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1CL

-\ has a clear signature of BSM since the SM

contribution is negligibly small.

BR ~ 0(107>%

CLFV has reached BSM physics scale of A ~ O(10%) TeV.
and the upcoming searches will reach A ~ O(10°) TeV.

1

dimension 6 operators: Rate « — — X 10,000

A4
©



Contact Interaction Photonic Interaction

T
® scalar (L/R) (spin independent) ® dipole (L/R) (spin independent)
e vector (L/R) (spin independent) e two photons (L/R) uel’F
® pseudoscalar (L/R) (spin dependent)
® axial vector (L/R) (spin dependent)
® tensor (L/R) (spin dependent)

For protons and neutrons

V. Cirigliano, S. Davidson, YK, Phys. Lett. B 771 (2017) 242

S. Davidson, YK, A. Saporta, Eur. Phys. J. C78 (2018) 109
S. Davidson, YK, Y. Uesaka, M. Yamanaka, Phys. Rev. D102, 11504 (2020) .
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1s state in a muonic atom

muon decay in orbit

u +((A,zZ)—e +(AZ) ﬁ

Event Signature :
a single mono-energetic electron

u —evv

nuclear muon capture

E = _
pe 2(my + m, — B,u) u +A,2) —=v,+(AZ-1)

/ CR limit
sulphur 16 </ x 1011

B (mN+mﬂ—Bﬂ)2—m]%,+me2

nucleus
Al

Ti
Pb

titanium 22 <4.3x 1012

copper 39 <1.6x 108
Coherent process : gold 79 <7 x 10-13

* enhancement by the number lead 82 <4.6 x 10

of nucleons, when the final - ) T N-=eN)
states are the ground state. CREN = e™N) =5 (N — all) 0




INntrinsic physics
backgrounds

beam-related
backgrounds

cosmic-ray and other
backgrounds

Bound muon decay in orbit (DIO)
M N—evy,N)

Radiative muon nuclear capture (RMC)
N —yNy;y — e'e)

Particles from muon nuclear capture

Radiative pion nuclear capture (RPC)
(r"N = N'y;y — e"e”)

Beam electrons

Muon decay in flights

Neutron induced background

Antiproton induced background

Cosmic-ray induced background
False tracking







B(uN — eN) < 10710

with a factor of 10,000 improvement



igh field (5 T)
superconducting
solenoid magnets
surround a proton
target.

1011 u/s for 50 KW proton beam power
or 10 muons In total

The previous experiment used 1014 muons.



3.5T and graph|te el Muon Science Intense Channel (MuSIC)
since 2011

IGM cryocooler
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Beam Dump
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Pion Capture Solenoid
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MuSIC at RCNP.
Osaka University (2011 -)

Time spectrum - Run 499, Cu target, By=0, energy spectrum |

Entries 799527

xIndf  222.8/191

BG 1599 + 6.1 Characteristic MUSIC mUOn YIe|dS

A1 6310 + 55.5 ;
7553 + 1392.4 energies from Pb

e*/e- Annihilation

511 keV u+ . 3x108/s with 400W

Muonic Mg decay l

K & (296.4 keV) \ “- . 1)(1 08/3 Wlth 4OOW
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PSI muon yields

s pt+ 1 O(108)/s with 1.4AMW
'y O(108)/s with 1.4MW |




Beam-related Beam pulsing with ~ measurec
_ between beam
backgrounds separation of 1usec  puises
proton extinction = #protons between pulses/#protons in a pulse < 10-10
Muon DIF
background
Muon DIO
background

based on the MELC proposal at Moscow Meson Factory @

curved solenoids for  eliminate
energetic muons

momentum selection 75 mev/o)

low-mass trackers in  mprove
electron energy

vacuum & thin target  esolution




Solenoid
Proton
Beam Producti

Exit Target
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Proposal (1992)
at Moscow
Meson Factory
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BNL E940 (1997)

one of the RSVP (rare
symmetry violating
processes with KOPIO)

Electron
Trigger

Tracking

Slopping Detector

Target

Detector
Solenoid [V

terminated in 2005

Transport
Solenoid
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plon capture
system

-
proton target

(tungsten)

muon target
(Aluminium)

muon' béamline
(180 curved solenoids)

|

eSingle event sensitivity : 1.4x10-17
*90% CL limit : < 3.2x10-1/
¢x10000 from SINDRUM-|

e [otal background: 0.32 events
eRunning time: 2/3 years (2x107sec)

electron spectrometer

// (180 curved solenoids)
|

/

detector
(straw chamber+
electron calorimeter)

