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cLFV Lt muon channels
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) R > ., 2
Ui v, Uy
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u— ey Coincident
back-to-back e* -y BR(1 — ey) 90% C.L.
Ee=Ey= mp/2 (~ 52.8 MeV) PSI/MEG 2016 | 4.2 x 10~13
! PSI MEG II 4% 10-14
C
_ re > BR(u — eee) 90% C.L.
+ — eteet e . _
- + e 2= S, Zg O PSI/SINDRUM | 1988 | 1.0 x 10—12
7 vertex; coincidence
\\ e JINR 1991 | 36 x 10—11
PSI/PSI/Mu3e 10—15 3

e
i+ (AZ) = e+ (AL~ E(Al, Pb, Ti) ~100 MeV

single electron;
" q well defined energy
well defined time

CR(u — e,N), bound

4.3 x 10-12 Ti 1993
q 4.6 x 101 Pb 1996
7 x 1013 Au 2006
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OMEI K — e conversion tn muonte atoms :: expertmental strateg Y

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

I | (™ +N@,Z)> e +N(4,2))
T (i +N@AZD > v +NAZ - 1)

g—

| | 1018 stopped muons
This requires: -

high background suppression (Nyckg < 0.5)




M — € COMVErSLOW LI Mionie atoms :: experimental concept
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CR(u — e,N), bound

4.3 x 10-12 Ti 1993
4.6 x 101 Pb 1996
7 x 1013 Au 2006

© 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

p rOtO N be dlT] ©S.Giovannella




#  Proof of Principle : MUSIC @ RCNP, OSAKA University @
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Delivering the world’s most intense muon beam

S.Cook, R, D'Arcy, A, Cdmonds, M. Fukuda, K. Hatanaka, . Hinc. Y. Kunc. M. Lancaster, ¥, Mori, T, Cgitsu, H
Sakamolo, A, Salo, NoH. Tran, NOM. Truong, M. Wing, A. Yarramele, and M. Yoshida
s, Rev. Acce . Beams 20 C301C1 - Published 1€ Ma-ch 2017
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M — € COMVErSLOW LI Mionie atoms :: experimental concept

Decay In Orbit © Lobashev and Djilkibaev, MELC experiment [Sov.J.Nucl.Phys. 49, 384 (1989)]
uN — evvN Soft pions confined with solenoidal B field
Strong gradient to increase the yield through magnetic reflection

prOton beam © S.Giovannella

) '
( J /_» .

- e —

prbton beam

uN(Z) -» vN'(Z — 1)

Nuclear Muon Capture '- — f '_'_ N L4 ',’ 3 +
100 ns o
rp _~ Main Proton Pulse .
10 p/pulse N *
E _—~— Prompt Background Delayed DAQ gate to suppress prompt backgrounds
2 Bl measurement Narrow proton pulses
g Stopped Muon Decay ' _ _
= e window O(1019) out-of-time protons suppression
E __Timing Window_ 07 -117 S
Signal ' ' Material target | Atomic number (Z) | Muonium lifetime (ns)
| Aluminum 13 864
Titanium 22 330
> Lead 82 74




M — € COMVErSLOW LI Mionie atoms :: experimental concept

Decay In Orbit © Lobashev and Djilkibaev, MELC experiment [Sov.J.Nucl.Phys. 49, 384 (1989)]
uN — evvN Soft pions confined with solenoidal B field
Strong gradient to increase the yield through magnetic reflection

prOtOn beam © S.Giovannella

{ " / et

T e e —

proton beam
uN(Z) - vN'(Z — 1) .
Nuclear Muon Capture " —— N ,,}

100 ns | 7 -7—;.- e Sl ;‘- s
_~ Main Proton Pulse . Tt e | S —
* 10 p/pulse

A

—~ Prompt Background Delayed DAQ gate to suppress prompt backgrounds

W measurement Narrow proton pulses

window O(1010) out-of-time protons suppression
0.7 - 117 us

Stopped Muon Decay

Arbitrary Unit

__Timing Window_

Signal

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

. = higher beam intensity is preferable
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Decay In Orbit UN — evVN

[ IV m%}

Muonic atoms

U stopped in a target — 1s bound state
+

muonic X-Rays

UN@Z) > W'(Z—-1)

Nuclear Muon Capture

{

low energy neutrons, protons,y’s

>

noise in the detector



cLFV :: L — € COMVErsLon Lin muonte atoms
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Free muon decay

(Arbitrary Units)

Decay In Orbit UN — evVvN

|O shape

© S.Giovannella \L
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| - - i 1
20 40 60
Electron Energy

uN(Z) -» vN'(Z — 1)

Nuclear Muon Capture

events / 100 keV

Improve the momentum resolution:

- minimise the multiple scattering : thin
Al target, gas tracker

1801

M,
G g Required momentum resolution :
100
(MeV) better than 200 keV/c
run2000 on gold SINDRUM I

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

w LTS
i .

r

SINDRUM || d
BR[u- + Au —e + Au]
<7 x 1013

70 80

ETOT (MeV)

100

10



COMET design
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No photons and (high p)
neutrons from the target getting
to the detector!

