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1. Introduction
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Motivation — Mu to E Gamma

A Undiscovered charged lepton flavour violation (cLFV) process.

time positron - gamma

L

900f i hUS
- Entries 60043
[ | Mean -0.02374
[ Std Diev L697.
po 4853 £26
pl 4195 £19.2
P2 £0.00466
P 0.09652 +0.00458

d The Mu to E Gamma: u - ey, is hypothetical and one of the simplest cLFVs which emits only
pair of positron and gamma ray at the same time and with the monochromatic energy.
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Motivation — Mu to E Gamma Common muon decay

A Undiscovered charged lepton flavour violation (cLFV) process.

time positron - gamma

hUS

C [
= Mean -0.02374 p=
[ Std De: L697 :
B Al a lotiof BGs
e shaae | ||

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ N I I i = AIF or RMD

d The Mu to E Gamma: u - ey, is hypothetical and one of the simplest cLFVs which emits only
pair of positron and gamma ray at the same time and with the monochromatic energy.
d The most common muon decay mode: u — evv, accounts for ~100 % of muon decays.
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Motivation — MEG II

Liquid xenon photon detector

COBRA AL (LXe)
nducting magnet S eee s SHIEIIEIE /

superc
\ N‘l 0::s::“

(pTO)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)
(RDC)

Pixelated timing counter

AMu to E Gamma phase II experiment

Q Search for the cLFV process y — ey

with aimed sensitivity: 6 x 10~14

0 One order better than the UL:
B(u—ey) <42x10"13 (MEG, 2016)
>B(u—-ey) <3.5x10°13 (MEG II, 2024)

@ Running continually since 2021 with the
DC anti-muon beam > 107 u* /s at the
Paul Scherrer Institute (PSI).

= Currently leading experiment in the search of 4 — ey process !
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Motivation — MEG II

AMu to E Gamma phase II experiment

Q Search for the cLFV process y — ey

with aimed sensitivity: 6 x 10~14

0 One order better than the UL:
B(u—ey) <42x10"13 (MEG, 2016)

i 11
\ This talk I (£ —>ey) <3.5x 10713 (MEG II, 2024)

Pixelated timing counter
(pTC)

7

@ Running continually since 2021 with the
DC anti-muon beam > 107 u* /s at the
Paul Scherrer Institute (PSI).

= Long term operation and renovation of the pixelated
Timing Counter for positron timing detection.
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pixelated TC - concept

(d Improve et time resolution by
multiple-pixel-hit scheme.

512
counterg‘-

U Upstream 256 + Downstream 256
= 512 pixels

Py

0 Mean ~ 9 hits (MC, signal e*)

0.12

Mean: 9

0.1

0.08

0.06

0.04

Probability

0.02

IT{“1]IIT]III]IIIIIIT T T

1 PRI
14 16 18 20

2 - L4 = ‘6 8 10 12 N
Number of hit counters
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Detector geometry — pixels on semicylinder

6 SiPMs

reflector (esr2) .
optical fiber for
laser calibration

d 90 cm x 60 cm semi-cylinder module. (-165.8° < ¢ < +5.2°)
d12cm x 5cm (4 cm) x 5 mm plastic scintillator (BC422).
d Read by series connection of 6 SiPMs on both side.

% (AdvanSiD, ASD-NUV3S-P High-Gain, 3 x 3 mmz2, 50 x 50 pm?2, Vpreakdown ~ 24 V).
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Detector performance so far

