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. @ Outline

COMET ... COherent Muon to Electron Transition

Experiment searching for charged Lepton Flavor Violation
utilizing intense muon beam

Muon-to-Electron Conversion

COMET Experiment
» Current Status

» Summary
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€ Muon-to-Electron Conversion

» Charged Lepton Flavor Violation (cLFV) Neutrino oscillation

u—>ey p—>eee pu N—>e N notobserved yet "’"’
? ?

» Essentially forbidden in the SM Y
Am, /W\fﬁ cLFV
BR(u — ey) ( ) <010y R
M%V . . PS - .

1

Experimental observation = Clear evidence of the New Physics

» Theoretical models beyond SM == S;izable branching ratio of cLFV
< I BR(u — ey) = 0(1071° ~ 10719)
Current upper limits
u~N— e N |BR(u Au — e Au) < 7x 10713
é i % ut = ety | BRut = ety) <1.5x 1071
Heading towards a potential discovery
with several orders-of-magnitude sensitivity improvement
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€ Muon-to-Electron Conversion

Muonic atom (1s) Decay-In-Orbit (DIO)

pN—evyN

U — e conversion

U N—e N

~

Muon Capture
uNA,Z) - vﬂN(A,Z— I)J

Nucleus (A,Z)

~

~

Backgrounds
» Mono-energetic single electron b Intrinsic background ... DIO
E =m, — B — L recoil
(~105 MeV/c for Al nucleus) » Beam induced background at the prompt timing

ex. Radiative Pion Capture:
7 NA,Z) > NA,Z-1)* > NA,Z-1)y,y > ete”

can be avoided by selecting delayed ¢~

p Cosmic ray background

The whole system 1s surrounded
by veto counters




€ Muon-to-Electron Conversion

Muonic atom (1s) Decay-In-Orbit (DIO)

pN—evyN
Nucleus (A,Z) \
g . h

Y — e conversion
U N—e N

p Mono-energetic signal electron
E =m, — B — L recoil

(~105 MeV/c for Al nucleus)

Signal and DIO (BR=3 x 10'"®)

~

Muon Capture
uNA,Z) - vﬂN(A,Z— I)J

Backgrounds

p Intrinsic background ... DIO
* Rejected by the detector geometrical acceptance
* Nucleus recoil ... higher tail extended

$01F * Precise momentum measurement
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COMET Experiment

» Principle of the Experiment

Proton beam I T
e

Pion production
target

» Utilizing a Pulsed Beam

Prompt Background Delayed electrons (DIO & Signal)

Detector
» Momentum
measurement

Muon .
. Muonic atom (Ls)
stopping
target Jv 9 ] u— e conversion

Nucleus (A,Z) In muonic atoms

e Delayed time window

- avold prompt beam-related backgrounds

- Materal of stopping target

Heavier nucleus ...
Large overlap with muon wave function
but short life time of muon

* Aluminum stopping target

[} . .
n A Z Time Window
o |z for Signal Search
=] 8
< ©)
2|2 \
— A
o
—
g D—— |
g
=

< >

700 ns

time

1.17us

T, In Al ~ 0.9usec



, @ COMET Experiment

» The COMET experiment will be conducted at J-PARC (Tokai, Japan).
Staging approach (Phase-I, Phase-II)

» Proton beam

* 8 GeV P 3

2 o [R5 oy RCS )

* Pulsed structure S| | B0 (Rapid Cycling
1.17 nsec repetition ' (= Synchrotron)

Neutrino Beam *'m
(to Kamioka) | /

—
-~ . = )
LN |
4----
v . e - D\ -
3 -

* 3.2 kW for Phase-I
56 kW for Phase-II

s
i &

» Good extinction factor ss Main Ring

* Ratio of off-timing protons

protons between bunches

protons filled in bunches
+ 0(1071Y required

* measured : 1.02 x 10-10




G COMET Experiment (Phase-II)

(" . . )
Proton beam Pion Capture Section
from MR .
& Collect the low momentum, backward pions
-\0Q , , with a high magnetic field
Q Pion Production \_ Y,
Targgt
4 . )
Transport Section
-— Pion — Muon Decay Volume » Search for u - € conversion
3mm I .:.'=I Momentum and charge selection with single event sensitivity
—s with curved solenoid and dipole field, of 2 x 10-17
—r ._and beam collimator ) x10000 better than the current upper limit
Muon Stopping

Target

a Detectors

Straw tube tracker
& ECAL
Precise measurement of
momentum & energy

\

J

'Electron Spectrometep

Select momentum
(~105 MeV/c)

& charge

Eliminate off-momentum
backgrounds

\_

J
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G COMET Experiment (Phase-I)

Aims of Phase-I

» Search for u - € conversion with
AAR ﬂ single event sensitivity of 3 x 10-15

Proton beam from MR

» Beam measurement
to investigate beam quality and
Pion Production

Target background
» Physics detector

* Cylindrical Detector system (CyDet)
* Cylindrical Drift Chamber (CDC)

* Cylindrical Trigger Hodoscopes (CTH)
* Surrounding the muon stopping target

= ( 17 Aluminum disks )
E) - Cosmic Ray Veto (CRYV)
A * Germanium Detector for normalization
' » Beam detector with X-ray
J/ StrECAL - Straw Tube Tracker

CyDet Muon Stopping Target » * Electron Calorimeter
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Single Event Sensitivity

Single Event Sensitivity (S.E.S) =

Nﬂxfc

ap

X [gnd X A,ue

N, =number of muons stopping on the target

U
Jeap = fraction of muon capture

Jena = fraction of nucleus which is not excited by y — e conv.

