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"The design of the MEG II experiment" 
Eur. Phys.J.C 78, 380 (2018)

• Search for cLFV process µ → e γ
with aimed sensitivity: 6 x 10-14

• An order better from the current 

upper limit: ℬ μ → e γ < 4.2 × 10!"#

(MEG result, 2016)

• The physics run started in 2021
• Analysis on 2021 data: 

Eur. Phys. J. C 84, 216 (2024)

• Analysis on 2022 data: 
18aT2 - 6, 7

18pT3 - 6, 7

21pT1 – 3, 4

MEG II pTC

https://link.springer.com/article/10.1140/epjc/s10052-018-5845-6
https://link.springer.com/article/10.1140/epjc/s10052-024-12416-2


pixelated Timing Counter (pTC)
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• Improve e+  time resolution 
by multiple-pixel-hit scheme.

• Upstream 256 + Downstream 
256 = 512 pixels

• Mean ~ 9 hits (MC, signal e+)

Concept
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• Upstream 256 + Downstream 256 = 512 pixels
• 12 cm × 5 cm (4 cm) × 5 mm plastic scintillator (BC422).

• Read by series connection of  6 SiPMs on both side.
(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)
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• Single counter resolution:

𝑝! = 𝜎"#$%"#&"'( + 𝜎"#$)%*+",)-(

90.6 ps (2017) → 108 ps (2023)

• Overall resolution:

)
.!"#

𝜎+/0 𝑁hit × 𝑟𝑎𝑡𝑒(𝑁1"$)

37.4 ps (2017) → 44.4 ps (2023)

𝜎'()*+!,'-*.
/ : precision of the    

timing calibration

Period 𝐭𝐞! resolution for 9 hits 
pilot run 2017 Nov. 37.1 ps
2021 Oct. 38.4 ps
2023 Jun. 38.5 ps

5 10 15
 Nhit
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[s
]  / ndf 2χ  158.1 / 6

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]

𝜎+,- 𝑁hit =
𝜎./01./2.3
4 + 𝜎./0516+.758

4

𝑁9.0
+ const.
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Dipartimento di Fisica, Università degli Studi di Pavia, Via A. Bassi 6, 27100 Pavia, Italy

c
INFN Sezione di Genova, Via Dodecaneso 33, 16146 Genova, Italy

d
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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&"#2-)
#)3 = 𝜎( 𝑡1"$ − 𝑡%)4 − 𝜎%)4

5-6(

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

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

References55

[1] A. M. Baldini et al., Eur. Phys. J. C 78 (380) (2018) 1.56

[2] A. M. Baldini et al., Eur. Phys. J. C 76 (8) (2016) 1.57

[3] P. W. Cattaneo et al., IEEE Trans. Nucl. Sci. 61 (5) (2014) 2657.58

[4] M. Nishimura et al., Nucl.Instrum.Meth.A 958 (2020) 162785.59

[5] S. Ritt et al., Nucl. Instrum. Meth. A623, (2010), 486.60

2

ʻ17 vs ʻ18 ʻ17 vs ʻ19

ʻ17 vs ʻ20

y=0.82x

  

  

  

y=0.94x y=0.96x

y=0.83x

bias +0.5 V

20℃, 2.0 GSPS

10℃, 2.0 GSPS 15℃, 1.8 GSPS

15℃, 1.8 GSPS

10℃, 1.4 
GSPS

20℃, 2.0 GSPS

20℃, 2.0 GSPS

y=0.81x

20℃, 2.0 GSPS

15℃, 1.8 GSPS

20℃, 2.0 GSPS

20℃, 2.0 GSPS

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
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2.1. Resolution degradation33
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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
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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.
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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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Pixel refurbishment plan
• SiPM: ASD-NUV3S-P (3x3 mm2 active area) 

-> ASD-NUV4S-P (4x4 mm2 active area)

• 46+40 pixels will be newly producted.

