
MEG II実験陽電⼦タイミングカウンターの
改修結果と運⽤経過

⽶本 拓、他MEG IIコラボレーション
2024年9⽉18⽇ ⽇本物理学会2024年年次⼤会＠北海道⼤学

18aWB106-1



1. Introduction
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Motivation – Mu to E Gamma
❑ Undiscovered charged lepton flavour violation (cLFV) process.
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μ+
γ

e+ 180°

52.8 MeV

52.8 MeV

q The Mu to E Gamma: 𝝁 → 𝒆𝜸, is hypothetical and one of the simplest cLFVs which emits only a 
pair of positron and gamma ray at the same time and with the monochromatic energy.
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Motivation – Mu to E Gamma
❑ Undiscovered charged lepton flavour violation (cLFV) process.
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Common muon decay

e+

νμ

νe

μ+
_

μ+
γ

e+ 180°

52.8 MeV

52.8 MeV

q The Mu to E Gamma: 𝝁 → 𝒆𝜸, is hypothetical and one of the simplest cLFVs which emits only a 
pair of positron and gamma ray at the same time and with the monochromatic energy.

q The most common muon decay mode: 𝝁 → 𝒆%𝝂𝝂, accounts for ~100 % of muon decays.

γ
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a lot of BGs
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❑Mu to E Gamma phase II experiment

❑ Search for the cLFV process μ → eγ
with aimed sensitivity: 𝟔 × 𝟏𝟎#𝟏𝟒

❑ One order better than the UL:
ℬ µ → e γ < 4.2 × 10#&' (MEG, 2016)

-> 𝓑 µ → e γ < 𝟑. 𝟓 × 𝟏𝟎#𝟏𝟑 (MEG II, 2024)

❑ Running continually since 2021 with the 
DC anti-muon beam > 10) 𝜇*/𝑠 at the 
Paul Scherrer Institute (PSI).

Motivation – MEG II

⇨ Currently leading experiment in the search of μ → eγ process !    
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Motivation – MEG II

This talk !!

⇨ Long term operation and renovation of the pixelated 
Timing Counter for positron timing detection.

❑Mu to E Gamma phase II experiment

❑ Search for the cLFV process μ → eγ
with aimed sensitivity: 𝟔 × 𝟏𝟎#𝟏𝟒

❑ One order better than the UL:
ℬ µ → e γ < 4.2 × 10#&' (MEG, 2016)

-> 𝓑 µ → e γ < 𝟑. 𝟓 × 𝟏𝟎#𝟏𝟑 (MEG II, 2024)

❑ Running continually since 2021 with the 
DC anti-muon beam > 10) 𝜇*/𝑠 at the 
Paul Scherrer Institute (PSI).
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q Improve e+  time resolution by 
multiple-pixel-hit scheme.

q Upstream 256 + Downstream 256 
= 512 pixels

q Mean ~ 9 hits (MC, signal e+)

pixelated TC - concept



Detector geometry – pixels on semicylinder
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q 90 cm x 60 cm semi-cylinder module. (165.8 ° < φ < +5.2 °)
q 12 cm × 5 cm (4 cm) × 5 mm plastic scintillator (BC422).
q Read by series connection of  6 SiPMs on both side.

v (AdvanSiD, ASD-NUV3S-P High-Gain, 3 x 3 mm2, 50 x 50 μm2, Vbreakdown ~ 24 V).

12 cm

5 cm4 cm

6 SiPMs

optical fiber for 
laser calibration

reflector (ESR2)



Detector performance so far
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(𝑝! ~ 𝜎"#$%"#&"'( + 𝜎"#$)%*+",)-
( , 𝑝.~ const. )

Period Single pixel time 
resolution (p0)

pTC Overall time resolution
(∑𝜎+,- 𝑛 ×Prob (𝑁./0 = 𝑛))

𝜎+,- 𝑁hit = 9

pilot run 2017 Nov. 90.6 ps 37.3 ps 32.3 ps
2021 Oct. 106.2 ps 42.9 ps 37.1 ps
2023 Jun. 108.2 ps 44.4 ps 38.5 ps
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p0       13− 2.213e±11 − 9.063e
p1       13− 3.321e±11 − 1.156e