A ,,= Total Acceptance for e- from y — e conv.

[
Phase-I
Beam power 3.2 kW
Protons on target 3 x 1019
Stopped muons on target 1.5 x 1016
Running time ~ 5 months
S.E.S 3 x 10-15

c.f. SIMDRUM-II: BR(y~Au — e~ Au) <7 x10-13

12

Phase-II
56 kW
3 x 1021
1.5 x 1018
~ 1 year

2 x 10-17
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Towards Phase-1
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@ Beamline

» Superconducting Solenoid Magnets
Capture Solenoid (CS), Transport Solenoid (TS), Bridge Solenoid (BS), Detector Solenoid(DS)

* Installation of all magnets was finished in 2025 Nov.

" S | : . ¢
. I v § o e+ Field measurement of DS
in the yoke "= ¢ .7 Muons .
’ » will take place.
— Precise field map
for track reconstruction

» Beam Collimator

* Muon beam optimized by
the dedicated simulation

x10~6

1 e-
U~ ~40MeV/c =
1 mu-
1 mu+
1 pi-
[ gamma
neutron

w

H

N

- Beam collimator designed,

entries/POT (per 2 MeV/c)
= w

_'I.u
fabl'lcated aIld lnStalled. 00720 40 60 80 100 120 140 160 180 200

momentum (MeV/c)
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. € Phase-I Detector System CyDet

* Magnet field : 1T - Gas: He:1-C4H10 (90:10) 'b

R EERE ELM

* 20 layers, 4986 sense wires,
alternating stereo angle (+64~75 mrad)

« Momentum resolution = 200 keV/c

400 Fr—rr
<tk Good spatial resolution
3004 150 ~ 200 um

250 -

RECBE Muon Stopping targft,

2 Signal electron
holders CTH - N 105 MeVie

£
g Light guide s ' ne .
3 200, ere = hit pattern
c  150F
3‘§ 100 i o -
S s : I
T i -
Distance from a wire [mm] mE
. _ - 0,<1ns Good enough
Saof ” » CTH o time resolution
- /7 i‘ - 2 wheels of 2x64 plastic scintillators « o = & "% L e
’f at Upstream/Downstream
- ; * Trigger : 4-fold coincidence
ot i | . :
; | * Commuissioned with prototype
~%ho-Go 500 63 “20b"*0 £ 405 " 48 oo

Event display of cosmic-ray test 15




. C Phase-I Detector System CyDet

» Preparation towards CDC+CTH integration and installation ongoing
* CDC and CTH will be integrated 1n a stainless-steel support frame.

* now testing the integration scheme

A

R

CTH Frame

16



. € Phase-1 Detector System StrECAL

» Straw Tube Tracker

* 4 planes x 5 stations

(3 constructed, 2 under construction )
* Low mass straw tube

Phase-I : 20um thick, 9.75 mm diameter [ —" 1 ]élaelgtrri(r)l?eter
Phase-II : 12pm thick, 5 mm diameter St

* Operation 1n vacuum
* Ar:C2Hs (50:50)
* Spatial resolution : 110um

» Electron Calorimeter

* 1920 LY SO crystals (2x2x12 cm)
* Energy resolution : 4.4 %

* Spatial resolution : 5.8 mm

17



. € Cosmic Ray Veto (CRY)

» Suppress cosmic rays by a factor of 104 | Vit G, g OV )

/1~ rejection rate = 0% B(p~ — e ) =44 %1077
» Full coverage except the beam holes, S
using different technologies 3. Lm% n

* Top CRV : Plastic scintillators ettt B [T

- T lIANE
* Side CRV : ARGO-RPC modules (recycled RPC) ﬁ T
/ Plastic Scintillators TETE R R b

p [MeV/d]

* Upstream/Downstream CRV : iIRPC modules (RPC with CMS technology)

Scintillators

Muon beam EALHN ,
Scintillator CRV test
> ARGO-RPC ' 1Rl:)PoCrlrowed from CMS
Irradiation test (@ CERN performed

Discussion on integration ongoing
18
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Phase-a

» The first beam commissioning in 2023

for COMET proton beamline and Transport Solenoid

w/o Capture Solenoid

Turn chamber

Muon Transport
Solenoid

Beam arej

Concrete wall
— Experimenta’ area
D;tedorsv‘/? ,
Beam Monitor
‘ Horizontal N
~ o(tgt)=2.14mm /h \
; / \
E \
7\
Beam spot - / \
on a phosphor B SIS, ﬁ_
1 After Tuning — E /% Verucd!
plate R e : / o(tgt)=3.85mr -
ta E /
P / LA

Measured beam dimensions

Phosphor plate response
before and after beam tuning

K.Oishi, J-PARC Symposium 2024 19

» Proton Beam
- 8 GeV, 260 W

- Same filling pattern and
extraction mode as Phase-I

* Thin graphite pion production target

» Proton Beam was tuned and
the profile was measured.
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Phase-a

» The first beam commissioning in 2023
for COMET proton beamline and Transport Solenoid

w/o Capture Solenoid

Counts / MeV/c / 10'2 POTs

—e Data e Simulation
: Stat. Error @ Target
. s~ Non-Target

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

K.QOishi, J-PARC Symposium 2024

» Muon beam was successfully
transported by TS.

