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2Caveats

•Consideration on design of new  experiment with an emphasis on conversion 
photon spectrometer


•Still feasibility study on experimental design and detector technologies

μ → eγ
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3Calorimeter vs. Pair Spectrometer

• Pros

•High energy resolution 

•High position resolution 

•Photon direction can be measured 

•High rate capability 

• Cons

•Low efficiency 

•Energy loss in converter

• Pros

•High efficiency 

• Cons


•Moderate detector resolutions  

•Moderate rate capability

(E, ⃗x , t)

Pair spectrometer would be a viable option for photon detector 
at future  experiment with higher beam rateμ → eγ

Calorimeter Pair spectrometer
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• Pair spectrometer at MEGA@LAMPF (1985-1999)

•Three conversion layers 

•250μm-thick Pb (4.5% ) × 2 

•Conversion pair tracked by CDCH  

•Detection efficiency ~5% 

•Energy resolution (FWHM): 5.7% (inner Pb), 3.3% (outer Pb)

X0

then the positron spectrometer to support a possible !!e"
hypothesis. This on-line filter ran in a system of computers
that were programmed with fast, reliable code intended to
make decisions either to keep or discard triggers. The re-
quirement on processing speed was driven by the need to
analyze all triggers from a LAMPF pulse and write the se-
lected candidate events to tape in the #8 ms period between
pulses. The requirement of high reliability mandated exten-
sive testing of the on-line code with a well-developed Monte
Carlo $MC% simulation package prior to its implementation
in the experiment.
The on-line filter was designed not to reject many !

!e" signal candidates, and therefore, the data written to
tape would likely include large numbers of events that were
not consistent with a !!e" hypothesis. Off line, the data
were to be studied with a series of increasingly more rigor-
ous, and more time-consuming, analyses, each reducing the
volume of data, and finally retaining only those events that
were highly probable !!e" candidates.
The accuracy of the experiment depended on regular and

extensive temporal and spatial calibrations to assure that the
test of time coincidence and the requirement for precise spa-
tial tracking were not systematically compromised. The tem-
poral and spatial accuracy was affected by a wide range of
environmental parameters and apparatus characteristics,
which needed to be monitored in coordination with the event
information saved to tape. Moreover, these calibration data
required substantial subsequent analyses to assure the accu-
racy and reliability of the !!e" search.

III. EXPERIMENTAL DETAILS

A. Overview

Figure 1 shows a schematic view of the MEGA detector.
Both the positron and the photon spectrometer systems were
contained within the 1.5 T magnetic field produced by a su-
perconducting solenoid magnet. A surface-muon beam from
the LAMPF stopped-muon channel entered the detector
along the axis of the superconducting solenoid. The beam
stopped in the elliptical target foil located at the center of the
detector.

Positrons from muon decay followed helical trajectories
in the magnetic field. They were observed by an array of
eight cylindrical, high-rate MWPCs that surrounded the stop-
ping target. The MWPCs measured the crossing of positron
tracks in all three dimensions, which allowed for the deter-
mination of the muon decay point and the positron momen-
tum. Two annular arrays of plastic scintillators, located near
the ends of the positron wire chambers, provided timing in-
formation. After passing through the scintillators, the posi-
trons entered thick lead-Hevimet annuli, where they stopped
while producing a minimum of high-energy gamma radia-
tion. Cylindrical plastic scintillators that were located inside
the upstream and downstream positron scintillator arrays and
beyond the lead-Hevimet annuli, ‘‘ring counters,’’ provided
timing calibrations. The positron spectrometer had an outer
radius of 30 cm, large enough to contain all the positrons that
were produced by muons decaying in the stopping target.
Photons from muon decay were observed in a set of three

concentric, cylindrical pair spectrometers that surrounded the
positron spectrometer. Each pair spectrometer utilized two
lead foils to convert high-energy photons into e!/e" pairs.
The electrons and positrons were then tracked through a set
of drift chambers to determine the energy and propagation
direction of the original photons. An MWPC located between
the two convertor foils determined where a given photon
converted, and an array of plastic scintillators determined the
conversion time.
The hardware trigger for the experiment was designed to

identify high-energy photons in the pair spectrometers.
Events that passed the hardware first- and second-stage trig-
gers were read into a workstation where a partial analysis of
each photon shower was performed, and then the hits in the
positron spectrometer were examined to determine if the
minimum number necessary to support a !!e" hypothesis
were present. If so, the event was written to tape for subse-
quent off-line analysis.

