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cLFV Ln muon channels (SM with my > 0, BR(mu-> egamma) ~10-54 )

ut = ete-et e BR(n — eee) 90% C.L.
2 b =m; PSI/SINDRUM 1988 12
- = 1.0 x 10~
p € > P=0
e vertex: JINR 1991 3.6 x 10— 11
coincidence PSI/PSI/Mu3e 10-15 10-16

Technical Design Report for the Phase | Mu3e Experiment, September 2020 Nucl.Instrum.Meth.A 1014, 165679, 2021
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Outer pixel layers Background ut — e+e~etyy

the momentum resolution better than 1 MeV/c,

vertices a resolution better than a few 100 yum

v
ngh lntenSIty Muon Beam (HIMB) decay time : nanosecond level or better.


https://www.psi.ch/en/media/68673/download?attachment
https://doi.org/10.1016/j.nima.2021.165679

Muze : U-— e-ee

Demonstrator vertex detector mounted on the experimental cage with cables attached and scintillating fibre ribbon 1n 1ts
front The pixel detector 1s surrounded by Kapton foil as part of the simplified helium distribution.

2021 : Mu3e Integration Run at PSI. (integration of services and demonstrator detectors and operation in helium atmosphere within the Mu3e
magnet with the muon beam turned on).

2022 : cosmic muon run : achieved synchronisation.
2023 : commissioning of the inner detector

2024 : Final integration of all sub- detectors, commissioning of the full detector, and physics data taking



cLFV L muon channels

€

U = efeer / SE=m: 5P =0 BR(u — eee) 90% C.L.
: . . e ,
K g vertex; coincidence PSI/SINDRUM 1988 1.0 x 1012
J PSI/PSI/Mu3e 10-15 10-16
Lo ey pd oo BR(1 — ey) 90% C.L.
. back-to-back e -y PSI/MEG 2016 4.2 x 10—13
LLL Ee = Ey = mp/2 (~ 52.8 MeV
Y e ) PSI MEG I 6 x 10—14

Liquid xenon detector

COBRA (LXe)

su percﬁucting Magees \

Rev. Sci. Instrum. 92(4), 043707 (2021)

Pixelated timing counter
(pTC)

Muon stopping target

Cylindrical drift chamber
(CDCH)

/Nucl Instrum. Methods A 944, 162511 (2019); 4 x 107 s~

Table 6 Resolutlons (Gaussian o07) and efficiencies measured at R,
! compared with the predictions from [3,57].

Resolutions Foreseen - Achieved
E.+ (keV) 100 89 |
Pe+?, O+ (mrad) 3.7/6.7 ; 4.1/7.2
Ve+ , Ze+ (M) 0.7/1.6 ¢ 0.7420
E. (%) (w<2cm)/(w>2cm) 1.7/1.7 2.0/1.8

Uy, Vy, Wy (Mm) 2.4/2.4/5.0 | 2.5/2.5/5.01
fery (PS) 70 78
Efficiency (%) ;i
Ey 69 | 62

Ee+t 65 67 |
ETRG ~99 80

Radiative decay counter
(RDC)

- Bp—

MEG

320
9.4

2.4 /1.7
5/5/6
122

63

30
99



MEG2 : Cylindrical drift chamber
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CDCH hits

reconstructed
et track

CDCH hits Timing Counter
00151 71—

Low material: 1.58 x 10-3X0/e+-turn (cf. 2.0 x 10-3X0 for MEG) oo
» He-Isobutane (20:10) with oxygen 0.5% + isopropyl alcohol 1.5% !
P Radius of 17 - 29cm, 1.93m long 0.005- _
P 9 layers of drift cells ] .
P 1,728 Au-plated W anode wires (20pm) iédlge of Mlic"e' spactrum .
P innermost cells at 5 x > 1TMHz for 107u /sec, max occupancy ~25% B R N B MeVT

» ~110um position resolution

O-Ej ~90 keV (cf. MEG 320 keV) 5
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EGR: PIXELATEDP TIMING COUNTER (PTC)

cf. ~65ps ME

— 120 | | | | | -

= - 2/ ndf 4718/6 | -

s R «in - i

;;100_— \ o, 1115 = 0.7788 |

o L) |

W

_— i \ 112 :
tlmlng | 601 ‘\ 0, = (pS) :
resolution [ \ \ Nhit ’
(psec) 40 — T . —
. o

