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Charged lepton flavor violation

- There are three generations (flavors), but the reason remains a mystery

- Flavor transition in Quark and in neutrino has played a decisive role in the development of particle physics

- No observation yet for the charged lepton flavor transition

masses of matter particles
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Standard model (with v mass) vs New physics

L(p—ey) 3o > UuUgymy,

B ~ - ——
Rip = ) ['(p— evv) 327

New particles from SUSY in the loop
can enhance the branching ratio

SUSY-GUT / SUSY-seesaw

- 10—54
Neutrino is too light

Evidence of 4™ — e™y = Evidence of new physics
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Grand unification and early Universe
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Current best limit for y — ey

MEG experiment final result in 2016 L
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L—ey expectation from new physics

: = f +
'#-_**;"‘*'4 :”f.:étu“, +*€‘. 4 w
o L.] ;t _t- Iﬁ- *+ ¥ ._Fl. ++ + —
+ it 1 F R g
s R A N L
Fae + ot T ey dipd
W "¢+ 4+ bt
o+ Ry F + o
. #. L + I;f“ 4’1—.’ + -
+3 £ ¥ v + 4+ I j— ey, T + 14
&3 -+-_#Fx‘_ . -*“”’-H—’ 4 t 4 «! X ++ + +‘
:""f':‘_* 1 -’-f ' ; ’ %"’ _q + +.'-‘ o -+
b - e :.--....f:*:ay.t.-- - f:: j:. g — +“k-.‘t.‘:§_—:’.:t:----_+:..:-;%_... S .y - o+ cem -
. TR 7 o SR S TR ST :
- * + Pty o Wk e T e Wt L - " +
s ns L R e ST
4k Bk wln, e F WI t + + t
Ly TRTH g Py '_g_;* . F J«;ﬁ\ + t*_'+¥+ . | #
LT 74 #ffﬁ ,7 L#é_.’ +‘“:§;;’E# 3 'ﬂii:*if:* ++i- B E 4
2 + o 4 I e £, § - "
+ f, + ¥ + + Hé#fj o R “r*_ fﬁiﬁf »—;i e t + *
I SO RN, S S e RS Sl R 0% 5 oo ok L R S S Y L0 S
- AR I SRt S S T i SR e s
-MEG expecied + +F 4 t.F H W +,,,,.i‘—3“.:‘t Lt F %‘**r wh
: ¥ = T T o MU AN i Tl i L
: : : + ;7 st L A M #,,'g'**
: : : L A, I;-i;;‘ﬁ +FT | e,
: : : : P et PR W R
i i 1 i 1 i 1 1 i 1 1 I 1 1 i 1 1 1 I 1 l

g O -r-.-+. == -
r* + |
+ -E_+ &h-.‘ + Lﬁ:’;‘f- I+

SUSY-GUT SO(10)

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Lightest Stau Mass (GeV)

JHEP 0912(2009)057

10-85 Pt
: SPS 1a
107 5
" mv1=10 ev
0< < /4

10 |
10 3
: < /4

oM"Y

10712 3

BR(L—>eY)

’
’
/ -
! ’ L
7’ -l
-
_13 ....... P e o s 0 P . 8 &
- ” v
E 7 oy
-
- / ..
7
ra
)
-

1074 |
i |

”
-

Y. :-'
. 1....:':‘ | B
................. -7 mpg=10"* GeVv
g 3= 1° o |
13 : I
13 913 = :3° o |
10'° GeV 613 = 150 @ :‘
013=10° - |

10719

10 10 107

Real chance for discovery
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BR(t—>uYy)

JHEP 11(2006)090

Already some regions from theoretical expectation excluded
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CLFV with other indications
< 5.00 | > | 0

e o
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023) T
< 5.10 > EL*’
® —— 0C
SM: ete- HVP World Average M
T.l. White Paper (2023) 10
(2020)
:
New results in tension C
with White Paper (2020) SM: L attice HVP
BMW Collab.
- ® 10
SM: ete- HVP
using only CMD-3
data below 1 GeV
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
9
a,x 10 -=1165800
Disclaimer from A. Keshavarzi's Lattice 2023 talk: 10
IMPORTANT: THIS PLOT IS VERY ROUGH! 10 -9
« TI White Paper result has been substituted by CMD-3 only for 0.33 = 1.0 GeV. 10 10 10

