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•Nearly 90 years after the discovery of the muon, Rabi’s famous question remains unanswered: 

“Who ordered that?” 

•At the same time, lepton flavour has played a crucial role in advancing particle physics

Lepton Flavour

“Who ordered that?” (Isidor Isaac Rabi)
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•Charged lepton flavour conservation is only an accidental symmetry in the Standard Model 

•Broken only by tiny neutrino masses, but at an unobservably low rate 

•Observable charged lepton flavour violation (LFV) would be a clear signature of physics beyond the Standard Model 

•LFV experiments can probe effective new physics scales of , depending on the underlying operators 

and couplings 

102 − 105 TeV

Is Charged Lepton Flavour Conserved?

 
ℬ(μ → eγ) ∼ 10−54 -ℬ(μ → eγ) ∼ 10−11 10−15

SM+mν Beyond SM Physics Briefing Book: Input for the 2026 update of the European Strategy for Particle Physics

Note: Effective NP scales derived from bounds on dimension-six operators, 
assuming unit Wilson coefficients.Fig. 5.15: Bounds on the coefficients Ci of dimension-six operators constrained by selected

flavour observables, expressed as bounds on the effective scale (Ci = 1/!2
i ). The coloured bars

denote current limits, while the empty bars the expected improvements in the best scenario
(assuming, in particular, FCC-ee for b and ! observables). For quark-violating observables the
hatched bars indicate current bounds assuming a MFV structure (see text).

of these observables. Particularly noteworthy are the expected improvements in EDMs and LFV
measurements, where the scales probed by future projects will exceed the current ones by one
order of magnitude or more.

The drawback of EDMs and LFV is that it is difficult to define a minimum value for the
coupling. The situation is different in the quark sector, where the Yukawa couplings do provide
an irreducible source of flavour violation in any consistent extension of the SM. The bounds
obtained under the Minimal Flavour Violation (MFV) hypothesis [261–263], i.e. assuming the
Yukawa couplings are the only accessible sources of flavour violation, are shown with hatched
lines in Fig. 5.15. As can be seen, these bounds are as high as few TeV, reaching in a few cases
up to 10 TeV: this demonstrates that quark FCNCs currently provide constraints competitive
with direct searches even in NP models with minimal flavour-violating couplings.

Concerning FCNCs and meson mixing, future improvements depend, in large part, also on
the expected improvements in determining the CKM matrix elements. The best example in this
respect is ∀K , whose current SM uncertainty, around 20%, is dominated by the parametric error
on |Vcb| (mainly due the existing tension between exclusive determinations of |Vcb|). Thanks to
the precision on |Vcb| expected from W decays (see Sect. 5.4.3), as well as progress from LQCD
(see Sect. 5.2.2), this could drop below 3%, with a gain of a factor 3 in the scale of NP probed.

5.5.2 Impact in NP models with motivated flavour structure
A realistic example of TeV-scale dynamics is provided by NP that couples mainly to the third-
generation and is invariant under a U(2)5 flavour symmetry acting on the light generations [265,
266]. The bounds on all the SMEFT operators containing third-generation quark and lepton
doublets within this general setup—considering separately flavour, electroweak (EW), and col-
lider observables—are shown in Fig. 5.16. In this framework flavour mixing is completely
controlled by the CKM matrix; however, there is an ambiguity in what is identified as third-
generation in the left-handed quark sector. This is why in Fig. 5.16 the flavour bounds are
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4Golden Channels of Muon LFV

μ−N → e−N
CHARGED LEPTON FLAVOUR EXPERIMENTS / T. MORI

NON-DIPOLE CONTRIBUTIONS FROM NEW PHYSICS
▸  and  can have large 

contributions from other operators. 

▸ To disentangle the secrets of New 
Physics, all the three muon CLFV 
processes should be pursued together.  

▸ Angular distributions of  and 
, and atom-dependence of 

 can distinguish different new 
physics scenarios after discoveries.

μN → eN μ → 3e

μ → eγ
μ → 3e
μN → eN

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Relevant in RPV SUSY and RPC SUSY for 
large tan(β) and low mA, leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

• 4 Leptons, ...

Type II seesaw,  RPV SUSY,  LRSM 

• Vector
Enhanced in  Type III seesaw (Z),               

Type II seesaw,   LRSM,  leptoquarks 

(Axial-vector) qq

μ e

UV origin of various operators
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μ+ → e+e+e−
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μ+ → e+γ

S. Davidson and B. Echenard, EPJC 82 (2022) 836.
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instance ωC · ωeD → four-fermion coe!cients can occur (in SUSY [35]), or the dipole could be suppressed, when the
four-fermion operators are generated at tree level. To illustrate complementarity when the “natural” size of ωC · ωeD is
significantly di"erent from the other coe!cients, we also plot the reach in a parametrization similar to that introduced
in [19] by defining a variable2

εD = tan(↑ϑD) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (ϑ ↓ 0,ϖ) or is suppressed (ϑ ↓ ϖ/2). (A similar variable εV = cotan(ϑV ) could be defined to magnify
the regions where leptonic four-fermion coe!cients are much larger or smaller than those with quarks.) Notice that ε
is a discontinuous function of ϑD in the range 0 ↔ ϖ: εD : ↑↗ ↔ 0 corresponds to ϑD : ϖ/2 ↔ 0, and εD : 0 ↔ ↗

corresponds to ϑD : ϖ ↔ ϖ/2. As a result, the relative negative sign between C̃D and C̃V , which allows cancellations
in the rate for µA↔eA, occurs for positive ε. (Indeed, the -1 in the argument of III.1 was chosen for this purpose.)

The parametrisation (III.1) allows to write the constrainable Lagrangian, in terms of coe!cients at !LFV , as

L =
1

!2
LFV

[
|ωeD|

↘
1 + ε2

ÕD ↑
ε

↘
1 + ε2

ÕV

]
(III.2)

where ÕD and ÕV are respectively the dipole and a combination of four-fermion operators from the Lagrangian (II.1)
—but translated from the experimental scale to !LFV (see discussion below). The selection of operators in ÕV can
be modified via the angles ϑV and ϱ:

ÕV = cos ϑV |ωeV |Õ
eµee
V l + sin ϑV sinϱ|ωeAl|ÕAlight + sin ϑV cosϱ|ωeAheavy|ÕAheavy→

and the O(1) numerical factors |ωeX | encode the rescaling of the coe!cients due to SM loop e"ects, and are given in
Table V.
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FIG. 1. Reach as a function of (left) the angle ωD, which parametrizes the relative magnitude of dipole and four-fermion
coe!cients, and (right) the variable εD = cotan(ωD → ϑ/2). The scale ! is defined in eqn (II.1) with the coe!cients normalised
according to Table II. The solid region is currently excluded.

The Lagrangian of Eq (III.2) is in terms of operators and coe!cients at !LFV , which are not identical to those of the
Lagrangian at the experimental scale given in Eq (II.1). It is clear that the di"erent experiments are complementary
at the experimental scale ↓ mµ, because they search for di"erent processes — however, the relevant question is the
complementarity at !LFV . It is well-known that SM loops cause couplings to grow, shrink, and mix with scale, and
it is these e"ects that make the di"erence between Eq (II.1) and (III.2). For instance, the experimental bound on

2 The original published version of the manuscript gave a mathematically equivalent but analytically less practical definition.
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Strong complementarity among different muon LFV channels!

https://doi.org/10.1140/epjc/s10052-022-10773-4
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μ−N → e−N
•Pulsed muon beam 

•To minimise beam-related BG with delayed measurement 

•Key challenge 

•High-quality pulsed beam with excellent extinction ( ) 

•Experiment 
•COMET: Upcoming at J-PARC 

•Mu2e: Upcoming at Fermilab 

•Beyond discovery 
•Nuclear dependence to distinguish between new-physics scenarios

< 10−10

 conversionμ − e

5Experimental Approaches

μ+ → e+e−e+μ+ → e+γ
•Continuous muon beam 

•To minimise accidental BG 

•Key challenge 
•High-precision detectors capable of operating at high rates 

•Experiment 

•MEG II for : Ongoing at PSI 

•Mu3e for : Upcoming at PSI 

•Future experiment with HIMB at PSI:  R&D phase 

•Beyond discovery 
•Angular correlations to distinguish between new-physics 

scenarios

μ+ → e+γ

μ+ → e+e−e+

-decaysμ

 μ+→e+γ measurement with polarized μ+ beam 

Hajime NISHIGUCHI, University of Tokyo

Workshop on Precision Measurements at Low Energy

18-19, Jan., 2007, Paul Scherrer Institut, Villigen, Switzerland

FTER the MEG discovering of µ+→e+γ, the experiment can advance from the “discovery” to the “measurement” phase. By 
the use of a polarized muon beam and a Suitable target, a polarized MEG can be performed. Based on a sufficient number 

of observed µ+→e+γ events, the e+ angular distribution with respect to the muon spin orientation can be extracted and used to 
discriminate between different SUSY-GUT extensions to the Standard Model.

A

Physics Motivation

      The measurement of the angular distri-
bution of µ+→e+γ with respect to the muon 
polarization direction allows different theo-
retical models to be tested based on the he-
licity predictions of the e+ in µ+→e+γ [1].  
For example, SU(5) supersymmetric grand 
unification (SUSY-GUT) models only in-
troduce a lepton flavour violation (LFV) in 
the right-hand slepton sector, therefore, only 
µ+→eL+ γ occurs. On the other hand, SO(10) 
SUSY-GUT models cause LFV in the left-
hand as well as in the right-hand slepton sectors, thereby giving rise to both µ+→eR+ γ and 
µ+→eL+ γ. 

Idea of Measurement 

      By using a polarized muon beam and a Suitable target together with the MEG detec-
tor [2], the asymmetry of the e+ angular distribution can be measured. When the initial 
muon is polarized in µ+→e+ γ, the angular distribution of the positron is given by

where θe is the angle between the muon polarization Pµ and the positron momentum in 
the muon rest frame.  The asymmetry of the e+ angular distribution 

A =
|AL|2 � |AR|2

|AL|2 + |AR|2

can be determined by just measuring the e+ emission angle distribution.

      Because of their production mechanism, “surface muons” are originally 100% polar-
ized, antiparallel to their flight direction.  

From the view point of the most intense source of stopped muons, the PSI cyclotron and 
the MEG beam line can provide the most intense surface muon beam in the world. Con-
sequently, with a non-depolarization target such as Al, Ag, MEG can measure the angular 
distribution of µ+→e+γ .

Decay asymmetries and depolarization factors for positive muons [3]

target material decay asymmetry (*1) depolarization factor (*2)

Graphite 0.236 1.00

Beryllium 0.222 0.97

Aluminum 0.209 0.91

Lithium 0.201 0.88

Polyethylene (*3) 0.146 0.64

     (*1)  Asymmetry for beam muons decaying in a target

     (*2)  Ratio of muon polarization after stopping to that before stopping

     (*3)  Polyethylene is adopted as muon stopping target in the present MEG detector.

dB(µ+ ⇥ e+�)
d cos ⇥e

⇤ |AR|2
�
1� Pµ cos ⇥e

⇥
+ |AL|2

�
1 + Pµ cos ⇥e

⇥

Using MEG detector

      The present MEG detector is placed in the πE5 area of PSI. In order to suppress posi-
tron contamination in the muon beam, a Wien filter (DC separator) is placed in front of 
the final beam transport solenoid of the MEG detector. This filter rotates muon spin 6.6 
degree.

      According to the present MEG detector design, the positron spectrometer has an ac-
ceptance of |cosθ| < 0.35 for e+ emission angles. Even so a significant measurement can 
be performed as shown below. 

     In order to estimate the feasibility, a Monte Carlo study incorporating the present 
MEG detector was performed [4].

Conclusion

     The observation of a µ+→e+ γ  signal and measurement of the e+ angular distribution 
would give a clear discrimination of models and a significant test of SUSY-GUT.

References

     [1] Y.Kuno and Y.Okada,  Rev. Mod. Phys. 73 (2001) 151

     [2] T.Mori et.al.,  Research Proposal to PSI R-99-05 (1999)
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           of Fundamental Interactions (SUSY2004), KEK, June 17-23, 2004
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Figure 9: The µ-e conversion ratios for the typical theoretical models are plotted as func-
tions of the atomic number Z. The solid, the long dashed, and the dashed lines represent
the cases that the photonic dipole, scalar, and vector operator dominates, respectively.
Proton and neutron distribution are taken according to method 1 in subsection 3.1, and
the conversion ratios are normalized by the conversion ratio in aluminum nuclei (Z = 13).

The first case appears as a good approximation in SUSY models for many cases, especially

in SO(10) SUSY GUT models [4] and in SUSY models with right-handed neutrinos [6].

The second case is realized in some cases of SUSY models with R-parity violation [3]. The

third case corresponds to the situation where the monopole form factors give dominant

contributions in the µ-e-γ transition. The µ-e conversion branching ratio are shown for

three cases in Figs.9 (method 1), 10 (method 2), and 11 (method 3). In these figures the

branching ratios are normalized by the value for aluminum evaluated by the method 1,

24

R. Kitano, et.al., PRD 66, 096002 (2002)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.096002
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6Search for LFV Muon Decays

µ+e+
e+

e−

μ+ → e+γ

Signal Prompt BG Accidental BG

µ+e+ γ

•Coincident 
•Monochromatic energies 
 ( ) 
•Back-to-back
Ee = Eγ = 52.8 MeV

•Coincident 
•A single decay vertex 
•   
•
ΣEe = mμ
Σ ⃗pe = 0

µ+e+
e+

ν

ν

e−μ+ → e+e+e−

µ+e+

ν

ν

γ

µ+e+ ν µ
+

e
+

ν

e−

µ+e+

ν

ν
γ

+
• Radiative μ-decay 
• AIF

•A continuous beam helps suppress 
accidental backgrounds → PSI 
•Photon measurement is challenging 
•Two-body decay → can concentrate 
on the kinematic edge

•A continuous beam helps suppress 
accidental backgrounds → PSI 
•Three-body decay → Need to 
detect low-momentum electrons and 
positrons 
•Need high-rate tracking capability

Key Concepts

• Bhabha scattering 
• Photon conversion 
• Mis-reconstruction 
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•World’s most intense DC muon source at Paul Scherrer Institute (PSI) 

•High-Intensity Proton Accelerator (HIPA) 

•  ring cyclotron,  → ! 