 / ndf 2χ  158.1 / 6
p0       13− 2.213e±11 − 9.063e
p1       13− 3.321e±11 − 1.156e

 / ndf 2χ  63.58 / 6
p0       13− 3.755e±10 − 1.062e
p1       13− 6.678e±11 − 1.105e

 / ndf 2χ  63.58 / 6
p0       13− 3.755e±10 − 1.062e
p1       13− 6.678e±11 − 1.105e

 / ndf 2χ  93.45 / 6
p0       13− 3.113e±10 − 1.082e
p1       13− 4.738e±11 − 1.336e

 / ndf 2χ  93.45 / 6
p0       13− 3.113e±10 − 1.082e
p1       13− 4.738e±11 − 1.336e

2017 data

2021 data

2023 data

Overall time Resolution (Even-Odd Analysis) for Michel e+ data in 2017, 2021, 2023
[s]

𝜎HIJ 𝑁hit =
𝑝K
𝑁LMN
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Detector performance so far (2)
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*Single pixel time resolution for Michel e+
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Detector performance so far (2)
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*Single pixel time resolution for Michel e+
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Degradation with following possibilities:
Ø Dark current (radiation damage)
Ø SiPM detachment (mechanical tension / aging)



2. pTC refurbishment
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pTC refurbishment with new SiPMs

❑ For a still long-term operation towards 2026, we renovated the pTC.

❑ We produced new 94 pixels with spare scintillators & new 1128 

SiPMs with a larger sensitive area 4 × 4 mm2 (ASD-NUV4S-P).
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Soldering 6 
SiPMs into 

series 
connection

SiPM array 
test of I-V & 
light yield

Pixel 
assembly

Pixel test of  
timing 

resolution

Pixel 
mounting on 

pTC

2

•  During last collaboration meeting ee discussed the possibility to replace 
some (~100) pTC counters with new counters equipped with 4x4 mm2 SiPM 
(instead of currently used 3x3 mm2). 

•  A small sample (100 pieces) of new SiPMs was already purchased in 
Genova. 

•  I-V curves for each SiPM were measured in PV, then devices were ordered 
and grouped by BD voltage. 

•  We choose 48 SiPMs and built 8 arrays (4x 40mm lenght and 4x 50mm 
lenght)

4x4

3x3

mm2 (new)

3x3 mm2 (old)

New / Old SiPM array Pixels being assembled Pixel mounting work
reported in JPS2024s
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New Pixel Resolutions

4 cm Pixel Resolutions

5 cm Pixel Resolutions

Ø Evaluated time resolution by mean time of ch1 and ch2, with reference counter (𝜎%)/ ~ 30 ps) 
Ø Operation voltages are set on Vbreakdown+3.5 V / SiPMs (scanned for 2 samples).
Ø Regard the average value 7𝜎0 = 67.5 / 74.7 ps (4 cm / 5 cm) as new pixelsʼ time resolution.
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pTC refurbishment – time resolutions in labtest

Labtest with β-ray source Sr90

mean = 67.53
median = 67.50

mean = 74.73
median = 74.75



pTC refurbishment – performance expectation
❑ In 2024 maintenance period, we exchanged 80 pixels on pTC.
❑ Contribution of individual pixel exchange was evaluated as:
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v for 1 event which the exchanged pixel included:

v for a general event:

𝑟1 =
# of 𝑛 hit events with the new pixel

# of all 𝑛 hit events

𝑎 =
time resolution of the new pixel

_𝜎2/3456
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pTC refurbishment – geometry

