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● Positron Tracker (incl. Vertex Detector)
➢ high rate tolerance (+++)

➢ good vertex resolution (+++)
 

● Converted Photon Tracker
➢ high spatial resolution (+++)

➢ good directional resolution (+++)

➢ low efficiency (---)
 

● Active Muon Stopping Target
➢ precise decay vertex (+++)

➢ technologically challenging (---)
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•Quite difficult based on MEG concept


•Need a totally different approach

How to Reach  Sensitivity?𝒪(10−15)

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.

？
MEG

MEG II

MEG:  
Experimental setup and result

• The MEG experiment aims to search for μ+ → e+ γ with a sensitivity of ~10-13  (previous 
upper limit BR(μ+ → e+ γ) ≤ 1.2 x 10-11 @90 C.L. by MEGA experiment) 

• Five observables (Eg, Ee, teg, ϑeg, ϕeg) to characterize μ→ eγ events
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Signature

Backgrounds
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A. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C73 (2013) 2365

B(µ+ ! e+�) < 4.2⇥ 10�13

Full data sample: 2009-2013 
Best fitted branching ratio at 90% C.L.:

A. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C76 (2016) no. 8, 434 



Wataru OOTANI  “Conceptual Design and R&D Activities for a Future  Search”, Workshop on a Future Muon Program at Fermilab, Mar. 29th, 2023μ → eγ

4

•Set up to follow-up the discussions in HIMB Physics Case Workshop (April 2021) and the write-up (https://

doi.org/10.48550/arXiv.2111.05788)  and to devise solider experimental concepts for future  search


•Open discussions on designs and technologies for future experiment. Not limited to a specific design


•Photon

•Conversion spectrometer


•Scintillator + gaseous tracker (W. Ootani, F. Renga)


•Silicon (A. Schöning)


•Calorimeter (A. Papa)


•Positron

•Gaseous detector (F. Renga)


•Silicon (A. Schöning)

μ → eγ

Study Group for Future  Search Experimentμ → eγ

https://doi.org/10.48550/arXiv.2111.05788
https://doi.org/10.48550/arXiv.2111.05788
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Pair spectrometer would be a viable option for photon detector at future  experiment with higher beam rateμ → eγ

Calorimeter 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)

Calorimeter Pair spectrometer
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•Energy loss of conversion pair in converter

⇒ Active converter to measure energy loss

Active Converter

100 um Pb 560 um Pb

Energy of conversion pair after converter (MC)

•Low efficiency

⇒ Multi-layer


⇒ Heavy active material
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•Experimental design based on pair spectrometer

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


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


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


•Significantly improved acceptance especially for zenith-angle → angular distribution measurement after discovery

μ → eee

Experimental Design under Consideration
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(2 T)

50 cm
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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+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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 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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10Pair Spectrometer with Active Converter

Reminder

Active conversion layer

•Thin active material to measure energy loss 

of conversion pair


•Possible technologies


•Scintillator + photo-detector


•Silicon detector

Tracking layer

•Measure momentum of conversion pair


•Possible technologies


•Drift chamber (a la MEG II CDCH)


•Radial-TPC


•Silicon detector Timing layer

•Measure timing of returning 

conversion pair


• in front of active converter


•Possible technologies


•Multi-layer RPC (mRPC)


•Active converter = timing detector

Tracking layer

γ

Timing layer

Energy loss measurement

e+e-

e- e+

γ

Timing measurement

e+

Ac6ve converter
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•Scintillator as active converter material


•Light yield → energy resolution


•Decay time → high rate capability


•Radiation length → detection efficiency


•Critical energy → effect of bremsstrahlung (difficult to 
measure)


•Cost


•Photo-sensor for scintillation readout


•Requirements: high light detection eff. + low mass


•Photo-detector under consideration


•GasPM


•SiPM

Active Converter

Scintillator

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

scintillator Silicon

Density

[g/cm3] 3.7 7.4 5.1 5.4 1.0 2.3

Light yield

(relative to NaI) 100% 75% 160% 70% 30% -

Peak Emission

[nm] 415 420 380 370 400 -

Decay time

[ns] 230 40 16 27 2-4 -

Radiation 
length [cm] 2.6 1.1 1.9 2.7 43 9.4

Critical energy* 
[MeV] 13 12 12 23 93 39

Hygroscopicity Yes No Yes No No -

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



Wataru OOTANI  “Conceptual Design and R&D Activities for a Future  Search”, Workshop on a Future Muon Program at Fermilab, Mar. 29th, 2023μ → eγ

12

•Started simulation study with simple setup


•Estimate total energy which can be measured with converter + 

tracker


•Efficiency is estimated with event fraction for 

 