•The world’s highest-intensity muon beam (max ) 

•Shared by MEG II ( ) and Mu3e ( ) 

590 MeV 2.3 mA 1.4 MW

∼ 108 μ+/s

μ+ → e+γ μ+ → e+e+e−

Search for LFV Muon Decays

590MeV ring cyclotron @PSI 2.3mA (1.4MW)

PSI

⇡

⇡

⇡

πE5 beam line (PSI)

MEG II Mu3e

μ
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•LXe 900L (~2.7ton) 

•Highly granular 

scintillation readout 

with SiPM(×4092) + 

PMT(×668)

MEG II Experiment : μ+ → e+γ6

Figure 3 A schematic of the MEG II experiment

inside are replaced by new ones. Positron tracks are meas-
ured by a newly designed single-volume cylindrical drift
chamber (CDCH) able to sustain the required high rate. The
resolution for the e+ momentum vector is improved with
more hits per track by the high density of drift cells (see
Sect. 4). The positron time is measured with improved ac-
curacy by a new pixelated timing counter (pTC) based on
scintillator tiles read out by SiPMs (see Sect. 5). The new
design of the spectrometer increases the signal acceptance
by more than a factor 2 due to the reduction of inactive ma-
terials between CDCH and pTC.

The photon energy, interaction point position and time
are measured by an upgraded LXe photon detector. The
energy and position resolutions are improved with a more
uniform collection of scintillation light achieved by re-
placing the PMTs on the photon entrance face with new
vacuum-ultraviolet (VUV) sensitive 12 ⇥ 12 mm2 SiPMs
(see Sect. 6).

A novel device for an active background suppression
is newly introduced: the Radiative Decay Counter (RDC)
which employs plastic scintillators for timing and scintil-
lating crystals for energy measurement in order to identify
low-momentum e+ associated to high-energy RMD photons
(see Sect. 7).

The trigger and data-acquisition system (TDAQ) is also
upgraded to meet the stringent requirements of an increased

number of read-out channels and to cope with the required
bandwidth by integrating the various functions of analogue
signal processing, biasing for SiPMs, high-speed waveform
digitisation, and trigger capability into one condensed unit
(see Sect. 8).

In rare decay searches the capability of improving the
experimental sensitivity depends on the use of intense beams
and high performance detectors, accurately calibrated and
monitored. This is the only way to ensure that the beam char-
acteristics and the detector performances are reached and
maintained over the experiment lifetime. To that purpose
several complementary approaches have been developed
with some of the methods requiring dedicated beams and/or
auxiliary detectors. Many of them have been introduced and
commissioned in MEG and will be inherited by MEG II with
some modifications to match the upgrade. In addition new
methods are introduced to meet the increased complexity of
the new experiment.

Finally, the sensitivity of MEG II with a running time of
three years is estimated in Sect. 9.

PSI proton cycrotron (2.3ｍA, 1.4MW) 
World’s most intense DC muon beam 

LXe photon detector

Cylindrical drift chamber

Pixelated timing counterRadiative decay counter

•New in MEG II 

•BG-γ suppression by 

identifying associated 

low mom. positron

•Ultra-low-mass with single gas-volume 

•Drift cells with stereo wires

•×512 fast plastic scintillator plates 

•40ps time resolution averaged over 

multiple hits 

•~9000ch waveform readout

Target BR sensitivity:   
(  better than MEG)

6 × 10−14

× 10

Virtual	Real	Time,	13-10-2020 L.	Galli,	INFN	Pisa

Medium	size	system
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Clock	distribu5on	and	shared	LVDS	Trigger	signal.	
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Trigger	combina+on	by	means	of	Kintex	7	Trigger	Concentrator	FPGA	Board	(TCB)		using	low	latency	
serial	links,	up	to	64	trigger	lines	involving	charge	and	5me	algorithms.
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Figure 2 Event distributions on the (Ee+ , Eω)- and (cosωe+ω, te+ω)-
planes with marker size and colour based on Rsig, where events with
Rsig < →2 are clipped to be displayed as Rsig = →2. Selections of
cosωe+ω < →0.9995 and |te+ω| < 0.2 ns, which have 97 % signal effi-
ciency for each observable, are applied for the (Ee+ , Eω)-plane, while
selections of 49.0 < Eω < 55.0 MeV and 52.5 < Ee+ < 53.2 MeV,
which have signal efficiencies of 93 % and 97 %, respectively, are ap-
plied for the (cosωe+ω, te+ω)-plane. The signal PDF contours (1ε, 1.64ε
and 2ε) are shown.

recovery to 14 %. On the other hand, the energy resolution
in 2022 data worsened compared to 2021. The cause of this
degradation is under study, a possibility is lower calibration
quality, mainly due to the non-linear response of SiPMs with
the largest PDEs.

5 Analysis

An extended unbinned maximum likelihood fit is performed
to the dataset in the analysis region 48.0 MeV < Eω <
58.0 MeV, 52.2 MeV < Ee+ < 53.5 MeV, |te+ω| < 0.5 ns,
|ϑe+ω| < 40 mrad, |ϖe+ω| < 40 mrad. The confidence inter-
val for the number of signal events Nsig is dictated by the
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MEG II 2021–2022 data (the MEG full dataset [5]).
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Figure 4 Scatter plot of the 90 % C.L. upper limits computed for
an ensemble of pseudo-experiments with a null-signal hypothesis for
the two analyses. The blue dots and the black star are the upper limits
measured in the time side-bands as described in the text and in the sig-
nal region, respectively. The vertical green and horizontal orange lines
represent the sensitivities of the Per-event and Constant PDF analyses.

Feldman–Cousins prescription [9], with ordering of the pro-
file likelihood ratio [10]. To translate the result into the
branching ratio, a normalisation factor Nµ, the number of
effectively measured muon decays in the experiment, is re-
quired B(µ+ ↑ e+ω) = Nsig/Nµ. A blind analysis was per-
formed, hiding events in the region 48.0 < Eω < 58.0 MeV
and |te+ω| < 1 ns, until the analysis strategy was finalised.

In order to estimate the background the analysis was also
applied to four fictitious analysis regions defining the time
side-bands (→3.0 ns te+ω < →2.0 ns, →2.0 ns < te+ω < →1.0 ns,
1.0 ns < te+ω < 2.0 ns, 2.0 ns < te+ω < 3.0 ns. Furthermore
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which have signal efficiencies of 93 % and 97 %, respectively, are ap-
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and 2ε) are shown.
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quality, mainly due to the non-linear response of SiPMs with
the largest PDEs.
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Figure 4 Scatter plot of the 90 % C.L. upper limits computed for
an ensemble of pseudo-experiments with a null-signal hypothesis for
the two analyses. The blue dots and the black star are the upper limits
measured in the time side-bands as described in the text and in the sig-
nal region, respectively. The vertical green and horizontal orange lines
represent the sensitivities of the Per-event and Constant PDF analyses.

Feldman–Cousins prescription [9], with ordering of the pro-
file likelihood ratio [10]. To translate the result into the
branching ratio, a normalisation factor Nµ, the number of
effectively measured muon decays in the experiment, is re-
quired B(µ+ ↑ e+ω) = Nsig/Nµ. A blind analysis was per-
formed, hiding events in the region 48.0 < Eω < 58.0 MeV
and |te+ω| < 1 ns, until the analysis strategy was finalised.

In order to estimate the background the analysis was also
applied to four fictitious analysis regions defining the time
side-bands (→3.0 ns te+ω < →2.0 ns, →2.0 ns < te+ω < →1.0 ns,
1.0 ns < te+ω < 2.0 ns, 2.0 ns < te+ω < 3.0 ns. Furthermore

cos Θeγ < − 0.9995 | teγ | < 0.2 ns 49 < Eγ < 55 MeV 52.5 < Ee < 53.2 MeV
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•Physics data-taking 
•Started in 2021; successfully completed in September 2026! 

•Latest result  

•  search analysis of the first two years’ data (2021–2022) 

•No signal excess observed, setting the most stringent limit; 

 (  C.L.) 

•A much larger dataset remains to be analysed (≈4× 2021–2022 statistics) 

•Expected to reach the final sensitivity goal , hopefully with a positive signal

μ+ → e+γ

𝓑(μ+ → e+γ) < 1.5 × 10−13 90 %

6 × 10−14

MEG II : Status and Prospects

Euro. Phys. J. C(2025)85:1177
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10Mu3e Experiment :μ+ → e+e+e−

•Challenges 
•Three-body kinematics require efficient detection of low-

momentum electrons and positrons 

•High rate capability 

•Key technologies 

•Ultra-thin four-layer pixel tracker ( -thick HV-MAPS) 

•Scintillating fibres and tiles for timing 

•Streaming DAQ with GPU filter farm for online event selection

50 μm

K. Arndt, H. Augustin, P. Baesso et al. Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165679

Fig. 2.1. Tracking in the spatial resolution dominated regime.

Fig. 2.2. Tracking in the scattering dominated regime.

Fig. 2.3. Multiple scattering as seen in the plane transverse to the magnetic field
direction. The red lines indicate measurement planes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

2.1. Momentum measurement with recurlers

With a fine-grained pixel detector, we are in a regime where mul-
tiple scattering effects dominate over sensor resolution effects, see
Figs. 2.1 and 2.2. Adding additional measurement points does not
necessarily improve the precision.

The precision of a momentum measurement depends on the amount
of track curvature ⌦ in the magnetic field B and the multiple scattering
angle ⇥

MS
, see Fig. 2.3; to first order:

�
p

p
◊

⇥
MS

⌦
. (2.1)

So in order to have a high momentum precision, a large lever arm is
needed. This can be achieved by moving tracking stations to large radii,

Fig. 2.4. Multiple scattering for a semi-circular trajectory. The red lines indicate
measurement planes. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2.5. Schematic view of the experiment cut transverse to the beam axis. Note that
the fibres are not drawn to scale.

which would limit the acceptance for low momentum particles. Instead,
we utilise the fact that, in the case of muon decays at rest, all track
momenta are below 53MeV and all tracks will curl back towards the
magnet axis if the magnet bore is sufficiently large. After half a turn,
effects of multiple scattering on the momentum measurement cancel
to first order, see Fig. 2.4. To exploit this feature, the experimental
design is optimised specifically for the measurement of recurling tracks,
leading to a narrow long tube layout.

Determining the momentum from a particle’s trajectory outside the
tracker allows us to place thicker timing detectors on the inside both
upstream and downstream of the target without significantly affecting
the resolution, see Fig. 2.6.

2.2. Coordinate system

The Mu3e coordinate system is centred in the muon stopping target
with the z axis pointing in beam direction, the y axis pointing upward
and the x axis chosen to obtain a right handed coordinate system. The
polar angle measured from the z axis is denoted with #, and measured
from the x-y plane denoted with �. Azimuthal angles are denoted
with '.

5

“Half turn” recurler for best precision

110cm 

15
cm
 

HV-MAPS
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•Jun. 2025: Commissioning run with minimal detector configuration 

•Full vertex detector (108 MuPix11( ) chips) 

•1 out of 6 SciFi 

•3 out of 14 SciTiles

50 μm

11Mu3e :Timeline

•2027: Phase 0 as first physics run 

•Surpass SINDRUM limit ( ) in < 2 weeks!10−12

•Oct. 2026: 8-week beam campaign 
•GPU filter farm commissioning 

•Detector commissioning 

•70μm Mupix11, outer pixel layer 3, full SciFi, full downstream SciTile 

•BG measurement

>2028
Phase I goal: 𝓞(10−15) Phase II goal: 𝓞(10−16)
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•Jun. 2025: Commissioning run with minimal detector configuration 

•Full vertex detector (108 MuPix11( ) chips) 

•1 out of 6 SciFi 

•3 out of 14 SciTiles

50 μm

11Mu3e :Timeline

•2027: Phase 0 as first physics run 

•Surpass SINDRUM limit ( ) in < 2 weeks!10−12

•Oct. 2026: 8-week beam campaign 
•GPU filter farm commissioning 

•Detector commissioning 

•70μm Mupix11, outer pixel layer 3, full SciFi, full downstream SciTile 

•BG measurement

>2028
Phase I goal: 𝓞(10−15) Phase II goal: 𝓞(10−16)

Vertex detector hit maps

Some chips didn't work, but a lot learned!

Vertex detector (MuPix11)
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12μ−N → e−N

nucleus

μ-

Standard Model
Decay in orbit

Nuclear capture

-  conversionμ e

Muonic atom

e-

Signal 
•Monoenergetic electron from muonic atom 

•  (Al atom) 

•Muon lifetime  in a muonic atom:  (Al atom) 

⇒ delayed measurement is possible

Ee = mμ − Bμ − Erecoil ∼ 105 MeV

1 μs

Background 
•Decay In Orbit (DIO) 

•Beam-related 

•Radiative Pion Capture (RPC) 

•Decay in Flight (DIF) 

•Beam electrons/antiprotons 

•Cosmic rays

Beam-related Background to Search for μ-e Conv.
6

✤ Dominant Background
✤ Beam-related prompt 

Background, mainly 
caused by pion decays

✤ Muonic atom (of Al) has 
a lifetime of ~1μsec

✤ Delayed DAQ-window 
right before the next 
proton bunch allows for 
BG-free Search

✤ Extinction is ESSENTIAL !

