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MEG experiment
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Searching for LFV decay μ→eγ
The latest result (2009+2010 data) : B < 2.4×10-12

Sensitivity goal of MEG (until 2013) : B ~ 6×10-13

[PRL 107.171801(2011)]
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Plastic scintillator plate

Support structure

FIG. 28: Pixelated timing counter at one side which is composed of many small scintillator plates.

C. Pixel Module Design

Fig. 29 shows a possible design of the single pixel module. The geometry of the scintillator plate is not optimized yet, but the
typical dimension can be 30(H) ⇥ 60(L) ⇥ 5(W) mm3. The scintillation light are collected by three SiPMs at either end of the
scintillator plate. The three SiPMs at each end are connected in series and the summed signal is directly sent to the waveform
digitizer which is described in Sec. X. The positron impact time for the single pixel is obtained by averaging the times measured
at both sides.
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FIG. 29: Possible design of the single pixel module.

Upgrade
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Several studies are ongoing for the 
upgrade of MEG to improve the sensitivity 
by one order of magnitude, O(10-14).

• 2-3 times higher beam intensity
• LXe γ detector upgrade with MPPC
• Unique volume gas chamber
• Active target / SVT / Pixelated e+ timing counter...

Large volume tricker
  - TPC
  - Cylindrical drift chamber
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Pixelated plastic timing counter
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VII. POSITRON TRACKER

A. The new MEG drift chamber

We propose to build a unique volume, cylindrical wire drift chamber, with the axis parallel to the muon beam, inspired to
the one used in the KLOE experiment [20]. The external radius of the chamber is constrained by the available room inside the
magnet of the MEG experiment while the length is instead dictated by the necessity of:

• avoiding any material along the positrons path to the timing counter in order to increase the positron e�ciency;

• tracking positron trajectories until they hit the timing counter to minimize the contribution of the track length measurement
to the positron timing resolution.

The minimal length of such a chamber is ⇠180 cm. Drift cells will have almost square shape (eight field wires surrounding the
central anodic wire). A sketch of the chamber is shown in Fig. 12 where only two layers of wires are shown.

FIG. 12: Sketch of the new MEG drift chamber geometry FIG. 13: The pattern of anodic wires with three tracks
originating from the central target superimposed

Cells are placed along the beam axis, with alternating stereo angles in order to reconstruct the coordinate along the axis of
the chamber by combining the information of adjacent layers. The stereo angle varies from 8� in the outermost layers to 7� in
the innermost ones. The side of the cell is 7 mm in order to keep the occupancy of the innermost wires at reasonable values.
The innermost wires can be placed at roughly 18 cm from the beam axis where the rate turns out to be ⇠1 MHz for a stopping
rate of 7 ⇥ 107µ/s. With the same gas mixture of KLOE (He/Isobutane (90/10%) ), the maximum drift time in a cell is ⇠150 ns,
corresponding to a ⇠15% occupancy of the innermost wires.

The distribution of cells inside the magnet volume is dictated by the angular coverage of the calorimeter. Fig.13 shows the
pattern of anodic wires for three 52.8 MeV/c tracks originating from the target and with no momentum component out of the
plane. The number of anodic wires is ⇠1200 while the cathode wires are ⇠6400. The gas chosen is a low Z mixture, which
minimizes the e↵ects of multiple scattering. In Tab. V we show the average contribution to the multiple scattering of the various
materials for tracks contained in a plane perpendicular to the beam axis. The corresponding total number of radiation lengths for
the new chamber is substantially smaller than that of the current MEG drift chamber (1.7⇥ 10�3 radiation lengths). This implies
not only that the multiple scattering contribution to the momentum and angular positron resolutions is reduced with respect to
the previous MEG spectrometer, but also that the rate of background photons in the electromagnetic calorimeter, generated by
positron annihilation in the chamber, is lower.

