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Charged lepton flavor violation (cLFV)

One of the most powerful probes to search for New Physics (NP)

The conservation of the lepton flavor is an accidental symmetry in SM
arising from the absence of right-handed neutrinos

This symmetry is typically lost in NP models
lepton flavor violation is commonly predicted at the level of the current experimental sensitivities

Discovery of neutrino oscillations demonstrated this symmetry is not exact

it is not sufficient to give observable cLFV effects
Their existence further stimulates the search for cLFV



Charged lepton flavor violation
In Standard model (with  mass) vs New physics

Charged lepton flavor transition has never been observed yet
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['(p — ev) 3o UﬂkUekmuk
BR(u — evy) ~ — = —
= e7) I(p —evv) 327 k;g Mgy New particles from SUSY in the loop can
o enhance the branching ratio 10-12 — 10-14
~ 107
SUSY-GUT / SUSY-seesaw

Neutrino is too light

Evidence of 4™ — e™y = Evidence of new physics
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BR(u—>evy)

Examples of new physics

SUSY-GUT SO(10)
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UT o ey, uT > eTe e, & U > e”

- Golden channels E
-
High intensity muon beam 102
Clean signature 10°°
107
- Synergy to look for 10°8
these decay modes at 13?
the same time 108
Maximize the discovery 107
potential to different new 107"°
physics model 107"
Pin down the new physics 1o on
model with independent 10_14 oa
branching ratio values after 10_15 Mu3e-|
the discovery 10_16
10 . . . . . . .
-17 L1 1 1 I L1 1 1 | L1 1 1 I I I L1 1 1 I | I I | I — l L1 1 1 l L1 1 1
199940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
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New physics models

L r(u—ey) : R(u-Al—e-Al) . Br(u—3e)
—%—»—
= 1 ; 1/390 : 1/170
SUSY-GUT, SUSY-seesaw
Tree | | e e
“. u ———————————

4-lepton:
Scalar: RPV SUSY Vector: Leptoquarks, Z,... Type I seesa\F/)v, RPV SUSY,

O LRSM, ...



ut — ety signal and backgrounds

S. I a c 2: 1 ] SR B B = 1; L L=
|g n a / p A E 1.8 :_ Michel decays _: E‘ E Radiative Muon decays E
o0 . [ 1 e, 4| ]
= 1.6 ' 4 £101: E
S f slgnaly =27 F :
+ — —

‘,\'\'\' H g 140 1 8 f :
o - . o~ 2 -
EyEe = 52.8MeV - 1.2 : %10
Y @er=180°, Tr=Te g 1— E £ -3: i
_____________________________________________ ks 08F E 24:310 3 Yy background E
a 0.6 1 8 | :
RMD BG . 0.4 e* background 1 107 E
L+ 0.2 — :

(L A R A . 05—t ]

0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 08 1
- Normalized Positron Energy (x) Normalized Photon Energy (y)

Acc BG U+ Nsig« Rux T x Br(p—ey) x € Efficiency crucial for statistics
! » NBG « Ru?2 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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Paul Scherrer Institute (PSl) in Switzerland

..

PSI 590MeV proton cyclotron
2.4mA, 1.4MW in Switzerland
% produces > 1x108p/s
sworld’s highest intense DC muon beam

B
‘_'A_

/.7 beamlines for particle
physics and material science

: :
:

| ./o
v
|

Injector cyclotron
" 590 MeV cyclotron

\
A \ B
L:2.4mA, 1.4 MW o b
50 MHz ' ‘@
TATTOOS " N

L 100 pA for Spallation source for == =* |
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i
)
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~-—- | —

Proton therapy

N Isotope - ultracold neutrons
”‘ production nEDM experiment
==4  MEG Il == Needs high intensity muon beam
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MEG || cosra

superciductmg magnet

Target sensitivity :

6x10-14 (90%C.L.)
MEG final result:
4.2x10-13(90%CL)

MEG sensitivity:
5.3x10-13(90%CL)

Eur. Phys. J.C76(8),434(2016)

1.3-0.5T

Radiative decay counter
(RDC)

o

v$§~‘ "
‘/\‘ ‘

Liquid xenon detector

v _—y
y ©

''''
''''''
....

