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Charged lepton flavor is well conserved in any
observations

Prediction from the standard model with neutrino L.
oscillation Br(u — ey) ~ 10™>* ool
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Discovery of CLFV decay 4 — ey is clear oeb LN, D ....... - ................ ...........
evidence of BSM physics = N

Current best limit: . = ,“ . v

r—h
<
~
1Ll
=
=
<
I

| L 1 1 I | .| [ | I . | I | I . . |
1980 1990 2000 2010 2020
Year

MEG Il experiment in 2024 e

Br(u — ey) < 3.1 x 1071° at 90%CL
(EPJC 84, 216 2024)

1970



ut — ety signal & background

u — ey signal
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E,E, ~ 3523 MeV
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Background
Accidental background is our dominant source
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Dominant #

Efficiency crucial

Nsig « Rux T x Br(u—ey) x €
NBG « Ru2 x AEe x AOey2 x Atey x T

T / Good resolution crucial

for statistics

to lower the accidental
Beam rate Resolutions Elapsed time background (Ngg)



MEG Il Experiment

Paul Scherrer
Institute In

. Switzerland
900 | Liquid Xenon y Detector P ADEASZ 00 i,
w/ VUV-sensitive 4092 12x12mm2 MPPC Becdssng Y. N
+ 668 2” PMTs IS SIRE RS e NG s
e 590 MeV

’ | i 2.4mA proton
Y < Upstream ring cyclotron
Downstream g* X | P 98
# | muon rate:
Radiative Decay Counter ' Gamma-ray (y) \ 4x107/s
Further reduction
of radiative BG SC Mag net

W/ Cylindrical Drift Chamber
x2 resolution i Single volume
Positron small stereo cells

more hits

everywhere

y Pixelated Positron

Timing Counter

Target sensitivity :
d y 30ps resolution w/ multiple hits

6x10-14 (90%C.L.)
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Events / (50 ps)

Events / (5 mrad)
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Events / (50 keV)

Events / (5 mrad)

Data & fit results
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Maximum likelihood analysis to

eStimate Nsig
and RMD PDFs from ¢ meas.

Accidental BKG PDFs from
sideband data

No excess was observed with
the first 7-week data in 2021

Combined result of MEG and
MEG Il 2021 provides the most
stringent limit on the Branching

ratioB(u — ey) < 3.1 x 10713

(f) Relative signal likelihood



MEG |l prospects

MEG Il experiment will accumulate the

physics data until 2026

The PSI accelerator will be in shutdown from
2027 due to an beam line upgrade plan (HIMB)

up to 1010 p/s

The target sensitivity of the MEG I
Br(u—ey)~(5-6)x10-14 @90%C.L.

In parallel, 2022 analysis Is ongoing.

The results will be published soon
better sensitivity than MEG

Sensitivity BR(ut—e*y)
S

10713

1074

021

90% upper limit sensitivity

3o discovery at 90% power

MEG sensitivity (90% C.L.)

MEG limit (90% C.L.)

MEG+MEG Il 2021

2023 (exp.)

I I I I
10 20 30 40 50 60 70 80
DAQ livetime [Weeks]



MEG Il Liquid Xenon
Detector and MPPC




MEG Il Liquid Xenon Sideview 1

Detector and MPPC 900 L Liquid Xenon 1 jquid xenon

Homogeneous
Position, timing, energy Heavy (3 g/cm) :

measurements of 52.8 MeV vy E'g;\l(,geﬂcy',ee?; fomy

C-shape to fit the superconducting magnets scintillation light readout

)
decay time : 45ns (Yy) /
Depth 38.5cm (~13Xo)

Top view PMT.
Thin entrance window

% E; | c for y (honeycomb structure) : 0.075Xo
Qg : o | 66 cm (horizontal) x 140 cm (arc)
I | 1 ©
; !
668 PMTs | v\Y 4092 MPPCs (S10943-4372)
5immo | A 15x15mm?2 by HPK
R9869 by HPK ! , 1 | immersed in LXe (0.029Xo from MPPC)
QE~15% | o Sensitive to VUV-light (175nm)
I - Operational at 165K

All the waveforms are recorded by WaveDREAM (DRS4)
9 1
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Muon target