We performed a first evaluation of the mechanical feasibility of the new chamber by simulating, within a commercial Finite
Elements Analysis program (FEA)[21], a model composed of two circular aluminum end-plates with an equivalent thickness of
20 mm (corresponding to a 30 mm end-plate with slots for PCB cards where wires are soldered) kept in position by a 1.8 meter
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(a)3D view (b)x � y view

(c)z � x view

FIG. 70: Event display of TPC-based tracker by Geant4-base simulation with three view points. Blue trajectory indicates the generated positron
and red indicates the hits recorded in the TPC fiducial, respectively.

gas volume. The TPC design also takes the same approach to address this.
In addition to this we plan to improve the tracking accuracy by increasing the number of sampling points along a positron

track as the DRAGO drift chamber does. The present tracker system is based on the modularized drift chambers, and thus, the
number of possible ionization positions, the so-called hits, is limited. Consequently, the reconstructed momentum resolution
and angular resolutions are somehow limited. With this principle, the TPC-based tracker is also possible to bring tremendous
improvement for that, because the TPC can provide a complete 3D pictures of charged track in its fiducial volume.

In order to adopt the TPC-based detector idea for the MEG positron spectrometer, there is one important issue to be addressed
first, namely, the orientation of time-projection. The commonly adopted method by many experiments is projecting the charged
trajectory onto the plane which is perpendicular to the beam axis, i.e. projecting along the beam axis. However, it is di�cult
to adhere the same idea for the MEG positron spectrometer, because of the limited space to install the front-end electronics.
In addition, very long projection distance is necessary in case we adopt time projection along the beam axis, approximately 3
m, which will potentially lead to a technical problem to maintain the electric field, and also poor spatial resolution caused by
electron di↵usion during drift.

In consequence, for the MEG positron spectrometer, we have to adopt the “radially-projecting” TPC which consists of:

• electrodes which establish an electric field to make electrons drift radially, and

• electron detection device cylindrically curved to fit the shape of the inner face of the COBRA magnet.

In order to investigate the possibility to realize such a challenging detector idea, intensive simulation work is progressing, and
some prototypes are being planned. The simulated event display for the TPC-based positron spectrometer is shown in Fig. 70
with three di↵erent view points.

14aSK-6 : 岩本

13pSG-9 : 藤井

14pSK-4 : 西村



LXe detector : new configuration

4

23
E

Even wider inner face
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A

Present detector
Present

Upgraded

Inner face,
2” PMT → Smaller device

•  Better uniformity
•  Precise position
•  Higher detection efficiency

Slant angle of lateral PMT
•   Better uniformity

Wider inner face
•   Reduce energy leakage

γ

γ



LXe detector : new configuration
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Present Upgraded

computer graphics

12×12 mm2 MPPC
~ 4000 ch

2 inch PMT
216 ch



Possible improvements
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(a) Present configuration (w < 2 cm) (b) Present configuration (w � 2 cm)

(c) Upgraded configuration (w < 2 cm) (d) Upgraded configuration (w � 2 cm)

FIG. 58: Energy responses of the LXe detector in the simulation with present (a,b) and the upgraded (c,d) detector configurations. Responses
for the shallow (a,c) and deep (b,d) conversion events are shown separately.

FIG. 59: Energy resolutions as a function of added noise level in the simulation. E↵ective sigmas of the upper edge (red markers) are obtained
by scaling the HWHMs of the upper edge. FWHMs using both edges are shown in blue markers.
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(a) Present configuration (w < 2 cm) (b) Present configuration (w � 2 cm)


(c) Upgraded configuration (w < 2 cm) (d) Upgraded configuration (w � 2 cm)

FIG. 58: Energy responses of the LXe detector in the simulation with present (a,b) and the upgraded (c,d) detector configurations. Responses
for the shallow (a,c) and deep (b,d) conversion events are shown separately.