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

14



Ext netien
Mon tor

Pionucn Transpart

No caplure solenoid magnet

Moritor fer
beem kcss
on 1arget

1 mm-
thlc<
graphite

Beam Cump

Production
Target

Stopping
Target

8 GeV proton beam (3.2 kW)
Graphite proton target
1.2 109 stopped muons/s

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

Pion Capture Section

A section to capture pions with a large
solid angle under a high solenoidal

magnetic field by superconducting
capture Production maget
Target 8 GeV proton beam (56 kW)

Tungsten proton target
1.2 10" stopped muons/s

solenoid

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.

Stopping
Target

:u‘n:munuuuunnunnnuununuwﬂlﬂﬂﬂﬂ

Pion-Decay and
Muon-Transport Section

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

Sm

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



COMET Phase |

Cylindrical Drift Chamber | / Muon Stopping Target

Physics
measurements

Beam
measurements
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- Superconducting coils CDC inner wall CDC outer wall Cylindrical drift
chamber (CDC)

CDC endplate 1 Tesla magnetic

field
. Muon stopping
/ target

Four-hold
coincidence

provides trigger
and PID 4-rings of ultra fast scintillators
read by optical fibres and SiPMs

. Cylindrical trigger
hodoscope (CTH)

Vacuum window Shielding -' Cryostat voit:mm Return yoke

17 Al disks
| 100 mm radius, 200 um thick

Number of Signal Events
2.9 e . e o omp | L FRE S : .
= i CJE 1 ¢ 11 muon momentum
1% 2.0 o® L on the target
L= : - : - o . )
4 .,‘ 0.07 .. ......
S 1.5 o’ 3 N T I
S . A momentum of
= i 0o+ e d i muons
= i : | stopped in target
L] . . . H . H
T i A Lj‘:}' ; ]
0.5 o AT IR Ty

W e, - oo ' 20 30 40 50 60 70
C. Cérloganu, IN2P3 Scientific Council |, 24.06.2024 9 20 40 B0 &0 100 120 140 17

Number of Discs



COMET Phase | :: a hgbrid CRV

OMET
Scintillators CRV

|l| . polyethylene 10cm ¢

a module (1900x600 mm?2):

G R PC C RV two single-gap GRPCé

A tracker module: 5 detector modules (baseline) PCB with common readout

float alass

Al Honeycomb cassette 18
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“ + Low intensity run (260 W) without Pion Capture
Solenoid

- Proton beam diagnostic detectors (time, intensity &
xy distribution)

» Secondary particle detectors -> muon range
distribution

5. Fil
) Ranget
.C(\)unter'

Tube
Tracker

19
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Phase-a : first proton. beam. L. COM!

ET Hall (Feb-Mareh 2022)

—

m Horizontal
=o— Og(tgt)=2.14mm

S00—

.. proton beam size
= at proton targ
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Vertical

N o(tgt)=3.88mm

Counts / 0.4 MeV/c / 102 POTs

Counts / MeV/c /10" POTs

o
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N
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l o ll A

30 40 50

60 70 80 90 100

Momentum (MeV/c)

—eo— Data

[ ] Stat. Error
Syst. Error

~@- Simulation
- Target
~#-- Non-Target

"PRELIMINARY -

30 40 50

60 70 80 90 100

Momentum (MeV/c)
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Plon Capture Solenold at J-PARC since Nov 20224 @
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y

B, < L -2
Photo takemai44'" Collaboration Meeting
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&Aligned to beamline

©Y Fukao, J-PARC PAC Jan 25

Connected to
Transport Solenoid
iIn December

Guide
Rail
Guide block and rail were utilized based
on the preliminary test. 5o




ALl magwnets available - (almiost) reada to use! @
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» DS was delivered at
KEK Tsukuba in Sep.
2024,

 BS was delivered at J-
PARC in Mar. 2022.

R

Pt DSaéIiverethk’K NG
‘¥ : . .