Proton beam, 8 GeV, 56kW
2x1011 stopped muons/s



Material/Life-Science Facility (MLF) g
(muon source, pulse neutron source)

Accelerator-driven
Transmutation exp facility

—‘n Neutrino Experiment Facility
(T2K, towards SK) <

T

"
o~

3GeV Synchrotron (RCS) B
(350m ring, 25Hz, IMW)

30GeV Synchrotron (MR)
(1600m ring, 0.75MW)

(330m, 400MeV)

A 4
7 N
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4 filled and 5 empty

.
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Aluminum muon

Main Proton Pulse

10 p/pulse target ( MuonNIC
H\*

atom lifetime of
__— Prompt Background 864 ns IS good for
e 1.1us repetition.)

Stopped Muon Decay De|ayed time

Timing Window window to avoid
— beam background

ﬁignal
(from 700 ns to 1.1pus)

Proton extinction
. factor (proton
Time (us) leakage between

pulses) ~ 10-10

Bunched slow extraction with every other RF bunch filled by protons.
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IR EREPE about field lines

H H H H H H H * Uniform B field Q Helical motion
u EEEEEEEER u * Linear field lines

« Radial gradient in
magnetic field

 Cylindrical field
lines

Helical motion
about a drifting
centre

p S
Dy, q_BE

- Radial gradient in

magnetic field Helical motion of

. Cylindrical field selected momentum
lines Do staying in the
- dipole field normal bending plane

to the bending
plane




COMET Features

momentum selection capability
IS proportional to bending angle

muon 2x 90° bend
beam line (same direction)

electron 180° bend
spectrometer curved solenoids




Muon Target Disks
Beam Blocker

105 MeV/c signal electrons

EPCNITTI .
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Zyeamine [MM]

2000 3000 4000 5000 6000 70

vertical
vertical

400 600

X mm]

X

beamline [

[mm]

beamline

horizontal horizontal .




L i_
— T T T
'

i
- Lo to} \

e [l i

o ok

=

Staged Approach

COM
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\ ) detector

eSingle event sensitivity : 2x10-15
¢90% CL limit : < 5x10-15

¢x100 from SINDRUM-I|

e [otal background: 0.32 events
eRunning time: 0.4 years (1.2x107sec)

muon beamline S

> m
:

| .'

~_only thefirst 90 degree
curved solenoid +
detector solenoid

d-___:

—

/

: Proton beam, 8 GeV, 3.2kW
2x10° stopped muons/s
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e PCS had ground

fault problem. It has
been fixed in 2023.

e MTS excitation
complete in 2023.

e DS assembly will be
complete in 2024.




Cylindrical Drift Chamber Muon Stopping Target

<angmBEE Aan apparatus to

. search for y-e
conversion at
Phase-|
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Phase-ll

one detector at a time

Straw Tube Tracker

an apparatus to v l\

measure a muon
beam at Phase-|
and a prototype for




Cylindrical Drift Chamber (CDC)

~ Cylindrical Drift Chamber (CDC)
- large inner bore (R=50 cm): to avoid s,
DIO electrons and beam flush.
~ Helium based gas: to minimize
multiple scattering
- all stereo layers: z information of
tracks for few layers’ hits
~ Cylindrical Trigger Hodoscope (CTH)
~ two layers of plastic scintillators

- CDC completed by
Osaka Univesity and
IHEP in 2019.

- Gosmic ray tests
underway at KEK and =
J-PARC.

mn Eamy mou




© Straws
- adhesion welding
~ 20pum thick, 9,75mm dia. (Phase-)
= 12pm thick, 5mm dia. (Phase-ll)
~ One station has four planes (x,x’,y,y’)
~ 150 pm position resolution
- DRS4 readout electronics (GHz)
- Assembly underway at J-PARC.

ECAL 8x8 Prototype w/
test vacuum chamber

- LYSO crystals (500 for Phase-|)

- APD readout

~ Energy resolution 4.4% @105 MeV

~ Position resolution <10mm@105MeV
~ Time resolution <1.0 nsec

~ Assembly underway at Kyushu Univ.
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Horizontal AN
oo O(tgt)=2.14mm
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Proton beam commissioning: 0.26 kW beam power

Proton bunch time structure was the same as
COMET Phase-I.