FIG. 59: Energy resolutions as a function of added noise level in the simulation. E↵ective sigmas of the upper edge (red markers) are obtained
by scaling the HWHMs of the upper edge. FWHMs using both edges are shown in blue markers.
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FIG. 58: Energy responses of the LXe detector in the simulation with present (a,b) and the upgraded (c,d) detector configurations. Responses
for the shallow (a,c) and deep (b,d) conversion events are shown separately.
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FIG. 58: Energy responses of the LXe detector in the simulation with present (a,b) and the upgraded (c,d) detector configurations. Responses
for the shallow (a,c) and deep (b,d) conversion events are shown separately.

FIG. 59: Energy resolutions as a function of added noise level in the simulation. E↵ective sigmas of the upper edge (red markers) are obtained
by scaling the HWHMs of the upper edge. FWHMs using both edges are shown in blue markers.
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σ=1.0%

Studies on energy resolution :12pSH-8 : 金子

σ=2.1%

σ=0.6%

σ=0.5%

10% higher detection 
efficiency (MC)

Actual resolution could be worse than MC.



Development of new MPPC for LXe

• Detection of VUV light (~178 nm), PDE of commercial produce is nearly zero

• Remove the protection coating

• Anti-reflection coating

• Thinner p+ layer

• Operation in LXe

• Matching of refractive index

• Quenching resistance at low temperature

• Package design
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Photon Detection Efficiency
• PDE ~10% already achieved. Sensor 

production parameters are being 
optimized now.

• 28 samples with different conditions 
( no protection coating )

• Better anti-reflection coating + 
thinner surface insensitive layer p
+ (SampleA-F x 2)

• Surface material with better 
matching to LXe refractive index 
(SampleG, H x2 )

• There is no PDE data available around 
175nm from Hamamatsu. 

• Any further improvement?

PDE for VUV

✤ PDE for VUV is nearly zero for commercial 
product.

✤ Low transmission for VUV to sensitive region 
due to
✤ Protection coating (epoxy resin/silicon rubber)
✤ Insensitive layer (p+ layer with no E-field)

✤ Absorption length in Si for VUV photon: ~5nm

✤ Possible solution
✤ Remove protection coating
✤ Thinner p+ layer 
✤ Optimize reflection/refractive index on sensor 

surface

VUV

E field
Protection coating

p+
p-
n++
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Collaboration with HAMAMATSU Photonics



Test setup

• Test facility at PSI

• 2l-LXe in small cryostat

• 9 MPPC samples are installed

• Alpha source (241Am)

• O(100) p.e. on 3×3mm2 MPPC

• PDE measurement

• Time resolution measurement

• Pre-amplifiers are located outside of the 
chamber

• Digitization of waveforms using domino-
ring sample (DRS) at 0.7 or 1.6 GHz 
sampling rate
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LED

LEDAm
3 x MPPC
3 x MPPC

3 x MPPC

Am
Am



Summary of the previous JPS meeting

• Tests of special MPPC samples in a small LXe chamber

• Confirmed that the samples work in LXe

• Gain : >106

• PDE ~ 10% (correction for cross-talk and after-pulsing was not done)

• Dark rate is suppressed by O(105) at LXe temperature

• 1 p.e. peak is visible with 4x4 monolithic array (connected in parallel)
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Tested samples

• 1×1 mm2 , 3×3 mm2  and 4x4 monolithic 
array (12×12mm2)

• 25, 50 or 100 μm pitch

• Options of the structure

• Protection layer is removed (A-H)

• Thinner p+ layer (AD, BE, CF)

• Anti-reflection coating (A-C,D-F)

• Refractive index matching for LXe (G,H)

10

7 new types (A,B,C,D,E,F,G,H) of MPPCs and their variants are tested
But we can’t show details of parameters. (Even we don’t know)

3x3 mm2 single monolithic array
(We need this size)

1x1 mm2 single



Quenching resistance
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At room temperature : resistance of all samples ~100 kΩ
At LXe temperature : resistance become larger
                                  by same amount for the same type