X10_9 Overall time Resolution (Even-Odd Analysis) fOI" MIChel e+ data in 2017’ 2021’ 2023
ST e isae 1
g “E PO | 9.063e-11 =2213e-13 |J
‘g‘ ) Y1 1 Y o — S —— pl.... oo 1156e-11-+ 3321e-13.. ] pO
E - *? / ndf 6358/6 |4 —» o N...) = |—— +
é 0.08 __X .............................. R b0 e g T pTC ( hlt) Nh . 1
TR S N T PL.. . 100511+ 667813 |- It
= g x*/ ndf; 9345/6 §
g 0.06 :_ W ......... ....................................... p0 ........ ........ 1 .082e—10:3.113e—13-E
2 0.05 oo % ........................ pl 1.336e-11 = 4.738e-13 . (po ~ \/ aizntrinsic + Uiznter—pixel y P17~ Const.)
0.04F= ........................... B e, ............................................... =
o 2017 data . .
0.035'5‘2021(13&1 ......... .................................................... ........... TR [:] :
- 2023 data =
0.02_ ................................... TP PP PRPTPPPPPTS Joerer g e e —]
5 10 15
Nhit
Period Single |_)ixel time pTC Overall time resolution 0p1c(Nhie = 9)
resolution (pO) (Z O-pTC(n) XProb (Nhit = Tl))
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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Detector performance so far (2)

*Single pixel time resolution for Michel e+
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Detector performance so far (2)

*Single pixel time resolution for Michel e+
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Degradation with following possibilities:
> Dark current (radiation damage)

> SIPM detachment (mechanical tension / aging)
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2. pTC refurbishment
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pTC refurbishment with new SiPMs

4x4 mm?(new)

Pixels being assembled
reported in JPS2024s R

Soldering 6 : \ \ :

: . SiPM arra Pixel

SiPMs into test of I-V Xz mounting on
series

connection light yield

A

pIC

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

Q We produced new 94 pixels with spare scintillators & new 1128
SiPMs with a larger sensitive area 4 x 4 mm2 (ASD-NUV4S-P).
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pTC refurbishment - time resolutions in labtest

New Pixel Resolutions

Labtest with B-ray source Sr°0  radiation source

8 14 __"I ------ I.I ------ L | ------ L I-I ------ I_l ------ I- T T T | T T T T | T T T T _|
:E — mean = 67 53 4 cm Pixel Resolutions
= - o ik
= 12 __med|an """ 6750 """" 5 cm Pixel Resolutions
10 :_ ........................... .................. ........................... _:
: :
8 :_ ........................... R _ e— L mean:7473 .......................... _:
e 3 N N R S O median =74.75 .. -
4 :_ ........................................................... _:
trigger & reference - -
2 R —L‘ ........................................................... —
: | | | | | | | | | | |_| | | | | | | | | | | | :
%0 60 80 90 100
o, [ps]

» Evaluated time resolution by mean time of chl and ch2, with reference counter (o.ef ~ 30 ps)
» Operation voltages are set on Vyreakdown+3-5 V / SiPMs (scanned for 2 samples).
» Regard the average value 6, = 67.5 /74.7 ps (4 cm / 5 cm) as new pixels’ time resolution.
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pTC refurbishment — performance expectation

Q In 2024 maintenance period, we exchanged 80 pixels on pTC.
A Contribution of individual pixel exchange was evaluated as:

% for 1 event which the exchanged pixel included:

n A 2 A
O single 4 n-1 ) + l ( A )2 _ 1 1 -a? Osingle
2.\~ p2 Csingle T pz \#single] =\ LT T T

i=0

( time resolution of the new pixel)
a =

% for a general event: 5.
single

~ 1 —a? é\'single
O tyc(n) = 1 - )

r,+1-(1-ry,)- =
n

( # of n hit events with the new pixel)
T, =

# of all n hit events

18 Sep. 2024 - JPS 2024 spring Taku Yonemoto - MEG II pTC




pTC refurbishment — geometry

140

—_ — Time resolution map =
T 0 ® &
A ) g
<. | 130 .g
s =
B ® b [ ] 120 §
-1 ' ‘ g
- o0 o0 Q 1o &
B ® o8
-2 R ¢ e
- ® [ ]
— 90
- ®
- o0 00 70
_ 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 80
3100 ~50 0

dThere were some constraints:

% Number of pixels: only 94.

% Eager to pick up the extreme bad pixels: resolution > 130 ps, for investigation.

% Pixel size (height = 4 or 5 cm): due to the number of spare scintillators and PCBs (40 (4 cm) + 56 (5 cm)).
% Readout electronics configuration: 8 pixels on 1 readout board, their HVs should be in range of +4V from V.
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pTC refurbishment — geometry

— Time resolution map 140
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dThere were some constraints:

% Number of pixels: only 94.
% Eager to pick up the extreme bad pixels: resolution > 130 ps, for investigation.
% Pixel size (height = 4 or 5 cm): due to the number of spare scintillators and PCBs (40 (4 cm) + 56 (5 cm)).