1 1 L 1 A

=23 s 10 12 14 16

|
6 L} L3
# hit tiles N,



MEG2: LIQUID X

ENON PHOTON D
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ECTOR (LXE)

» 4 092 MPPCs (15x15mm?2) on front face

Better uniformity enables more precise reconstruction of position & energy

y 668 2" PMTs on other faces

100

Multiple photons
are separated by
position & timing
and simultaneously
measured

Multi-Gamma <

a2 2 222 111N
B 4 4dhsdhbhbdasas

ct. MEG uses 2" PMTs
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MEG2: Data
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0.7 x10 3 more weeks
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TOSHINORI MORI
THE MEG || COLLABORATION

THE FIRST RESULT OF MEG I
ON SEARCH FOR 1+ — ety

SUMMARY AND PROSPECTS 5

90% upper limit sensitivity

» The first 7-week data in 2021

achieved a Sensitivity ~60% of
MEG 2009 2013

— 30 discovery at 90% power

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

MEG + MEG Il 2021

Sensitivity BR(u*—e*y)
=

| Boy = 1.5 ><10-13

» A combination MEG + MEG Il
provides the most stringent limit 103

2023 (exp.)

on the branchmg ratio of u™ — ey

By =3.1% 10-13

» Expected to finalize the 2022 data
analysis in ~a half year.

10—14 I I I | | | I |
0 10 20 30 40 50 60 70 80

arXiv:2310.12614, Submitted to EPJ C DAQ livetime [Weeks]



cLFV L muon channels

E
e .
Coincident ~
— e pd -
a Y 4>—. back-to-back et - Y BR(n — ey) 90% C.L. BOQ
B TTlL  Ee=Ey=my2(~ 528 MeV) |PSVMEG 2016 | 42x10-13 | °
L PSI MEG I 4x10-14
€
LT — eteet / SE=m 3 13’ —0 BR(1 — eee) 90% C.L.
- ’
I \\

vertex; coincidence

PSI/SINDRUM

1988

1.0 x 10~12

PSI/PSI/Mu3e

10=15 10-16

U+

(A,Z) = e+ (A2)

7
eV)

E(Al, Pb, Ti)

single electron;

well defined energy
well defined time

~100 MeV

History of CLFV experiments with muons
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1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

CR(u — e,N), bound
4.3 x 10-12 Ti 1993
4.6 x 10-1 Pb 1996
/7 x 10-13 Au 2006

10



cLFV :: L — € COMVErsLon Lin muonte atoms

Decay In Orbit UN — evvN

Muonic atoms

U stopped in a target — 1s bound state

V Cirigliano, R Kitano, Y Okada, P Tuzon,

-+

muonic X-Rays

e ———
; vector interaction with
7.0 bosons
o)
o
o |
Q
Ql 3
S
I
S 1
) S
2 2 A
r [?:: 21 ' " .
G>J ; ‘ Ao * ) 0: ’q" ..
m. 5 .I. : ,.." | " a L -
7)) - ’ " o" \
> 1S . .
i / . /‘ 2° . L R, * **
$o eyt ; . o oo

1} eu I D

; ::&’ vector interaction with photons " .
L. et
et

scalar interaction
T T
Z

/“\
({e)
X

S

>

uN(Z) - vN'(Z — 1)

Nuclear Muon Capture

>

low energy neutrons, protons,y’s

>

noise in the detector

(Arbitrary Units)

llllllllllll llllllllllll lll'llllllllll

events /100 keV

Free muon decay

M,
|O shape
/ osGovawels |\, .,
0 20 40 60 80 100
Electron Energy (MeV)

SINDRUM Il

+n, Measurement
ue2v simulation
A e simulation at B=10™"

10
" SINDRUM I 3
BR[u + Au —e + Au]
<7 x 1013
1
O T ‘ |
70 80 90 100
ETOT (MeV)

Required momentum resolution :

better than 200 keV/c

11



Arbitrary Unit

M — € COMVErSLOW LI Mionie atoms :: experimental concept

© Lobashev and Djilkibaev, MELC experiment [Sov.J.Nucl.Phys. 49, 384 (1989)]

Soft pions confined with solenoidal B field
Strong gradient to increase the yield through magnetic reflection

prOton beam © S.Giovannella

100 ns .v.:—-;f‘_‘t L
_~ Main Proton Pulse .
’ 10 p/pulse
_— Prompt Background Delayed DAQ gate to suppress prompt backgrounds
B measurement Narrow proton pulses
_Stopped Muon Decay . _ .
e window O(1019) out-of-time protons suppression
__Timing Window 07 -117 us
Signal ' I H Material target | Atomic number (Z) | Muonium lifetime (ns)
' Aluminum 13 864
Titanium 22 330
> Lead 82 74