❑There were some constraints: 
vNumber of pixels: only 94.
v Eager to pick up the extreme bad pixels: resolution > 130 ps, for investigation.
v Pixel size (height = 4 or 5 cm): due to the number of spare scintillators and PCBs (40 (4 cm) + 56 (5 cm)).
v Readout electronics configuration: 8 pixels on 1 readout board, their HVs should be in range of +4V from Vmin.
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Exchanged
positions

pTC refurbishment – geometry

❑There were some constraints: 
vNumber of pixels: only 94.
v Eager to pick up the extreme bad pixels: resolution > 130 ps, for investigation.
v Pixel size (height = 4 or 5 cm): due to the number of spare scintillators and PCBs (40 (4 cm) + 56 (5 cm)).
v Readout electronics configuration: 8 pixels on 1 readout board, their HVs should be in range of +4V from Vmin.
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pTC refurbishment – pixel selection

0 200 400
 pixelID
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mix ('15)
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❑There were some constraints: 
vNumber of pixels: only 94.
v Eager to pick up the extreme bad pixels: resolution > 130 ps, for investigation (-> not reproduced in Lab.).
v Pixel size (height = 4 or 5 cm): due to the number of spare scintillators and PCBs (40 (4 cm) + 56 (5 cm)).
v Readout electronics configuration: 8 pixels on 1 readout board, their HVs should be in range of +4V from Vmin.

8 pixels = 1 board



3. Performance
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Performance evaluation
❑ With the laser system, which is usually used as a pTC calibration tool.

❑ For 2024, muon beam DAQ has not been available sufficiently.
v pTC pixels were subject to summer humidity with poor wrapping after the maintenance.
v troubles on the MEG beamline cooling system, expected be restarted from November.
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LASER light path

Synchronized pulse
as the reference time



Single pixel resolution with laser

❑ Timing resolutions with laser light (not fully reflecting the responses for e+) show
v for h = 5 cm pixels: 50-140 ps -> 50-70 ps
v for h = 4 cm pixels: 50-100 ps -> 50-80 ps

❑ Because we re-plugged the fibers (even broke some) in 2024, the samples are not exactly 
the same.
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*refurbished pixels in 2024 are highlighted
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Start point of MEG II (2021) after HV optimization (2023) after refurbishment (2024)

h=5 h=4 h=5 h=4 cm

pixels with a broken fiber
Pixels became dead; did not showed any signals



Single pixel amplitude with laser

❑ The gain looks like increased more or less from 2023 to 2024.
v The operation voltages of SiPMs in 2023 were optimized by local-maximization of S/N ratio.
v The operation voltages of new SiPMs in 2024 are just +3.5 V from measured breakdownV.
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(preliminary; should be calibrated)

*refurbished pixels in 2024 are highlighted
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Start point of MEG II (2021) after HV optimization (2023) after refurbishment (2024)



Single pixel amplitude with laser

❑ The gain looks like increased more or less from 2023 to 2024.
v The operation voltages of SiPMs in 2023 were optimized by local-maximization of S/N ratio.
v The operation voltages of new SiPMs in 2024 are just +3.5 V from measured breakdownV.
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(preliminary; should be calibrated)

*refurbished pixels in 2024 are highlighted

0 200 400 600 800 1000
 ChannelID

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 H
ei

gh
t [

V
]

Pulse Height of Laser light

0 200 400 600 800 1000
 ChannelID

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 H
ei

gh
t [

V
]

Pulse Height of Laser light

after HV optimization (2023) after refurbishment (2024)



Outlook
❑ MEG II timing counter has been on long-term operation since 2017.

v Aiming to maintain good time resolution to detect time coincidence events.
v Degradation with irradiation and aging had been reported.

❑ 80 pixels (out of 512) refurbishment was done.
v Calculated the improvement factor for each pixel exchange.
v Expected to improve the pTC overall time resolution for signal positron: 

Π1*$2 &)-)'$)3 +",)-
4! ?𝜎+56(!(7(𝑖)

𝜎+56(!(8 ~ 95.3 % ≃
432 + 80 × 67 ps

110 ps
512

q The renewed performance was evaluated only with laser light so far. 
v New pixels show a good time resolution with laser light (50-70 ps).
v Their operation parameters should be more calibrated from labtest ones.
v Still waiting for the more muon data in the coming period of 2024.
v In return of refurbishment, we lose some laser fibers and airtightness to keep dry. 
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Back up
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Single SiPMs - IV curve, grouping

l All the SiPMs operate properly measured for I-Vs and BVs.
Ø To be ordered a company to perform soldering the 6 pieces into one array.

l VBD of single SiPM: 25.8 – 26.9 V
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Detector geometry – pixels on semicylinder



LED test
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Dark current history in 2021

❑93 Days in 2021 + 1 Day ref. in 2023
vTo follow in the same HV config.
vAfter 171 Days under muon beam.