" Inner face

MPPC

'Bottom face




15 mm

MPPC (SiPM) for MEG Il LXe detector

Quartz Wlndow (0.5 mmt) for protection Coaxial cable (~12m) “Hybrid” connection

Signal in series,
not hermetic -@ -
HV in parallel
‘ - N | lT-ﬁ )

| L ’ —
[ | 5.| . I
2 2 I I | l |
A 7 | I | |
> e | K : | 2k :
| - |
¢ .‘ ig | :-; LA, | : I_T_ 22nF : +HV
- T | Parallel
G—— ) . | I | Ik I - 10 . Iara . e
12 mm 4 sensor chips | | " : z
(~6x6mm=each) | o | ° 5
S — | |m2 F | g VM ,h
e ] e e
“Ceramic base : | : 'k : F WW )
% | | 1k 10— —
7 | If! _.| g
| : :t—tzan : 15500 400 2200 ) 0
50um pixel pitch ; MG ___ _Series e
No protection layers | ! : 10
for VUV-sensitive | -~ ' & sp
o e = Ly i
Metal quench resistor MPPC PCB g M ﬂ w M l ’ |
for low T N
isE- Slgnal decay time: 30ns

o | N N N N 1 N
—-600 —200 0
] O Time [nsec]



Event rate [Hz/mmz]

Performance In
the test setup

- Evaluated In the test

setup with 2| LXe

. Dark countrate . -
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MPPC calibration in the MEG |l LXe detector

-+ Measured gain and ECF of 4092 MPPCs as a function of serial numbers
- Production lot dependences observed

W

=1800*10 . w 3ST T T Ty H
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MPPC monitoring (stability over time)

Average MPPC gain

Gain and ECF are
sufficiently stable
for
long term operation

average ECF
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MPPC PDE decrease

m 02— 77— 777
top face (73 PMTs - S .
p face ( ) 2 0182017 12019 2021 :
| outer face - 2018 2020 -
_ (234 PMTs 0.161 o .
eeeete @ R =106 cm) 004 =
downstream face TP VO - § 5
(144 PMTs) — 0.12F . =
ceee@er @@ \ 0.1 . \-' —
upstream face SRS
R (144 PMTs) 0.081- s B
inner face 0.06— 5""‘“"»-‘ ~—— -
(4092 MPPCs, [poaeengfenn 0.04- - -
R =65 cm) 66 cm - .
| T t . 0.02 —
----- ungsten wire - 1x10"2
bottom face J x10

| El | El | | | I 1 | 1 1 I | | | | | |
e 241Am source spot O0 100 200 300 400

(73 PMTs) Stopped muons

- MPPC PDE monitored by a peaks.

PDE decrease was observed when we started using muon beam, and was
not stopped
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PDE decrease mechanism

lonizing particle VUV light visible light

. . @ Hole
@ Electron

Passivation layer

‘a0 @ () @ ®@ Electric field
co o Si

Recombunatlon

'
'
'
\ 4

O.OX

Avalanche

amplifucatio]V

|
|
|
|
v
Avalanche 1

amplification

Particle Dose/Fluence
Gamma-ray 1 X 10~* Gy << 240Gy
Neutron 3x 10°cm™ (1 MeV equivalent) << 10°cm=2

VUV photon 6 x 101" mm2
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Possible cause

Surface damage by VUV-light

Electron-hole pair generated by VUV light at
surface of Si, and holes are trapped there.

The holes reduce electric field, reducing
collection efficiency of electron avalanche

The mechanism has not been fully

understood yet

Degradation happens only with much larger
amount of VUV light at room T

Degradation seems accelerated at low T

We haven't reproduced the PDE
decrease in lab. measurement yet



Moisture in VUV-MPPC?

VUV-MPPC has no protection layer

PDE degradation is observed due to moisture

The PDE decrease were accelerated?

The MEG |l MPPC were exposed in ambient humidity
before/during construction

VUV light irradiation to humidified VUV-
MPPCs are tested in lab to reproduce the
observed PDE decrease in the MEG ||
MPPC

Hamamatsu has an improved MPPCs

Reduction of defects on Si surface
The PDE decrease might be reduced

16

Hamamatsu Photonics K.K.

Symposium University of Tokyo-ETH Zurich-

University of Zurich 17 October, 2023

Standard product

VUV-MPPC

protective layer
blocks moisture

moisture reach

to sensitive area

conventional process

25%
20% |
o 15%
0O
%10% } 60°C, 90% humidity
o —(0hours —100hours
. L
—250hours =—500hours
0% | | | | |
100 125 150 175 200 225

Wavelength|nm]

250



Solution for PDE decrease

’ - Joule annealing method

Supply ~1.7W per MPPC using high
current and LED light

E 3 * MPPC: 100°C . 30 hours annealing / MPPC —
* PCB: 120°C 1.5 month annealing

e CFRP: 45°C _
R PDE before/after the annealing
* Glue: 65°C with LY correction (after annealina)

o Tem perature limit
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J ' : Before annealing

- \'mean : 0.056
B T - Estimated by visible LED

After annealing

Annealina power suppl
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Summary

- The MEG Il experiment looks for new physics BSM by studying the u+—ety

decay with the target sensitivity of 6x10-14 before 2027. The first MEG ||
results with 2021 data were presented last year.