LXe O E/ E~2%

Geometrical acceptance 11%

 4-5x107 pis

Pixelated timing counter
(pTC) 01~35ps

Muon stopping target

Cylindrical drift chamber  ~1.6x10-3Xo, 0e~100keV

9

(CDCH)

EPJC 84(2024)2, 190



LLCCEAS ¥ \VIEG 11 proposal 2013 N
Detector R&D 2012-2015 & = = WaveDREAM

Construction in 2015-2020 | y,waveform digitize
Commissioning and physics run 2021-

= a*“

LXe de”g 0
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- Slanted 174pum thick BC400 target

6 holes (reconstructed positron distribution) and a pattern of dots (photographed by a camera) to
continuously monitor the shape and position of the foll
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Turn 1

- Drift chamber

0.16% Xo (low mass)
Stereo wire geometry

Square cells with 6mm, 9
layers

- Pixelated timing

counter

256 x 2 BC422 scint. +
SiPMs

9 hits on average

- \

=
s
0.005

0.004
0.003
0.002

0.001

Turn 2

Positron

pTC hit tiles

Double-turn e' track in the 20271 data-set

- M 320keV —
:— Vi 89keV —:
;_/ —— MEG 2009-2013 _:
C [ MEG112021-2022 )
46 48 50 52 54 5
E, [MeV]

6

3
<

- [T T 1 | N —
1.6 5% =
b 0 o 122ps -
- O _
- xxO B
1.2 - o 78 ps B
0.8F -
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041 -
5 —o— MEG II 2021-2022 -
02 E
0 : [ ' L1 | R L :
~1.5 -1 -0.5 0 0.5 1 1.5
t,, [ns]
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Radiative Decay Counter

LYSO 2x2x2 cm3+SiPM for e+ energy

L L LS
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~v detector -

COBRA magnet ‘
7 i |

rd )
‘ ) et [ l
RDC v (RMD) — 5
| ) o ( RMD )

Plastic Scinti.+SiPM for e+ timing
H-I— beam -M

RDC

RDC e+and LXe y time difference

e’ (Michel)
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Electronics

- WaveDAQ system

Waveform of all the detectors (~9000 ch.) are readout
developed by PSI and INFN

Waveform digitizer (DRS4)+amplifier+SiPM voltage supply
(~240V) with 1.4 GSPS (in our application, possible up to 5

GSPS) readout speed

+ Online trigger

FPGA based trigger
system

Trigger rate:
10-30Hz for 4 — ey

Events

10° —
3 __ —&— Low Threshold trigger ﬁfi _—
E —e— MEG trigger f %# f ﬂ -
; fl i
| | | | | | | | | | | | | | |
40 45 50 355 60
E, (MeV)

Events

L

—e— Wide Time trigger

—eo— MEG trigger

{

0

T

(¢
=
~
»n
N’

x10™



Detector performance summary

Table 6 Resolutions (Gaussian o) and efficiencies measured at R, =
4 x 107 s7!, compared with the predictions from [3,57].

Resolutions Foreseen Achieved MEG
E.. (keV) 100 39 320
o, 0.+ (mrad) 3.7/6.7 5.2/6.2 9.4
Vet , Ze+ (IMM) 0.7/1.6 0.61/1.76

E,(%) (w<2cm)/(w>2cm)  L7/1.7  2.4M1.9(2.1/1.8) *4/17
Uys Vs Wy (mm) 2.4/2.4/5.0 2.5/2.5/5.0 5/5/6
tery (PS) 70 78 122
Efficiency (%)