Main Proton Pulse
(~1012 proton/pulse)

Prompt Background

Stopped Muon Decay

Timing Window

SIGNAL

Time (μs)

a.
u. 100 ns

1.2 μs

Extinction = 
# of leaked protons in between bunches

# of filled protons in main bunches
Extinction should be <10−10 at least to achieve the COMET Goal

(Single Event Sensitivity : 10−17)

Hajime NISHIGUCHI (KEK)                                             ”The COMET Experiment”                         ICHEP2020, 28Jul-06Aug/2020,Virtual Prague

•Challenges 
•A single energetic electron as the only signal signature 

→ No coincidence measurement possible 

•Key concepts 
•Delayed measurement requires excellent extinction 

( ) to suppress out-of-time beam particles 

•Curved solenoids for background suppression 

•Upcoming experiments based on similar concepts 
•COMET@J-PARC 

•Mu2e@Fermilab

< 10−10
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13COMET@J-PARC
LINAC 
400 MeV

Rapid Cycle Synchrotron 

Energy : 3 GeV 
Repetition : 25 Hz 
Design Power : 1 MW

Main Ring 

Max Energy : 30 GeV 
Design Power for FX : 0.75 MW 
Expected Power for SX : > 0.1 MW 

Neutrino beam to Kamioka

Material and Life Science Facility

Nuclear and Particle 
Physics Exp. Hall

COMET

~50 kW, 8 GeV 
proton beam

Detectors + Solenoid ~1 T 
+ Cosmic-ray veto

Electron transport 
spectrometer ~1 T

Pion production target + 
capture solenoid (max 5 T)

Curved muon transport solenoid 
Max 3 T + dipole ~0.05 T

μ
e-

Muon stopping target

•Target sensitivity：  (SES) 

(  (N=Au) SINDRUM II (2006)) 

•  Proton beam at a power of 56kW 

•Background suppression using a long muon transport 

solenoid

2 × 10−17

R(μN → eN ) < 7 × 10−13

8 GeV

Select low-momentum negative muons 
with curvature drif
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14COMET : Staged Implementation
Phase-α (done in 2023)
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Prelim
inary

Detector solenoid 
+ cosmic ray veto

Muon transport solenoid

Pion production + capture

Muon stopping target

Phase-I (2028-)
•First proton beam injection with reduced 

beam power of 260W 

•Muons successfully transported by the 

muon transport solenoid

•Target sensitivity：  (SES) 

•Proton beam power: 3.2kW (Phase-I design goal) 

•Commissinoing (1/100 intensity, in 2028) → Low-intensity running 
(1/10, 2029) → Full-intensity running (2029-) 

•Muon transport solenoid: 90° bend (half of the Phase-II configuration) 

•Pion production target：Graphite 

•Physics goals: Background measurements＋physics data taking

3 × 10−15

CyDet for physics DAQ Beam measurement detectors

Station #1

Performance studies, Ongoing → See Masaaki’s talk
Some modifications, Ongoing ( feedbacks from the performance studies )

3

@ Detector R&D Bldg.

Hajime NISHIGUCHI (KEK)                                                                ”Straw Status”  　                                                                              COMET CM49

5

CM49 @ J-PARC30, July. 2026 Masaaki Higashide ( SOKENDAI )

1st Station : Experimental Measurement 

This “measured spatial resolution” mainly 
includes two sources of resolution degradation:
 

■ Multiple Coulomb scattering
 

■ Tracking resolution arising from the 
      finite collimator aperture
 

⇒ Evaluated the contributions of these effect
     with ICEDUST. σmeas. ~ 460 μm

XT-plot Residual
■ Results after the Analysis Code Revision
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Straw-tube Tracker

17 June 2026Ryo Nagai (UOsaka) CLFV 2026 @ Rome

• Capture pions backward-emitted from Graphite  
target with  field, guide muons/pions into MTS  

• Installed and connected with MTS in Dec. 2024 
• Vacuum vessel deformation during evacuation:  

 at proton duct flange 
• Coil resistance & voltage withstand up to  
• Leak tests of LHe- & water-cooling pipes successful  

• Radiation tolerance is needed ( ,  
beam) 
• Thick stainless shielding ( ) protects coil  

• Excitation test after installation of return yokes 
and transfer tubes

< 5 T

1.2 mm
500 V

3.2 kW 8 GeV

∼ 40 cm

8

Pion Capture Solenoid (PCS)
PCS MTS

Proton beam line

Pion Capture Solenoid (PCS)

Muon Transport Solenoid (MTS)

Detector Solenoid (DS)

Cylindrical Drift Chamber (CDC)
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•Muon transport solenoid: 90° bend (half of the Phase-II configuration) 

•Pion production target：Graphite 
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3 × 10−15
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1st Station : Experimental Measurement 
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includes two sources of resolution degradation:
 

■ Multiple Coulomb scattering
 

■ Tracking resolution arising from the 
      finite collimator aperture
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• Capture pions backward-emitted from Graphite  
target with  field, guide muons/pions into MTS  

• Installed and connected with MTS in Dec. 2024 
• Vacuum vessel deformation during evacuation:  

 at proton duct flange 
• Coil resistance & voltage withstand up to  
• Leak tests of LHe- & water-cooling pipes successful  

• Radiation tolerance is needed ( ,  
beam) 
• Thick stainless shielding ( ) protects coil  

• Excitation test after installation of return yokes 
and transfer tubes

< 5 T

1.2 mm
500 V

3.2 kW 8 GeV

∼ 40 cm

8

Pion Capture Solenoid (PCS)
PCS MTS

Proton beam line

Pion Capture Solenoid (PCS)

Muon Transport Solenoid (MTS)

Detector Solenoid (DS)

Cylindrical Drift Chamber (CDC)

Phase-II construction expected to take ~3 years after Phase-I 
, with a staged implementation scenario also under consideration
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15Mu2e@Fermilab

Mu2e@Fermilab 

•Mu2e reuses Fermilab's existing accelerator 

infrastructure. 

•8GeV proton beam pulses every 1695ns 

•Beam power: 7.7kW

•A complementary approach to COMET, pursuing comparable sensitivity 

•Full detector configuration from the outset, with a gradual ramp-up of beam power 

•S-shaped muon transport solenoid (vs. C-shaped in COMET) 

•Straight detector solenoid without a separate electron transport section (unlike COMET Phase-II) 

•High sensitivity despite lower proton beam power 

•Higher overall signal efficiency 

•Longer data-taking period, enabled by operation alongside other experiments
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16Mu2e@Fermilab

CR veto & Tracker
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16Mu2e@FermilabProduction Solenoid (PS)

•Installed in 2025 

•Cool-down in end 2026 

•Endcap and ext. shielding installed in early 2027

Transport Solenoid (TS)

•Installation & assembly completed 

•Cryogenic connections in progress 

•Cool-down in Feb/Mar 2027

CR veto & Tracker
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16Mu2e@FermilabProduction Solenoid (PS)

•Installed in 2025 

•Cool-down in end 2026 

•Endcap and ext. shielding installed in early 2027

Transport Solenoid (TS)

•Installation & assembly completed 

•Cryogenic connections in progress 

•Cool-down in Feb/Mar 2027

CR veto & Tracker

Detector Solenoid (DS)

•Has been delivered! 

•To be installed in 2027

All solenoid systems will be commissioned to prepare for Run 1 at the end of 2027!
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16Mu2e@Fermilab

CR veto & Tracker

じゅん

Run1 Physics DAQAccelerator shutdown (PIP-II)

2026 2027 2028 2029 2030 2031 2032 2033 2034

Run2

Path to Run1 
•Commissioning of solenoid (PS/TS/DS), detector (with cosmic rays), and beamline 

•AC dipole commissioning and verification of extinction at the  level 

•Run 1 in 2027 

•3-month beam time incl.  (50% nominal) 1-month physics run 

•Physics target: Improve the SINDRUM II limit by a factor of 10

10−10

3.84 kW

Detectors extensively tested with cosmic rays and performing as expected — ready for beam!

•Low-mass straw-tube tracker 

•Mom resolution 

 

•Assembly completed and 

installed in 2025

∼ 180 keV/c

•CsI crystals readout by SiPMs 

•Energy resolution: , time 

resolution: <  

•Assembly completed and installed in 2025

< 10 %
500 ps

•Four layers of plastic scintillator with 

WLS fibres 

•All CRV modules fabricated, under 

commissioning

Detector installation in Mu2e Hall

Cosmic ray veto (CRV)CalorimeterTracker

CRV & Tracker CRV & Calorimeter
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17High-Intensity Muon Beam (HIMB) at PSI

•New muon beam line at PSI with   intensity 

•    ⇒    

•Installed in 2028-2029 

•User operation in 2030 

•HIMB will provide new opportunities for rare muon decay 

experiments 

× 100
𝒪(108) μ+/sec 𝓞(1010) μ+/sec

7

HIMB components

Proton beamline

TgH

Proton beam 
diagnostics

MUH2 muon beamline

MUH3 muon beamline

Bunker tertiary 
cooling water

Liquid helium 
cryostation

Changes to 
northern part of  
experimental hall

Plus: 

• Removal of existing TgM 

• Removal and installation 
of  infrastructure 

• Equipment such as 
exchange flask, 
parking cells, etc. 

• Logistics, planning 

• Safety 

• Approval process 

• …

Shielding

25

2026
Q1

SD '26

Time schedule IMPACT & Milestones
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•Target BR sensitivity  achieved with 
HIMB and new detector concepts and technologies 

•Letter of Intent (LoI) submitted to PSI in Jan. 2026 
by an international study group (arXiv:2504.18831) 

•Proposed experimental concept 
•Photon spectrometer with active converter  

(⇔ LXe calorimeter at MEG II) 

•Positron spectrometer based on Si pixel sensors (à la 

Mu3e) (⇔ CDCH at MEG II) 

•Long/separate active targets 

•Significantly increased acceptance 

•Broader physics programme, including searches for 

 and exotic particles

𝓞(10−15)

μ+ → e+e+e−

Future  Experiment at HIMBμ+ → e+γ

Electron

Electron tracker

γ

Conversion pair

μ

Electron 
timing counter

Active-converter 
pair spectrometer

Muon active target

Magnet 
(2T)

~2 m

https://doi.org/10.48550/arXiv.2504.18831
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Electron tracker
•Ultra-thin silicon pixel tracker with HV-

MAPS ( ) as a primary candidate. 

•Mu3e-like silicon tracker would allow 

us to search for  

•R&D for even thinner MAPS to further 

improve tracking performance

50 μm

μ → eee

Mu3e vertex detector 
(MuPix11)

Active target

•Long/separated active target with 

photon direction measurement by pair 

spectrometer to reduce accidental BG
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Figure 3: Reconstructed energy spectrum of signal photons. The blue
dotted line shows the momentum sum of the conversion pair
immediately after leaving the converter, measurable with-
out the active converter. The red line represents the recon-
structed energy obtained by adding the energy deposited in
the converter to the momentum sum.

in Sec. 3.3. This term considers two effects: the conversion145

probability of photons and the leakage of the energy carried by
ionized particles. The latter mainly arises from photons pro-
duced in bremsstrahlung from the conversion pair, which can
escape the converter without being detected. This energy leak-
age causes the low-energy tail in Fig. 3, thus contributing to the150

inefficiency.
The second term, ωtopo, accounts for efficiency related to

event topology, which depends on the crystal segmentation as
studied in Sec. 3.5. Converted pair tracks may cross the ini-
tial crystal multiple times along their helical trajectories inside155

the magnet. In such events, the active converter measures addi-
tional energy deposits on its second or later crossings, leading
to an overestimation of Edep with respect to the measurement
principle in Eq. 2. When identifiable from the reconstructed
tracks in the pair-tracker, these events are discarded. Other-160

wise, they contribute to the high-energy tail above 52.8 MeV in
Fig. 3, thereby being inefficient.

The third term, ωanalysis, represents the other efficiencies ly-
ing in the analysis strategy or pair-track reconstruction, which
have little dependence on the active converter design. Though a165

realistic evaluation of this term requires detailed knowledge of
the pair-tracker, magnet, and beam conditions, we put simpli-
fied assumptions of the selection criteria to get an approximate
overall efficiency. Distance cuts on the exit points of the pair
particles from the active converter, introduced to mimic pile-170

up rejection, have less than 1 % impact on ωanalysis. A rough
estimation of the pair-tracking efficiency is given by reject-
ing pair tracks with small transverse momenta, as they are ex-
pected to be poorly reconstructed. Including the uncertainty
dominated by that of the pair-tracking efficiency, we expect175

ωanalysis = 85 ± 10 %.
For the baseline converter design of 3 mm thickness, 5 mm

width, and 50 mm length (which will be discussed later in

ωsig ωphys ωtopo ωanalysis
2.2 % 2.7 % 95.6 % 85.9 %

Table 1: Breakdown of the signal efficiency into its constituent factors
for the baseline converter design. Simulated with 5→105 sig-
nal photons with incident angles uniformly distributed within
30↑ ↓ εϑ ↓ 150↑ and 0↑ ↓ ϖϑ < 360↑.

30 35 40 45 50 55 60
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Figure 4: Reconstructed signal Eϑ spectra for different conversion
depths x, defined as the distance from the conversion point
to the surface on the tracker side. The red line corresponds
to events with 0 mm < x < 1 mm, while the blue line corre-
sponds to events with 5 mm < x < 6 mm.