* second measurement of the same G sample to check reproducibility

100 kΩ

200 kΩ

300 kΩ

400 kΩ

A B C D E F G H G* F(100μm)

C
om

m
er

ci
al

Pr
od

uc
t

sample 1, LXe temp
sample 2, LXe temp
sample 1, room temp
sample 2, room temp

Poly-silicon quenching register : higher resistance at low temperature



Waveform

12

• We see narrow or wide 1 p.e. pulses (charge is same)
• Present at room temperature and at LXe temperature
• Only samples A-F  (Related to the thinner p+ layer ?)
• The fraction depends on types
• The reason is unknown so far

200 ns

1204-F-1-50 waveform

• Narrow waveforms sometimes 
appear.

912年5月27日日曜日
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1204-F-1-50 waveform

• Narrow waveforms sometimes 
appear.
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Photo-crosstalk (CT) and afterpulsing (AP)
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Cross-talk, after-pulse
• First method : use dark count measurement

• cross-talk+after-pulse probability = 
#1.5p.e./#0.5p.e.

It is difficult to set 0.5p.e. 
threshold at Lower voltage 

due to noise.

• Second method : use small intensity LED light 

• cross-talk + after-pulse probability = 
(1peExpected-1peMeasured)/1peExpected

• 1peExpected can be estimated from a mean value of 
poisson distribution ( mean = -Log(0pe probability)
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Method :
   estimating CT+AP probability using the deviation from Poisson statistics

• LED data with triggering by LED and 
readout with a common clock

• Expecting probability of 1 p.e. from 
measured 0 p.e. probability

• Deviation from Poisson statistics

Charge [a.u.]

Over voltage [V]

C
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 p
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y

 Poisson mean = -Log(P0pe,meas)

 PCT+AF = (P1pe,exp - P1pe,meas) / P1pe,exp

Gain

✤ All samples with 50!m pixel pitch show similar gain ~106 .
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Gain
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PDE

✤ Effective PDE after subtracting effect of optical crosstalk (5-20% prob.) and 
afterpulsing (10-30% prob.)

✤ Effective PDE ~10% achieved for best samples (type G)
✤ Small contribution from NIR component of LXe scintillation (~1% level) 

included.
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PDE
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• Higher “Raw PDE” than reported in previous JPS meeting. Improvement of 
production.

• Corrected PDE of type G is 10% for LXe scintillation, and two samples show 
almost same behavior.

• The total number of p.e. observed with LXe detector using 11% PDE MPPC is 
same as the present detector because of higher light collection efficiency

Gain

✤ All samples with 50!m pixel pitch show similar gain ~106 .
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Measurement of timing 
resolution

• Measure a time difference between two MPPC samples of the same alpha event

•  Subtract a fluctuation of photon statistics, and estimate a photoelectron jitter.

時間分解能の測定
• 3つの素子について同じアルファ事象からのシンチ光の時間差
• フォトンの統計の寄与を差っ引いて、光電子のジッターの寄与を見積もる
• 光電子のジッターはおよそ200ps以下
• 心配されていたドリフトによるジッターは大きくなさそう

22

photoelectron jitter 
less than 200ps

Not a big issue

TF-TH

TF-TG

TG-TH

ΔT [nsec] ΔT [nsec]

ΔT [nsec]

Time resolution

15

241Am

F
G

H
• Time resolution is measured using 5 MeV α from 241Am in LXe
• Contribution of scintillation statistics is de-convolved

σ1pe ~ 100-160 ps

Photon Detection Efficiency
• PDE ~10% already achieved. Sensor 

production parameters are being 
optimized now.

• 28 samples with different conditions 
( no protection coating )

• Better anti-reflection coating + 
thinner surface insensitive layer p
+ (SampleA-F x 2)

• Surface material with better 
matching to LXe refractive index 
(SampleG, H x2 )

• There is no PDE data available around 
175nm from Hamamatsu. 

• Any further improvement?