12




Arbitrary Unit

M — € COMVErSLOW LI Mionie atoms :: experimental concept

© Lobashev and Djilkibaev, MELC experiment [Sov.J.Nucl.Phys. 49, 384 (1989)]

Soft pions confined with solenoidal B field
Strong gradient to increase the yield through magnetic reflection

prOton beam © S.Giovannella

prbton beam

! ‘ \ ’ - - L.‘

" AP »«\‘_ Zrm
100 ns > ::_.,,-.\ % 1k f.é-.\-?‘;: o, -
_~ Main Proton Pulse . -
* 10 D/DUISG
~ Frompt Background Delayed DAQ gate to suppress prompt backgrounds
B measurement Narrow proton pulses
_Stopped Muon Decay ' _ _
window O(1019) out-of-time protons suppression
__Timing Window _

0.7 -117 us

Signal

Atmospheric muons can fake signal events
= proportional to the running time

. = higher beam intensity is preferrable

13




K — € COMVErSLOW LIL MAUOWLE ALOMLS :: expcrimewtm strateg y

Improve by a factor 104 the present limit Rye <7 10-13

1018 stopped muons

A

This requires:

high background suppression (Nycxq < 0.5)

Main
Injector/Recycler

Delivery Ring
(formerly Debuncher)

Nuclear and

Particle Physics
Exp Hall

. 7 e - Bocﬁter

208 ZENRIN >, .- 9 Synchrotron
' 36°26!50.112N| 140336!30.40" E

. - E -

Eric Prebys

14



8 GeV proton beam (56 kW) Expected limit : 710 7@ 90% CL
Tungsten proton target Total background: 0.32 events
1.2 10" stopped muons/s Running time: 1 yr (2 1075s)

Pion Capture Section

\\\ I} Hﬂ A section to capture pions with a large
\\\ solid angle under a high solenoidal
N |

Protons

magnetic field by superconducting
Production maget
Q'§ Target
—) g
L S—1
|_S— )

5T pion ,\\\
capture e
solenoid

Detector Section

A detector to search for
muon-to-electron conver-

sion processes.
Muons P

Stopping
Target

::Eumunuuunnnuunnuunuwﬂ&ﬂlﬂﬂﬂﬂ

Pion-Decay and
Muon-Transport Section

A section to collect muons from
decay of pions under a solenoi-
dal magnetic field.

Sm

MuZe overview

Production Target / Solenoid (PS)

* Proton beam strikes target, producing mostly pions

« Graded magnetic field contains pions/muons and
collimate them into transport solenoid — high muon
intensity

tracker

Transport Solenoid

(TS) Target, Detector and
Solenoid (DS)

* Collimator selects low

momentum, negative « Capture muons on Al target
muons * Measure momentum in tracker
« Antiproton absorber and energy in calorimeter

« The S shape eliminates
photons and neutrons

J. Miller Mu2e at COMET Meeting March 2021

15



COMET design

11111
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(11
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No photons and neutrons from
the target getting to the
detector!

No low momentum charged
particles either ...
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COMET destgwn :: detection section

Beam Collimator Muon larget Disks
Beam Blocker

Muon-Target Solenoid

.8GeV proton beam DIO Block
P 5T pion 7 ‘ 1dds SR
. capture « \
solenoid s

3T muon transport
(curved solenoids)

Detector Slenoid

Electromagnetic calorimeter

» trigger & timing: response time
faster than 100 ns

- electron energy : AE/E < 5% (@105
MeV)

Straw tubes tracker

- operates in vacuum @ 1T

« Ap = 150~200 keV/c (@105 MeV/c)
« 12 um thick, 5 mm diameter for Phase-l|

- at least five stations

» cluster position: ox<1 cm

* 50 cm of radius

- made of 1920 LYSO crystals
2x2x12 cms3 (10.5 Xo)

- read out by APDs (operates @ 1 T)