Sec. 3.3 and Sec. 3.5), the values of each efficiency compo-
nent are listed in Table 1. The cuts are applied sequentially in180

the order shown; for instance, ωtopo is defined as the fraction of
events with acceptable topology among those already passing
the physics selection.

3.3. Active converter material and thickness

The thickness and material of the converter directly affect ωphys,185

which can be decomposed into two effects as,

ωphys =

∫
dthick

0
pconv(x; dthick) ppeak(x) dx, (5)

The first term of the integrand, pconv(x; dthick), is the probability
density for a photon to convert at x in a converter of a thickness
of dthick. This term scales as

pconv(x; dthick) ↔ exp
(

x ↗ dthick

ϱmean

)
, (6)

where ϱmean is the mean free path of 52.8 MeV photons inside190

the converter. The second term in Eq. 5, ppeak(x), is the proba-
bility for a photon converted at x to be observed in the 52.8 MeV
peak, which is independent of dthick. If one neglects the contri-
bution of ppeak(x), the probability that a photon converts into an
electron–positron pair increases with a thicker converter, scal-195

ing as 1 ↗ exp
(
↗

dthick
ϱmean

)
. However, as discussed in Sec. 3.2, the

efficiency can be lost by energy leakage of ionized particles,
which are mostly from bremsstrahlung photons that escape the

3

without energy 
 loss meas.

with energy 
 loss meas.

Pair spectrometer with active converter

•Excellent energy and position resolution by tracking the conversion pair 

•Active converter 

•Measure the conversion pair energy loss and timing 

•Candidate material: LYSO 

•Multi-layer to compensate for low detection efficiency 

•Conversion pair tracker: Radial TPC with cylindrical MPGD readout 

•Photon direction can be measured → Further BG suppression

19Future  Experiment : Key Technologiesμ+ → e+γ

•Candidate technology: Scintillator+SiPM 

•LGAD, Fast MAPS, SiGe BiCMOS as a future possibility

Electron timing detector
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20Future  Experiment : Status and Prospectsμ+ → e+γ

•Phase I (2033-) 

•Target sensitivity:  

•Moderate beam above  

•1-2 conversion layers for pair spectrometer  
•Gaseous tracker (in COBRA magnet of MEG II?) 

•Phase II (2037-) 

•Target sensitivity:  

•Higher beam intensity at HIMB 

•Full-layer conversion spectrometer 
•Silicon pixel tracker

∼ 10−14

∼ 108 μ/s

(2 − 3) × 10−15

Table 1: Summary of the detector resolutions and efficiencies used for the sensitivity estimate

Resolutions/efficiencies

Photon energy 200 keV
Photon position 200 µm
Photon timing 30 ps
Photon angle 150 mrad
Photon detection efficiency (4 layers) 6 %
Positron energy 100 keV
Positron angle 6 mrad
Positron timing 30 ps
Positron detection efficiency 70 %
Geometrical acceptance 85 %
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Figure 8: The projection of the branching ratio sensitivity (90% C.L. upper limit) for a 3-year
run as a function of the beam rate for the experiment with the conversion pair spectrometer. Three
scenarios for the number of conversion layers are compared.

obtained by performing a pion charge-exchange (CEX) experiment, where the reaction ω→ + p ↑
ω0(εε) + n is produced and back-to-back εε pairs are selected to obtain almost monochromatic
photons at 55 MeV. It will require a section of the conversion detector operated in a magnet, which
could be COBRA of MEG II. This would lead to the construction of the phase-I experiment,
running at ↓108 µ+/s to make possible the use of a gaseous positron tracker (which could be a
refurbished MEG II drift chamber) along with an almost complete version of the final photon
and timing detectors. A sensitivity of a few 10→14 could be reached. The actual value would be
determined by the number of photon conversion layers and their acceptance, which in turn depends
on the space availability within the magnet. To maximize the potential of the phase-I experiment,
we could consider to design and build a dedicated magnet, to be reused in phase II. Alternatively,
a descoped option based on the MEG II magnet could be also considered for phase I, and the new
magnet would be produced later for phase II. Running at ↓108 µ+/s in phase I would be feasible
on the conventional HIPA ωE5 beam line, not in conflict with Mu3e running at HIMB.

In the meanwhile, Mu3e will pave the way toward a silicon positron tracker for µ+ ↑ e+ε.
The construction of this detector would follow the completion of the Mu3e experimental program,
and minor upgrades of the other detectors could be performed in parallel. The phase-II µ+ ↑ e+ε
experiment, incorporating the new tracker, would be performed at HIMB in the second half of the
next decade.

9

Table 1: Summary of the detector resolutions and efficiencies used for the sensitivity estimate

Resolutions/efficiencies

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

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 8: The projection of the branching ratio sensitivity (90% C.L. upper limit) for a 3-year
run as a function of the beam rate for the experiment with the conversion pair spectrometer. Three
scenarios for the number of conversion layers are compared.

obtained by performing a pion charge-exchange (CEX) experiment, where the reaction ω→ + p ↑
ω0(εε) + n is produced and back-to-back εε pairs are selected to obtain almost monochromatic
photons at 55 MeV. It will require a section of the conversion detector operated in a magnet, which
could be COBRA of MEG II. This would lead to the construction of the phase-I experiment,
running at ↓108 µ+/s to make possible the use of a gaseous positron tracker (which could be a
refurbished MEG II drift chamber) along with an almost complete version of the final photon
and timing detectors. A sensitivity of a few 10→14 could be reached. The actual value would be
determined by the number of photon conversion layers and their acceptance, which in turn depends
on the space availability within the magnet. To maximize the potential of the phase-I experiment,
we could consider to design and build a dedicated magnet, to be reused in phase II. Alternatively,
a descoped option based on the MEG II magnet could be also considered for phase I, and the new
magnet would be produced later for phase II. Running at ↓108 µ+/s in phase I would be feasible
on the conventional HIPA ωE5 beam line, not in conflict with Mu3e running at HIMB.

In the meanwhile, Mu3e will pave the way toward a silicon positron tracker for µ+ ↑ e+ε.
The construction of this detector would follow the completion of the Mu3e experimental program,
and minor upgrades of the other detectors could be performed in parallel. The phase-II µ+ ↑ e+ε
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Target performance
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obtained by performing a pion charge-exchange (CEX) experiment, where the reaction ω→ + p ↑
ω0(εε) + n is produced and back-to-back εε pairs are selected to obtain almost monochromatic
photons at 55 MeV. It will require a section of the conversion detector operated in a magnet, which
could be COBRA of MEG II. This would lead to the construction of the phase-I experiment,
running at ↓108 µ+/s to make possible the use of a gaseous positron tracker (which could be a
refurbished MEG II drift chamber) along with an almost complete version of the final photon
and timing detectors. A sensitivity of a few 10→14 could be reached. The actual value would be
determined by the number of photon conversion layers and their acceptance, which in turn depends
on the space availability within the magnet. To maximize the potential of the phase-I experiment,
we could consider to design and build a dedicated magnet, to be reused in phase II. Alternatively,
a descoped option based on the MEG II magnet could be also considered for phase I, and the new
magnet would be produced later for phase II. Running at ↓108 µ+/s in phase I would be feasible
on the conventional HIPA ωE5 beam line, not in conflict with Mu3e running at HIMB.

In the meanwhile, Mu3e will pave the way toward a silicon positron tracker for µ+ ↑ e+ε.
The construction of this detector would follow the completion of the Mu3e experimental program,
and minor upgrades of the other detectors could be performed in parallel. The phase-II µ+ ↑ e+ε
experiment, incorporating the new tracker, would be performed at HIMB in the second half of the
next decade.
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Projected Sensitivity

Phase I

Phase II
♦ 1: Photon converter proof of principle (CEX with converter + tracker in the MEG COBRA magnet) 

♦ 2: Decision about positron timing technology 

♦ 3: phase-I approval by PSI and funding agencies 

♦ 4: Decision about positron tracker technology for phase-II 

♦ 5: phase-II approval by PSI and funding agencies

Photon Detector

Positron Timing

Positron 
Tracker

Gas

Silicon

BTS & Magnet

HI
PA

 S
hu

td
ow

n

R&D & Design Construction

MEGII

Mu3e

MEG3/1 MEG3/2

Upgrade

ConstructionR&D & Design Upgrade

Refurbishm.

  R&D & Design Construction

ConstructionTech. Design

1

2

3

4

5

Field design

2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2038

Figure 11: A tentative schedule of the experimental program for a future µ+ → e+ω experiment in
two phases (MEG3/1 and MEG3/2).

increment of the number of conversion layers or an extension of the acceptance. New technologies
for positron timing could be further considered at this stage.

The phase-II µ+ → e+ω experiment, incorporating the new tracker and the multi-layer con-
verter and operating with dedicated magnets, would be performed at HIMB in the second half of
the next decade.

6.4 Schedule

Figure 11 shows a tentative schedule, considering the option of adopting a single dedicated solen-
oid for both phase-I and phase-II.

7 Sensitivity

7.1 Detector performance

Table1 summarizes the detector performance used in the sensitivity estimates. The values for the
positron tracking are inferred from the MEG-II data, the values for the converter are estimated from
simulations. The photon reconstruction efficiency (↑ 3.3 % per layer), which is also estimated
from simulations, is a combination of the photon conversion efficiency (↑ 12 % at 52.8 MeV/c),
the probability of having both the electron and the positron with a transverse momentum large
enough to be tracked (↑ 60 %), the efficiency for reconstructing and fitting them (↑ 80 %), and the
probability of getting a reconstructed energy within a likelihood analysis region of ±3ωEω , when
considering radiation losses and other effects contributing to the tails of the energy resolution
(↑ 57 %). For phase-I, if the COBRA magnet of MEG-II is used in combination with a toroid,
the geometrical acceptance for the photon is conservatively limited to the central region of the
magnet, corresponding to the polar angle acceptance of the LXe calorimeter, because only in this

17

Timeline

Phase I Phase II

•Currently in R&D phase toward a proposal to PSI 
•Beam test with TPC prototype in Oct 2026 

•Beam test with LYSO active converter + MEG II 
drift chamber to demonstrate the active converter 
concept early next year
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Physics analysis

Proposal

Detector R&D Construction Physics run

MEG II

Future exp.

Construction/commissoning User operation
Muon source

Physics run

Letter of Intent

じゅん
CommissioningMu3e Physics run

COMET
Mu2e

Commissioning 
runs Physics run (Phase I) Physics run (Phase II)

Physics run Physics run

Phase II

Accelerator upgrade

Beamline/detector 
commissioning 

Physics runPhase IPhysics run

Phase 0

Phase I

Muon LFV Experiment Timeline

μ → eγ/μ → eee

μ → eγ

μ → eee

μN → eN

μN → eN

HIMB
2026 2027 2028 2029 2030 2031 2032 2033 2034

N.B. Indicative timeline — my personal compilation
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Physics analysis

Proposal

Detector R&D Construction Physics run

MEG II

Future exp.

Construction/commissoning User operation
Muon source

Physics run

Letter of Intent

じゅん
CommissioningMu3e Physics run

COMET
Mu2e

Commissioning 
runs Physics run (Phase I) Physics run (Phase II)

Physics run Physics run

Phase II

Accelerator upgrade

Beamline/detector 
commissioning 

Physics runPhase IPhysics run

Phase 0

Exciting years ahead for muon LFV!

Phase I

Muon LFV Experiment Timeline

μ → eγ/μ → eee

μ → eγ

μ → eee

μN → eN

μN → eN

HIMB
2026 2027 2028 2029 2030 2031 2032 2033 2034

N.B. Indicative timeline — my personal compilation
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22Summary
•LFV provides a unique opportunity to probe BSM physics at very high energy scales 

•Beyond that, strong complementarity among different LFV channels offers powerful tools to explore the underlying new 
physics 

•MEG II will soon no longer be the only LFV experiment exploring BSM physics 
•With MEG II data analysis continuing and Mu3e, COMET, and Mu2e preparing for physics runs, exciting new results are 

expected in the coming years — hopefully including a discovery! 
•We are entering a new era of powerful BSM tests, exploiting the complementarity among different LFV channels 

•Next-generation high-intensity muon beams such as HIMB at PSI will offer new opportunities to push the sensitivity 
frontier even further
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Backup
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24 : Target Atom Dependenceμ−N → e−N
then decrease for heavy nuclei of Z > 60. It should be noted that the different physics models estimate different
estimations on the µ�e conversion rates, which also depend on the target materials. Therefore, experiments
with different target materials and comparing the results are important to have a hint on the CLFV model.
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Figure 3: Target dependence of the muon to electron conversion rate in different single-operator dominance models. The
different lines correspond to the µ�e conversion rate for a given atomic number Z, normalised to the rate in Aluminium
(Z = 13), as a function of the atomic number, for four theoretical models: dipole interaction (blue), scalar interaction (red),
vector interaction with photons (magenta), vector interaction with Z0 bosons (green). The vertical lines correspond to Z =
13 (Al), Z = 22 (Ti), and Z = 82 (Pb). Taken from [14].

Spin-dependent and spin-independent contributions CLFV tensor and axial-vector four-fermion operators
could also contribute to µ�e conversion; these couple to the spin of nucleons, and can therefore mediate a
spin-dependent µ�e conversion [17, 18]. As these have a different atomic number dependence than the spin
independent terms this could in principle be used to investigate the operators responsible.