 (Target energy resolution: )


•Resolution for conversion pair tracker is not taken into account

E > (52.8 MeV − 2 × me) − δE

2δE = 0.2 MeV

Active Converter

Simulation Study

Convertor study/Event display
2021年8月2日
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LYSO 4mm, gamma: 52.8 MeV

blue        : electron (conversion) 
red         : positron (conversion) 
magenta : electron (ionization) 
brown     : electron (photo-absorption) 
green     : photon

理想的なシチュエーション
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コンバーションペアが散乱で曲がっている(特にpositron) 
制動放射光も2個外に逃げている 
electronの途中からδ-rayが見える
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簡易セットアップでconversionを検証/エネルギー

9

 - e+e-がコンバーターを出ていくときのエネルギー + コンバータ内で落としたエネルギー 
　- コンバータ内で落としたエネルギーは、e+e-ペアの落としたエネルギーだけでなく、 
　　例えばブレムスで生じた光子が再びコンバータ内で反応して落としたものも含んでいる 

 - 52.8 MeVからこの値をひいたものが、コンバータでもその後のトラッカーでも見ることが 
　できないエネルギー (missing energy)

Linear

LYSO, 厚さ5mm, ガンマの入射角度0° 

Log

Gamma-ray 
 - energy  : 52.8 MeV 
 - number : 100,000 
 - Direction : vertical to convertor 
LYSO 
 - thickness : 5 mm
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e-
e-

この瞬間のエネルギー

コンバータ内でのdep. E
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5− 4− 3− 2− 1− 0 1 2 3 4 5
x [mm]

5−

4−

3−

2−

1−

0

1

2

3

4

5

y 
[m

m
]

5− 4− 3− 2− 1− 0 1 2 3 4 5
z [mm]

5−

4−

3−

2−

1−

0

1

2

3

4

5

y 
[m

m
]

5− 4− 3− 2− 1− 0 1 2 3 4 5
x [mm]

5−

4−

3−

2−

1−

0

1

2

3

4

5

z 
[m

m
]

Entry: 10

Convertor study/Event display
2021年8月2日

4

 - event display

blue        : electron (conversion) 
red         : positron (conversion) 
magenta : electron (ionization) 
brown     : electron (photo-absorption) 
green     : photon

コンバーションペアが散乱で曲がっている(特にpositron) 
制動放射光も2個外に逃げている 
electronの途中からδ-rayが見える

LYSO 4mm, gamma: 52.8 MeV

gamma

gamma



Wataru OOTANI  “Conceptual Design and R&D Activities for a Future  Search”, Workshop on a Future Muon Program at Fermilab, Mar. 29th, 2023μ → eγ

13

•Efficiency


•Efficiency saturates with increasing thickness due to energy escape by increasing bremsstrahlung and loss of conversion pair


•Heavy scintillator has a higher detection efficiency despite lower critical energy ← Some of bremsstrahlung can be absorbed in converter


•10% with 4 layers of LYSO(3mm-thick)


•Issues


•Multiple scattering ⇒ worsening position/direction resolution


•Segmentation required to mitigate pileup

Active Converter

Simulation Study

0 2 4 6 8 10 12 14
thickness [mm]

0

0.005

0.01

0.015

0.02

0.025
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0.035
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0.045

0.05

E
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cy
 (

1 
la
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r)

LYSO
Si
YAP

Plastic (thickness x1/10)
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 - 各素材・厚みでのefficiency (単層) 
 - 52.8 MeV eventの数はコンバーター内のE dep. と コンバータを出ていくe+e- pairの 
    エネルギーの和が51.8 MeVとなるイベント数 (1 MeV分はe+e-生成に必要) 
   - 100,000eventのうち、[51.8-0.1, 51.8+0.1] MeVのイベント数を数えてefficiencyを算出 
 - 最初はconversion prob.が増えていくのでefficiencyが増えるが、厚くしすぎると制動放射や対消滅が増えてefficiencyが 
　減っていく

Gamma-ray 
 - energy  : 52.8 MeV 
 - number : 100,000 
 - Direction : vertical to convertor

Convertor study/52.8 MeV/summary plot
2021年8月10日

1 layer 2 layer 3 layer 4 layer
0

0.02

0.04

0.06

0.08

0.1

0.12

E
ffi

ci
en

cy

LYSO (3mm)
Si (5mm)
YAP (7mm)
Plastic (100mm)

17

 - 各素材・厚みでのefficiency (複層) 
 - 各素材で単層で最も良いefficiencyが良かった厚みで2, 3, 4層にしたときのefficiency 
 - 最も高いLYSO 4層でも10%程度しかない

Gamma-ray 
 - energy  : 52.8 MeV 
 - number : 100,000 
 - Direction : vertical to convertor

Convertor study/52.8 MeV/summary plot
2021年8月10日

Prelimina
ry

Prelimina
ry

(N.B. Effect of pileup hit of returning conversion pair is not taken into account)
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•Segmentation


•Segmentation to mitigate pileup by returning conversion pair


•Optimisation of segmentation is in progress. Observed slight worsening of efficiency.

