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• Charged lepton flavour violating (cLFV) process 
• μ→eγ, μ→eee (本講演), μN→eN (次講演), Mu-Mu conversion,… 

• Rate is too small to be observed in Standard Model  
(!(μ→eγ) ~10-54) 

• Large enhancement predicted by new physics (!(μ→eγ) 
~10-11-10-15) 
→Unambiguous evidence of new physics if discovered! 

• Complementary to energy frontier experiment 
• Colourless particles not strongly constrained by LHC 
• High energy scale beyond LHC is indirectly accessible

Lepton Flavour Violating Process
Standard Model New Physics
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Rare Muon Decay μ→eγ vs. μ→eee
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Table 1. Here GF is the Fermi coupling constant. Although it seems that the limit could be further
improved by using a currently available high intensity pulsed beam, presently there is no proposal for
such an experiment. The muon-positron conversion in a muonic atom is closely related to neutrinoless
double beta decays and can be driven by an o↵-diagonal element of Majorana mass matrix of neutrinos.
However the expected rate fromMajorana neutrinos is too small to experimentally observe; the discovery
of this process would therefore indicate a clear signature of new physics beyond a simple extension of
the standard model with Majorana neutrinos. There is a possibility to use the next generation muon-
electron conversion experiment to explore this process, but the compatibility with the main mode search
may be a big technical issue. The present limit on this process is also listed in Table 1. Recently an
interesting idea to search for a new cLFV process, µ�e� ! e�e� in orbits of a muonic atom, which may
be greatly enhanced for an atom with a large atomic number Z, has been proposed [24]. Although it
is already strongly constrained by the limits on other cLFV processes at the level of 10�18 and a more
serious study is still needed, a future muon-electron conversion experiment might be also able to study
this process.

If the µ ! e� decay is found at a certain branching ratio, then the same electromagnetic transition
such as Figure 1 (b) also induces the µ ! 3e decay at a branching ratio given by [25]
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The muon-electron conversion of a muonic atom, µ�N ! e�N , can also proceed with the same
electromagnetic transition, and the ratio of conversion to weak capture by the nucleus, µN ! ⌫µN 0, is
related to B(µ ! e�) by

R(µ�N ! e�N) '
G2

Fm
4
µ

96⇡3↵
(3⇥ 1012)B(A,Z)B(µ ! e�) (7)

where B(A,Z) is a nucleus-dependent factor that includes atomic and nuclear e↵ects. B(A,Z) is
evaluated as 1.1, 1.8, and 1.25 for Al, Ti, and Pb, respectively [26, 27]. For example, for the muon-
electron conversion of muonic aluminium, one finds

B(µ ! e�) ' 389 R(µ�Al ! e�Al). (8)

The above relations give relative physics sensitivity of each cLFV process in supersymmetric models
where the photonic transitions normally dominate. In some new physics scenarios, however, additional
non-photonic amplitudes may contribute and substantially increase R(µ�N ! e�N) and/or B(µ ! 3e)
relative to B(µ ! e�).

To compare B(µ ! e�) and R(µ�N ! e�N) in an arbitrary new physics model that contain
both the photonic and non-photonic transitions, consider the following e↵ective Lagrangian, following
Ref. [28]:

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ +


(+ 1)⇤2
µ̄L�µeL(ūL�

µuL + d̄L�
µdL). (9)

The coe�cients of the two types of e↵ective operators are parametrized by two constants: the e↵ective
mass scale of the new physics ⇤ and the dimensionless parameter , which governs the relative size of
the two e↵ective operators. For  ⌧ 1, the photonic dipole-type operator dominates cLFV phenomena,
whereas the non-photonic four-fermion operators are dominant for  � 1. Similarly, to compare
B(µ ! e�) and B(µ ! 3e), consider the following e↵ective Lagrangian [28]:

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ +


(+ 1)⇤2
µ̄L�µeL(ē�

µe). (10)

6

Non-photonic (heavy Z’, KK, etc)

Λ: Effective mass scale of new physics

κ: Relative size of two effective operators

e

e

Effective CLFV Lagrangian

μ→eγ

μ→eee

Photonic (SUSY-GUT)

Photonic (SUSY-GUT)

Complementarity for cLFV processes!