2.2 CLFV Models and µ�e Conversion
BSM models can lead to significant CLFV contributions via the introduction of new sources of flavour viola-
tion (corrections to SM vertices, or new flavour violating interactions) and/or new currents. The size of these
contributions depends upon the New Physics model; however, the generic features for µ�N ! e�N conversion
can be illustrated with the following (new) interaction terms in the BSM Lagrangian:

L1 ⇠ gf
eµ µ̄ ef + gf

qq q̄qf , (6)
L2 ⇠ hµyf µ̄ y f + heyf ēy f . (7)

9

Dipole interaction

Scalar interaction

Vector interaction w/ photons

Vector interaction w/ Z0

After the discovery of , the dependence of the process rate on the target atom will be studied 
⇒ leading to the identification of the new physics behind.
μN → eN

R. Kitano, et.al., PRD 66, 096002 (2002)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.096002
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Zenith-angle acceptance significantly improved w.r.t. MEG II 

→ After  discovery, angular distribution can be measured with a polarised 

muon beam (  @MEG) 

→ Pin-down underlying new physics 

•e.g. SU(5) SUSY-GUT:  

•e.g. SO(10) SUSY-GUT:  

•e.g. Non-unified SUSY with : 

μ → eγ
Pμ = − 0.86

AL ≠ 0, AR = 0

AL ≃ AR

νR AL = 0, AR ≠ 0

Future  Experiment : Enhanced Acceptanceμ+ → e+γ

2

Fig. 1 Schematic view of the MEG detector showing one simulated signal event emitted from the target.

1 Introduction

A search for the Charged Lepton Flavour Violating (CLFV)
decay µ+ → e+γ, the MEG experiment (see [1] and refer-
ences therein for a detailed report of the experiment moti-
vation, design criteria and goals) is in progress at the Paul
Scherrer Institut (PSI) in Switzerland. Preliminary results
have already been published [2,3]. The goal is to push the
sensitivity to this decay down to ∼ 5×10−13 improving the
previous limit set by the MEGA experiment, 1.2×10−11 [4],
by a factor 20.

CLFV processes are practically forbidden in the Stan-
dard Model (SM), which, even in presence of neutrino masses
and mixing, predicts tiny branching ratios (BR % 10−50)
for CLFV decays. Detecting such decays would be a clear
indication of new physics beyond the SM, as predicted by
many extensions such as supersymmetry [5]. Hence, CLFV
searches with improved sensitivity either reveal new physics
or constrain the allowed parameter space of SM extensions.

In MEG positive muons stop and decay in a thin target
located at the centre of a magnetic spectrometer. The signal
has the simple kinematics of a two-body decay from a parti-
cle at rest: one monochromatic positron and one monochro-
matic photon moving in opposite directions each with an
energy of 52.83 MeV (half of the muon mass) and being
coincident in time.

This signature needs to be extracted from a background
induced by Michel (µ+ → e+νν) and radiative (µ+ → e+γνν)
muon decays. The background is dominated by accidental
coincidence events where a positron and a photon from dif-
ferent muon decays with energies close to the kinematic

limit overlap within the direction and time resolution of the
detector. Because the rate of accidental coincidence events
is proportional to the square of the µ+ decay rate, while
the rate of signal events is proportional only to the µ+ de-
cay rate, direct-current beams allow a better signal to back-
ground ratio to be achieved than for pulsed beams. Hence
we use the PSI continuous surface muon beam with inten-
sity ∼ 3 × 107 µ+/s (see Sect. 2).

A schematic of the MEG apparatus is shown in Fig. 1.
A magnet, COBRA (COnstant Bending RAdius), generates
a gradient magnetic field, for the first time among particle
physics experiments, with the field strength gradually de-
creasing at increasing distance along the magnet axis from
the centre.

This configuration is optimised to sweep low-momentum
positrons from Michel decays rapidly out of the magnet, and
to keep the bending radius of the positron trajectories only
weakly dependent on their emission angle within the accep-
tance region (see Sect. 3).

The positron track parameters are measured by a set of
very low mass Drift CHambers (DCH) designed to minimise
the multiple scattering (see Sect. 4). The positron time is
measured by a Timing Counter (TC) consisting of scintil-
lator bars read out by PhotoMultiplier Tubes (PMT) (see
Sect. 5).

For γ-ray detection, we have developed an innovative
detector using Liquid Xenon (LXe) as a scintillation mate-
rial viewed by PMTs submersed in the liquid. This detector
provides accurate measurements of the γ-ray energy and of
the time and position of the interaction point (see Sect. 6).
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FTER the MEG discovering of µ+→e+γ, the experiment can advance from the “discovery” to the “measurement” phase. By 
the use of a polarized muon beam and a Suitable target, a polarized MEG can be performed. Based on a sufficient number 

of observed µ+→e+γ events, the e+ angular distribution with respect to the muon spin orientation can be extracted and used to 
discriminate between different SUSY-GUT extensions to the Standard Model.

A

Physics Motivation

      The measurement of the angular distri-
bution of µ+→e+γ with respect to the muon 
polarization direction allows different theo-
retical models to be tested based on the he-
licity predictions of the e+ in µ+→e+γ [1].  
For example, SU(5) supersymmetric grand 
unification (SUSY-GUT) models only in-
troduce a lepton flavour violation (LFV) in 
the right-hand slepton sector, therefore, only 
µ+→eL+ γ occurs. On the other hand, SO(10) 
SUSY-GUT models cause LFV in the left-
hand as well as in the right-hand slepton sectors, thereby giving rise to both µ+→eR+ γ and 
µ+→eL+ γ. 

Idea of Measurement 

      By using a polarized muon beam and a Suitable target together with the MEG detec-
tor [2], the asymmetry of the e+ angular distribution can be measured. When the initial 
muon is polarized in µ+→e+ γ, the angular distribution of the positron is given by

where θe is the angle between the muon polarization Pµ and the positron momentum in 
the muon rest frame.  The asymmetry of the e+ angular distribution 

A =
|AL|2 � |AR|2

|AL|2 + |AR|2

can be determined by just measuring the e+ emission angle distribution.

      Because of their production mechanism, “surface muons” are originally 100% polar-
ized, antiparallel to their flight direction.  

From the view point of the most intense source of stopped muons, the PSI cyclotron and 
the MEG beam line can provide the most intense surface muon beam in the world. Con-
sequently, with a non-depolarization target such as Al, Ag, MEG can measure the angular 
distribution of µ+→e+γ .

Decay asymmetries and depolarization factors for positive muons [3]

target material decay asymmetry (*1) depolarization factor (*2)

Graphite 0.236 1.00

Beryllium 0.222 0.97

Aluminum 0.209 0.91

Lithium 0.201 0.88

Polyethylene (*3) 0.146 0.64

     (*1)  Asymmetry for beam muons decaying in a target

     (*2)  Ratio of muon polarization after stopping to that before stopping

     (*3)  Polyethylene is adopted as muon stopping target in the present MEG detector.
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Using MEG detector

      The present MEG detector is placed in the πE5 area of PSI. In order to suppress posi-
tron contamination in the muon beam, a Wien filter (DC separator) is placed in front of 
the final beam transport solenoid of the MEG detector. This filter rotates muon spin 6.6 
degree.

      According to the present MEG detector design, the positron spectrometer has an ac-
ceptance of |cosθ| < 0.35 for e+ emission angles. Even so a significant measurement can 
be performed as shown below. 

     In order to estimate the feasibility, a Monte Carlo study incorporating the present 
MEG detector was performed [4].

Conclusion

     The observation of a µ+→e+ γ  signal and measurement of the e+ angular distribution 
would give a clear discrimination of models and a significant test of SUSY-GUT.
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26Future  Experiment : Active Converter 
Material Choice

μ+ → e+γ

•Material choice and optimal thickness 
•Trade-off between conversion probability and energy escape by 

bremsstrahlung 

→optimise thickness for the highest signal efficiency 

•LYSO with a few mm thickness is the best candidate 
•High light yield → energy resolution 

•Short decay time → high rate capability, timing resolution 

•Short Radiation length → detection efficiency
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Figure 4: Reconstructed Eω spectra for signal photons converted in
LYSO at different depths x, defined as the distance from the conversion
point to the outer surface. The red line corresponds to events with
0 mm < x < 1 mm, while the blue line corresponds to events with
5 mm < x < 6 mm.

52.8 MeV peak; this probability is independent of dthick. If the
dependence of ppeak(x) is neglected, the conversion probabil-
ity simply increases with the converter thickness, scaling as
1 → exp(→dthick/εmean). However, as discussed in Sec. 3.1, the
efficiency is also limited by energy leakage from the converter,
which predominantly originates from bremsstrahlung photons
that escape the converter without detection. Such leakage in-
creases as the e+e→ pairs travel a longer path length inside the
material. Furthermore, the energy required for the pair to exit
the converter and be successfully measured by the pair-tracker
increases with the conversion depth x. Consequently, ppeak(x)
is a decreasing function of x. This effect is illustrated in Fig. 4,
which compares the reconstructed Eω spectra for conversions
occurring near the outer and inner surfaces of the converter.
The spectrum corresponding to deeper conversions exhibits a
smaller 52.8 MeV peak, implying a reduction in ppeak(x).

We performed simulations to compare ϑconv for various con-
verter materials and thicknesses, as shown in Fig. 5. The mate-
rial comparison indicates that the signal efficiency is primarily
governed by the material density, as thin converters made of
dense materials provide a sufficient pair-production probability
while limiting the total energy loss. Regarding the thickness de-
pendence, ϑconv initially increases with dthick, then saturates, and
eventually begins to decrease. The initial rise is driven by the
increasing conversion probability in the region where ppeak(x)
retains significant values. The saturation point corresponds to
the depth where ppeak(x) approaches zero, beyond which fur-
ther increases in thickness do not contribute to ϑconv. When the
converter is even thicker, ϑconv decreases exponentially due to
the scaling behavior of pconv(x; dthick) described in Eq. 6.

Among the materials considered, LYSO exhibited the high-
est ϑconv, reaching 2.7 % at the efficiency plateau within the
thickness range of 2.5 – 3 mm. Moreover, it possesses excel-
lent scintillation properties, including a high light yield and fast
response, making it the most suitable choice for an active con-
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Figure 5: Simulated ϑconv value as a function of converter thickness
for various materials.

verter. The baseline thickness was selected as 3 mm, the thicker
end of the efficiency plateau, where better time resolution is
expected.

The photon incident angle on the converter must also be
taken into account. In the above optimization, a thickness of
3 mm was found to be optimal under the assumption that pho-
tons are incident perpendicular to the converter surface (ϖω =
90↑), where the thickness dthick corresponds to the path length
along the photon trajectory. However, in regions with large |z|,
the typical photon incident angle deviates from 90↑, resulting
in an effective path length of dthick/ sin ϖω. To maintain a con-
sistent path length within the converter independent of ϖω, the
converter thickness must be adjusted accordingly.

3.3. Active converter segmentation

The impact on ϑtopo in Eq. 4 is the primary factor to consider
when optimizing the segmentation size of the converter. As
discussed in Sec. 3.1, conversion particles may re-enter the
same cell in which the conversion occurred after a half turn
or more, as illustrated in Fig. 6. In the case of a half-turn re-
entry (Fig. 6a), such events can be identified from the tracks re-
constructed by the pair-tracker and subsequently discarded. In
contrast, for multiple-turn re-entries (Fig. 6b), which cannot be
identified by the pair-tracker 1, the measured Edep in Eq. 2 also
includes the additional energy deposited at the re-entry points.
This leads to an overestimation of Eω, producing a high-energy
tail in the reconstructed energy spectrum. While a low-energy
tail primarily reduces the signal efficiency, a high-energy tail di-
rectly increases the background contamination in the signal re-
gion and degrades the sensitivity of the µ+ ↓ e+ω search. This
is because the spectrum of background photons from radiative
decay falls steeply toward the kinematic endpoint, where the
signal is expected. Therefore, suppressing this high-energy tail
is particularly important.

1Depending on the design, some of these may be identified by the pair-
tracker coupled to an inner converter layer.
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27Future  Experiment : Active Converter 
Segmentation

μ+ → e+γ

•Energy loss measurement can be ruined by  
•Hits in the same segment by the returning conversion pair 

•BG photon pileup hits  

→ segmentation needed 

•Optimal segmentation: LYSO 50mm(//B) × 5mm(⟂B)

5. Analysis

1. µ → e	γ search

1R. Sakakibara  ( contact : rei@icepp.s.u-tokyo.ac.jp )  
 S. Ban1, L. Gerritzen1, F. Ikeda1, T. Iwamoto1, A. Matsushita1, K. Matsuoka3, T. Mori1,
 H. Nishiguchi3, A. Ochi2, W. Ootani1, A. Oya1, Y. Uchiyama3, K. Yamamoto1,	R. Yokota 

1The University of Tokyo, 2Kobe University, 3High Energy Accelerator Research Organization (KEK)

• µ → eγ : Charged Lepton Flavor Violation
• SM + ν osc. →  Effectively prohibited ("# µ → eγ < 10!"#)
• BSM             →  Measurable value predicted 

             Discovery of % → &' would be a
            strong evidence of new physics

• MEG II experiment[1] (@PSI, ∼ 2026 )
Target sensitivity : )* µ → eγ < 6	×	10!"# (90% C.L.)