PDE for VUV

✤ PDE for VUV is nearly zero for commercial 
product.

✤ Low transmission for VUV to sensitive region 
due to
✤ Protection coating (epoxy resin/silicon rubber)
✤ Insensitive layer (p+ layer with no E-field)

✤ Absorption length in Si for VUV photon: ~5nm

✤ Possible solution
✤ Remove protection coating
✤ Thinner p+ layer 
✤ Optimize reflection/refractive index on sensor 

surface

VUV

E field
Protection coating

p+
p-
n++
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Result :



Package design
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40

PCB
MPPC

FIG. 52: MPPCs mounted on PCB strip.

FIG. 53: Assembly of 93 PCB strips on the inner wall of the � entrance window.

2. Cable and Feed-through

It is not an easy task to transmit 4092 MPPC signals to DAQ electronics without introducing noise or distortion. We have to
pay attention to pickup noise, cross-talk, and limited space in the cryostat and the feed-through etc. In order to overcome such
issues, we are considering the possibility of using multi-layer PCBs with signal lines surrounded by ground lines. Those can
be used to mount MPPCs directly on the inner wall of the cryostat and to transmit signals via feed-through. For example, 44
MPPCs can be mounted on a PCB strip; 22 signal lines embedded in the strip can transmit signals to each end. As shown in
Fig. 55, 22 signal lines are distributed to two layers due to the limited width (15 mm). Each layer has 11 signal lines, and both
sides of a signal line are covered by ground lines to minimize e↵ects of cross-talk etc. Then, the each layer containing signal

MPPC PCB

Cryostat inner wall

Thin metal wire streched 
from both end

FIG. 54: Possible scheme of alignment of the MPPC PCB strips (cross-sectional view on x-y plane at a given z). The PCB strips are pressed
to the cryostat inner wall by thin metal wires stretched along �-direction.
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FIG. 52: MPPCs mounted on PCB strip.

FIG. 53: Assembly of 93 PCB strips on the inner wall of the � entrance window.

2. Cable and Feed-through

It is not an easy task to transmit 4092 MPPC signals to DAQ electronics without introducing noise or distortion. We have to
pay attention to pickup noise, cross-talk, and limited space in the cryostat and the feed-through etc. In order to overcome such
issues, we are considering the possibility of using multi-layer PCBs with signal lines surrounded by ground lines. Those can
be used to mount MPPCs directly on the inner wall of the cryostat and to transmit signals via feed-through. For example, 44
MPPCs can be mounted on a PCB strip; 22 signal lines embedded in the strip can transmit signals to each end. As shown in
Fig. 55, 22 signal lines are distributed to two layers due to the limited width (15 mm). Each layer has 11 signal lines, and both
sides of a signal line are covered by ground lines to minimize e↵ects of cross-talk etc. Then, the each layer containing signal

MPPC PCB

Cryostat inner wall

Thin metal wire streched 
from both end

FIG. 54: Possible scheme of alignment of the MPPC PCB strips (cross-sectional view on x-y plane at a given z). The PCB strips are pressed
to the cryostat inner wall by thin metal wires stretched along �-direction.
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Quartz window

Sensor chip

Ceramic

FIG. 50: Possible design of MPPC package.

The sensor active area is covered with a thin quartz window for protection. The window is not hermetic; there is a gap between
the sensor and the window where LXe penetrates in during the detector operation. High quality VUV-transparent quartz such
as Asahi Glass AQ2 and Shinetsu SUP-P700 is used for the window. Fig. 51 shows the transmission e�ciency as a function of
wavelength for Asahi Glass AQ2, where we can see that the transmission is quite high for the LXe scintillation light of 175 nm.
It should be noted that the reflection loss is smaller than shown in the figure since both sides of the quartz window touch LXe
which has the refractive index close to that of the quartz window (LXe: 1.64, quartz: 1.60).

FIG. 51: Transmission e�ciency as a function of wavelength for high quality VUV-transparent quartz (Asahi-Glass AQ2).