Active Converter

Simulation Study

No pileup

Pileup

Prelimina
ry

Segment size: 12.5 × 25 × 4 mm3

Prelimina
ry
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•Expected photoelectron statistics for LYSO + SiPM


•Mean energy deposit for MIP (3mm-thick LYSO): 3.36MeV → 6.72MeV for conversion immediately after incidence


•Light yield: 


•2200 p.e. measured with  and 2×SiPM (S13360-2050VE, , )


⇒  (p.e. statistics)


•Photoelectron statistics should be enough


•Other potential contributions to energy resolution


•Position dependence of photoelectron yield → not very large (a few ). In any case, can be corrected with measured 

conversion position


•dE/dx dependence of scintillation light yield → not very large

4 × 104 photons/MeV

30 × 30 × 4 mm3 2 × 2 mm2 50 μm

σE ∼ 140 keV

%

Active Converter

Energy Resolution
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•Target resolution: 40ps for MIP (→ 30ps for conversion pair)


•Technology options


•Converter = Timing layer


•mRPC as timing layer


•LYSO converter as timing layer


•CMS MIP Timing Detector HL-LHC: 30ps with LYSO bar ( )


•multi-layer RPC (mRPC)


•DLC-RPC technology developed for MEG II US-RDC


•Single p.e time resolution of 110ps achieved for single layer RPC 194μm (not optimised for timing)


•Optimisation for timing under study


•Thinner gap


•Higher efficiency and timing resolution with multi-layer

3 × 3 × 50 mm3

Timing Layer

Technology Options

MTD Barrel Sensor performance 

11.07.2019 8 Adi Bornheim, Precision Timing with the CMS MIP Timing Detector 

 30 ps and below achieved in test beam measurements. 
 Uniform time response and resolution across sensor area 
 Combination of two SiPMs per LYSO crystal  improves resolution 
 

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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17LYSO Beam Test
•Beam test @KEK PF-AR beam line, Nov. 16-21, 2022


•Electron beam 0.5-5GeV


•Two types of LYSO

•Standard LYSO, Fast LYSO (FTRL)


•  wrapped with ESR


•SiPM: S14160-3015PS ( ), S14160-3050HS ( )


•Waveform digitizer: DRS4 (1.6 GSPS)

3 × 5 × 50 mm3

3 × 3 mm2, 15 μm 3 × 3 mm2, 50 μm

LYSOs

Timing ref. counter

Beam

Moved 
along Y-axis

3x3mm SiPMs

LYSO

LYSO

50mm

5mm

3mm

Timing ref. 
counter

SiPM

SiPM

SiPM

SiPM

LYSO LYSO
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18LYSO Beam Test

Standard LYSO

Standard LYSO

Fast LYSO

Fast LYSO

•Analysis

•Time pickup @ leading edge


•Time-walk correction by TOT


•Time resolution is estimated in two methods


• 


• 


•Good timing resolution of  for fast LYSO

σ(tside a − tside b)/2

σ((tside b + tside b)/2 − ttiming ref. counter)

40 − 50 ps

Timing ref. 
counter

side a

side b
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20All Silicon  Detectorμ → eγ

 

A. Schöning, Heidelberg                                                              4                                            HiMB Workshop, 7.April 2021

γ

e+

pixel
layers

20 cm

e+

e-

Silicon Pixel Tracker for MEG 

● Positron Tracker (incl. Vertex Detector)
➢ high rate tolerance (+++)

➢ good vertex resolution (+++)
 

● Converted Photon Tracker
➢ high spatial resolution (+++)

➢ good directional resolution (+++)

➢ low efficiency (---)
 

● Active Muon Stopping Target
➢ precise decay vertex (+++)

➢ technologically challenging (---)

→ high resolution allows for high muon-stopping rates ( R
µ
 )     →    high single event sensitivity (SES)

Nacc

Nsig

≝ Bacc ∝ Rμ σ ( pe) σ(Eγ)
2 σ(Θe γ)

2 TIME RESOLUTION
IS HERE IGNORED

 

A. Schöning, Heidelberg                                                              2                                            HiMB Workshop, 7.April 2021