2. Future plans for µ → e	γ	search
Signal

Accidental BG

Motivation
 Further search / precise measurement
 after discovery at 1(34!$%) sensitivity
Beam
 ×100	µ& beam intensity
 available from 2028 at PSI (HiMB project[2])
Detector
 6'(( ∝ 8)* ⋅ :;+* ⋅ Δ=, ⋅ Δ>,-. ⋅ Δt,- ⋅ @
  → ' energy measurement resolution is important for BG suppression

3. Active converter 
Converter segmentation

4. Electron beam test 

Electron beam 
• KEK PF-AR test beam line
• 3 GeV, 1.5 kHZ

Veto counter
• Plastic scinti. + SiPM
• For multi-particle vetoing

Active converter 
LYSO crystal + SiPM readout
(3 SiPMs connected in series on both sides )

Reference timing counter
• Plastic scintillator + SiPM
• Also used for triggering

DAQ
• Waveform digitization by WaveDREAM board (built-in shaping & amps)
• Split SiPM signal and record with high gain & low gain at the same time
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6. Result 

7. Conclusion 
• A pair spectrometer with active converter is considered for the gamma detector in the future µ& → e& γ experiment.
• Signal efficiency with respect to the converter geometry and materials was investigated by MC simulation.
• Converter prototypes with LYSO crystal and SiPM readouts was tested with an electron beam test, 

and excellent performance more than required (time resolution: 25 ps, light yield: 10000 p.e.) was confirmed.

Abstract

Reference 

Physics of fundamental Symmetries and Interactions – PSI2025, 7 – 12 September 2025 

[1] A.M. Baldini et al., ”The design of MEG II 
experiment”,Eur.Phys.J.C, 78, 380 (2018)

[2] Aiba, M et al.,”Science Case for the new High-Intensity Muon 
Beams HIMB at PSI”, arXiv:2111.05788 [hep-ex] (2021).

What is the actual performance (time & energy resolution) of the converter?

Possible concept of 
the future experiment

Performance evaluation of LYSO crystals for 
energy and timing measurements in a gamma-ray 
pair spectrometer for future µ → e	γ	experiment

< 25 ps time resolution & > 10+ p.e. light yield confirmed over entire crystal region
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Converter thickness & Material 
• Affects signal efficiency due to topological effects
• Energy is overestimated if 
• e± re-enters to the same cell
• BG γ converts in a same cell

              High energy tail 

! → #$ : Charged Lepton Flavor Violation
• SM + % osc.  → Effectively prohibited (Br < 10!"#)
• BSM               → Measurable Br predicted

MEG II experiment[1] (@PSI ∼ 2026)
• ! → #$ search with target sensitivity 6×10!$# 
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• Single photoelectron gain 
calibration by weak LED light 

• Calibration of the electronics 
gain by function generator
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The search for ! → #$ requires a new gamma detector with high-beam capability and good resolutions (Δ,/, < 0.4%, Δ3 < 30	ps).
To meet these requirements, we are considering a pair-spectrometer with an active converter. We tested a prototype of the active converter 
using a 3 GeV electron beam at the test beam line in KEK and confirmed that our design can achieve sufficient resolutions. 
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Requirement for the future experiment

Problem with the conventional pair spectrometer
     Energy loss of the converted pair 
     within the converter in not negligible
          Active converter, to measure energy deposit 
                                                                       (& timing)
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Pair spectrometer Affects signal efficiency due to physical effects
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CONVERTER PROTOTYPE

S. Ban et al., arxiv:2512.24209 
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Figure 9: Eω spectra in signal photon measurement simulated with
pile-up effects at several assumed muon beam rates. Photons from the
radiative decay of muons are considered as the source of pile-up.
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Figure 10: Scatter plot of the total energy deposit inside the converter
vs. the conversion depth, namely x defined in Eq. 5.

target energy resolution for the measurement of a 52.8 MeV
photon is 200 keV (0.4 %), as stated in Sec. 1. This require-
ment translates into a precision of 2 % for the maximum energy
deposit of Edep = 10 MeV. To ensure that statistical fluctuations
in the number of photoelectrons are suppressed to a sufficiently
low level, the following condition must be satisfied:

1
√

Np.e.
→ 2 %. (7)

Therefore, the active converter is required to have a light yield
of at least 2500 photoelectrons for a 10 MeV energy deposit.

4. Measurement of LYSO performance with an electron

beam

We conducted a beam test using 3 GeV electrons to evaluate
whether the LYSO-based active converter satisfies the resolu-
tion requirements for the future µ+ ↑ e+ω experiment. To
achieve the target resolutions of ∆tω < 30 ps and ∆Eω <
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Figure 11: Simulated energy deposit inside a 3 mm-thick LYSO for a
perpendicularly injected 3 GeV electron beam. A Landau fit is overlaid
as the red curve.

200 keV, the active converter must provide a time resolution
of approximately 40 ps for a single conversion particle and a
light yield of at least 2500 photoelectrons for an energy deposit
of 10 MeV, as discussed in Sec. 2 and Sec. 3.4. The simu-
lated energy deposit of a 3 GeV electron is 2.7 MeV at the most
probable value (MPV) of the Landau distribution (Fig. 11). We
therefore aimed to confirm a light yield exceeding 700 pho-
toelectrons in this beam test, which scales to the requirement
at 10 MeV. Regarding the timing performance, achieving the
40 ps requirement with the 3 GeV electron beam is considered
sufficient. This is because such a particle deposits an amount of
energy comparable to, or smaller than, that of a typical conver-
sion particle re-entering the converter after being bent by the
magnetic field. Therefore, demonstrating a time resolution of
40 ps at 3 GeV ensures adequate performance under actual op-
erating conditions.

4.1. Experimental setup
4.1.1. Active converter prototypes
The converter prototypes consist of Ce-doped LYSO crystals
(provided by JT Crystal Technology, JTC) wrapped in ESR re-
flective film. JTC provides two types of LYSO: “Ce:FTRL”
(fast response time, moderate light yield) and “Ce:LYSO” (high
light yield, moderate response time), whose properties are
summarized in Table 2. To maximize timing performance,
Ce:FTRL was selected for the converter prototypes. Based on
the optimization studies in Sec. 3, we primarily tested LYSO
crystals with dimensions of 50 mm↓ 5 mm↓ 3 mm (thickness).
In addition, a 1.5 mm-thick crystal was evaluated for potential
use in the outer regions of the detector, as discussed in Sec. 3.

Scintillation light was collected from both ends of the LYSO
bar in all configurations to ensure high light collection effi-
ciency. To clarify the sensor geometry and readout topology,
we categorize the configurations into three types based on the
number of SiPMs and their electrical connection:

Double-sided Single-SiPM: One SiPM was mounted on each
end of the crystal (2 channels in total). This configuration

6

5. Analysis

1. µ → e	γ search

1R. Sakakibara  ( contact : rei@icepp.s.u-tokyo.ac.jp )  
 S. Ban1, L. Gerritzen1, F. Ikeda1, T. Iwamoto1, A. Matsushita1, K. Matsuoka3, T. Mori1,
 H. Nishiguchi3, A. Ochi2, W. Ootani1, A. Oya1, Y. Uchiyama3, K. Yamamoto1,	R. Yokota 

1The University of Tokyo, 2Kobe University, 3High Energy Accelerator Research Organization (KEK)

• µ → eγ : Charged Lepton Flavor Violation
• SM + ν osc. →  Effectively prohibited ("# µ → eγ < 10!"#)
• BSM             →  Measurable value predicted 

             Discovery of % → &' would be a
            strong evidence of new physics

• MEG II experiment[1] (@PSI, ∼ 2026 )
Target sensitivity : )* µ → eγ < 6	×	10!"# (90% C.L.)

2. Future plans for µ → e	γ	search
Signal

Accidental BG

Motivation
 Further search / precise measurement
 after discovery at 1(34!$%) sensitivity
Beam
 ×100	µ& beam intensity
 available from 2028 at PSI (HiMB project[2])
Detector
 6'(( ∝ 8)* ⋅ :;+* ⋅ Δ=, ⋅ Δ>,-. ⋅ Δt,- ⋅ @
  → ' energy measurement resolution is important for BG suppression

3. Active converter 
Converter segmentation

4. Electron beam test 

Electron beam 
• KEK PF-AR test beam line
• 3 GeV, 1.5 kHZ

Veto counter
• Plastic scinti. + SiPM
• For multi-particle vetoing

Active converter 
LYSO crystal + SiPM readout
(3 SiPMs connected in series on both sides )

Reference timing counter
• Plastic scintillator + SiPM
• Also used for triggering

DAQ
• Waveform digitization by WaveDREAM board (built-in shaping & amps)
• Split SiPM signal and record with high gain & low gain at the same time

0 50 100 150 200
time [ns]

1−

0.8−

0.6−

0.4−

0.2−

0

V
ol

ta
ge

[V
]

template waveform

high gain
low gain

11

6. Result 

7. Conclusion 
• A pair spectrometer with active converter is considered for the gamma detector in the future µ& → e& γ experiment.
• Signal efficiency with respect to the converter geometry and materials was investigated by MC simulation.
• Converter prototypes with LYSO crystal and SiPM readouts was tested with an electron beam test, 

and excellent performance more than required (time resolution: 25 ps, light yield: 10000 p.e.) was confirmed.

Abstract

Reference 

Physics of fundamental Symmetries and Interactions – PSI2025, 7 – 12 September 2025 

[1] A.M. Baldini et al., ”The design of MEG II 
experiment”,Eur.Phys.J.C, 78, 380 (2018)

[2] Aiba, M et al.,”Science Case for the new High-Intensity Muon 
Beams HIMB at PSI”, arXiv:2111.05788 [hep-ex] (2021).

What is the actual performance (time & energy resolution) of the converter?

Possible concept of 
the future experiment

Performance evaluation of LYSO crystals for 
energy and timing measurements in a gamma-ray 
pair spectrometer for future µ → e	γ	experiment

< 25 ps time resolution & > 10+ p.e. light yield confirmed over entire crystal region
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28Future  Experiment : Active Converter 
Prototype Beam Test

μ+ → e+γ

•Beam test to measure MIP response of LYSO active converter prototype 

•  electron beam at KEK PF-AR test beam line 

•Overall rate:  

•Prototype 

•LYSO strips ( ,  )  

•3×MPPC(S14160-3015HS, connected in series) at both ends 

•Readout electronics 
•WaveDREAM (DRS4 waveform digitiser chips), 4-5GPS 

•Split signals recorded with two gain modes 

•Low gain: charge measurement 

•High gain: timing measurement

3 GeV

4.5 kHz

5 mm × 50 mm × 3 mm 5 mm × 50 mm × 1.5 mm

第 6章 電子ビームによるアクティブコンバーターの試験 6.2 測定系
Converter
prototype

Reference
counter

Reference
counter

VETO
counter

Electron
beam

r

z

k
„

(a)

VETO counter

Converter 
prototype

!!

Converter 
prototype

(b)

図 6.2: (a) ビームテストの測定セットアップの概要。2つのコンバーター試作機間の VETOカウンターは、2024年
ビームテスト時のみ設置された。座標系は図 3.20と対応する。(b) 2024年の実際の測定系の写真。

への寄与は相対的に小さくなる。したがって、実際の実験環境においては、3 mm の LYSO 通過距離で得られる時間
性能と同等、あるいはそれ以上の性能が期待できる。

6.2 測定系
6.2.1 セットアップ
測定は、KEK Photon Factory Advanced Ring (PF-AR) 南実験棟に設置された測定器開発用テストビームライン
を用いて、2023年 12月および 2024年 12月の二度にわたり実施した。図 6.2に全体のセットアップを示す。
本測定では、コンバーター試作機に対するビーム入射位置や入射角度による性能の変化を調べるために、ムービン

グステージや回転ステージによってビームに対するコンバーター試作機の位置や角度を図 6.3のように変化させられ
る機構を導入した。
6.2.1.1 電子ビームライン
PF-ARは電子蓄積リングであり、電子を周回させることで放射光 (X線)を生成することを目的としている。本テス
トビームラインでは、蓄積リング内にワイヤ標的を挿入して放射光を発生させ、その光子を銅製コンバーターに入射
することで電子・陽電子対を生成している。生成した対生成粒子のうち、所定の運動量をもつ電子のみを図 6.4のよ
うに配置された四重極電磁石および偏向電磁石によって選別・輸送し、実験エリアまで導いている。 ビームレート
は、テストビームラインの電子ビーム運動量 p0 および蓄積リング内電子の運動量 pAR に依存して図 6.5のように変
化する。本測定では p0 = 2–5 GeV、pAR = 6.5 GeV の条件下でビームレートはおよそ 2–5 kHz であった。ビームの
大きさは x, y 方向におよそ 10 mm程度であり、p0 = 3 GeV, pAR = 6.5 GeVのときには図 6.6に示すような x方向
により大きな広がりをもつ。電子ビームの運動量の設定値に対する広がりは 10 %以下であり、図 6.7に示すように x

方向の位置と強い相関を示す。

— 65 —

Properties Ce:FTRL Ce:LYSO
Coincident time resolution

with 2 mm cube (ps) 96 125

Light output (photons /MeV) 30000 ± 10 % 36000 ± 10 %
Decay time (ns) 31 40
Wavelength of

max emission(nm) 420 420

refractive index 1.81 1.81
density(g/cm3) 7.2 7.2

Table 2: Properties of fast-type LYSO (Ce:FTRL) and the normal-type
LYSO (Ce:LYSO), provided by JTC.

SiPM model photosensitive
area (mm2)

SiPMs
per side overvoltage

S14160-3050HS 3 → 3 3 +6 V
S14160-6050HS 6 → 6 1 +5 V
MICROFJ-40035

-TSV-TR1 4 → 4 1 +5 V

Table 3: SiPM types and their number of channels per LYSO readout
face, which were used in the active converter prototypes.

was used for SiPM models with a large photosensitive area
(e.g., S14160-6050HS and MICROFJ-40035).

Double-sided Series-connected: Three 3 → 3 mm2 SiPMs
(S14160-3050HS) were mounted on each end and electri-
cally connected in series. This provides a single summed
signal per side (2 channels in total).