Ev 69 63 63

Ee+t 65 67 30
ETRG ~99 91 (88) 96

2022 (2021)
16 updated from EPJC 84(2024)2, 190



MEG |l data taking so far

x10" -
s 04— AL B S S —————  MEG Il statistics so far
mZ:L ().353— Last run: 616038 (2025-08-08 15:41:15) _f (-2025 nOW)
T - 7. 2023 1 8.7x 101 p stops
E 0.3 — 2023 Ti 9.60e+06 s -
E 075 — "e 2024 Tﬁvef 1.77e+06 s —
§ “E - This time (2021-2022)
< 0.2 1 3.5x 1014 y stops
0.15- —| Sensitivity(2021-2022)
— — -13
O'lg 2025 2024 ,e— 2.2x10
0005;_ / / __/_;
?_ I S T T B |'l| T BT M/Il | |/ | n
02/May 02/Jul 31/Aug 31/0ct
Sun Aug 10 07:00:17 2025 Date



Method of 4 — ey search

- Blind analysis

-
Time coincidence ., within 1ns, 48MeV<E <58MeV = —1300
. : = ...

-+ Sideband to extract PDFs, analysis check Ly 250
Four time sidebands for Nacc study 100
low energy sideband for Nrmp study

150
- Maximum likelihood analysis to estimate Nsig
Confidence interval from Feldman-Cousins method 109
nuisance parameters 50
L(Nsig, Nrmp,> Nace, X1) = 0
e—(Nsig+NRMD+NAcc) constrained
, C(NrmD,> Nacc, X1)X
NObS ' constrained by sideband | o o

Nobs Analysis Region

H(Nsigs(f,-) + NrmpR(E) + NaccA(R)) 48 < E, < 58MeV 522 < E,. < 53.5MeV

i ver-event PDFs . | #+,| <0.508 |6+, | <40mrad |+, | < 40mrad ‘

X; = (Eg, Epy 1oy Op s Doy Alrpes ERpes 0

xr represents the target misalignment uncertainty ] 8
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2-D event distributions

8. < 2095
7., | < 200ps

[ 111 Illllllll|lll||llllIlllllllllllllllllll

S(x)

R, = log B (x))
';' B I [ I [ 1 T T | [ [ I | I ]
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< b 49 < E, < 55MeV -
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o, © —
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1 -1
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Events / (50 ps)

Events / (5 mrad)

Projections of PDFs to observables (2021+2022 data set)

45 ] L} I L} ) L} L} I | I I I | | | |

sETT | = Z 10° Data (V.. = 357
) T @] 2w E by ] 3 (Nobs )
it EE SR ¢ s Best fit
251¢- = ; 30 é
- = B +e 2
zs .
20f exp __ 4+
) + - NRMD = 10.1 1.7
N 10—l.§.
10
\ N -
', . ; - - - PR S S NN SN SN SN AT ST SN B AT ~‘+.‘,ﬁ.,.-.;.
525 53 53.5 48 50 32 2 56 ss Obse rved

E, [MeV] E, [MeV]

®1 Upper limit:
1.5 x 1013

Events / (0.5)
> 4

10 +

Events / (S mrad)

1114
l \
. RN = (90%C.L.)
i e f i _
.- I e SN arXivi2504.15711
. - \ ; '
10 3 : . - ; (Submitted to EPJC)
: ¢e7/ 1 ot RSlg ‘ I I
: : L S(x)
e e e e el B R, =lo
40 20 0 .gey mrad? ~40 20 0 .gey mrad? 10 : 0 . sig g10( B(x) )



Beam intensity

- 0.8
=
q0'78
w 0.76
0.74

Optimal beam intensity should be chosen
to maximize the sensitivity

Statistics («Rﬂ)

Background («R/f)
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Reconstruction efficiency with pileup 0.72
Trigger rate & data size 0.7
Detector tolerance

0.68

0.66

The optimum intensity was 4 X 10’/s until 0.64
2024 0.62

Future improvements (expecting O(10%) 0.6 "
efficiency improvement from the ML- R R 4:07 5+ /
tracking) were observed. Higher intensity L n/s]