17



COMET , a 2(,5) -stage experiment

D -
1se G 2022 Phase Il
Z - Machine [£ Pion Capture Section
- Room |~ A section to capture pions with a large
| | solid angle under a high solenoidal
i L \ % z magnetic field by superconducting
2 i @/@510& / . O~ g . Production capture Production Maget
1 X/ N Target solenoid Target 8 GeV proton beam (56 kW)
e Y- \ - /////
A - i o N n pr n tar
S IS % Tungsten proton target
A r - / // //// // 11
- Detector o 1.2 10 StOpped muons/s
~ Room - c//// % S |
; oo = - Detector Section
T | A detector to search for
/ : ) : o . muon-to-electron conver-
. sion processes.
Ext netien Monrtor fer
Mon tor beem kcss : .
on target Stopping Stopping
Beam Cump Target Tarlget
PionAuen Transpaort :Nr;r_ . a H‘ "
: . Wi
o caplure solenoid magnet graphite (1
Pion-Decay and
_ Muon-Transport Section
- 28 A section to collect muons from
out Pion Capture Solenoic 8 GeV proton beam (3.2 kW) decay of pions tlxgder a solenoi-
magnetic field.

Graphite proton target o
1.2 109 stopped muons/s l J

Expected limit : 710 7 @ 90% CL
Total background: 0.32 events
Running time: 1 yr (2 1075s)

Expected limit : 710 5@ 90% CL
Total background: o0.01 events
~CONEALY PATTIEIE GEtette Running time: 0.4 yrs (1.2 107s)




COMET Phase |

Cylindrical Drift Chamber | / Muon Stopping Target

— S Rt

Physics
measurements

measurements




COMET Phase-1 :: CY Lindrical Drift chamber

Test of a small prototype of the COMET cylindrical drift chamber

* 20 concentric sense layers Nucl. Inst. Meth A 1015 (2021) 165756.
- mechanical design based on Belle || CDC

- all stereo layers + 70 mrad (alternate)
« Helium based gas (He:iC4H10=90:10) to minimise multiple scattering
« large inner bore (~500 mm) to avoid beam flash and DIO

« CDC fully read out since
2019

 Currently at KEK being
commissioned with
cosmic rays

- signal tracks (~100 MeV/c) contained inside the CDC for
better signal resolution

- triggered events : 60% single turn tracks & 40% multiple turn S
tracks , | \ S

Spatial resolution of 170 pm,
Including tracking uncertainty,
achieved.
Hit efficiency of 98% achieved

e Significant noise reduction achieved
Detail study of detector response 200f
® gpace-charge effects ~a00f-
¢ crosstalks ~600[-
Water cooling testing of the CDC -s00f-
readout underwav e e e e e e [l

Momentum resolution: better than 200

keV/c @ 105 MeV/c




COMET Phase-1 :: Electron Detectors (ogbet)

Superconducting coils CDC inner wall CDC outer wall Cylindrical drift

/ chamber (CDC)
CDC endplate 1 Tesla magnetic
7 fielo

- Muon stopping
\ - / _— target

: . - 1 P
I _ =
|
4
2,
2-rings of Cherenkov counters
(acrylic plastic, 300x90x10 mm3)
Collimator Cylindrical trigger to be added in a second step
hodoscope (CTH
pe (CTH) Four-hold
\ 3210 ~N coincidence
Vacuum window Shielding Cryostat unit:mm Return yoke

provides trigger
and PID

21



COMET Phase-I :: Atmospheric background

Superconducting coils CDC inner wall CDC outer wall Cylindrical drift

/ chamber (CDC)
CDC endplate 1 Tesla magnetic
7 field
- Muon stopping
\ -~ / _— target
| o

Collimator Cylindrical trigger
hodoscope (CTH)
. \ o 3210 ~N
Vacuum window Shielding Cryostat unit: mm Return yoke

Atmospheric muons = main background

Cover as hermetically as possible the detectors (C

with very high efficiency veto counters (CRV)

requirement : < 0.01 evts for COMET Phase 1
(The short data acquisition foreseen helps!

22



COMET Phase | :: a hgbrid CRV

Scintillators CRV

|l| . polyethylene 10cm ¢

a module (1900x600 mm?2):

G R PC C RV two single-gap GRPCé

A tracker module: 7 detector modules (baseline) PCB with common readout

float alass

Al Honeycomb cassette 23



Y7,
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COMET Phase a :: Engineering run w/o Plon Capture Solenota

 Beam time in

* 10th = 14th February (commissioning)