% Readout electronics configuration: 8 pixels on 1 readout board, their HVs should be in range of +4V from V.

18 Sep. 2024 - JPS 2024 spring Taku Yonemoto - MEG II pTC



pTC refurbishment - pixel selection

/o,
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QThere were some constraints:-

% Number of pixels: only 94.

>

D)

L)

>

D)

L)
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» Eager to pick up the extreme bad pixéls: resolution > 130 ps, for investigation (-> not reproduced in Lab.).
» Pixel size (height = 4 or 5 cm): due to the number of spare scintillators and PCBs (40 (4 cm) + 56 (5 cm)).
% Readout electronics configuration: 8 pixels on 1 readout board, their HVs should be in range of +4V from V.




3. Performance
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Performance evaluation

Q With the laser system, which is usually used as a pTC calibration tool.

Optical attenuator Optical fibre

B o

| Mode scrambler Photodiode 1%x9

—
——

I Laser
lcontroller

SYNC signal

Optical splitter

. LASER light path

Photodiode signal

| Counter modul: ___________________ 1
Synchronized pulse ¥ ’ l
as the reference time L.l

DAQ electronics

Optical fibre

: (2.5m)
Counter signal

A For 2024, muon beam DAQ has not been available sufficiently.
% pTC pixels were subject to summer humidity with poor wrapping after the maintenance.
% troubles on the MEG beamline cooling system, expected be restarted from November.
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Single pixel resolution with laser *refurbished pixels in 2024 are highlighted

Time Resolution for Laser light

. _ -9
D 0-27‘ T ]! 02)5199‘ e L L 0.2 >‘<1?‘ T T LA B T T
= | T 1 1 | | 1 b | | % ]
o H — i —
ER | | | ‘ ] a ‘ | | | 1 [ h=b h=4 h=5 h=4cm]
L . S S S £ A (P S 015:‘"*‘:015“‘“ g —— —
& | ' P : EERE Y. ;i’ LI g .
B B : .Q Qi ﬂ.. é. ] - § :g ii C{ § ‘ § g :
o ERTER N B
o = e - :
| : ;.'-.-;‘ ﬁ"‘r"- "" SILE XL kfi
- ‘ : [ f o1 1F b - B o : o, (D : . & |
L] 0.05[— : 70_05;, ®o %8 o ‘. 6"’&' _
OT i o N S O : 0‘_9‘ ..... ‘q“ ...................... - — 9@ ‘=: 0 90 i@ : : : :
0 160 260 300 400 500 0 100 noo 300 T 460 500 0 ‘_H.!".“ 44444444444444444444 q-. o . . .“ '_
PixelID : PjxelID 0 4 100 2ﬂp 300 4 300 3 500
R D ; . - PixelID
Pixels became dead; did not showed any signals ~  ----------- A et .

pixels with a broken fiber

Start point of MEG II (2021) after HV optimization (2023)  after refurbishment (2024)

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

A Because we re-plugged the fibers (even broke some) in 2024, the samples are not exactly
the same.
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Single pixel amplitude with laser *refurbished pixels in 2024 are highlighted

Pulse Height of Laser light Pulse Height of Laser light Pulse Height of Laser light
S T 3 T R R e e e L o e s B s
En = 07? Trmmmmmm————————mpm——,e E 0.7; 0 *’E
5} = Co : : : : . E o : : : : : .

4 03 T RN B E

= 02f $— o2 8 =

S I RT=SEER, SR & LSSy O 2 (R o SRR I =
L | ‘: o : : : : H . : : E
000 O 7% 200 "=g0 %00 1000 O 00 1000
ChannelID ChannelID ChannelID

Start point of MEG II (2021) after HV optimization (2023)  after refurbishment (2024)
(preliminary; should be calibrated)

A The gain looks like increased more or less from 2023 to 2024.