©Y FukaO, J-PARC PAC Jan 25 | S ’ BS magnet:rMaI'\zozzm
. ar. & gy

23



# cy Lindrical Drift Chamber @
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Oct. 2024

©Y Fukao, J-PARC PAC Jan 235

24



u Timeline @
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©Y Fukao, J-PARC PAC Jan 25

2024 2025 2026 2027
|1 Q2 @3 Q4[Q1 @ Q3 Q4| Q1 Q2 Q3 Q4|a1020304

2028 2029
Q1Q2Q30Q4 QL1Q2Q3Q4

Open Shield

CS Inner Shield Manufacturing
CS Inner Shield Installation
Target Manufacturing o
Target Installation FaC" |ty
Collimator Shield Manufacturing
Collimator Shield Installation
Beamline Apparatus Installation
|Radiation Shield Installation |
CS Delivery Preparation -
CS Installation

CS Commissioning
DS+BS Installation M ag n etS
DS+BS Commissioning
|All Magnets Commissioning |
Detector Assembly + Test
Detector Installation

| Detector Commissioning
Phase-| LI Physics

Phase-| LI Beam Measurement
Phase-|

Detectors

25
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Each challenge is an opportunity

26
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Physics Sensitivity for COMET phase-1 BR(u + Al > e + Al)=3. 110"

1
BR(u + Al — e + Al) ~
N i’ ft_ il AE Type Background Estimated events
Physics Muon decay in orbit 0.01
8 GGV, 3.2 KW pI'OtOIl beam Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
NH . # of stopping muons in the muon C]:f,rged particle emission after muon capture < 0.001
: Prompt Beam Beam electrons
stop‘plng target ' * Muon decay in flight
f..p : fraction of muon capture * Pion decay in flight
0.6 for Al * Other beam particles

, = All (*) Combined < 0.0038
A, : detector acceptance = 0.04 Ra,d(iaz:ive pion capture 0.0028
Neutrons ~ 1077
Np, = 1.5 X 1016 number of StOppE‘d Mmuons Delayed Beam Beam electrons ~ ()
Muon decay in flight ~ ()
Running time ~ 150 days Pion decay in flight ~ ()
Radiative pion capture ~ 0
Antiproton-induced backgrounds 0.0012
Others Cosmic rays' 2 LA H
‘Total 0.032

Summary of the estimated background events for
a single-event sensitivity of 3 x 10-1°

27



Estimation of the Atwmospheric Background @

NUCLEAIRE
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Rare muons and muon-induced electrons w/o CRYV signals, undergoing
high angle scattering before penetrating in the detection volume

Very expensive to simulate with high accuracy with direct MC
(G4),much better with a backward MC

V. Niess et al, CPC 2018, 229, pg 54

CPU time needed to simulate the
transmitted flux with 1% accuracy

10" : ‘ 1 : ‘ ‘ ' 5
| ——  forward detailed
: backward detailed L/
10-1 forward hybrid o /1
" | & backward hybrid o .
N— 00000000 0a 0 0O 2wy b I
_ | © Geant4 (10.01) s
S 9 | M (vIES)
S 107 MUM (v1r5) . 1| | 100x speed up
2“ ................. A ......................
§= I N &% 11 1000x speed up
+ 10” <: A BLLAAN, AAapn 2 8.8 S ﬂv
e e e
AAAAadaanaaa A A dAAanr AALdan j
Non analog simulation using Importance Sampling and o3
Backward Monte Carlo -3 102 10~} 0 L 2 3 1
107 107 10 10" 100 10 107 10
C. Carloganu, COMET Review for Phase-I, 19.07.19 path length, s (m) 28
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Atmospherie Background Topology

@

NUCLEAIRE

ENnvelope

C. Carloganu, COMET Review for Phase-I, 19.07.19

M"MOA

Openings

sneaking

& PARTICULES

108 MeV sneaking e+ generated by the
interaction of an atmospheric muon with
the CTH support

p (mm)

230 - | '
500 0 500

7 (mm)

1500 -
108 MeV p+

1000 -

@ MC trajectory

1000 0 1000 2000
z (mm) 9



A tracker module: 5 modules
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Characterisation of the Atmospheric Background

@

NUCLEAIRE

Maps of the triggering atmospheric muons

ro

Side [

day'cm]

LS

& PARTICULES

10"

~10

'ﬂ ".-%'... s %

Downstream [ day'cm]

Upstream [ day'cm]