(108 in 2022 + 63 in 2023)

❑Almost all the pixels show the similar 
increment.
vBy +5 - 10 μA for 264 Days.

❑Prediction (converted from 宇佐⾒＠ʼ17秋季⼤会)
v+5 - 7.5 μA

v 2 x 1010 ~50-MeV-positrons /cm2 ~ 6 Gy
v eff. NIEL -> 109 1-MeV-neutrons /cm2
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2023 with 2021 HV

2021 Data

2021 Data 2021 Data 2021 Data

• Most of the channels present a little increment in Dark-currents 
like # 4-7 or # 224-227.

• Others highlight an increment up to a factor two in the Dark-
current.

• Anyway, the last point in the graph is taken at beginning of the 
2023 run, so should be around 200 days. Plot will be made as 
current intensity vs number of muons  

2023 with 2021 HV

2021 Data

2021 Data 2021 Data 2021 Data

• Most of the channels present a little increment in Dark-currents 
like # 4-7 or # 224-227.

• Others highlight an increment up to a factor two in the Dark-
current.

• Anyway, the last point in the graph is taken at beginning of the 
2023 run, so should be around 200 days. Plot will be made as 
current intensity vs number of muons  

2023 with 2021 HV

2021 Data

2021 Data 2021 Data 2021 Data

• Most of the channels present a little increment in Dark-currents 
like # 4-7 or # 224-227.

• Others highlight an increment up to a factor two in the Dark-
current.

• Anyway, the last point in the graph is taken at beginning of the 
2023 run, so should be around 200 days. Plot will be made as 
current intensity vs number of muons  

from 16 Aug. to 17 Nov. (2021) + on 9 Aug. (2023) 

+ 2023 Current at 2021 HV conf.2021 Current 

Majority

modifications



Development in analysis side

❑Radiation damage accumulates more on the inner side of SiPMs.

❑It causes a difference of the response of pixel, on the hit position of a 
passing particle.
vRegard as time offsets depending

on the hit position.
vOffset correction resolves the problem.
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inner

outer

野内@ʼ20年次⼤会
⽶本@ʼ23春季⼤会
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MuEGamma Decay

• One of charged lepton flavor violating (cLFV) decays, which 
is forbidden in the Standard Model.

• Many of the new physics beyond the Standard Model (BSM) 
predict that the branching ratio is 𝒪 (10-13) – 𝒪(10-14 ) 
where an undiscovered particle in 𝒪(10) TeV mediates the 
process.

• Upper limit on the branching ratio was obtained by the MEG 
experiment:  ℬ μ → e γ < 4.2 × 10!"# (90% C.L.)
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Resolution Lab. test

• Set a pixel to the moving 
stage in a thermal chamber 
(~30 degC).
• Apply Vbd + 24 V to each PCB. 
• Triggered with β-ray source 
(Sr90) and reference counter, 
to obtain time resolution for

t = (t1 + t2)/2 – tref

at three positions.
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Time resolution evaluation

❑2 complemental 
methods.
vSingle counter 

resolution evaluation, 
depends on the tave 
from nearby 
counters.

vEven-odd analysis is 
not sensitive to 1st 
order of i-th
systematics on the 
tracking.
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l 𝑡`a`b ∶=
O

c9:;/d
∑(𝑡de

f`gh − 𝑡Kf`gh − 𝑇𝑂𝐹de,K)

l 𝑡ja` ∶=
O
c9:;

∑(𝑡e
f`gh − 𝑡Kf`gh − 𝑇𝑂𝐹e,K)

𝑡hkk ≔
O

c9:;/d
∑(𝑡delO

f`gh − 𝑡Kf`gh − 𝑇𝑂𝐹delO,K)

(single pixel / channel)

𝜎(𝑁LMN) = 𝜎(𝑡`a`b − 𝑡hkk) (even-odd)



Hit rate

❑ 2017 –> 2021: generally, 1/2
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Pixel refurbishment plan

❑SiPM: ASD-NUV3S-P (3x3 mm2 active area) 
-> ASD-NUV4S-P (4x4 mm2 active area)

❑50/48 pixels (4/5cm) will be newly produced.