B. Beam

The LAMPF accelerator had a macrostructure of between
6% and 9% and a repetition rate between 60 and 120 Hz.
These conditions were set by the accelerator-operations staff,
and the MEGA experimenters adjusted the aperture of the
channel $see below% to keep the instantaneous rate a constant
to about 3%. The microstructure in the beam of 5 ns was
irrelevant because it was short compared to the muon life-
time.
The stopped-muon channel at LAMPF &7' provided the

muons for the MEGA experiment using a surface-muon
beam &8' tune. The characteristics of the beam were a flux of
2#108/s, 4% muons above the kinematic end point from
stopped-pion decay (29.8 MeV/c) in the production target,
and a ratio of positrons to muons of 10:1. To reduce the
positron flux by a factor of 100, a 20.3-cm gap by 127 cm
long, crossed electric and magnetic field separator, operated
at a total voltage of 200 kV, was employed upstream of the
last focusing quadrupole. The beam was tuned in the last lens
to enter the solenoid with as little loss as possible; the sole-
noid also had a strong focusing effect on the beam. In order

FIG. 1. A schematic view of the MEGA detector.
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5Energy Loss in Converter

• Crucial limiting factor = energy loss of conversion pair in converter

•Energy resolution limited by energy loss

→New idea: “active converter” to measure energy loss

100 um Pb 560 um Pb

Energy of conversion pair after converter (MC)
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6Pair Spectrometer with Active Converter

Active converter (  layer)

•Thin active material to measure energy 

loss of conversion pair 

•Possible technology: scintillator + photo-

detector
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Tracking layer

•Measure momentum of conversion pair 

•Possible technology: drift chamber (a la 

MEG II CDCH)

Timing layer

•Measure timing of returning 

conversion pair 

• in front of active converter 

•Possible technology: multi-layer 

RPC (mRPC)

Target performance

•Resolutions: energy 0.4%, timing 30ps, position 0.2mm, angle 50mrad 

•Efficiency: 50% (several layers of active converter)
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7Possible Experimental Design with Pair Spectrometer
• Possible design with pair spectrometer


•Photon spectrometer → higher resolutions (energy, timing, position), angle measurement 

•Positron spectrometer based on Si detector (a la Mu3e) → high rate capability,  search 

•Separate active targets → higher vertex resolution, further BG suppression

μ → eee
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Zenith-angle acceptance significantly improved w.r.t. MEG II


→ After  discovery, angular distribution can be measured with 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

Enhanced Acceptance

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+!, 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-
dardModel (SM), which, even in presence of neutrinomasses
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+"") and radiative (µ+ ! e+!"")
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 fromMichel 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 lowmass 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 !-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 !-ray energy and of
the time and position of the interaction point (see Sect. 6).
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 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.
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9Active Converter 
Technology Options

• Scintillator

•Crucial parameters 

•Light yield → energy resolution 

•Decay time → high rate capability 

•Radiation length → detection efficiency 

(6% for 4mm-thick YAP) 

•Critical energy → effect of bremsstrahlung (difficult to 

measure) 

•Cost 

• Photo-detector for scintillation readout

•Requirements: high light detection eff. + low mass 

•Photo-detector under consideration 

•Gas PM 

•SiPM

Crystal NaI LYSO(Ce) LaBr3(Ce) YAP(Ce)