JHEP 11(2012)113 Aa

« The NLO HVP has not been updated.
+ Itis purely for demonstration purposes = ghould not be taken as final! 8




u+—e+y signal and backgrounds

= 2: e 1¢ L L DL B B
é 1.8 :_ Michel decays _: g : Radiative Muon decays .
&0 o . 1 e aal _
:E 1.6: signal - E 10 : s
= 1.4 1 g B a
P | E102) :
Er,Ee= 52.8MeV % 1'2;_ E %
Y Ocr=180°, Tr=Te g 1— E g -3: 1
_____________________________________________ é‘a‘ 0.3 B é“»lo 3 v background E
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0.4 e*background | | 107F E
0.2 = i :
0:..1...|.11|1.111H - josL——t 111
0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1
Normalized Positron Energy (x) Normalized Photon Energy (y)
Nsig = Rux T x Br(u—ey) x Efficiency crucial for statistics

mPp Nbc « Ry®x AEy2 X AEe X ABey? X Atey x T Good resolution crucial

\M / to lower the accidental
T background (Nsg)

Beam rate Resolutions Elapsed time
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Liquid xenon P
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Resolution improvement

Cylindrical drift chamber (Ee, B¢y, dey)
pixelated timing counter (Tey)
Liquid xenon detector (Ey, Bey, ®ey)

Large statistics

Higher detection efficiency (€e)

Proton cyclotron at Paul Scherrer Institute in
Switzerland (Ry ~ 4-5x107 p/s)

RMD Background tagging (RDC)

Target sensitivity : 6x10-14 (90%C.L.)
18pRA34-7,8

&

COBRA

superconducting magnet
\1 3—0.5T

Radiative decay counter
(RDC)
10 17pRA81-1,2

Geometrical acceptance 11%

17aRA81-1,2 19aRC21-10

Liquid xenon detector

S22 s00s / (LXe) Oe/E~2%

4-5x107 /s

e PO e v

Pixelated timing counter
(pTC) 01~35ps

Muon stopping target

Cylindrical drift chamber
(CDCH)

~1.6x103Xo, 0e~100keV
EPJC 78(2018)380
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Detector performance before physics run

Pe Oe Er ) § Ter Ee Er

MEG 380keV/c  9.4mrad 2.4%/1.7% 5mm 122ps 30% 63%

MEG Il proposal 130keV/c  5.3mrad 1.1%/1.0% 2.4mm 84ps 70% 69%

[ S efIRileleEic-le NPIPAR RN 100keV/ec  6.7mrad 1.7%/1.7% 2.4mm 70ps 65% 69%

Symmetry 2021, 13(9), 1591

- The performance was estimated before starting the physics run in 2021.

+ The detector performance is carefully investigated with the calibration data and
physics data during the physics run period to be used for the p—ey search
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Analysis Highlights



Alignment of CDCH

-+ Alignment becomes important once resolutions are improved

CDCH wire alignment (position, inclination, sag)
Michel positron tracks for an iterative adjustment

hXErrorZWire2D401

e Survey : 22.04[um] Wi re Sag

hXErrorZWire2D401
— Track o:491[um] 100
"4 = : W (

X residual [pm]
X residual [pm]
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Alignment of target

%
b .
d

Largest Systematic

uncertainty in MEG

Sensitivity of 13%
degraded by target
position and planarity

Targf displécement by 500um
‘corresponds to 4mrad deviation in Qe

Check deviations from

*f::.;_,;..;,.;;the precision ~ 100um

6holes mto the target L AR

- = L 270mm, H 66mm
ee . Scinti. material

= | Thickness 17420 pm
I‘ Angle 75°toz

reoonstructedtrak distri..

Pattrn of white dots
Imaged by two digital
CMOS photo cameras
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Alighment between LXe and CDCH

Tracks are extrapolated to - No calibration source to check the
the inner face. L Xe and CDCH alignment

XEC algorithm tuned for - Extremely important to directly
gamma from target check the relative alignment

- Cosmic rays are used

— ] — T T T T 7| Prob 0.3703

[ Constant 456 £1.0

Counts

Assumed direction
In the reconstruction

11 Mean  —0.1014 +0.0800

40 einei e mernere e ein meim e el '

S— N N\ Sigma 4.346 +0.070

20 PN L ki W e e e s e e e e e e

10—

11 I I I I | I | I | I | |
cemm e} LT = emmnemi eeee-

IIlIIIlIIIIlII

Cosmic track

| | | | | | | | | |
910 -5 0 5 10

] 6 Zx;:c * Zepeg Lem]