!(μ→3e)/!(μ→eγ)=6×10-3

+
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MEG(2016)

Original plot for past experiments from Annu. Ref. Nucl. Part. 
Sci. 2008. 58:315-41 W. J. Marciano, T.Mori, and J. M. Roney 
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Search History

• Getting sensitive enough to explore new physics! 
• Even more sensitive experiments will start soon 

μ→eγ: MEG II at 6×10-14 
μ→eee: Mu3e at ~10-15

For SUSY 
"(μAl→eAl)/!(μ→eγ)=2.6×10-3  
!(μ→3e)/!(μ→eγ)=6×10-3
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Innovative detectors

590MeV ring cyclotron 
@PSI2.3mA (1.4MW)

Most intense 
continuous muon beam

→Already exists!

→Need to develop!

Key Items for Muon Rare Decay Search
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HIPA@PSI
• High Intensity Proton Accelerator 

(HIPA) at Paul Scherrer Institute (PSI) 
• 590MeV ring cyclotron, 2.3mA → 1.4MW! 
• Up to ~108  μ+/sec! 

• πE5 beam line 
• To be shared by MEG II and Mu3e (and 

others) 
• One experiment running at a time

590MeV ring cyclotron 
@PSI2.3mA (1.4MW)

PSI

⇡

⇡

⇡

πE5 beam line

MEG II Mu3e

μ
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μ+→e+γ

Requirements 
• Continuous beam to minimise 

accidental background 
• Precise measurements of energy, 

timing and angle both for e+ and γ 
• Operational at high rate 

environment (stability and 
pileups…)

Background 
• Prompt background: μ→eγνν

• Accidental overlap: μ→eνν + Υ


Signal 
• Back-to-back

• Mono-energetic 


• Ee=52.8MeV Eγ=52.8MeV

• Coincident in time e+μ+

γ

ν
ν

γ e+μ+

ν
ν

180°
e+

μ+

γ

Eγ/(mµ/2) Ee/(mµ/2)

Michel e+Radiative decay γ
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• MEG detectors 
• γ :  900ℓ LXe scintillation detector 
• e+ : COBRA spectrometer (low 

mass drift chambers + fast timing 
counter in a gradient B-field) 

• Data-taking 
• 2008-2013 
• Beam intensity 3×107 μ+/sec 
• Total μ＋ stops: ~7.5×1014 

• Final result published in 2016 
Eur. Phys. J. C 76 (2016), 434

MEG Experiment
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Signal PDF contours 
(1, 1.64, 2σ)

52.4<Ee<55MeV,  
51<Eγ<55.5MeV

|Teγ|<0.244ns,  
cosΘeγ<-0.9996

!(μ+→e+γ) < 4.2×10-13 (90% C.L.)

→ ×30 more stringent than previous experiment!

Example of events  
in analysis region
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• Goal: ×10 higher sensitivity: ~6×10-14 

• Retain experimental concept 
• LXe detector for γ detection, e+ spectrometer with a gradient magnetic field  

• Fully exploit maximum beam intensity @PSI up to ~108 μ+/sec 
• Detector performance should be significantly improved 

• Resolutions: ×2 improved for all observables 
• Efficiency:    ×2-3 improved 

MEG II Experiment

6

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.

μ-beam 
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LXe Photon Detector 
• Highly granular scintillation readout 

• 216 × PMTs(2-inch) on γ-entrance face are 
replaced with 4092 × VUV-MPPCs (139mm2 each) 

• Energy and position resolutions will be improved 
by a factor of two. 

• Construction completed. Under 
commissioning 

• Sensor calibration (PMT, MPPC) 
• LXe purification to maximise light yield 
• Noise reduction 
• Performance test with calibration γ-source 

and BG-γ

MEG (MC) MEG II (MC)

BG-γ BG-γ with pileup
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BG-γ from radiative 
muon decay

MeV

関連講演 15aK210-1,2,3(家城, 小川, 小林), 17aK104-2(豊田)
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• Single cylindrical gas volume, U-V stereo angle wire configuration 
• Construction completed and installed into spectrometer magnet 
• Under commissioning 

• Measured cosmic ray track 
• Measured Michel positrons measured at full beam intensity 
• Not able to apply nominal HV for inner layers due to some instability 

• Investigation and repair underway

Cylindrical Drift Chamber
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• Segmented timing counter 
• 516 fast scintillator counters (256 counters for each up- and 

down-stream side) 
• Each counter readout by 6 SiPMs connected in series at each 

side 
• Excellent time resolution <40ps by measurement with multiple 

positron hits 
• Fully commissioned

Positron Timing Counter positron timing counter

σ
σ σ

overall hit
single

hit

inter-pixel

hit

2
2 2

( )N
N N

= + +σσMS hit
2 ( )N

σsingle~70-80ps, σinter-pixel≲30ps, σMS~5ps

Single counter

⊗ = 39ps

関連講演 14aK210-10,11(宇佐見, 野内)