Density 
[g/cm3] 3.7 7.4 5.1 5.4

Light yield 
(relaLve to NaI) 100% 75% 160% 70%

Peak Emission 
[nm] 415 420 380 370

Decay Lme 
[ns] 230 40 16 27

RadiaLon length 
[cm] 2.6 1.1 1.9 2.7

CriLcal energy* 
[MeV] 13 12 12 23

Hygroscopicity Yes No Yes No

* Critical Energy Ec:  Ionisation ≶ Brems if E ≷ Ec



Wataru OOTANI  “New  Experiment with Pair Conversion Spectrometer”, HIMB Physics Case Workshop, April 6th-9th, 2021μ → eγ

10Gas PM 
as Photo-detector

• Gas PM (a.k.a. Gaseous PMT)

•Photocathode + electron multiplier in gas chamber 

•Pioneering work by F. Tokanai et. al → MPGD as electron multiplier 

• Our idea: gas PM with RPC as electron multiplier

•Ultra-low mass RPC with DLC developed for MEG II radiative decay counter 

(RDC) 

•In collaboration with Prof. K. Matsuoka who is developing gas PM with RPC 

•Need large area photocathode sensitive to scintillation light 

•Quite challenging (stability, cost,…)

Input light

Photoelectron
Photocathode

Light window

Electron multiplier

Gas chamber

MPGDửဇẟẺҞᡢᢅỾἋPMT

Gas PM with MPGD (Prof. F. Tokanai)

•Photocathode: LaB6 

•Still low QE 

•Work function 2.6eV 

•Intrinsic resolution: 31ps

Prototype of Gas PM with RPC (Prof. K. Matsuoka)
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11RPC 
R&D for MEG II

• MEG II RPC

•Diamond-Like Carbon (DLC) sputtered on Kapton foil as resistive 

electrode 

•Resistivity can easily be controlled 

• Achievements


•Ultra-low material: 0.1%  with 4 layers 

•High efficiency: > 90% with 4 layers 

•Good time resolution: 250ps with single layer 

• In-beam prototype test at πE5


•Demonstrated the operation at 

X0

108 μ/s

DLC on Kapton Prototype beam test at πE5

RPC with DLC technology
• Diamond-Like Carbon (DLC) 

is used as resistive electrodes
• DLC is sputtered on Kapton 

foil
à Small material budget can 

be achieved
• DLC resistivity is adjustable
à Small resistivity can be 

achieved, which is important 
for rate capability

13 Mar. 2021 Study on the rate capability of ultra-low material RPC, focusing on the 
operation under the high-intensity μ beam of MEG II experiment (1) 6

• MEG II RPC design
• 4 layers ß Higher efficiency

• !! = 1 − (1 − !")!
• <0.1% X0 material budget

• 50 µm Kapton foil à 0.018% X0
• 100 nm aluminum à 0.0012% X0

Al readout strip (100 nm)

Kapton foil 
(50 µm)

DLC 
(~50 nm)

Spacer (384 µm)

+HV

+HV

+HV

+HV

-HV

-HV

-HV

-HV

20 cm

Multi-layer DLC-RPC (MEG II)
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12SiPM 
as Photo-detector

• Segmentation with scintillator cells readout by SiPM

•Tile 

•Strip 

• Good light correction eff. and uniformity demonstrated at

•SiPM-on-tile technology for analogue hadron calorimeter for ILC 

(CALICE AHCAL) 

•Scintillator strip with SiPM readout for electromagnetic 

calorimeter for ILC (CALICE Sc-ECAL) 