Monolithic Active Pixel Sensors 

What a 1-2 m2 tracker based on MAPS can do in about 5 years:
● MAPS simplify construction; commercial technology
● ultra-thin designs are possible (e.g 50 µm sensor thickness)
● pixel sizes as small as 25 µm x 25 µm are possible, in principle

and specifically High Voltage-MAPS (HV-MAPS):

● high rate/radiation for HV-MAPS up to 108 particles/s/cm2  
● high bandwidth for HV-MAPS → continuous readout
● time resolution ~1 ns  (~4 ns already reached with ATLASpix3)

What it can not do:
● sub-nanosecond time resolution on a large scale
● thin sensors <30 µm (just stack of metal layers and transistors → 20 µm )

● other miracles (e.g. low power and fast timing at the same time)

→ Ivan’s talk yesterday

assumptions for the following

MuPix10 ladder

=> focus on spatial resolution

HV-MAPS for Mu3e
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21All Silicon  Detector

Active Converter

μ → eγ

 

A. Schöning, Heidelberg                                                              18                                            HiMB Workshop, 7.April 2021

Measure Statistical Energy Loss?

Idea: Active Converter             
● critical energy is  E

crit
 ~ 35 MeV in silicon 

● average e+/e- energy is 25 MeV 
● ionisation loss dominates → can be measured 

600 µm Si

600 µm Si

600 µm Si

● Measure energy loss and conversion point in Si
● Could also be used for precise timing → <100ps?
● Caveat: only small radiation length possible

→ to be simulated

∑=1.8mm →  2% X
0

OPTION A

50 µm Si

50 µm Si

OPTION B

scintillator/
calorimater

photon

e+

e-

● Measure energy loss in thick scintillator
● good timing possible <100ps
● Caveat: need to be segmented (curling tracks)

● possible at all?

~5-10% X
0photon

e+

e- → Wataru’s talk
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22All Silicon  Detector

Active Target
μ → eγ

 

A. Schöning, Heidelberg                                                              23                                            HiMB Workshop, 7.April 2021

Possible Gain of Active Target?

● vertex position uncertainty from extrapolation: ~120 µm  (6 mrad x 20 mm)

● best achievable spatial resolution in stopping target:  ~12 µm

➢ resulting photon direction resolution:  → Θ(γ) ~0 mrad

➢ electron direction resolution given by 

multiple scattering in stopping target: → Θ(e) ~3 mrad (for 30 µm silicon thickness)

µ-beam

5 · 109 µ/s
(assumption)

Idea: 
measure vertex position more precisely

Conclusion: only 30 µm thin stopping target makes sense, since gain would be marginal 
otherwise! 

inner vertex layer

inner vertex layer

active 
stopping targetx

x
20 mm

120 µm

6 mrad

for 50 µm Si-layer → Θ
MS

 = 6 mrad
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24Gaseous Positron Trackers toward 109 - 1010 µ/s

• Some improvement in the resolution could come from the 
cluster counting technique (not a huge factor), then we 
are at the ultimate performances for drift chambers


• Future R&D should aim to:


- preserve such good resolutions


- keep the same (or reduce the) material budget


- operate at extremely high rates
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25Drift Chamber

• The rate per wire can be reduced with an 
alternative arrangement of the wires


• Transverse wires (in the xy plane):

- inspired to the geometry of the Mu2e tracker

- more, shorter wires -> lower rate per wire


- Same rate per wire as MEG II with ≳ 10 times 
larger muon rate

Z

The main challenge is the material 
budget  

• very light wire supports

• no electronics in the tracking volume 

—> long transmission lines
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26Radial Time Projection Chamber

• Unconventional radial geometry to mitigate effects related 
to long drifts (diffusion, space charge)


- radial extension O(10 cm):

Need to develop a radial TPC with cylindrical 
MPGD readout, ~ 2 m long and ~ 30 cm 

radius 

Need to find a very light gas mixture to 
operate it with reasonably low diffusion 

Need to develop advanced algorithms for 
correcting field deformations

E

e+

Readout plane

E

Drifting electrons

Ionization sites

Readout surface

E

B

B
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27Radial Time Projection Chamber

Feasibility Study

• Simulation at 109 µ/s


• One should consider ~ 250k readout channels


- challenging FE integration and cooling in the outer surface of 
the cylinder with a reasonable material budget (~ few % X0)

cfr. ALICE GEM-TPC ~ 10 nA/cm2 Assuming 5 x 3 mm2 pads 

Time spread of electrons 

arriving to the same pad
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28Gaseous Conversion Pair Tracker