% The operation voltages of SiPMs in 2023 were optimized by local-maximization of S/N ratio.
% The operation voltages of new SiPMs in 2024 are just +3.5 V from measured breakdownV.
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Single pixel amplitude with laser *refurbished pixels in 2024 are highlighted

Pulse Height of Laser light Pulse Height of Laser light
08T 17— 1 1 T 3 08— T T T T

HiHHiHHiH\f

HH;HH;HH;\H

. . . . .‘ .‘ | B} . | | . ..V. . | | .:I | | l0..! i. . EEnR y " EEEEEEEEEEEEE R EY s s@Qg Pan s Pr
— 500 1000 0= 800 1000
ChannellD ChannellID

after HV optimization (2023) after refurbishment (2024)
(preliminary; should be calibrated)

A The gain looks like increased more or less from 2023 to 2024.

% The operation voltages of SiPMs in 2023 were optimized by local-maximization of S/N ratio.
% The operation voltages of new SiPMs in 2024 are just +3.5 V from measured breakdownV.
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Outlook

QA MEG II timing counter has been on long-term operation since 2017.
% Aiming to maintain good time resolution to detect time coincidence events.
% Degradation with irradiation and aging had been reported.

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

67 ps
52024 1) 0 (432 + 80 x g )
Hl th selected pixel O.gr%?, ~95.3% \ = 512

d The renewed performance was evaluated only with laser light so far.
% New pixels show a good time resolution with laser light (50-70 ps).
% Their operation parameters should be more calibrated from labtest ones.
% Still waiting for the more muon data in the coming period of 2024.
% 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

IVAII SiPM Break Down Voltages
= = = x2 / ndf 150.5/ 15
< 10tk R 160/— Constant 136.3+5.0
s E ﬂ“ - Mean 26.32+0.01
3 C l’“!zig 140— Sigma  0.2281+ 0.0048
= sy E
107 - ;EI 120:—
- 100—
10?2 80—
- 60—
10 o 40—
2 . . & :
._‘: 5 e 17 L
F ! i 20_—
L1y A T T T T T 0:‘ Lo o b v Lo o by by by I N O |
20 22 24 26 28 30 32 256 258 26 26.2 264 266 268 27 272 274 276
Bias Voltage (V) BreakDown (V)

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

® Vp of single SiPM: 25.8 - 26.9 V
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Detector geometry — pixels on semicylinder
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LED test
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Dark current history in 2021

Q93 Days in 2021 + 1 Day ref. in 2023 2021 Current |+ 2023 Current at 2021 HV conf,

«To follow in the same HV config. from 16 Aug. to 17 Nov. (2021) | + on 9 Aug. (2023)
% After 171 Days under muon beam.

(108 in 2022 + 63 in 2023)

Majority

2021 Data

QAlmost all the pixels show the similar
increment.

+By +5 - 10 pA for 264 Days.

dPrediction (converted from FER@ 1 7IEASR)
& +5- 7.5 pA

% 2 x 1010 ~50-MeV-positrons /cm?2 ~ 6 Gy
% eff. NIEL -> 10° 1-MeV-neutrons /cm?
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Development in analysis side

dRadiation damage accumulates more on the inner side of SiPMs.
inner

N‘:ﬁ'“ v.s. Pixel-local vw
18006
b rﬁ [
16000 [
14000 7
12000
10000
8000
6000
4000
2000

N
Reco. v [cml

% 4 0 3 7d

Reco. w [cm]
AIt causes a difference of the response of pixel, on the hit position of a
passing particle. Tl
“*Regard as time offsets depending zzf;g
on the hit position. oo
% Offset correction resolves the problem. jo‘s’
Bre20&ErAS b
KAQ2IBEAS °
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MuEGamma Decay T —

« 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 0 (10-13) — 0(10-14)
where an undiscovered particle in 0(10) TeV mediates the
process.

« Upper limit on the branching ratio was obtained by the MEG
experiment: B(u > ey) <42x10713 (90% C.L.)
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Resolution Lab. test

 Set a pixel to the moving radiation source

stage in a thermal chamber
(~30 degC).