(5 X 107/ S) Is used in 2025 Figure 20 CDCH tracking efficiency as a function of R, for signal
positrons. The blue dotted line 1s the design value.
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Branching Ratio
—
=

—
I

[

7y

10714

MEG |l prospects

MEG |l expected sensitivity

MEG II 2021 sensitivity
OWMEG II 2021 90% UL

EG II 2022 sensitivity

2023 expected
2024
2025 projected
2026

Current performance assumed

® MEGH 2022 90% UL

MEG final sensitivity (90% C.L.) —

MEG final 90% UL

20

I I I I I I I
40 60 30
DAQ livetime [weeks]

New best UL (MEG |l 2021+2022)

Br=1.5x10-13

MEG Il proposal goal
S=6x10-14

Analysis improvement may
lead to better sensitivity further
(4 — 5 x 10’ from 2025 not
iIncluded in this figure yet)

20 weeks of DAQ in 2025-2026

22



X17 boson search at MEG |l

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

An experiment at Atomki reported an
anomaly in the angular distribution of
the internal e+e- pairs conversion of

Li(p, e*e’)éBe reaction

pt —O @

i

Be”®
N X

Q

—

90
\

ATOMKI PAIR
SPECTROMETER

|
He

If confirmed, this would be evidence of

a new particle beyond the SM

23

10

IPCC (relative unit)
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TS B " AR A | PR
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Excess @ 17MeV/c2
Branching ratio (X17/y) = 6x10-6
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Phys. Rev. Lett. 116, 042501 (2016)



X17 bqson search at MEG Il

"Li(p, y)8Be 17.6 MeVy &7
used for MEG Il LXe v,

bl Li(p, X — e e ")8Be search
Calibration

o Projected limits at 90% C.L.

A le~5
w—— Ri76 limit < 1.8e-06
v Ria1 limit < 1.2e-05

® ATOMKI (stat. + syst.) 1.0

1.2

==== 0.6
Can be used to test 0.4
X17 results
LoBRA B arXiv: 2411.07994
tanget Insertion system _ EPJC (2025)85:763
C-W E Vacuum —=28— |77 AR 165 166 167 168 169 170  17.

Mx17 (MQV/CJ'

Can be done during the PSI
accelerator shutdown

No significant signal observed
24 ATOMKI result was excluded at 94%


https://arxiv.org/abs/2411.07994

ALP search at MEG i arXiv:2203.11222

+ The muon decay to ALP, © — eay can be
searched for at MEG ||

Dedicated run with relaxed trigger conditions
lower photon energy (>~10MeV)
lower beam rate (~106/s)

- Preliminary analysis indicates that we can
possibly exceed the TWIST limit with the
data taken for ~ 10 days in 2021-2023

25

@ 95% C.L.

1x10'°
5x107F
>
()
O,
T 9 TWIST (i — ea)
N D . : y ,
=~ 1x10% MEG ILRMD
5x10° R
Crystal Box (, MEG-RMD (o)
SN1987A,. |
1)(108 PP | e aaaal & s 2 a2 aaaal a2 2 2aasaal a ....L.l\
104 0.001 0.010 0.100 1 10
m, [MeV]
25 ; -
Signal (F,}_ A =2 x 108 G(‘\")_ﬁ_\_ MISSIng mass
RMD bkd : : -
20| T RC bkd distribution
- Total bkd u
g . Total signal+bkd - _|—'—|_‘
= MEG II-ALP B
|5
w10
5
5__,——0—|_.I'_"'_‘—[__‘
960 ~200 0 200 400
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F Ut u re p rO S p eCtS l:xtpogg e-ll;\d Muon Production using

Advanced Cyclotron and Target technologies

New experiment for 4 — ey search f l:""v-

HIMB Lt
HiIMB project at PSI (~10'%u/s) (2027 - 2028)

,=!r
—ngh -Intensity = q Sl i
High resolution, high rate capabillity for the detectors

Muon Beams e

Photon pair spectrometer with active converter
Better resolutions, angle measurements

TATTOOS

Targeted Alpha Tumour Therapy and
Other Oncological Solutions

Silicon positron spectrometer similar with Mu3e

Separate active targets

Target sensitivity
Br(u — ey) ~ O(10~ 15) (355 x 10°5-

Muon stopping
active targets

20



Conclusion

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

based on MEG Il 2021+2022 data were published in May 2025, a new limit
of Br(u — ey) < 1.5 x 1071 (90% CL).