• Low rate —> much less demanding w.r.t. positron trackers

e+

𝛾
µ+

Low efficiency at low 

momentum in this region

(even for a graded B field)

e+

𝛾
µ+

Cylindrical MPGD

(e.g. cylindrical GEM, 

cfr. BES-III and KLOE)

Wire chamber

Radial TPC
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29Gaseous Conversion Pair Tracker

Feasibility Study

e+e- reconstruction in a 
radial TPC 

with strip readout 

WORK IN PROGRESS

X [mm]

Y 
[m

m
]Typical waveform

X [mm]

Y 
[m

m
]

True tracks
Reco track 
(time resolved CoG)

• Ideal case (no diffusion, very fast signal shape and electronics)

Resolution

Signal rise/fall time = 10 ns

ADC sampling rate = 200 MSPS 

Resolutions are evaluated in two coordinates (w1, w2) 
in a virtual plane orthogonal to the track, 

with w2 almost parallel to z

TPC mode

CoG mode

! = angle btw. track and radial direction
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31Calorimeter for Photon Detector
Future developments: Large LaBr3(:Ce) and LYSO crystals

14

• LaBr3(:Ce): Ideal medium due to ultra high light yield LY (1.65 x LY(NaI)), ultra-fast response, high density (relative compact 
size)  

• LYSO: Very attractive medium (excellent alternative to LaBr3(:Ce)). The very-high density and the fast response compensate 
for the reduced LY (0.70 x LY(NaI)) 

• Comparison with other scintillators via the figure of merite F.o.M. = 

Scintillator Density ! [g/cm3] Light Yield LY [ph/keV] Decay time " [ns] F.o.M. √ (! x LY / ")

LaBr3(:Ce) 5.08 63 16 4.55

LYSO 7.1 27 41 2.17

YAP 5.35 22 26 2.13

LXe 2.89 40 45 1.61

NaI(Tl) 3.67 38 250 0.75

BGO 7.13 9 300 0.46

p
(
⇢ · LY

⌧
)

Projections

Calorimetry(“MEG” approach):  

Eγ : 0.8%  
tγ  = 30 ps   
Xγ ~ O(3-5) mm   
εdet : 60%   

Acceptance :  70% 

18

• Based on the current technology development the calorimetry is still an option for beam rate not higher than 5 108 mu/s
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32Calorimeter for Photon Detector
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Charge

D = 7 cm, L = 16 cm, LYSO  = 1.69(6) %  µ/σ

(Ce)
3

D = 9 cm, L = 20 cm, LaBr  = 2.52(8) %  µ/σ

D = 15 cm, L = 16 cm, LYSO  = 0.444(10) %  µ/σ

(Ce)
3

D = 15 cm, L = 20 cm, LaBr  = 0.94(3) %  µ/σ

Photons detected per SiPM on the inner surface 
of an ultimate big crystal
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x = -81.1, y = 87.9

Energy Resolution at O (50 MeV)

Carbon 
fiber

Al2O3 PCB where the 
MPPC/SiPM are 
soldered

Quartz window

LYSO crystal

Flexprint cables to 
connect the MPPC 
board to the 
feedthroughs

 The first large prototype is under construction (D = 7 cm and L = 16 cm)

• Goal: Detect photons with energy O(50) MeV with ultra-precise time resolution and supreme energy 
resolution at the Intensity Frontiers 

• LYSO or LaBr(Ce) big crystals

• Photosensor: MPPC/SiPM for a front and back readout

• Use granularity for geometrical reconstruction

• MC simulations based on GEANT4 and including the photosensors and the electronics. Reconstruction algorithm 

based on waveform analysis

Expected 
performances: 

• 𝞂e/E [%] = 1.7(1)

• 𝞂t [ps] = 35(1)

• 𝞂tx,y,z [mm] = 3-5

Ultimate performances

• 𝞂e/E [%] —> 0.3-0.4

• 𝞂t [ps] —> 30

• 𝞂tx,y,z [mm] = 3-5



Wataru OOTANI  “Conceptual Design and R&D Activities for a Future  Search”, Workshop on a Future Muon Program at Fermilab, Mar. 29th, 2023μ → eγ

33

•R&D efforts for future  search with  sensitivity with higher intensity muon beam


•Open discussions on designs and technology options for future experiment


•Different R&D activities ongoing

•Pair spectrometer with active converter


•All silicon  detector


•Gaseous detector


•Calorimeter with high performance scintillator


•Further studies with more detailed simulations and prototypes will come.


•We would greatly appreciate your participation in our effort!

μ → eγ 𝒪(10−15)

μ → eγ

Summary