10—+

1) J

M"MDA

. v Y —N _— _.[u —N -0
COMET Phase-l, 142 days at 3.2 kW ~2 ml —2 ]
11" rejection rate = 89% 1t~ rejection rate = 0% COMET Phase-l, 142 days at 3.2 kW
By~ — e )=44x 1071 With cuts (timing, trigger, CRV, track)
1" rejection rate = 89% CRV efficiency = 99.99%
10° - 4+ Signal it~ rejection rate = 0% B(p se )=44x10"%
1 . . : - -
“e . Cosmic Source Count in ©_;
.o. . J—e conversion 1.000
‘e 103 - 1 ; decay-in-orbit 0.003
9 B
= 10° 5 .o. -+ Cosmic 0.473
5 a > M ind
o ‘e 99.90% — ~1 background event - o lomentm window
o ‘e, : = 10+
% 10! - *99.99% — < 0.3 background events (mostly sneaking) L0
— . ° -
o0 : B — ——
L ... = - ——
JE ... 3 ]ﬂ L - T+ g
- ¢ o ° -~ ——
10() ":' AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAx““AAAAAAAA‘ 3
‘ N R N E—— ‘ _._._.:_'_0 10~ 3
Sneaking component
1()—1 l'."" v | LA L l't"' LI LI LI i
10" 10~ 102 10~3 104 107 4 . : : :

1 — (CRV efficiency)

104 10%

w IMeV/ /]

106

lllO 31



COMET Phase |

proton beam

32



Radiation levels for COMET
Phase-|, studied by PHITS, MARS
and Geant

In the detector regions for 150
days, including margin of safety:

® Neutrons: 1012 n/cm?2

® Gamma rays: 2 kKGy

high

[nWem®/sec)

Sensitivity eam Power
Phase-| LI (*) 3x1013 0.32kW
Phase-| 3x 101 3.2kW

Phase-l| <1016 56kW

33



very sigwnificant pilewp::stmulation under development

neutrons photons electrons positrons

Sign o’ eoes(A) Sign al cosh) Sige of cos(e) Syn ol cas(B)
Né 3_ i ..‘;t‘ Pos tive cos(B) E i £ IO o Fasitive cosid) E 10 E_ Fositive cos(t) g i - Fositive cos(t)
o 10 = [( L | ' i ) ~ I.I f‘:?..-r}'—"'- —~ ‘::}.tt _ ) N : i J] I"IE]'I: N B I .
I - i MNegativa coz/8) I 10 rJ,J T ] MNeoative 20si8) I N 111! JTF'[- u{ MNegative cos(8) I _ | Naqgative cos(€)
L _ { I = i A § ) - ll)[‘ o B
& 2 x 1 '\\ o — i _,fl | = B ]}Hr 1 £ TF ]‘
- 10°= s LT c B 1 - ‘l} . l c - T
@ = et AN o - LH D ]j— g : ]11
[y - | 1 e T D D " ) -
= - o = 10g | = 1 . d I‘ = :
10 = [ ILl 11l - : E ﬂ ;] | - i
= - ~|1 ] 1_ — ! -
Muon target - L - I | :
- . 1_ i i
Proton target 1 L\l}um‘ = M} 107"
E . t_ : ¥‘ 10 |:_ : -- - UJd
107'= uS ms I] 107E \ - { [ |
: L1 Illllllllllllllll 1 Il -IIIIIIIIIIIIIIIII II 1 lIllIlIll[l -IIIIIIIIIII 1 1 III IIIIlIl],LL]_I_L | .| II IllIlllIIllIlII 1
0 1 2 3 4 5 B / 3 0 1 2 3 4 5 ) 7 8 0 1 e 3 4 2 6 7 8 0 1 2 3 4 5 6 ! B8
Log10(time [ns]) Legt10ftime [ns]) Log10ilime [ns]) Log1C(lime [ns])
= - o —— OSSOSO
104-? ............................................................. L R — - 102 '_:_m*-— e e [ T L T L T LT LT T T T, -.- ..................
- Sar= R | T e iclae [ MRl s s
. - = . = L LT all particles -
= S . T, o) e —— IR T < R ey SRR I ... <1 7 11 |eseescsvesmmsmensensseoassssnis
103 ................................................ » T:, ................................. 10 — 10:53333 t<1.2 HS e i,

BRRR
\
§
i
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I
i
?

10 + 10 ........... csnsamemenad P o mneae wa ee e m m aw e e w m  m

|| lllllll|
t:
*

 {
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all particles

o s f 1 alparties ¥

10riﬂlllll”#lllll B lll 107 Hlmjﬂt““f?,z, :J?,....j'..l.... e IS oo T T | e e

-10 -8 6 -4 2 0 2 -3 2 -1 0 1 2 3 -2 -1 0 1 -3 —2 -1 0 1
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P

all particles
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CM42,29.02.2024 34




Y4
Upstreamw CRV @
OMEI P NUCLEAIRE

. : : & PARTICULES
Fluence over full operation— integrity of the detectors Setup1: No hits {Hz/em2) UShicldAlIHitsProjHits (Hz/em2)