- The 900 | LXe detector for the y detection utilizes 4092 VUV-sensitive

MPPCs. The full readout of all the photo sensors has been started since 2021.

- The sensor calibration and monitoring methods are established for the long

run, and the detector performances are evaluated for the physics data
analysis.

+ The reason of the PDE decrease has to be understood, but the remedy to

recover the PDE has been established.
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Detector monitoring

- PMT Gain § " ' PMT Sdesh ' :
Absolute PMT gain is calculated 300 - e o i
with LED - e e I e o
Constantly gain is decreased IME. o (e P : &=
under muon beam = . Y adusimen i N =
Twice HVs were adjusted during 700 |- ""‘"ooooc% PMT HV-were adjusted twice.during the run 2022 ¥
run 2022 E o No surprise from the PMT gain decrease speed E
650 |
. LXe ||g ht y|e|d 020722 ' o109z ' o112z | -
time

Monitored by a events by PMTs _ _
Assumption of constant PMT QE 016 — | Lllght y',eld, | —_
During the run, the gaseous - -
purification is always on with e o v e T T
getter 012 P pumimgpts o -
At the beginning, liquid — . =
purification with molecular "E * =
sieves also performed 0.08 — —
oel

02/07/22 01/09/22 01/11/22 31/12/22

time

19 Monitored by a events by PMTs



CKM
matrix

CLFV

Neutrino
Oscillation

mass =2.2 MeV/c2

charge  3A 24 A4

spin 1 U L5 C 15 t

S

Charged Lepton Flavor Violation

Standard Model of Elementary Particles

interactions / force carriers
(bosons)

three generations of matter
(fermlons)

=1.28 Ge\V/c2

up . charm top
— —
=4.7 McV/c2 =06 McV/c2 =4, 18 CcV/c2

—LL _l/3 —LL

« 8 v &S . b

strange | bottom |

=0.511 MeV/c2 ,=105.66 Me\V/c2 =1.7768 GeVi/c2 \ =91.19 GeV/¢2

. 02 (@ || @

electron muon tau - Z boson
__________ /
<1.0 eV/c2 <0.17 MeVv/c2 <18.2 MeVicz \ =80.39 GeV/c2
0 0 0 +1
v (G » | VH . G |l W
electron muon tau [
neutrino heutrino neutrino | W boson

From Wikipedia 20

124.97 GeVijc2

Standard Model +

Neutrino oscllla’[{/c':/n+ rﬂ{\\“'
4\
- . yan S &
p+ Vu Ve e’

Br(u—ey) ~ 1054

New physics predictions
(SUSY-GUT, SUSY-Seesaw etc.)

p e Y
7 >< N
/ oD
po X \ e
> [ \ >




Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

U — ey

Sensitivity: 10° 107 10 10"
Mu3e Phase-| 1 .
|| Sensitivity: 10 10" 10 10" or smaller

~ Pursue options for a follow-up experiment

Sensitivity: 10 | 10" or smaller
S. Antusch et al, JHEP 0611:090(2006) 200 P 2P 05
- ?:pt;;i'::g&periments) - Proposed Future Running
SUSY-Seesaw
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High intensity muon beam (DC)

590 MeV 2.4mA
proton ring cyclotron

Proton accelerator

nES5 area
MEG Il, Mu3e

Proton therapy

50 MHz RF time structure << u lifetime ~ 2us —
No time structure in muon decay (continuous) World most intense DC muon beam > 108 p/s

- Surface muon beam ~ 29 MeV/c



U — ey signal and background

Signal Background
Accidental Dominant BG  Radiative Muon Decay

.
f T V
Pl ) it

. g
l\x - 2 >
B et
Y TS
o g -
;\" P & =
B P

V _
: Michel e+ + random vy e+-y timing coincident
E.E,~52.8 MeV from RMD/ AIF
9, =180%1, =1, Ny & (R)? X (AE,)> X AE, X (A®, )> X At, X T

- High statistics: High intensity muon beam
- Low background:

+ Lower instantaneous muon beam rate (DC muon beam, not pulse beam)
+  Good detector resolutions
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PMT gain calculation

Photon statistics relations

0'%2=G°e'§+0'%

Variance [10"%¢2]

aé: spread of integrated charge distribution

G: gain
e: elementary charge

(): mean of integrated charge

24
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Radiation hardness

® Radiation produces defect in silicon bulk or Si/ g e S - =
SiO, interface T
® Dark count rate, leakage current, PDE, ... wre wy.
| LAl
® [ast neutron e 1510 ot
8 2 |
® >10 n/cm Increase of dark count rate ! . A
10 2 ) ) hae hlﬂ“
® >10 n/cm Loss of single p.e. detection = [} ol
capability P N VT -...N’
2 8 2 Yo w1 14ee
® <1 n/s/cm (>0.1MeV) ~ <1.6x10 n/cm for ﬂr.ne(ns)
full 5-years operation in nE5 area in PSI et S5, NS PPUDVIO00, SO0
2 7 2 ol =3 L)
® ~3.5n/s/cm ~ 10 n/cm for one week CEX = ”‘p
run per year for 5-years g l.l .:”‘-\‘. =
® Y-ray 'v{' 0. 1x10% 1MeVen, Jem?