Double-sided Individual: Three 3 → 3 mm2 SiPMs (S14160-
3050HS) were mounted on each end, with all six SiPMs
read out independently (6 channels in total).

Throughout this series of tests, the performance of the pro-
totypes was evaluated in various configurations, combining dif-
ferent crystal thicknesses, SiPM models, and readout schemes.
The configurations discussed in this paper are summarized in
Table 4, along with the year in which each beam test was con-
ducted.

No. LYSO thickness SiPM model Readout scheme
2024 Beam Test

(I) 3 mm S14160-3050HS Series-connected
(II) 3 mm S14160-6050HS Single-SiPM
(III) 3 mm MICROFJ-40035 Single-SiPM
(IV) 1.5 mm S14160-6050HS Single-SiPM
2023 Beam Test
(V) 3 mm S14160-3050HS Series-connected
(VI) 3 mm S14160-3050HS Individual

Table 4: Summary of the measurement configurations. The readout
schemes are categorized based on the number of sensors and their
electrical connection: Single-SiPM” (one sensor per side), Series-
connected” (three sensors summed), and “Individual” (three sensors
read out separately).
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Figure 12: Average waveforms in the low- and high-gain channels
of the converter prototype. The high-gain waveform is clipped at
↑1000 mV because of the dynamic range of the DRS4 digitizer.

4.1.2. Readout electronics
Triggering and data acquisition were performed using a Wave-
DREAM board [20], which integrates two DRS4 waveform
digitizer chips [21] along with built-in amplification and shap-
ing circuits. The detection of the first-arriving scintillation pho-
tons, characterized by a steep rising edge and minimal timing
jitter, is crucial for precise time measurements. Consequently,
a high amplifier gain is desirable for timing purposes. In con-
trast, accurate charge measurement requires the waveform am-
plitude to remain within the dynamic range of the digitizer. To
satisfy both requirements, signals were split into two branches
and recorded with different amplifier gain settings (“high gain”
and “low gain”) during the 2024 beam test campaign, at a sam-
pling frequency of 4 – 5 GSPS. In the 2023 beam test, which
primarily focused on evaluating the timing performance, sig-
nal waveforms were recorded using only the high-gain setting.
Typical waveforms obtained from the high- and low-gain chan-
nels are shown in Fig. 12.

4.1.3. Data-taking scheme
Beam test campaigns were conducted at the KEK PF-AR Test
Beam Line (Tsukuba campus) in December 2023 and 2024.
The beam line delivered electrons with a momentum of approx-
imately 3 GeV/c at a rate of about 4.5 kHz. Fig. 13 shows the
overall experimental configuration. Two LYSO converter proto-
types were installed simultaneously during the tests. This setup
allowed for efficient use of the available beam time and enabled
the evaluation of timing performance using three independent
measurements from the reference counter, the upstream proto-
type, and the downstream prototype, as defined in Eq. 8. To
investigate the dependence of the performance on the beam in-
cidence position and angle, the prototypes were mounted on a
movable stage (Fig. 14a) and a rotating stage (Fig. 14b), respec-
tively.

Events were triggered by the coincidence of two reference
counters placed at the upstream and downstream ends of the
setup. Each counter consisted of a 5 mm cubic plastic scintilla-
tor read out by a silicon photomultiplier (SiPM), achieving time
resolutions of 30 – 40 ps.

7
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•Analysis 
•Event cleaning to remove multi-particle events 

•Leading-edge timing in the waveform 

•Time walk correction 

•Threshold optimisation (leading edge and TOT)
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(a) 2024 data
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(b) 2023 data

Figure 17: Time-walk calibration based on the correlation between
time offset and (a) low-gain charge or (b) high-gain time-over-
threshold. Correction functions are overlaid as the red lines.
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(a) 2024 data
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(b) 2023 data

Figure 18: (a) Time resolution as a function of the leading-edge
threshold for the 2024 data. (b) Same measurement for the 2023 data,
with the ToT dependence used for the walk correction. tLYSO and tref

denote the channel timing and the reference time, respectively. The
optimal threshold (→600 mV for 2024) was used for the time resolu-
tion evaluation.

As noted in Sec. 4.1.2, the 2023 beam-test data were recorded
only with high-gain settings. The leading-edge threshold (and
the ToT threshold for the 2023 data) was scanned to determine
the optimal time resolution, as shown in Fig. 18a and Fig. 18b.

5.2. Evaluation method of time resolution

For configurations where each side has a single readout channel
(either a single SiPM or three SiPMs in series connection; see
Sec. 4.1.1 and Table 3), the detection times for the left and right
channels, tleft and tright, were calculated directly from the lead-
ing edge of each waveform. For configurations with three read-
out channels on each side, tleft and tright were obtained from the
weighted average of the leading-edge times of the three chan-
nels. The weights were determined based on the resolution of
each individual channel. Typically, the central channel was as-
signed a weight approximately three times larger than those of
the peripheral channels, as its sensitive area was fully contained
within the LYSO end face.

The counter time resolution was obtained from the time dif-
ferences among tUS LYSO, tDS LYSO, and tref by solving the fol-

Constant  1.56± 78.85 

Mean      0.6±1200 − 

Sigma     0.44± 38.93 
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Figure 19: Time difference between the upstream converter proto-
type and the reference counters, measured using configuration (I) in
Table 4.

lowing system of equations:



ω(tUS LYSO → tref) =
√
ω2

tUS LYSO
+ ω2

tref
,

ω(tDS LYSO → tref) =
√
ω2

tDS LYSO
+ ω2

tref
,

ω(tUS LYSO → tDS LYSO) =
√
ω2

tUS LYSO
+ ω2

tDS LYSO
.

(8)

Here, tUS/DS LYSO denotes the timing measured by the upstream
or downstream prototype, defined as the average of the left and
right channels: (tleft + tright)/2. The term tref represents the ref-
erence timing, calculated as the average of the upstream and
downstream reference counters. Fig. 19 shows an example dis-
tribution of tUS LYSO → tref together with its Gaussian fit.

In this study, we focused on the converter time resolution for
single-MIP events, as discussed in Sec. 4.2.2. To ensure that the
evaluation accurately reflects the performance for a typical sin-
gle MIP, the time resolution was evaluated using events whose
light yield fell within the ±FWHM range around the MPV of
the charge distribution (Fig. 16). This range corresponds to the
core of the single-MIP energy-loss distribution while excluding
the high-charge tail, which may be contaminated by multi-MIP
contributions. Since the time resolution shows a clear depen-
dence on the signal amplitude, as demonstrated in Fig. 20, re-
stricting the sample to this well-defined light-yield window is
essential for obtaining a representative and unbiased estimate
of the performance.

As a cross-check to the ω((tleft + tright)/2) evaluated above,
the time resolution was also evaluated using the width ω((tleft →

tright)/2). If tleft and tright are statistically independent and fol-
low the same distribution, the Gaussian width of (tleft → tright)/2
should be equal to that of (tleft + tright)/2. However, if there is a
correlated effect between tleft and tright, such as a residual time-
walk effect, it would be canceled in the difference (tleft → tright)
but not in the sum (tleft + tright). In such cases, ω((tleft + tright)/2)
becomes larger than ω((tleft → tright)/2). In this study, these two
estimates were found to be consistent within measurement un-
certainty in most cases, indicating that the time-walk correction

9
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(b) 2023 data

Figure 17: Time-walk calibration based on the correlation between
time offset and (a) low-gain charge or (b) high-gain time-over-
threshold. Correction functions are overlaid as the red lines.
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(a) 2024 data
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(b) 2023 data

Figure 18: (a) Time resolution as a function of the leading-edge
threshold for the 2024 data. (b) Same measurement for the 2023 data,
with the ToT dependence used for the walk correction. tLYSO and tref

denote the channel timing and the reference time, respectively. The
optimal threshold (→600 mV for 2024) was used for the time resolu-
tion evaluation.

As noted in Sec. 4.1.2, the 2023 beam-test data were recorded
only with high-gain settings. The leading-edge threshold (and
the ToT threshold for the 2023 data) was scanned to determine
the optimal time resolution, as shown in Fig. 18a and Fig. 18b.

5.2. Evaluation method of time resolution

For configurations where each side has a single readout channel
(either a single SiPM or three SiPMs in series connection; see
Sec. 4.1.1 and Table 3), the detection times for the left and right
channels, tleft and tright, were calculated directly from the lead-
ing edge of each waveform. For configurations with three read-
out channels on each side, tleft and tright were obtained from the
weighted average of the leading-edge times of the three chan-
nels. The weights were determined based on the resolution of
each individual channel. Typically, the central channel was as-
signed a weight approximately three times larger than those of
the peripheral channels, as its sensitive area was fully contained
within the LYSO end face.

The counter time resolution was obtained from the time dif-
ferences among tUS LYSO, tDS LYSO, and tref by solving the fol-
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Figure 19: Time difference between the upstream converter proto-
type and the reference counters, measured using configuration (I) in
Table 4.

lowing system of equations:



ω(tUS LYSO → tref) =
√
ω2

tUS LYSO
+ ω2

tref
,

ω(tDS LYSO → tref) =
√
ω2

tDS LYSO
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tref
,

ω(tUS LYSO → tDS LYSO) =
√
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tUS LYSO
+ ω2

tDS LYSO
.

(8)

Here, tUS/DS LYSO denotes the timing measured by the upstream
or downstream prototype, defined as the average of the left and
right channels: (tleft + tright)/2. The term tref represents the ref-
erence timing, calculated as the average of the upstream and
downstream reference counters. Fig. 19 shows an example dis-
tribution of tUS LYSO → tref together with its Gaussian fit.

In this study, we focused on the converter time resolution for
single-MIP events, as discussed in Sec. 4.2.2. To ensure that the
evaluation accurately reflects the performance for a typical sin-
gle MIP, the time resolution was evaluated using events whose
light yield fell within the ±FWHM range around the MPV of
the charge distribution (Fig. 16). This range corresponds to the
core of the single-MIP energy-loss distribution while excluding
the high-charge tail, which may be contaminated by multi-MIP
contributions. Since the time resolution shows a clear depen-
dence on the signal amplitude, as demonstrated in Fig. 20, re-
stricting the sample to this well-defined light-yield window is
essential for obtaining a representative and unbiased estimate
of the performance.

As a cross-check to the ω((tleft + tright)/2) evaluated above,
the time resolution was also evaluated using the width ω((tleft →

tright)/2). If tleft and tright are statistically independent and fol-
low the same distribution, the Gaussian width of (tleft → tright)/2
should be equal to that of (tleft + tright)/2. However, if there is a
correlated effect between tleft and tright, such as a residual time-
walk effect, it would be canceled in the difference (tleft → tright)
but not in the sum (tleft + tright). In such cases, ω((tleft + tright)/2)
becomes larger than ω((tleft → tright)/2). In this study, these two
estimates were found to be consistent within measurement un-
certainty in most cases, indicating that the time-walk correction
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Figure 17: Time-walk calibration based on the correlation between
time offset and (a) low-gain charge or (b) high-gain time-over-
threshold. Correction functions are overlaid as the red lines.
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Figure 18: (a) Time resolution as a function of the leading-edge
threshold for the 2024 data. (b) Same measurement for the 2023 data,
with the ToT dependence used for the walk correction. tLYSO and tref

denote the channel timing and the reference time, respectively. The
optimal threshold (→600 mV for 2024) was used for the time resolu-
tion evaluation.
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(either a single SiPM or three SiPMs in series connection; see
Sec. 4.1.1 and Table 3), the detection times for the left and right
channels, tleft and tright, were calculated directly from the lead-
ing edge of each waveform. For configurations with three read-
out channels on each side, tleft and tright were obtained from the
weighted average of the leading-edge times of the three chan-
nels. The weights were determined based on the resolution of
each individual channel. Typically, the central channel was as-
signed a weight approximately three times larger than those of
the peripheral channels, as its sensitive area was fully contained
within the LYSO end face.

The counter time resolution was obtained from the time dif-
ferences among tUS LYSO, tDS LYSO, and tref by solving the fol-
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Figure 19: Time difference between the upstream converter proto-
type and the reference counters, measured using configuration (I) in
Table 4.
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erence timing, calculated as the average of the upstream and
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tribution of tUS LYSO → tref together with its Gaussian fit.
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single-MIP events, as discussed in Sec. 4.2.2. To ensure that the
evaluation accurately reflects the performance for a typical sin-
gle MIP, the time resolution was evaluated using events whose
light yield fell within the ±FWHM range around the MPV of
the charge distribution (Fig. 16). This range corresponds to the
core of the single-MIP energy-loss distribution while excluding
the high-charge tail, which may be contaminated by multi-MIP
contributions. Since the time resolution shows a clear depen-
dence on the signal amplitude, as demonstrated in Fig. 20, re-
stricting the sample to this well-defined light-yield window is
essential for obtaining a representative and unbiased estimate
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low the same distribution, the Gaussian width of (tleft → tright)/2
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walk effect, it would be canceled in the difference (tleft → tright)
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Figure 20: Time resolution of the converter prototype at different
ranges of the number of detected photoelectrons.
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Figure 21: Time resolution of the upstream (downstream) LYSO crys-
tal at different beam impact positions, measured using configuration (I)
in Table 4, shown as red circles (blue squares).

was effective. Unless otherwise stated, the converter time reso-
lution quoted in this paper refers to ω((tleft + tright)/2).

5.3. Hit position dependence

5.3.1. Time resolution
Fig. 21 presents the measured time resolutions of the proto-
types, positioned upstream and downstream along the beam-
line, as a function of the beam hit position. For both counters,
the resolution was found to be within the range of 22 – 27 ps
over the entire length of the crystal.