- Our target sensitivity (6x10-14) will be reachable with two more years DAQ
until 2026.

2/



Y [cm]

CYLDCH Event at 5e7

CDCH

—20

—-10 0 10

80000}
60000
" 40000
< 20000-
20
X [cm] 35

28

40

Michel Edge

Etries 2.078513e+07
v? / ndf t 437.6/229
Amp )4 =+ 3.739e+01
fracl 16709 = 0.0077
meanl 4 = 0.0005070
sigmal 0.08926 =+ 0.00082
mean2 967 =0.00339
sigma2 892 =+ 0.0047
frac3 5636 = 0.00286
mean3 -15 0.1
sigma3 1568 = 0.018
mean_acc 475 0.0
sigma_a 2397 = 0.036
45 50 S5
[MeV]
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Distribution of 90% C.L.
upper limits on branching
ratio

2.2 x 10-13 with systematics
2.1 x 10-13 w/o systematics

Sensitivity

400 B I I I I I I I | | I I I | ]
B Pseudo experiments i

35() : | T Median for pseudo experiments E
E T -3 ns, -2 ns] E

300 :_ -2 ns, -1 ns] ;
- 1 ns, 2 ns] B

250 E = 2 ns, 3 ns] E
200~ =
150 -
- L -
100 : B :
50— . - —
B . _

O B 'Y'Yl P | | | | |v| _I_:_I_I—- L | N
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Negative log likelihood-ratio vs branching ratio
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High intensity muon beam line @ PSI

- Shutdown of about two years from 2027

- New target geometry, 4 times capture efficiency, 6 times
transport efficiency, resulting in > 101%u/s (5x108u/s now)
available from late 2028

- Beam spot 0~40mm



Photon measurement: Pair Spectrometer with Active Converter

Baseline option for photon measurement

Tracking in a magnetic
spectrometer Tracking layer

Drift chamber .-—-"""'

Radial-TPC
Silicon detector

Timing measurement

Measure timing of
returning conversion

______________________

Active converter

———————

——--Ii—-—---’ \\

| ! pair

A layer of dense | ' . . .
matgrial to convert — ctive converter | -l in front of active

- ‘ ' 5 nverter
photons into e+e- i : : i o2 v.e °
pairs E i : ; Multi-layer RPC
Scintillator+SiPM " : S — : + Active converter =
Silicon detector Energy loss measurement Timing measurement timing detector

Target performance: 6i/E = 0.4 % , 0, = 30ps, o, = 0.2mm

(MEG Il : 6/ E = 1.8 % ,06, = 65ps, o, = 2.5mm)
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The X17 production

. 77 . 8
Simplified Be levels The state 'Li + p yields 17.2 MeV above the “Be ground state

- many “Be excited states are easily accessible

E* (MeV) J* » Cross section to the resonant excited states are very different
18.15 1t
17.64 1" _‘g E, =0.440 MeV Q=17.6 MeV A further non-resonant state
17.2 - = - - - .
Is presentat 17.9 MeV
7Li+p E,=1.030MeV Q=18.1 MeV
11.35 4 *» Two y transitions for each excited state
“Li(p,~)"Be astro factor
-~ 51—
E F
o 5
¥ 45f
-
é.)/ u
‘"
o) !
N, F
3.03 2* 15t excited %0 e
— 3:,:_ | \
0.0 0+ Ground 2,5;——/ \/\
state : -
T R Y R T S R T R P R T S
E, (MeV)
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