* Muon momentum ...

measured by Range Counter

» The data analysis and internal review
were completed.

The final results will be published soon.



. @ Schedule

2026 2027 2028
1121314|5(6(7|8|910[11]12{1|2|3(4[5|6|7|8|9[10[11{12|1|2{3]4|{5]|6|7|8|9|10j11|12

Magnet commissioning, Field measurgment
| :

: | Detector installation

Phase-1

|
Detector commissioning

| |
Prodluction target| Beam| area construction

7

A

Commissioning run

> We will start COMET Phase-I commissioning in 2028.
- Low intensity beam (10% power) at the beginning

* Beam & detector commissioning
* Measurement of Michel edge, DIO Michel peak, DIO high-momentum tail

21



@ Summary

» COMET Experiment 1s searching for y — e conversion at J-PARC.
Sensitivity : 3 X 1071 for Phase-I , 2 X 10~ for Phase-II

» All magnets were installed.

» Preparations for each component are steadily progressing towards Phase-I.

» The first beam commissioning (Phase-a) was carried out successfully.

» Phase-I experiment will start in 2028 with low intensity.

22



Back up

23



@i‘ Sensitivity to Reaction Mechanism S )

» Effective Lagrangian

1 m R 1 |
L = Bt ot e, F, - Y er ) (Gr ¢
1+f1 ‘\‘)ILR L+ pu “l‘i‘h \2(/[,; L)(qL z,LjL.)
Photonic Non- Photomc
4% V 4%_ \//
u-e conversion in the nuclear field

= Sensitive to both Photonic
and Non-Photonic processes

E I u+ —_— e+ rY

complementary to u — ey S ‘.
‘ Excluded
24 WJW“P"“Q'““%'Wﬁ
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Transport Solenoid

» Momentum & Charge selection 1n a Curved Solenoid

P
D= "—
qB

1

Obend 5

A

\

4

VVYyVYYYYY

—— High momentum track

1
0
(COS " COS 9)

TVerﬁcaI Field

] ]

Collimator

——  Low momentum track

momentum selection
by applying correction field

25

B (perpendicular to screen)



TS1 cold Mass CS cold Mass
(TS1 coils + Shell) (CS&MS coils + Shell)

Protons TS1 thermal shield Vacuuur vessel / CS thermal shield
Proton beam ¥ o 2 %F N
Production e & 1= = ]
Target from LSS = o J\
° ° o= e —— : \_/‘_’:’.:- -y g B
J-PARC Main Ring = y iR

IPt
28 £

P 18 m‘jtrn‘“ >sz M\SZ cs/1 cs/o

TSf TS1d TS1b

~~
~
~~~~~~

-
- -

S S S A (———. T ——

» Target rod
* Graphite , optimized shape with dedicated

simulation study Prototype of the production target
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, @ Proton Extinction

» Protons between bunches Time Window
. i ) . for Signal Search
— > background in the time window for signal

\

Extinction factor <10-19 required

< >1 | g
. 700 ns fime
» Accelerator operation mode for COMET
‘ . Normal _kwkir pu_lse_
OV N HnE
BBBBBB Q“edanﬂemm COMET kicker pulse
~ shift BT
| |

kicker timing

» Measurement (@ Hadron Hall MR 8 GeV proton beam, Slow extraction
utilizing secondary particles from the primary target in Hadron Hall

m‘logt LN A N S R L B B B N B A B H R B R B |

c et A \ L i

Extinction factor
<1.02x10-10 (90% C.L.)

—h
o
w
o AL LR L B B R L L BRI IR
|

Time [us] 27



@ Muon Stopping Target, Germanium Detector

Muon Stopping Target
* 17 Al disks

* 100mm radius
+ 200 um radius

further optimization ongoing

Germanium Detector

* placed a few meter away

from the stopping target

* Normalization of the number of

stopped muons with X-ray from
the muonic atoms

28



Tracking

U-net deep-learning reconstruction scheme

input
image (& »
tile
¥

input image 128x128 with normal format [2]

l\rd" B

i

|
kil
et

el e

i
o

v e
'Eﬁ-,:'-‘.;,ir"'-':‘l-r?f-‘. :
Ca

ik

r

reduced

T m

input image 71><71W|th reduced format [2]

Various methods were developed.

> > >

=» conv 3x3, RelLU
copy and crop
¥ max pool 2x2
4 up-conv 2x2
=» conv 1x1

Model structure of U-net [3]

output
segmentatic
map

output image [2]

Cellular Automaton
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