1
At

—

2000

Instantaneous flux during operation — Rate of hits 1500
— significant loss of efficiency above 1.5 kHz/cm? 1000
— fake vetoes — dead time for COMET 500

Hit rate (Hz/cm? -

'I()() (Ehﬂf;!u%‘0r1lf¥luqﬂﬂloi LN I T T T F;lFQ—l 1 () cm S;r1i63|(jir]£1 .i;i' S ; '02 }th

C -500

2

_]llllllllll I llllllllll II lllllllllllll I I

& : :
o ' i .. g
= + : 3 chambers in coincidence out of 5 OO o
® L1 ' ) ~1500[_ F3% =
g 96_ ! { : E om0 E- g8 A N TR -
Q ' 1 | eff chamber 93 95 98 S 4
594._ + * - 2500, ) o e e b e e Y R R B
LR F---=q 3000 5500 BOLO €530 7000 7500 8OO0 8500 16" ] -a pe pe
92 :
[ Test Beanin Juy 202 ' } ineff CRV 3.1 103 1.2 103 104 2000 E
90 1.4 mm double cap IRFC : B 15C0 :
| FEE 2.2 Patiroc 2C ' s 2
88| mreshote a1 ' | 1 10C0

1
i A. Samalan et a/ 20:22 i 500
86| B. JINST 17 CO101i —

saaa bl ol oo 01
0 0.5 1 1.5 2 2.5 500
+ cluster rate [kHz/cm?]

Testing shielding no 1: 3.5 cm
Mg(BH4)2 after the BS

Hit rate (Hz/cm2): 1

no shielding

102 CMS simuiation Preliminary iRPC -1000

lllllllllllll IIIIIl |IIIlIIIIIIIIIIIIIIllIIIIII

& f -

. - 2 ~1500

g 5 PID - :

~N 10 =[] Neutrons -é‘ 2000 o

T [ |[Dewos s 10 R
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Pasitr c 5000 5500 6000 3800 7000 7500 80CO 8500 3000

s 104} [ Postrons () ’ RPCs axis [nm’

§ w
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10° 10"
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10

10°°
1010 "0 %10 %0710 %1010 *10 10210 1 10 102
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Acc = ACCGeO ° gTrigger * EDAQ ° EFinding ° ngcking ° Equality * &€ MomentumWindow ® 8Timeindow

b . o 99%
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y’ COMET Phase-l :: CDC :: Track Finder

OMET
e

Y

Blue hits correspond to the Red points are hits caused from
background processes

a0

signal electron.

and noise hits

CyDet event. This is a projected view
from the central plane of the detector

blue: signals
red : backgrounds

E 18
8

16

5 cell for signal electrons |,

10

10"

] t‘_"‘ﬁ ;11&?&\%

Total energy deposits per , .

.lIIIIl‘_I _W
J}n* .
proon
lon
— L0 et
"l =—— 105 MeVk electron
- LT e L T T T PP P PR P PO PO T PEPTPRTRTEA
FRSRASTES TRMDERLOTIia | Bt NRIANOUOM i <V LN WIECCORERM oA R, SRR 0 A M ASSRSARLEL . [EEerE QB
BT : e ira il ' ' e s B e T e B B e i e R
- x;i:\ ;
RESEIEONY FPOIRRRIITS 1\\§\}. AP Y RO PR A
= %\‘\@\ E
"_ .......... R ‘\ Tt
1

0%
Energy Depo sit [keV)

95% background rejection for 99% hit efficiency
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Proton Target anod Muow Transport

Proton entry point on first target cylinder

PCS 4.4T, 700 mm graphite target

Proton interaction point (upper view of target)
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Red: p, e+, 7+, u+, Magenta: u—, p > 70 MeVrc,
Black : 7—, Blue: e-, p>100 MeV/c,
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17 aluminium disks with...
100 mm radius
200 wm thickness

50 mm distance (total: 800 mm)
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EN1050A H11

U il S

% 99.5% purity

L But ‘soft’ temper
H11 = too malleable

=

CMA45 report, 13. March 2025
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EN1200-H18

¢, 99.0% purity
% Full-hard H18

Y Good elasticity,
keeps its form!

L Well suited!
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S, u-e conversion
B, Decay in orbit
B + Sx(2.0, 1.0, 0.5, 0.1)
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EN1050A-H19
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& 99.5% purity
S Full-hard H19

% No noticeable diff.

to EN1200-H18
L Well suited!

Momentum [MeV/c]

EN1050AH19

S Significantly more
‘bendy’ but only
elastic deform.

O Well suited!

Andreas Jansen
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