❑Performance of pixels
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Counter 
Producion

SiPM model note Time resolution 
in Lab. test

# of counters 
installed

Time resolution in 
pTC operation

2016 ASD-NUV3S-P 50x50 um2

pitch
~ 85 ps 448 ~ 95 ps

2018, 
2021 

ASD-NUV3S-P 40x40 um2 ~ 70 ps 40 ~ 80 ps

2023 ASD-NUV4S-P 40x40 um2 ~ 70 ps 16 N.A.
2024 ASD-NUV4S-P 40x40 um2 ~ 70 ps 8 N.A.

2

•  During last collaboration meeting ee discussed the possibility to replace 
some (~100) pTC counters with new counters equipped with 4x4 mm2 SiPM 
(instead of currently used 3x3 mm2). 

•  A small sample (100 pieces) of new SiPMs was already purchased in 
Genova. 

•  I-V curves for each SiPM were measured in PV, then devices were ordered 
and grouped by BD voltage. 

•  We choose 48 SiPMs and built 8 arrays (4x 40mm lenght and 4x 50mm 
lenght)

4x4

3x3



Presumed increment

❑ Presumed increment
v~100 uA (from 2017 commissioning)
v525 days, 30 degC
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• Muon beam
• 2021: 93 Days (16 Aug – 17 Nov)
• 2022: 108 Days (1 Aug – 17 Nov)
• 2023: 63 Days   (7 Jun  - 9 Aug )



Irradiation test (ʻ16-ʼ17)

❑ equivalent to
+100 uA increment for 160V

-> +30 uA @ 10 degC
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pTC: performance so far
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Abstract

The MEG II experiment was designed to improve by an order of magnitude the sensitivity of 4.2 ⇥ 10�13 reached by MEG on
the branching ratio of the µ+ ! e+� decay. The resolution of the positron timing is improved by designing a segmented pixelated
Timing Counter (pTC) where several counters provide independent information. The pTC was commissioned in several engineering
runs as well as in the first year of physics run (2021) at the ⇡E5 beam line at PSI. An average time resolution of 43 ps is obtained
with Michel positrons. Degradation of the performance is observed and a program of partial upgrading the pTC is ongoing.

1. Introduction1

The experiment MEG II [1] is designed to improve by2

about an order of magnitude the sensitivity reached by MEG,3

4.2⇥ 10�13 on the branching ratio of the decay µ+ ! e+�[2]. A4

subdetector of MEG II is the pixelated Timing Counter (pTC)5

which has the role to measure precisely the positron timing to6

reduce the combinatorial background [3]. The time resolution7

is improved reducing the size of counters and measuring the8

positron time independently with several counters. Hence the9

pTC is segmented into 512 scintillation tiles readout separately.10

The pTC was constructed and commissioned at the ⇡E5 beam11

line at PSI during pre-engineering runs in the period 2015-2020.12

During the physics run in 2021 the pTC performed according to13

expectations reaching an average resolution of 43 ps which is14

11% worse than the value reported [4] due to the degradation15

of the performance discussed later in this paper. An upgrade16

program is underway to substitute the counters with worst time17

resolutions.18

⇤Corresponding author. Tel.: +39-0382-987578.
Email address: paolo.cattaneo@pv.infn.it (P. W. Cattaneo)

Figure 1: Single counter resolutions in 2017 (black) and in 2021 (red). The
bumps in resolution around pixel id equal 50 and 300 are due to presence of 5
cm wide pixels.

Preprint submitted to Elsevier July 8, 2022

“Operational results with the pixelated Time Detector of MEG II experiment during the first year of physics data taking”
Nucl. Instrum. and Methods A 1046, 167751 (2023)

• Single counter resolutions estimated with a 
reference time from other counters on the 
same Michel e+ tracks.