New algorithms

- Standard CDCH hit reconstruction measured DOCAh 57 bas
|
with the time of the first electrons reaching wires (standard approach) V
large bias when the track passes close to the wire by \
statistical fluctuations of the primary ionization frue DOCA
Innovative machine-learning approach T e S S—————
extracting an unbiased CDCH hit position % . —sD
CDCH Waveforms input |nt0 3 neural network 5 60-_.: ....... s‘ ..... NN
output of distance of closest approach (DOCA) of the track 2 40:_ ,,,,, f:{‘_‘?m,w“ “ e m* ,,,,,,, ,,,,,,,,,,,,,,
All ionization clusters are used S L. R R
- 20 é..............L...*.,;..‘..r.;.;. ..... + ..............
Strong reduction of the hit reconstruction : S P LT
biases and Significant improvement Of the 8 0:_*+ ................ ......................... *‘ ..............
single-hit resolution observed A SR R R S —
opboca = 150 — 160 pm (improved by 5%) 5_40_* ............
: | » | N

. 04 05
1/ Track DOCA [cm]



Performance evaluation for CDCH

Effect of the alignment on kinematic
variable resolutions are evaluated by
double-turn method

13
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Data
Ocore ™ 93 keV

fcore ~ 60 0/0

Entries 3557101
+* / ndf 161.5/110
fracl 0.6077 =0.0195
meanl -0001326 = 0.001561
sigmal 0.09287 = 0.00262
mean2 -0.1238 =+ 0.0088
sigma2 0.3136 =+ 0.0138
frac3 0.08682 = 0.00335
mean3 -1 03
sigma3 2.158 = 0.047
mean_acc 474 +0.0
sigma_ac 2322 +0.041
45 50

[MeV]



il L Xe reconstruction
EEEEE: _[—_ 1'2_ | I | | | I | | | I | | |
sirisiiis Z asp @ -
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o cesosssss : 11f —
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- Calibration, monitoring, and performance evaluation LETeRE e e S AL e s
LED, a, cosmic, Li(p,17.6MeV y)Be, 55MeV y from mo, BG spectrum ~ **5F o o E
LXe light yield, PMT gain and MPPC PDE decrease, energy non- 09 | | | | | | | | | | | =

uniformity, time dependence 31/08/21 30/09/21 30/10/21
+  Ey scale non-uniformity observed with different energy

BG y spectrum Uniformity correction by combined data. E, scale uncertainty ~ 0.4%

- LI LN R B BB L B
> i 55 MeV y 7.6 MeV y BG y (<52.8 MeV)
- ' — Fit
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Energy scale: a fit parameter 19



U — eTy search



Physics run status

15
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Method of 4 — ey search

= 603 Ty
Blind analysis ~ TRDEE 00
Time coincidence within 1ns, 48MeV<Ey<58MeV %0 —[250
54
Likelihood analysis to estimate Nsig .
Confidence interval from Feldman-Cousins method “
Sideband to extract PDFs, analysis check P iy oo QT
46
A— -2 0 2 4
t,., [ns]
¢~ (Nsig+Nrmp+Nacc) (NRMD _2<N&MD>)2 (Nacc —2(NAgg))2
L(Nsig, NrMmD, Nacc) := ' e 27RMD g 20X ce
Nobs-
Nobs
x | | (NgigS(&:) + Nrmp R(Z:) + NaccA(T:)),
1=1
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% ~ | | |+|++| | T T 11 [ [ 11 [
. 26000 — .|.++ -|-|'|'++ BG with pileup analysis
Extraction of PDFs S|
E - f +++ +++ ———————— Signal PDF
. . - o
- Signal and RMD PDFs from resolution 4000 “ e -
bt P M :
measurements ;
- Accidental BKG PDFs from sidebands (fully 20001 -
data-driven) :
46 48 50 52 54 56 58 60
30000 Dat s RMD fitting with TC per-event error Ev [MeV]
ata : . L . |
ocore ~ 93 keV /- : LA ﬂ
o <2500 o(T,)=(69x5 6
fcore ~ 60% : — f Y n
20000 __ 22000 I I
Entries 3557101 | i S - A ’ _
X'/ ndf 1615/ 119 2 00— g;)ndf 1113 101:7;: -
- fracl 0.6077 =0.0195 l 500 - ﬁé&;“v--; **--‘v-'w"-iv‘f- ropy :_ _:
meant -Qosze - o001se1 | B o e <NTe>~I -
10000 mean2 . —0.1238 = 0:0038 ! 1000 601~ . + -
frac3 0.0‘:3;;36:0?08;;: . photon 40 R — _
e i | N
mean_acc . 47: :.0.0 i | pOSItrOH E ]
igma_a 2322 +0.041 | N U NN B ..\ W T % 246 810 12 14 16
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Performance summary