The MPPCs are mounted on a PCB strip as shown in Fig. 52. Each PCB strip has 44 MPPCs in a line along z-direction and 93
strips are arrayed along �-direction on the inner wall of the detector cryostat (Fig. 53). The total number of MPPCs is 4092. The
MPPC package has four electrode pins (two pins connected to the sensor chip and two dummy pins just for stable alignment)
and is plugged in socket pins on the PCB. This mounting scheme allows easy replacement of the MPPC module in case it is
necessary.

The signals from the MPPCs are transmitted on signal lines of the PCB which are designed to be well shielded from both
outside and adjacent channels and to have 50⌦ impedance. Similar PCBs are used in the feedthrough of the cryostat as described
in Sec. IX C 2.

It is important to precisely align the PCB strips on the inner wall of the detector cryostat and to minimize the gap between the
strip and the wall since LXe in this gap deteriorates the �-ray detection e�ciency and causes an undesirable low energy tail in
the energy response function of the detector. We can have mechanical structures on the cryostat to fix the strips, but only at both
ends of the strip, outside the acceptance. Even small distortions of this thin and long PCB strip could, therefore, be an issue.
Fig. 54 illustrates a possible scheme to firmly fix the PCB strips on the cryostat wall, where the PCB strips are pressed to the
wall by using several thin metal wires stretched along �-direction.

Quartz window

Ceramic
Sensor

MPPC Mounting PCB 

• 44 MPPCs are mounted on ~15 × 800 mm2 PCB strip.

• 22ch MMCX connectors at either end

• Fixing mechanism on detector cryostat wall is not yet decided.

•

1

44 MPPC

93 strips



Feedthrough
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PSI electronics group is designing PCB to mount 
MPPCs and for feedthroughs
  - Impedance : 50 Ω
  - Multilayer PCB
  - Single PCB for feedthrough include 72 channels
  - Six PCBs are glued through a DN160 flange

Sketch of a unit structure of PCB
(detailed design is being done)

• Readout ~4000 ch with preventing too much 
attenuation

• High density feedthrough
• Avoid pickup noise at feedthrough

DN160 flange

PCB

110 mm

100 mm



Plan
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• By this Nov. (R&D)
•  R&D of UV MPPC
•  PCB feedthrough test
•  Readout technologies

• In 2013
•  MPPC/feedthrough/cable/connector production
•  Electronics
•  Prototype assembly & beam test

• By autumn 2014
•  Detector construction

Prototype (CG)

γ

R&D for LXe detector
• Development of VUV (LXe 

scintillation~175nm) sensitive 
MPPCs with Hamamatsu

• PDE ~ 10% achieved

• 4x4 Monolithic array MPPCs signal 
are connected in parallel, and 1p.e., 
2p.e. are observed in LXe. 

• Next step is to make large-area 
MPPC with >10x10mm2 (this month)  

• Prototype detector 

• to demonstrate the performance 

• 70L LXe, 576 MPPCs on gamma 
entrance face and 180 PMTs on 
the other faces

32

T=165K

CG

3212年9月6日木曜日

Prototype cryostat



Summary

• MPPC studies for MEG LXe detector upgrade

• Test with a small LXe cryostat

• Gain > 106, PDE ~10%

• Best result with G type (refractive index matching for LXe)

• Time resolution for 1 p.e. : ~100-160 psec

• Tests with larger MPPCs to be done

• Design of mounting PCB and feedthrough are on-going

• Prototype test will be done in the next year

• Construction of the upgraded detector in 2014

19



Backup



How an event looks like

21Computer graphics

~4000 MPPCs (15 x 15 mm) on the γ ray entrance face
Development of new large MPPC for LXe PMT

PPD
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Waveforms
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Waveforms
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Gain

✤ All samples with 50!m pixel pitch show similar gain ~106 .
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Gain

✤ All samples with 50!m pixel pitch show similar gain ~106 .
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