Nhit distribution
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• New detector in MEG II 
• Identify BG-γ from RMD by tagging low 

mom. positron associated with RMD 
• Upstream: completed and fully commissioned 
• Downstream:  under development 

Radiative Decay CounterMEG-TN089

1 Introduction

Radiative Decay Counter (RDC) is being developed as an optional detector to improve the
sensitivity of MEG II further by identifying gamma rays from the radiative muon decay (RMD:
µ+ ! e+nµneg). Because of the higher beam rate and the better detector resolutions of MEG II
than MEG, the fraction of the accidental background over the total physics background will be
higher than MEG. The background gamma rays are generated either from the RMD or the AIF
dominantly. The fraction is about 50:50% in the analysis region in MEG, while the fraction of
RMD will be higher in MEG II because the material of the tracker will be less and the branching
ratio of the AIF will be lower. Moreover, the rate of the AIF could be reduced further by
analysis [1]1. Identifying the RMD gamma rays, which can mimic signals by coinciding with
positrons, will therefore play a significant role to improve the sensitivity of MEG II further.

Figure 1: Schematic view the MEG II detector including the RDC. The RDC detectors will
be placed on the beam axis on both upstream and downstream sides. A dashed red line shows
a track of a high momentum positron from a Michel decay accidentally overlapped with a
high-energy gamma ray from RMD those make a fake µ+ ! e+g signal.

The basic idea to identify RMD is to detect low momentum positrons (2–5 MeV typically)
coinciding with high-energy gamma rays (>48 MeV) as shown in Fig. 1. From a simulation
study, it was found that 83% of gamma rays from RMD (or 54% of the total background gamma
rays) can be identified with using the RDC when the energy deposit in the LXe detector is larger
than 48 MeV and both the upstream and downstream RDC are used.

1Feasibility to apply the analysis on MEG II data is not confirmed yet.

1

Upstream (US)

Under development as a 
future option

Downstream (DS)

LYSO crystals and 
plastic scintillators

* depending on the detection efficiency of 

MEG

MEG II

0 1.5 3 4.5 6

RMD AIF

MC
Photon yield per 

muon decay

×10-6

A new detector (RDC) can 
identify RMD events.

Pilot Run in 2017
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関連講演 14aK209-8(大矢), 17aK104-1(恩田)
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• All detectors deployed in PSI πE5 beam 
line 

• Run 2018  
• All detectors deployed 
• There are still some issues  

• Full electronics will be ready in 2019 
• Higher noise than expected 
• Serious instability of inner layers of CDCH 

• Run 2019 
• Repair of CDCH 
• Mass production of readout electronics 
• Full engineering run 

• From 2020 onward 
• Production of physics data 
• Surpass MEG sensitivity in a few months 
• 4-5 year running to reach target sensitivity

Status and Prospects of MEG II

DAQ time (weeks)
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�teee = 0
⌃pe = 0

⌃Ee = mµ

μ+→e+e-e+
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e+

e -�

�
µ+e+ � µ

+

e
+

�

e -

Background

Radiative decay with 
internal conversion 
(irreducible)

Accidental BG

Requirements 
• Continuous beam to minimise accidental background 
• High momentum resolution to suppress irreducible background 
• Good vertex and timing resolutions to reduce accidental BG
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Mu3e Experiment (Phase I)
• Sensitivity goal: 2×10-15 (SES) 
• πE5@PSI with 108 μ+/s 
• Mu3e detector 

• Ultra thin Si pixel detector (HV-MAPS): 0.1% X0/layer 
• High precision tracking using recurring tracks 
• Fast timing detectors (SciFi & tile) 
• He-gas cooling
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Si Pixel Detector
• Based on HV-MAPS 

• Pixel dimension: 80×80μm2 
• Ultra-thin: t50μm 
• Active area: ~20×20mm2 
• Power consumption < 350mW/cm2 

• MuPix8 
• First large area prototype: 160mm2

50 
µm

MuPix (HV-MAPS)

Monolithic pixel sensor in 
180 nm HV-CMOS 

Ivan Peric, Nucl.Instrum.Meth. A582 (2007) 876-885 

HV-MAPS

MuPix8
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Helium Gas Cooling for Pixel Detector
• Need cooling for 200M pixels for central and two recurl stations 
• Helium gas cooling concept 

• Temperature 20-50℃ 
• No extra material in active volume

He gas cooling 
simulation
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Timing Detectors
• Precise time measurement to reduce accidentals 

• Scintillating fibres: O(1ns) 
• Scintillating tiles: O(100ps) 
• Need full efficiency (>99%)