• 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



Counter Production
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Single SiPM
test

Soldering into 
series 

connection

SiPM array 
test

Counter 
assembly

Counter test

• IV-curve • IV-curve
• Pulse height

• Time resolution
with voltage, position

the procedure is as reported by ⻄村＠JPS2015秋季⼤会

• 6 SiPMs with similar VBD are grouped and soldered 
into series connection on PCB.

• The temperature is controlled by a thermal 
chamber and set to 30degC through the tests. 



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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hHeight R-01
Entries  10001
Mean   0.2111
Std Dev    0.02818

 / ndf 2χ  75.62 / 59
Width     0.000376± 0.002683 
MP        0.0008± 0.2023 
Area      0.27± 23.87 
GSigma    0.000± 0.025 
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MP        0.0008± 0.2023 
Area      0.27± 23.87 
GSigma    0.000± 0.025 

LED pulse height, array R-01 in 2024 ref.

Light yield check

Prototype in 2023
measured in 2024 
as ref.
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h
Entries  10001
Mean   0.1974
Std Dev    0.0275

 / ndf 2χ  56.33 / 53
Width     0.000483± 0.003918 
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GSigma    0.00060± 0.02322 
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Rough estimation of improvement
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𝜎+! = #
,

-"#$ 𝜎,.

𝑁/01
. ~

𝜎
𝑁/01

𝑡2 =
∑,
-"#$ 𝑡,
𝑁/01

𝜎1 ≃ 𝜎

𝑁𝜎! → 𝑁 1 − 𝑝 𝜎! + 𝑁𝑝 𝑎𝜎 ! = 𝑁 1 − 1 − 𝑎! 𝑝 𝜎!

1 − 1 − 𝑎. 𝑝
𝜎
𝑁/01

~ 0.95
𝜎
𝑁/01

𝑝 ≃
1
5
, 𝑎 ≃ 0.7

• Detail estimation will be done by Toy MC simulation.
• The results will be compared, and the improvement factor will be considered whether useful.

improvement factor



Summary
• MEG II timing counter has been on long-term operation.

• Resolution degradation had been expected and reported.

• 96 pixels (out of 512) refurbishment plan is ongoing
• IV test, pulse height test has been done.
• Counter test is ongoing.
• Will resolve them for coming years of MEG II run. ~ 5%

21 Mar. 2024 - JPS 2024 spring Taku Yonemoto - MEG II pTC 17



Ongoing!
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Back up
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LED test
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Dark current history in 2021
• 93 Days in 2021 + 1 Day ref. in 2023

• To follow in the same HV config.
• After 171 Days under muon beam.

(108 in 2022 + 63 in 2023)

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

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

• 2 x 1010 ~50-MeV-positrons /cm2 ~ 6 Gy
• 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.
• Regard as time offsets depending

on the hit position.
• Offset 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.
• Single counter 

resolution evaluation, 
depends on the tave 
from nearby 
counters.

• Even-odd analysis is 
not sensitive to 1st 
order of i-th
systematics on the 
tracking.
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l 𝑡5;5/ ∶=
<

=789/4
∑(𝑡4?

153@ − 𝑡A153@ − 𝑇𝑂𝐹4?,A)

l 𝑡C;5 ∶=
<
=789

∑(𝑡?
153@ − 𝑡A153@ − 𝑇𝑂𝐹?,A)

𝑡@DD ≔
<

=789/4
∑(𝑡4?E<

153@ − 𝑡A153@ − 𝑇𝑂𝐹4?E<,A)

(single pixel / channel)

𝜎(𝑁9.0) = 𝜎(𝑡5;5/ − 𝑡@DD) (even-odd)



Pixels
• 4cm, 5cm
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New Pixels
• 4cm, 5cm
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Hit rate
• 2017 – 2021 ~ generally halved
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Presumed increment

• Presumed increment
• ~100 uA (from 2017 commissioning)
• 525 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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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, DS-pTC)
• Number = channel No.

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

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

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