Pe Oe E, Xr Ter Ee Er

MEG 380keV/c  9.4mrad 2.4%/1.7% 5mm 122ps 30% 63%
MEG Il proposal 130keV/c  5.3mrad 1.1%/1.0% 2.4mm 84ps 70% 69%
[ SeR AT BV NP PA RS 100keV/c  6.7mrad 1.7%/1.7% 2.4mm 70ps 65% 69%

MEG Il current 89keV/c /.1mrad 2.0%/1.8% 2.59mm /78ps 65% 63%

2021 data analysis will be done with the performance shown in this table

A paper dedicated to the operation and the performance of the MEG |l detector will be published soon.
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Sideband fit result
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Event distribution in sideband example

58 | I | | I | | I | I | I I I | | I I | | | | | I
cos®,, < —0.995 & |t., — 1.5| < 0.2 ns

L1 |llll|lll |llll|llll|llll‘lllllllllllllllllll

¥
lll"llldlllll |llll|llll|llll\llll‘lllllllll'llll

I | q L1 - ‘ T TR SR NN R R S
- S2 532.5 S3 53.3 54
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B o o
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cosO,,

5 high rank events in signal likelihood ratio S(x)/B(x)
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2021 Data Sensitivity

Branching ratio

BI’ —_ NSlg/N,Lt

N ,: the number of effectively measured muon decays

Nﬂ in 2021

Michel positron counting method
(2.55+0.13)x1012

RMD counting method
(3.1x0.3)x1012

Combined : (2.64+0.12)x1012

Sensitivity of 2021 data

Median 90% C.L. upper limit for BG-only hypothesis
8.8x10-13
Systematics : 3-4% contribution

Result will be published in a PSI Special
Seminar on 20th October 2023. Stay tuned.

120

100

80

60

40

20

2/
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MEG Il prospects .

MEG Il experiment will accumulate the

—12
physics data several years at least until 10 ._._.._._._3_.._._.._._.._._.._._.._._.._._.._._.._._.._._.._._..:::::::::::::::::g:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::é:::::::::::._._.
2027 B em—— ?_'_.""%F_f.ft%_*_‘z%!%?_!!i_f_f’_?_‘f___‘_._!___' _____

7]
1111|

|
l

----------------------------------------------------------------------------------------------------------

|
l

The PSI accelerator beam line has an upgrade plan

l

(HIMB) to have the beam intensity of 1010 u/s
startin g from 2027 - ............................................................................................................................................... ...................................................... s

The PIE5 beamline will be shared with Mu3e |
will reach Br(” — ey) ®— 90% UL sensitivity g
~ ( 5_6) x 1 0_1 4 @9 O % C . L . by th e n i 1 G Of sen Siti‘it‘ ............................................ .o ............................. —

T 20 of sensitivity

In parallel, 2022 analysis is ongoing. The o
results will be published next year which 114~ & ER™ |, 1 1

. e 0 20 40 60 80
will have better sensitivity than MEG DAQ livetime [weeks]
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Beryllium anomaly

Hint for a neutral, 17/MeV boson:
X17 (ATOMKI collaboration)

10
- .
$ y
2 § ° *
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o I 7]
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‘F\ 8
-2 .
10 f MRS
‘—M -
T las sl Ay sa s alag Aad la s aal
80 90 100 110 120 130 140 150 160 17
© (deg.)
pT —QO

The MEG Il CW accelerator and its beamline

Observed in 7Li(p, ete)8Be

reaction

Excess consistent with light

boson mass = 16.95 MeV/c?
Branching ratio (X17/y) =

6x10-6

—_—

o'

ATOMKI PAIR
SPECTROMETER

29

2023 signal estimate

COBRA
superc?jucting magnet

1600 1
— Fit

1400 - ¢ ToyMmC
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——- Background

120 140 160

Relative angle [deg]
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180

Liquid xenon detector
(LXe)

L g
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’l\‘ ‘. N
4 . ¢ *
Y e
d

$44000y

\\\\\\\ Pixelated timing counte
(PTC)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)

(RDCQ)