• 3 staggered layers of 250μm scintillating 
fibres (0.2%X0) 

• Readout by SiPM array 
• 366ps for prototype test

SiPM Array: Hamamatsu 
S13552-HQR • Scintillator tile: 6.5×6.5×5mm3 

• SiPM: 3×3mm2 
• O(60ps) for prototype test
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Status and Prospects of Mu3e (phase I)
• Moving from R&D phase to construction phase 

• Ready for production in 2019 
• Detector construction in 2020 

• Commissioning start in 2021

Superconducting
Solenoid

B=1 Tesla
To be delivered in summer 2019
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Perspectives

MEG(2016)

Original plot for past experiments from Annu. Ref. Nucl. Part. 
Sci. 2008. 58:315-41 W. J. Marciano, T.Mori, and J. M. Roney 

MEG II

Mu3e I

COMET II/Mu2e

Bell II

COMET I

τ→"γ
τ→3"

For SUSY 
"(μAl→eAl)/
!(μ→eγ)=2.6×10-3  
!(μ→3e)/!(μ→eγ)=6×10-3
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Future Plans

Andreas Knecht NUFACT2017, 25. - 30. 9. 2017

Split Capture Solenoids

18

500 mm 250 mm

solenoid
500 mm aperture

500 mm250 mm

solenoid
500 mm aperturep

Two normal-conducting, radiation-hard solenoids close to target to 
capture surface muons

Central field of solenoids ~0.35 T

Field at target ~0.1 T

Split capture solenoid

Andreas Knecht NUFACT2017, 25. - 30. 9. 2017

Solenoid Beamline: HiMB@EH

First version of beam optics showing that large number of muons can be 
transported.

Almost parallel beam, no focus, no separator, …

Final beam optics under development

Beamline of solenoids 
similar to capture  
solenoids

Large aperture (500 mm)  
bending magnets

20 mm TgM  
5˚ rotated slab

19

1.3 x 1010 μ+/s @ 2.3 mA Ip transported

Solenoid beam line for target M

Not the end of the story, even if discovered
• From “Discovery” to “Measurement” 

• Branching ratio 
• Angular distribution 
→Energy scale and symmetry of new physics 

• High intensity Muon Beam (HiMB) project at PSI 
• Aim: #(1010) μ+/s 
• Slanted target with split capture solenoid 
• Time schedule: #(2025)
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Future Plans
• Mu3e Phase II 

• Another pair of recurl stations improve momentum resolution to fully cover 
inner tracker acceptance 

• Target sensitivity: 10-16 
• Beyond MEG II? 

• Starting discussion 
• Need new detector concept to go beyond MEG II 

e.g.  more precise measurement of photon and positron with extremely 
thin Si detector (e.g. HV-MAPS)
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(b) Mu3e detector configuration for Phase IB
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(c) Mu3e detector configuration for Phase II

Figure 45: Possible Mu3e detector configurations in the staged approach. Cited from Ref.[33].

5 Conclusion1181

Studies of the lepton flavour violating muon processes are currently in the period of rapid improve-1182

ments by several orders of magnitude in experimental sensitivities, as can be seen from Figure 5. This1183

is not accidental. During the last two decades, our understanding of gauge symmetries and flavour1184

phenomenology has come to maturity, as evidenced by the successive discoveries of a Higgs boson and1185

the third neutrino oscillation in 2012. Lepton flavour violation in charged leptons, particularly muons,1186

now emerged as one of the most promising research areas to access new physics ideas such as supersym-1187

metric grand unification and seesaw mechanism, which might exist at extremely high energy beyond1188

the reach of energy frontier colliders. It is indeed remarkable that new experimental techniques that1189

enable such rapid improvements in sensitivities to new physics have been advanced in a timely manner.1190

Whether a great discovery or unexpected surprises may lie ahead, it appears that we are on the verge1191

of a deeper understanding of flavours and generations.1192
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Figure 45: Possible Mu3e detector configurations in the staged approach. Cited from Ref.[33].
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Mu3e Phase I

Mu3e Phase II
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Summary
• Muon rare decays are powerful tools to explore new physics 

• Most intense DC μ-beam at PSI + Innovative detectors 
• Already sensitive enough to test many of new physics models 
• Complementarity btw/ various processes 

• New experiments with further improved sensitivities coming 
soon! 
• μ→eγ: MEG II  
• μ→eee: Mu3e (Phase I) 

• Future plans also planned or under discussion 
• “Measurement” of rare decay would give us a hint on energy scale and 

symmetry of new physics 