A\

!
!
L L

. - - . -

e MC: 0.58Gy with 10° /s for 5-years for - = '
MEG “f NO 1M0J\M|,jcm
+ 4 |

® Radiation damage might not be an issue for A P TE N
ADC (¢h)

MEG. T. Matsumura et al.

® 200Gy Increase of leak current




Noise reduction

Temperature dependent template (slope from waveform digitizer)

Readout electronics voltage offset template

High frequency noise template (clock signal in waveform
digitizer)
The first cell dependent noise template

S I S
N 50 e s T
B e R T
7 SN s o N S S
e e .MPP.C'".'.'W.

-400 -200

20

... pedestal waveform
af w/ noise reduction |
) AT HRR L (i I
| R A e R e e 't‘
0p

ERY P— e B o
_25_: ......... 1 ..... = . ..... | MPPC§umW

—400 -200



MPPC alignment
. MPPC position alignment
Direct optical alignment at room temperature ‘i |
Collimated y beam to the detector with LXe T
To take into account thermal expansion of MPPC COBRA magnet
supports (CFRP, PCB)
- Combined result i N
position uncertainty 0.6mm in z and 0.75mrad in ¢ o
3 Laser Emitter s - &5 1y =

27

]
¢ motion = \ Rotation Stage ——

~ Bubble

«)

N\ M —

IS

_ Collimator

?’

Zz motion

.
\\
m N\

N I.\inear Stage g,



MEG |l data
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Tnis year'’s run finished
on Nov. 9t

stop

Accumulated N .
=
~-J

Last run: S57189 (20231109 08:10:39)
Typer 203407 5

0.6

0.5
0.4
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b_ 02/Jul/2 31/Dec/22 02/Jul/2

Tue Nov 14 09:33:23 2023 Date



Signal readout scheme

22 MPPCs on a PCB
2 PCBs on a row

93 rows
— 4092 MPPCs

Coaxial cable (2.5-4.9m)

High density
PCB-based
feedthrough
(custom-made)

432ch / flange
X 10 flanges

29

MEG |l LXe
Inner face

Coaxial cable (~12m)

Waveform digitizer
Fully integrated DAQ

board including bias
supply for SiPM,
waveform digitizer,
FPGA-based trigger
(WaveDREAM)




LXe detector commissioning
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Orange: 2020

1 N
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35 0
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=

[
<

< Z

2017 Detector construction completed
sensor calibration, muon beam run with reduced number of readout sensors

2021 Full electronics ready, detector performance evaluation work started
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LXe detector event reconstruction & calibration

Reconstruction

Energy : sum of MPPC/PMT charges
Position (3D) : MPPC/PMT charge distribution
Time : average MPPC/PMT time

Calibration

LED for gain, 241Am for PDE, QE
17.6 MeV vy from 7Li(p,y)8Be reaction

55, 83 MeV y from rtp—1n reaction Exec VS Eggo
;140 --------- B | -------- B ----- -------- I | """" o —: —1800
:ﬁf&:i::: 72120_— ------------------- ﬁ"[ﬁﬁ Bt rv— 700
= _: . 1 21600
y - L {00
The Liquid Hydrogen target ;- i E 400

(L =75mm, ¢ = 50mm) S 300

3 oy - 200

; o 100
The Liquid Xenon Detector 0: LY | . 0

0 50 100 150

31 ExpclMeV]
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The LXe detector performance evaluation

Energy resolution

Position resolution

(for53Mer_)vsdepth ) 'EO'S I L B R B
> ~ - ) :
T F —e— MEG measured = 0.7 ]
£ asf - -
2 f —e— MEG Il measured 0.6/ ]
c 3 : o
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2.5 ® - — () . —
- - ~x2 improvement o .
- — B i i
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: ' f_t —32 $ MEG Il Data
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0 2 4 6 8 10 12 0 2 4 6 8 10 12
Conversion depth (cm)
w|cm]
MEG (measured) MEG |l (measured)
position resolution (u/v/w)(mm) 5/5/6 2.5/2.5/5.0 mm
energy resolution (%)(w < 2cm/w > 2cm) 2.4/1.8 2.0/1.8 %
timing resolution (ps) 62 ~ 65 ps
efficiency (%) 63 62
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