5.3.2. Time offset
A position-dependent variation of the time offset, up to 50 ps,
was observed within a single crystal, as shown in Fig. 22. Once
calibrated, however, this effect can be corrected using the entry
positions of the reconstructed e+e→ tracks, leading to a negli-
gible contribution to the overall 25 ps resolution. The counter-
to-counter variation in this position dependence was found to
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Figure 22: Offset of left-right averaged time at different beam impact
positions, measured with configuration (I) in Table 4.
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Figure 23: Time offset on each readout side at different beam impact
positions, measured with configuration (I) in Table 4.

be at most 5 ps, which is also negligible compared to the total
resolution.

As single-sided readout is also being considered to reduce
the number of channels in future experiments (see Sec. 7.2), we
investigated the position dependence of the time offset for indi-
vidual readout channels. Fig. 23 compares four readout chan-
nels; note that the beam impact positions for the two right-side
channels were parity-inverted with respect to the crystal center
for comparison. The observed channel-to-channel variation of
up to 10 ps, which is particularly pronounced near the crystal
edges, could have a substantial impact on the resolution. This
suggests that the single-sided scheme requires more careful cal-
ibration and quality control than the double-sided readout.

5.4. Incident angle dependence

The time resolution of the prototype is shown in Fig. 24 as a
function of the beam incident angle relative to the converter sur-
face. The incident angle is defined in Fig. 14b to match the def-
inition of εϑ in Fig. 2, where ε = 90↑ corresponds to perpendic-
ular incidence. The results presented here were obtained using
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Figure 24: Time resolution at different beam incident angles for two
different LYSO thicknesses, measured on the downstream side with
configuration (I), (IV) in Table 4.

the prototype positioned on the downstream side of the beam-
line. As the incident angle decreases, the path length inside the
crystal increases; consequently, the light yield increases, lead-
ing to an improvement in the time resolution.

5.5. Performance with a thinner LYSO
We also investigated the timing performance of prototypes with
a reduced thickness, as thinner converters are considered for the
outer regions of the detector (see Sec. 3.2). Fig. 24 shows the
performance of a 1.5 mm-thick prototype evaluated using con-
figuration (IV) in Table 4. Although the time resolution was de-
graded compared to the 3 mm-thick prototype due to the lower
light yield, a resolution of 27 ps was achieved at an electron
incident angle of 30→. This corresponds to the typical photon
incidence expected in the regions where 1.5 mm-thick convert-
ers would be installed. Even with perpendicular beam injection
(ω = 90→), a resolution of approximately 35 ps was achieved
across all impact positions, surpassing the target requirement
of 40 ps.

5.6. SiPM types
The timing performance was compared among the three types
of SiPMs listed in Table 3, using configurations (I)–(III) in Ta-
ble 4. For the S14160-6050HS, a single sensor with an active
area of 6 ↑ 6 mm2 was attached to each side of the crystal, pro-
viding full (100 %) coverage of the LYSO end face. In the case
of the S14160-3050HS, three 3 ↑ 3 mm2 SiPMs were mounted
on each side. This arrangement resulted in dead spaces be-
tween the devices, reducing the effective active-area coverage
to approximately 92 %; however, connecting the three SiPMs
in series reduces the total capacitance, which is expected to en-
hance timing performance. For the MICROFJ-40035, a single
4 ↑ 4 mm2 SiPM was mounted on each side, limiting the end-
face coverage to about 80 %. This device, however, features a
capacitively coupled “fast output” in addition to the standard
output, providing a dedicated high-speed timing signal to miti-
gate the disadvantage of the smaller coverage.
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Figure 25: Time resolution with different types of SiPMs, listed in
Table 3, measured at different hit positions with configurations (I)–
(III) in Table 4.

Single readout Independent readout

ε((tleft + tright)/2) 39 ± 4 ps 36 ± 4 ps
ε((tleft ↓ tright)/2) 27 ± 2 ps 33 ± 4 ps

Table 5: Time resolutions of the converter prototype for two readout
schemes, measured using configurations (V) and (VI) in Table 4. The
electron beam was injected perpendicularly to the LYSO crystal center.

Fig. 25 shows the time resolution of the prototypes obtained
with each SiPM type as a function of the beam hit position. Al-
though differences in active-area coverage and readout schemes
could in principle affect the timing performance, all three con-
figurations achieved consistent time resolutions in the range of
22 – 27 ps, with no significant advantage observed for any par-
ticular SiPM model.

5.7. SiPM readout method

The timing performance was compared between the two SiPM
readout schemes (configurations (V) and (VI) in Table 4),
as summarized in Table 5. The large discrepancies between
ε((tleft + tright)/2) and ε((tleft ↓ tright)/2), which were observed
only in the 2023 beam test, may be attributed to insufficient
time-walk correction when using ToT instead of pulse charge
(see Sec. 5.2). In the independent-readout and series-readout
(single-readout) configurations, the values of ε((tleft ↓ tright)/2)
were 33 ps and 27 ps, respectively. The quantity ε((tleft ↓

tright)/2) represents the lower bound of ε((tleft + tright)/2) even
with perfect time-walk correction. Consequently, the 33 ps limit
observed in the independent-readout configuration suggests that
this scheme is less favorable for achieving high timing reso-
lution. Furthermore, the independent-readout scheme requires
three times as many channels as the series-readout scheme.
Given these considerations of both timing performance and
channel count, the series-readout scheme was adopted as the
baseline configuration.
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•Sensitivity projections for three scenarios of # conversion layers (four layers as a baseline) 
•Expected performance of detectors 

•Five separated stopping targets to further reduce acc. BG using the photon angles measured by the conversion pair 
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Future  Experiment : Sensitivity Reachμ+ → e+γ

Table 1: Summary of the detector resolutions and efficiencies used for the sensitivity estimate

Resolutions/efficiencies

Photon energy 200 keV
Photon position 200 µm
Photon timing 30 ps
Photon angle 150 mrad
Photon detection efficiency (4 layers) 6 %
Positron energy 100 keV
Positron angle 6 mrad
Positron timing 30 ps
Positron detection efficiency 70 %
Geometrical acceptance 85 %
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Figure 8: The projection of the branching ratio sensitivity (90% C.L. upper limit) for a 3-year
run as a function of the beam rate for the experiment with the conversion pair spectrometer. Three
scenarios for the number of conversion layers are compared.

obtained by performing a pion charge-exchange (CEX) experiment, where the reaction ω→ + p ↑
ω0(εε) + n is produced and back-to-back εε pairs are selected to obtain almost monochromatic
photons at 55 MeV. It will require a section of the conversion detector operated in a magnet, which
could be COBRA of MEG II. This would lead to the construction of the phase-I experiment,
running at ↓108 µ+/s to make possible the use of a gaseous positron tracker (which could be a
refurbished MEG II drift chamber) along with an almost complete version of the final photon
and timing detectors. A sensitivity of a few 10→14 could be reached. The actual value would be
determined by the number of photon conversion layers and their acceptance, which in turn depends
on the space availability within the magnet. To maximize the potential of the phase-I experiment,
we could consider to design and build a dedicated magnet, to be reused in phase II. Alternatively,
a descoped option based on the MEG II magnet could be also considered for phase I, and the new
magnet would be produced later for phase II. Running at ↓108 µ+/s in phase I would be feasible
on the conventional HIPA ωE5 beam line, not in conflict with Mu3e running at HIMB.

In the meanwhile, Mu3e will pave the way toward a silicon positron tracker for µ+ ↑ e+ε.
The construction of this detector would follow the completion of the Mu3e experimental program,
and minor upgrades of the other detectors could be performed in parallel. The phase-II µ+ ↑ e+ε
experiment, incorporating the new tracker, would be performed at HIMB in the second half of the
next decade.
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Table 6 Resolutions (Gaussian ω) and efficiencies measured at Rµ =
4 → 107 s↑1, compared with the predictions from [3, 57].

Resolutions Foreseen Achieved

Ee+ (keV) 100 89
εe+

a), ϑe+ (mrad) 3.7/6.7 4.1/7.2
ye+ , ze+ (mm) 0.7/1.6 0.74/2.0
Eω(%) (w<2 cm)/(w>2 cm) 1.7/1.7 2.0/1.8
uω, vω,wω (mm) 2.4/2.4/5.0 2.5/2.5/5.0
te+ω (ps) 70 78
Efficiency (%)
ϖω 69 62
ϖe+ 65 67
ϖTRG ↓99 80

a)At εe+ = 0 with correlation taken into account. See text for the details.

The signal PDFs take into account the correlations of εe+

with Ee+ and ϑe+ , which translate into correlations of εe+ω
with Ee+ and ϑe+ω. Since the true values of Ee+ and ϑe+ω for
the signal events are known, it is possible to correct εe+ω
event-by-event (or, in other words, to account for the correl-
ation event-by-event in the PDFs as in [2]). For this reason,
the effective statistical error on εe+ that determines the εe+ω
resolution is lower than the global εe+ resolution. In the table
we quote this effective statistical error and since it also de-
pends on εe+ itself, we quote the value at εe+ = 0 to allow
consistent comparison with the numbers quoted in previous
papers, where the same convention was used.

The te+ω resolution was evaluated from the peak in the
te+ω distribution due to the coincident RMD events, with tak-
ing into account the Eω- and Ee+ -dependence of the time res-
olutions. The result is consistent with the combination of the
resolutions measured for ω-ray and e+ individually.

Simulated pseudo-experiments are used to evaluate the
sensitivity of the experiment S90, defined as the median
value of the distribution of the 90 % C.L. upper limits result-
ing from the likelihood analysis for a null signal hypothesis.
Simulated pseudo-experiments are also used to evaluate the
3ω discovery at 90 % power. Figure 57 shows the projec-
ted sensitivity and the projected discovery limit versus the
DAQ lifetime assuming that the resolutions in Table 6 re-
main stable in the coming years and that the analysis re-
mains the same as today. Systematic uncertainties, which
are expected to give a minor contribution, are not included.

The prediction reflects the current status and knowledge
of the detector, and the quality of the current data ana-
lysis. The evolution of the detector behaviour, the continu-
ous improvement of the reconstruction algorithms and the
increasingly better understanding of the systematic uncer-
tainties will determine the final sensitivity of the experiment.
Nevertheless, we are confident that the design sensitivity of
S90 = 6 → 10↑14 will be achieved by the end of 2026.
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Figure 57 Expected MEG II upper limit sensitivity (90% C.L.) (black
curve) and 3ω discovery potential (blue curve) versus DAQ time, com-
pared with MEG upper limit sensitivity (90% C.L.) and measured up-
per limit (90% C.L.) [2]. The points mark the sensitivity for the past
years and the estimation for the current one. See text for details.

11 Conclusions

We have presented a detailed overview of the operation of
all components of the MEG II detector during the engineer-
ing runs in the years 2016–2020 and in the physics run in
the years 2021–2022. We found several problems, to name
a few: CDCH breakages, faster than expected decrease of
MPPC PDEs for LXe and mild degradation of time resolu-
tion of pTC, both due to radiation damage. After having ac-
cumulated some delay in the schedule, those problems were
solved or tackled so as to minimise their effects on the sens-
itivity. Additional planned steps should further reduce these
effects.

Since 2021 the MEG II experiment has regularly oper-
ated with performances close to its design values. On this
basis, we estimated the sensitivity to the µ+ ↔ e+ω decay
versus the DAQ lifetime and calendar year. The sensitivity
obtained with the 2021–2022 data will be significantly better
than the existing MEG limit.
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basis, we estimated the sensitivity to the µ+ ↔ e+ω decay
versus the DAQ lifetime and calendar year. The sensitivity
obtained with the 2021–2022 data will be significantly better
than the existing MEG limit.
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Table 1: Summary of the detector resolutions and efficiencies used for the sensitivity estimate

Resolutions/efficiencies

Photon energy 200 keV
Photon position 200 µm
Photon timing 30 ps
Photon angle 150 mrad
Photon detection efficiency (4 layers) 6 %
Positron energy 100 keV
Positron angle 6 mrad
Positron timing 30 ps
Positron detection efficiency 70 %
Geometrical acceptance 85 %
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Figure 8: The projection of the branching ratio sensitivity (90% C.L. upper limit) for a 3-year
run as a function of the beam rate for the experiment with the conversion pair spectrometer. Three
scenarios for the number of conversion layers are compared.

obtained by performing a pion charge-exchange (CEX) experiment, where the reaction ω→ + p ↑
ω0(εε) + n is produced and back-to-back εε pairs are selected to obtain almost monochromatic
photons at 55 MeV. It will require a section of the conversion detector operated in a magnet, which
could be COBRA of MEG II. This would lead to the construction of the phase-I experiment,
running at ↓108 µ+/s to make possible the use of a gaseous positron tracker (which could be a
refurbished MEG II drift chamber) along with an almost complete version of the final photon
and timing detectors. A sensitivity of a few 10→14 could be reached. The actual value would be
determined by the number of photon conversion layers and their acceptance, which in turn depends
on the space availability within the magnet. To maximize the potential of the phase-I experiment,
we could consider to design and build a dedicated magnet, to be reused in phase II. Alternatively,
a descoped option based on the MEG II magnet could be also considered for phase I, and the new
magnet would be produced later for phase II. Running at ↓108 µ+/s in phase I would be feasible
on the conventional HIPA ωE5 beam line, not in conflict with Mu3e running at HIMB.

In the meanwhile, Mu3e will pave the way toward a silicon positron tracker for µ+ ↑ e+ε.
The construction of this detector would follow the completion of the Mu3e experimental program,
and minor upgrades of the other detectors could be performed in parallel. The phase-II µ+ ↑ e+ε
experiment, incorporating the new tracker, would be performed at HIMB in the second half of the
next decade.
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