• LYSO cell prototype to be tested soon

SiPM-on-8le 
 (AHCAL )30 × 30 × 3 mm3

26 ୈ 3ষ େαΠζͷγϯνϨʔλλΠϧΛ༻͍ͨݕग़ HBUͷ։ൃ

Naoki Tsuji

/21

JPS Autumn Meeting 2017, 14aS35-4, 9/12~15, Utsunomiya university

Results
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λΠϧͷେ͖͞ʹΧοτͨ͠ɻͦͯ͠ਤ 3.17ʹࣔ͢Α͏ʹɺ60 mm֯λΠϧ͔ΒΧοτͨ͠ 30 mm֯λΠϧͱɺ
60 mm֯λΠϧʹؔͯ͠ଌఆΛऔΓɺΑΓৄࡉͳޫྔଌఆΛߦͳͬͨɻ
ਤ 3.18͕ 60 mm֯λΠϧ͔ΒΧοτͨ͠ 30 mm֯λΠϧͷޫྔଌఆ݁Ռɺਤ 3.19͕ 60 mm֯λΠϧͷޫྔ

ଌఆ݁ՌͰ͋Δɻ݁ՌΛද 3.2ʹ·ͱΊͨɻಉ͡ੜϩοτͰͨ͠࡞γϯνϨʔλλΠϧʹؔͯ͠ɺ60 mm֯
λΠϧͷޫྔ 30 mm֯λΠϧʹൺͯ গ͍ͯ͠Δͷ͕͔Δɻ·ͨදݮ52% 3.1ͷ݁ՌΛࠩޡ 10%ҎͰ

Posi8on dependence of light yield 
( )60 × 60 × 3 mm3

LYSO 8le
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13Multi-layer RPC (mRPC) 
as Timing Layer

• mRPC for timing layer


• Requirements

•Timing resolution 40ps (→ 30ps for combination of electron and 

positron) 

•Moderate requirement for material budget (it’s in front of 

converter) 

• Achievements in other projects

•ALICE TOF 

•20ps with 24 layers of 160μm gap 

•ILD SDHCAL 

•30ps with 10 layers of 160μm gap 

• MEG II DLC-RPC technology can be applied for mRPC

•Can also be used for positron timing measurement

ALICE TOF

ILD SDHCAL
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14Simulation Tools in Preparation
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15Summary

• Pair spectrometer as a viable option for photon detector at 

future  experiment

•Active converter to overcome weak point of pair spectrometer 

•MEG II ultra low mass RPC technology can be applied to 

•Gas PM for active converter 

•Timing layer 

• A lot of open questions

•See the list in the attachment 

• Further studies on detector performance in progress

•Simulation studies 

•Prototype studies of detector technologies

μ → eγ

e+

γ

μ+

Timing Detector

Silicon Tracker

Photon spectrometer with 
active converter 

Active Target
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16Open Questions
• Pair spectrometer 

•Low efficiency 

•Thicker active converter 

•Compensate with higher beam intensity ↔ high rate capability of detectors, especially positron spectrometer 

•Pileup of low energy photons from RMD → Mitigated with radiation shielding in front of innermost conversion layer? 

• Detector material for active converter

•Any better material? 

•Effect of bremsstrahlung, light yield, stopping power, cost,… 

•Non-linear response of scintillator 

•Optimal thickness? 

•Efficiency (photon, conversion pair timing), angular resolution 

• Photo-detector for active converter

•Gas PM readout: large area and stability for photocathode → extremely challenging 

•SiPM readout: optimal segmentation of scintillator, SiPM coupling 

• MEG II RPC technology for timing layer

•Timing resolution of 40ps is possible? ← Multi-layer (>10 layers) 

•Can be used for timing layer of positron spectrometer → high rate capability
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17Open Questions
• Tracker for photon spectrometer


•Gaseous or Si 

•Not so harsh environment at larger radius of photon spectrometer compared to positron detector → Gaseous tacker is better? 

•Gaseous tracker: drift chamber or TPC 

•Ion feedback at TPC 

•Si tracker 

•Pattern recognition with a limited number of hits 

• Target 
•How does active target do better? 

•Separate or long target → suppress accidental BG 

•Muon polarisation preserved? → measurement of  angular distribution 

• Concurrent  search? 

•Tracker layout consistent with  search? 

•Can it be competitive with Mu3e Phase II sensitivity? 

• How far can we reach? 

•Make sense only if  or better

μ → eγ
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