𝜎&"#<-)
#)= = 𝜎( 𝑡2"$ − 𝑡%)/ − 𝜎%)/

>-3(

• General degradation from 2017 (black) to 
2021 (red) was observed as well.

https://doi.org/10.1016/j.nima.2022.167751


pTC: performance so far (pulse height)
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“Operational results with the pixelated Time Detector of MEG II experiment during the first year of physics data taking”
Nucl. Instrum. and Methods A 1046, 167751 (2023)
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Figure 2: Upper two rows and third row left: amplitudes in di↵erent runs versus
average amplitudes in 2017; the red dashed lines are the results of linear fits.
Third row right: relation between time resolutions and amplitudes.

2. Operating pTC in Physics Run19

During 2021, we installed the full detector into the spectrom-20

eter magnet at PSI. The pTC consists of two separate sectors21

(upstream and downstream of the target region), each consist-22

ing of 256 counters with sizes of L⇥W⇥T = 120⇥ (40 or 50)⇥23

5 mm3. Each counter is a scintillator tile (Saint-Gobain BC-24

422) readout by two sets of 6 silicon photo-multipliers (ASD-25

NUV3S-P-High-Gain from AdvanSiD) glued on opposite sides26

connected in series. Each counter is readout by an amplifier27

with gain 100, followed by a shaper with pole-zero cancella-28

tion and a high frequency digitizer (WaveDream) operating at29

1.4 GSPS [5]. The beam rate on target was up to 5 ⇥ 107 µ+/s,30

the value to be used in MEG II. The detector temperature was31

controlled at 10 �C to mitigate the dark counts of of SiPMs.32

2.1. Resolution degradation33

From the first commissioning runs the counter signal ampli-34

tude for Michel positrons and correspondingly the time resolu-35

tions have gradually degraded as shown in Fig. 1 for the time36

resolutions and in Fig. 2 for signal amplitudes. That is par-37

tially due to a lower sampling frequency required by the trigger,38

partially to other causes (noise, detachment, scintillator aging,39

SiPM radiation damage) still under study. The e↵ect of SiPM40

detachment, shown in Fig. 3, is a large reduction in signal am-41

plitude. Those counters can be repaired at the end of each run.42

Figure 3: Counter su↵ering detachment: 3 adjacent SiPMs still glued are vis-
ible through the scintillator; 3 SiPMs, 2 on the right and one on the left, are
detached, due to air between scintillator and SiPM, and are hardly visible.
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Figure 4: Time resolution versus over voltage of a single 5x12x0.5 cm3 counter
read out on each side by 6 SiPMs of area 4 ⇥ 4 mm2 compared with the resolu-
tion of the same counter read out with SiPMs of area 3 ⇥ 3 mm2.

2.2. Upgrade43

On the basis of the degradation of performances of a frac-44

tion of the counters, that required the construction of a few tens45

of new counters as spare, we opted for an upgrade of the pTC46

striving to improve its time resolution. We studied the time res-47

olution of counters equipped with 4 ⇥ 4 mm2 SiPMs instead48

of 3 ⇥ 3 mm2 SiPMs. The time resolutions of the same tile49

equipped with di↵erent size SiPMs in Fig. 4 show an improve-50

ment consistent with or better than the expectation based on the51

root square of SiPM area ratio 4/3. The plan is to equip 10052

counters with 4 ⇥ 4 mm2 SiPMs and replace the installed coun-53

ters with lowest time resolution retaining them as spares.54
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ʻ17 vs ʻ21

• Pulse height (=light yield) on each SiPM array
has decreased.

• It strongly correlates to its time resolution. 

https://doi.org/10.1016/j.nima.2022.167751


Pixel assembly
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Examples (1, DS-pTC)
❑Number = channel No.

(e.g. pixel 0 contains ch0-1, pixel 1 contains ch2-3)
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Examples (2, US-pTC)
❑Number = channel No.

(e.g. pixel 0 contains ch0-1, pixel 1 contains ch2-3)
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