* Apply V4 + 24 V to each PCB.

- Triggered with B-ray source
(SroY) and reference counter,
to obtain time resolution for  CHI

t=(4 +4)/2 -t
at three positions.

CH?

trigger & reference
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Resolution Lab. test

"05r(3.7MBq) : E < 2.2MeV B-ray

v 6 irradiated SiPMs were set at one side
v On the other side, reference SiPMs were
set to check the measurement system

time resolution (one side)
O'(tsignal - tref) ~ G(tsignal)
t : picked up time of the channel

Domino Ring Sampling chip : DRS
Waveform digitizer used in MEG

Trigger counter
o(trer) ~30ps

scintillator
with teflon

: 5x5x5mms3
3x3 mm?
MPPC

HPK SiPM S10362-33-050C

»

v

v
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Time resolution evaluation

{eCO _ t(l)‘eco _ TOFL’O)

1
® tie = n

(single pixel / channel)

® teven = l/zz(treco reco TOFZLO)

1
todd = i /22(6?—?2 reco T0F21+1 0)

U(Nhit) = U(teven - todd) (even-odd)
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Q2 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.



Hit rate
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Pixel refurbishment plan

ASiPM: ASD-NUV3S-P (3x3 mm?2 active area)
-> ASD-NUV4S-P (4x4 mm? active area)

A50/48 pixels (4/5cm) will be newly produced.

QAPerformance of pixels

Counter SiPM model note Time resolution # of counters | Time resolution in
Producion in Lab. test installed pTC operation

2016 ASD-NUV3S-P 50x50 um? ~ 85 ps ~ 95 ps
pitch

2018, ASD-NUV3S-P 40x40 um? ~ 70 ps 40 ~ 80 ps

2021

2023 ASD-NUV4S-P 40x40 um? ~ 70 ps 16 N.A.

2024 ASD-NUV4S-P 40x40 um? ~ 70 ps 8 N.A.
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Presumed increment

« Muon beam
« 2021: 93 Days (16 Aug — 17 Nov)
« 2022: 108 Days (1 Aug — 17 Nov)
« 2023: 63 Days (7 Jun -9 Aug)

d Presumed increment

% ~100 uA (from 2017 commissioning)
%525 days, 30 degC

24 hours
31 hours + 55 min

0.2346 pA x x 7 days x (25 x 3) weeks~93uA (5.1)

18 Sep. 2024 - JPS 2024 spring Taku Yonemoto - MEG II pTC




Irradiation test (‘16-'17)

1072

Q equivalent to 6 series IV curves
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pTC: performance so far

Single counter resolutions
« Single counter resolutions estimated with a

LI ] T T T T I L L L l_

107

O.ZXI T T T | T T T T I T T
reference time from other counters on the

same Michel et tracks.
old?

new __ 2 . B
Osingle — \/U (thit tref) Oref

_~
2]
-

©

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

1 1 l 1 1 1 1 I 1 1 1 1 l—

1 1 1 1 I 1 1 1 1 I 1 1
100 200 300 400 500
pixelid

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

pTC: performance so far (pulse height)

Amplitude comparison Amplitude comparison Amplitude comparison Resolution vs Amplitude
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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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https://doi.org/10.1016/j.nima.2022.167751

Pixel assembly
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SiPM al‘l‘ayS IV curyv Vgp Of array ~ 156 -160 V

|-V Curve Raw (array S-20F) I-V Curve after Moving Average (array S-20F) |-V Curve Raw (array S-20D) |-V Curve after Moving Average (array S-20D)
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Light yield check

LE D | |g ht - LED pulse height, array R-01 in 2024 ref.
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Examples (1, DS-pTC)

ANumber = channel No.
(e.g. pixel 0 contains ch0-1, pixel 1 contains ch2-3)

= FARRRURTETY 1o FYTY RRRT1 FRUTA AAOTY FATI AT
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Examples (2, US-pTC)

ANumber = channel No.
(e.g. pixel 0 contains ch0-1, pixel 1 contains ch2-3)

45—79% Fo7i2

S RYRTY FTRTE RARTY SATA ATRTE FARTA AUV
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