* 3rd — 4th & 9th — 15th March
* February 2024

Beam-loss monitor

e Ry A : t“ ,

e ! 18 _ v 1 secondary i1

g T A A o 4 particles ‘31

) Y [ 75~ 1% | RN A L Vi i e VY
\/ el CRhOtON bean

, O W

Transport . -

T B 1 ) = N B I- - - -
+  Solenocid(TS) <, -~ | 5 ,
. 7 N8 - A eam pipes
" K& @ N> |\
< |/ : , o 7/ B
- f N w
| | ¢ &l s A ) :
3, / L < Ay . WA 1 r 3
B ¢ "‘. < _’ F .‘:;l 'P S >y
P f ! e~ . aatlir | 5 5y
KON AL A s
vy r -1}_“,[ To detectorregion | ' | | I ]
S R LIWLL & L& w Vo

Transport Solenoid
Muon Beam Monitor
j Hodoscope (Backup)

/

Particles

secondary
parliclesy

« Commissioning of the proton beamline and muon beam transport

Craphite target

Proton beam

I

Beam-loss measuring
stainless target

Status
] Available to use
Under development

.

| /

X Range Counter

. | Straw Tube Tracker

% I
Measurements

Time and position by the Muon Beam Monitaor and Straw Tube Tracker
Direction by the Straw-tube Tracker.

dE/dx, TOF, and decay time measured by the Range Counter
For momentum and PID reconstruction

24



COMET Phase a :: Engineering run w/o Plon Capture Solenota

Y7,
OMEI

_ + A thin Pion Production Target contained in the beam vacuum chamber.

+ Same muon Transport Solenoid as in Phase-I & II.

+ Beam-masking system with two moving collimator slits in front of the Transport Solenoid.

Proton Beam Monitor
+ Polycrystalline TiO2 developed in India. Very thin (0.3 pm) and much cheaper (handmade) than diamonds.
+ Eight modules were attached around the vacuum windows at the entrance and end of the COMET beam room.

Beam
dircetion

~ =lectrode

.

Active grea_0.5mm p e 1 MER , . N (
\ . b '.,“ £ N g b " 3 . ‘ . g \ :.‘ ; ‘ LY : \
_ Electrode s A - = N it : (o N\ R S

Beamlet
TS

' Pair of downstream
‘ detectors for position
reconstruction. The first one

needs to be quasi non-

destructive
Mask Rhgies: ¥
Known Rerirgsented by 4x4 Measured
mean[x' Y)lnltlal matrix mea n{xl x’) Yl Y’)Hnal

Muon beam monitor

« Chinese hodoscope with 1 mm2 plastic scintillating fibres, read by 45 “ |
SiPMs. - 7 W’
» 30X 30 cm? area holds 2D-aligned 128+128 fibres. S FR

e ~3 nsec time resolution.




COMET Phase a :: Engineering run w/o Plon Capture Solenota

Extracted Muon Decay Curve

o =IELELEL A B : - :
— T B T T i | ()] B s Signal Muons w/ 1 =165 = O nsec N = 1.81 = 0.12/sec
E : D = SRRt ian,
B i B
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34 ~— 2
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N
o

§ i —e— Data  Statistical errors only
& " —e— Simulation . _ _ )
3 20 o= Target) Overall difference (data/sim.) ranges 1.5-1.7
z L --&- (Non-target) * The simulation data is the most conservative
< 151 < one, predicting lowest muon yield. Testbeam 1-8 Novembre 2023
: | : « This is the 1st data of backward pion production @ PS|
10 " - \ i taken at 8GeV
E . T g * Factor of ~2 difference among different models
, A g2 S - \,.‘\ \ 7
5 o C’\’S\ - « Systematic error estimation in progress test of the Range Counter and C.:TH
: e : measurement of the secondaries
s s T R SO T i, - .
o Pl S Sy : produced in a W target

30 40 50 60 70 80 90 100
Momentum (MeV/c)




@ S Mihara, JParc PAC36, Juillet 23

2023 2024

3

Cradle construction

DS construction

BS & DS installation and test

Cradle installation test and alignment
Cradle (CyDet) Setup

4 11 2 3

1 2 3 4|1 2

StrEcal Construction

CS construction

CS installation

CS stand alone test

Magnet System Total test

CS radiation shield construction

CS radiation shield installation

DS test at Toshiba
BS & DS ready

CyDet ready to install

StrEcal ready for beam measurement

CS ready

Primary target installation

Beam line shield installation

-—l COMET Phase-l magnet ready

Muon Beam Monitor installation
CyDet installation to DS

Muon stopping target installation
DAQ & Trigger installation

CyDet test in DS

Ge installation

CRV installation

Beamlien ready

.

CyDet ready to start physics

A
*

Mar. 2026 Phase-| ready
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