MEG |l has a dedicated CW
accelerator for 17.6MeV y
for LXe calibration purpose

This can be used for X17-
boson searches

Data were taken in 2023
during PSI accelerator
shutdown period

Results will be published
soon



Future prospects (1)  EiTuu s ' F"”‘“ —

Advanced Cyclotron and Target technologies

New experiment for 4 — ey search

HiIMB project at PSI (~10'%u/s) (2027 - 2028)
High resolution, high rate capability for the detectors

HIMB
—ngh Intensuty. -

Muon Beams

Photon pair spectrometer with active converter
Better resolutions, angle measurements

Silicon positron spectrometer similar with Mu3e

Targeted Alpha Tumour Therapy and
Other Oncological Solutions

Separate active targets 16pRA81-12

Target sensitivity

Briu — ey) ~ L
_ 355 X108s1
@(10 15) ( s"')
Muon stopping L\ \
S (3R KAH) activetargets . \ ‘
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aﬁpectrometer
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Future prospects (2)

- PIONEER experiment

10!

10779

1071

1077 ¢

lo-‘) s

10-1! i

to explore the lepton universality violation & CKM

unitarity with rare pion decays

Photo
Sensor.

25 Xo Liquid xenon Cal

e

-_“_.-

16pRA34-5 _

T — ev . -
Re/,u — Current Expt. Avg.
T — UU
Fast, uniform LXe calorimetry
with excellent energy .
resolution <1.5% to suppress
low energy talil
® Ren [Exp.]
®  Rep [SM]
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Conclusion

- The MEG Il experiment has started physics run in 2021, and the results

based on 2021 data with the sensitivity of 8.8x10-13 will be published
soon.

+ The sensitivity of 2022 data will be ~2x10-13 well beyond the MEG

experiment, and the publication for the 2022 data is aimed at next year.

- Our target sensitivity (6x10-14) will be reached in several years.
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PSI accelerator

Injector cyclotron . ! s | .!
" 590 MeV cyclotron 'y Proton therapy \
— + Aar|W X
Lye:2.4mA, 1.4 MW I - 3 &
50 MHz ’ ' 3 AN -
é(
. o
TATTOOS | . L —
. 100 pA for Spallation source for ~ &=
: ,.‘ ¢ A Isotope. - ultracold neutrons
s '8 production nEDM experiment

CHRISP - Swiss Research InfraStructure for Particle physics at Paul Scherrer Institute in Switzerland
World most intense DC muon beam available : > 108u+/s
High precision particle physics experiments complementary to the experiments at the highest energies at CERN’s LHC

There is an upgrade project, HIMB (High Intensity Muon Beam) project, 1010 p/s

Science case workshop 6-9 April 2021
Conceptual Design Report by end 2021
Implementation during 2027/2028 during 16-months HIPA shutdown
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After MEG

High Intensity Muon Beam project
(HIMB) at PSI

- 1070 p+/s (100x improvement)
CDR by end of 2021
Implementation during 2027/2028
Science Case workshop 6-9 April 2021

Future y—ey experiment for CLFV
Goal: Br(p—ey) ~10-15

Discover new physics and precision
measurements

Detector R&D to make maximum use of HIMB

Resolution improvements
Calorimeter — converter + pair spectrometer

High rate tolerance

Drift chamber — Silicon detector £

Possible to measure p—eee at the
same time

|
\)

1.2 % 1011 p+/s 13x 10" /s o TgH

Source

7.2%1Q0° ut/s
C ~6%

3.4 x 1070 pyt/s

Capture C ~ 96%

| Existing uE4
beamline

I

—n Gain due to high capture
and transmission efficiency

| Solenoid-
based
' beamline

r 5x 108 ut/s 1.3 x 1070 p#/s
T~7% Transmission T ~40%
Total ~ 0.4% Total ~ 10%

" beam

5 X10%s7)

Muon stopping
argets
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Future u—ey

- Positron spectrometer

i a—
HV-MAPS + scintillator or mRPC e
Resolutions

energy 0.3%(150keV) - time 30ps * angle 6mrad -
detection efficiency 70%

Gamma converter + pair spectrometer

Resolutions
energy 0.4% (200keV) - time 30ps - position

0.2mm - angle 50mrad - detection eff. 60%
AV IN—5 —
RV AR hOX—45 —

(Ll

GEF~TY—

measurement

\___1____/

Timing’
measurement

2Momentum

measuremen

', 30°

63 ¢cm
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¥ assumed target
position

apparent hole

position (pe>0)
true hole
position
apparent hole
position (pe<0)
true target
position
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