsigS(X:| XtaT, 4i) + NRMDR(X71G;) + NaccA(Xi1G1))s (2b)
Nobs!

i=1

where Eq (2b) represents the extended likelihood function introduced in Ref. [4] with S, R, and
A being the probability density functions (PDF) for signal, RMD background, and accidental
background events. Eq (2a) provides external constraints on nuisance parameters, derived from
background studies in control regions for Na.. and Nrmp, and from calibration uncertainties for
Xtgr. Details of the PDF construction methods and the observables (X and g) are described in
Ref. [2].

The confidence interval for the Ngig parameter was constructed based on the Feldman—Cousins
method [5], with the profile likelihood ratio defined as

L(Nsigﬁ(Nsig)) A~
—_— if Ngig >0

L(Nsig9é)
/I(Nsig) =

; ©)
L(Nsigso(Nsig))

A

if N < 0,

L (Nsig=09§(Nsig:0))

where 6 indicates the set of nuisance parameters, Nacc, NRMD, and Xtgr. L(NSIg, 0) is the maxi-
mized likelihood with the best fit being (NSIg, 0) and L(Ngjg, O(NSIg)) is the likelihood with 0(N51g)
being the best fit obtained in a fitting at a fixed N, value. In the interval calculation, the confi-
dence belt was defined by the A, (Ngi,) distribution in an ensemble of simulations produced from
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Figure 1: Event distributions on the (E., E,) and (cos O, t.,)-planes with varying marker size and color
based on Ry, in Eq (4) [2]. Selections of cos @, < —0.9995 and |z, | < 0.21ns (97 % signal efficiency each)
are applied for the (E., E,)-plane, while selections of 49.0 < E, < 55.0MeV and 52.5 < E, < 53.2MeV
(93 % and 97 % signal efficiency, respectively) are applied for the (cos ®.,, f.,)-plane. The green curves
show signal PDF contours at 107, 1.640, and 20°.

the probability density functions. The result of the analysis parameterized with Ny, was finally
translated into the branching ratio by dividing Njs by the N, given in Eq (1).

After opening the blind box, defined as the region with the photon energy of 48 < E,, < 58 MeV
and the positron-photon time difference of |t.,| < 1 ns, we observed the event distribution as shown
in Fig. 1, where ©,,, represents the opening angle between positron and photon. Here, the marker
color and size are varied according to the ranking variable based on Pearson-Neyman lemma [6],

S(X;)

NrMD = Nace =
NRMD+NAce R(x;) + NRMD':;VACC A(x;)

Ryig 1= log @)
No significant excess of signal events was observed. A new 90 % C.L. upper limit on the u — ey
branching ratio was set at 1.5x 10~!3. The negative log of A p in Eq (3) as a function of the branching
ratio is shown in Fig. 2.

4. Discussion

4.1 Comparison with the MEG final result

This search achieved a sensitivity of 2.2 x 107!3, which is a factor of 2.4 higher than the previous
result published by the MEG experiment [7]. Here, the MEG experiment achieved the final
sensitivity of 5.3 x 10713 after collecting the dataset for five years. This result, on the other hand,
was obtained from the dataset collected in the first two years of the MEG II experiment, where the
active DAQ period was roughly a quarter of that of the MEG experiment.

A key improvement over the MEG experiment is the increased efficiency in measuring muon
decays. Even in this limited period, the MEG II experiment measured N, = 1.34 X 10" muon
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Figure 2: The negative log likelihood-ratio —log A, versus the branching ratio. The blue solid (magenta
dashed) curve corresponds to the MEG II 2021 — 2022 data [2] (the MEG full dataset [7]).
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Figure 3: Event distribution with the full MEG dataset presented in Ref. [7], with modifications on the
parameter ranges and graph styles to compare with Fig. 1.

decays in the first two years, which is already getting close to N,, = 1.71 x 10'3 in the full MEG
dataset. This efficiency improvement is dominated by that of the positron efficiency, which increased
from 30 % to 70 %. In addition, the operation of the detectors became more stable in the MEG II
experiment, allowing the experiment to better exploit the given beamtime.

Another key improvement is the reduction in the number of background events. This is visible
when Fig. 1 is compared with Fig. 3, which is the event distribution for the full dataset of the
MEQG experiment. Here, the phase space volume of the signal contours got smaller in the MEG 11
experiment, mostly thanks to the improved resolution of positron energy, opening angle, and time
difference. Its impact on the sensitivity can be quantified by comparing the sensitivity to the Nj;e
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value instead of the branching ratio. This search achieved the N, sensitivity of 2.9, whereas it was
9 in the MEG final analysis. Qualitatively, this difference can also be seen in the shape of the curves
in Fig. 2. The linear shape with the MEG II dataset appears typically when the dataset is effectively
background free, where the dependence is determined by the exponential term in Eq (2b). When
the background events populate, on the other hand, some background samples give a non-zero value
to the signal PDF, namely S(X;|Xtar, ¢;) in Eq (2), which produced a curved shape for the MEG
dataset in Fig. 2.

4.2 Prospects

As discussed in Sec. 4.1, receiving negligible contributions from background events, the sensitivity
of this search was limited by the statistics of the dataset due to the limited DAQ time. Therefore,
to further improve the © — ey sensitivity, we need additional data samples for the search. The
experiment has thus continued the data taking in 2023 and 2024, where the muon stopping rate on
the target was optimized to 4 x 107 u/sec [3], and additional 4.8 x 10'* muons were stopped on
the target. Since 2025, the muon stopping rate has been re-optimized to 5 x 107 u/sec (discussed
in the next paragraph), and we plan to continue the data taking until 2026, expecting to stop 103
more muons. Including the data planned to be collected in 2026, the sensitivity of the experiment
is expected to reach the goal of 6 x 1074,

After the publication of this result in Ref. [2], a new positron tracking algorithm has been
developed based on machine learning techniques. Inspired by the work in Ref. [8], we developed a
Transformer-based model [9] as a hit-classifier to separate pileup hits belonging to different tracks.
This model, with the output used for a hit pre-selection, improved the hit purity in the track finding
and track fitting. As a result, we observed an O (10 %) improvement in the positron efficiency,
where the improvement was larger at a higher muon rate, mitigating the rate dependence reported
in Ref. [10]. In addition, we achieved an approximately 5 % improvement in the overall tracking
resolution. These improvements, as well as improving the efficiency of the already collected dataset,
motivated the re-optimization of the muon stopping rate on the target to 5 x 107 y/sec, which was
mentioned in the previous paragraph. We plan to separately publish a dedicated paper to discuss
the details of the new tracking.

5. Conclusion

We searched for u — ey using the MEG II data from 2021 — 2022, achieving a sensitivity of
2.2 x 10713, No excess of signal events was observed, and the 90 % C.L. upper limit on the
branching ratio was set at 1.5 x 10713, The sensitivity remains statistically limited, with negligible
background contribution, and will improve with additional data. The experiment has thus continued
and plans to take data from 2023 to 2026, aiming for a target sensitivity of 6 x 107!, Analysis
improvements, particularly in positron reconstruction, will be applied to all datasets, including those
from 2021 - 2022.
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