\ Vertical
\, 0(tgt)=3.88mm
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Muon range distribution
Beam time distribution
Beam Intensity distribution
Beam Xy dlstrlbutlon




Observation of the first muon
beam on February 11th, 2023

Upcoming schedule:

The engineering run Is
expected to start in early
2026, followed by the physics
run with lower beam intensity
and then to the designed
intensity.




B(uN — eN) < 107V

with a factor of 100,000 improvement



preliminary

Phase-| Phase-|

poroton beam |8 GeV, 3.2 kW | 8 GeV, 56 kW

proton target graphite tungsten
transport 90° bend 180° bend

MuoNS stop 1.2x109/s 5x1019/s

run time 150 days 200 days
detector CyDet StrECAL
90% CL <r/x10-15 <4.6x10-17

packgrounds | 0.03 events | 0.32 events

® |ncrease of the number of muons stopped in the muon target
® |ncrease of the signal acceptance by the collimator in the electron spectrometer
® |ncrease of running time .
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Other Physics

fopics
with COMET




U=+ NA,Z) = et + NA,Z - 2)

® | epton number violation (LNV) and CLFV
e not exchange of light Majorana neutrino, <m,, > =Y U,U,m

Ui~ er’ "y,
® cxchange of heavy new particles of TeV LNV Physics

signal signature Current limits

L et = m,u _ Bpt _ Erec _ (M(A’Z_ 2) - M(A’Z)) //l_ + Tl — €+ + Ca(gS) S 17 X 10_12

H

I Y
conversion to ground state 4~ + Ti — e + Ca(ex) < 3.6 X 10

J. Kaulard et al. (SINDRUM-II),
backgrounds Phys. Lett. B422 (1998) 334.

e radiative muon nuclear capture (RMC)
u"+NA,Z) > NA,Z-1D)+v+y,y > ete

Epyc=m,— B, — E,,. — (M(A,Z- 1) — M(A, Z)) o




4w+ NA,Z) = et +NA,Z—-2)

e COMET Phase-I; aluminum
e COMET Phase-Il; dedicated ?

Requirements of Target N(A, Z)

end
Ey-er > Epyie =

MA,Z—1)> MA,Z - 2)

B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96
(2017) 075027 0§ :

T1.S. Wong, Ph.D. thesis (Osaka Univ.), 2020

p~-+N—->N+vy, +y

e COMET Phase-| plans to measure
the Photon spectrum near the end-
point (90-100 MeV) for aluminium

e CDC, as a pair spectrometer with
photon conversion at the inner wall
(CFRP) of the CDC.

-800 -600 -400 -200 0 200 400 600 800
x[mm]

D. Pietres, Ph.D. thesis (Osaka Univ.), 2023




® Jodidio et al. (TRIUMF) 1986
® polarised muons
® BR(u" - eta) < 2.6 x 107°
® F,,>355X 10° GeV

U — eX ° TWIST (TRIUMF) 2014
® Michel parameters
® BR(u" — eta) < 5.8x 107>
° F,,>12x10°GeV

X is a light, invisible, neutral particle

with LFV coupling to leptons. * Crystal Box (LAMPF) 1988

: axion like particle (ALP) e Nal(Tl) crystals

: light flavour violating Z ® BR(u" — etay) < 1.1 x 107
o F,,>9.8x10°GeV

e MEG-II fwd (PSI), planned
® polarized muons
® BR(u" — eta) < 107’
® F,, > 10" -10""GeV

® Mu3e-online (PSI), planned
® 25 <m, < 90MeV

e BR(ut —» eta) < 107°

o F, > 10'°GeV

d,a
P K2 1V 4+ CAYS
= 2, of 71Ciy+ Ciylrd;

alp

o e a
L]

1 my? m?>
(¢, — £a) = l(l— C’)Z




& . electron spectra (normalized by rate)
Advantage : N ®free Y+ decays

® a signal peak of my ~ 0is not | | in dashed lines.
on the DIO Michel edge. | | ®bound |- decay
o ..+ +., In solid lines.
po — e yXior MEG | | | ®signals in red,
® Systematics with different target | | DIO electrons in
® Disadvantage : 7N
® Not mono-energetic T T Mev)

® packground distribution

e Preliminary COMET study: | e, 2o | T e |
® Phase-l, B < 0(1075) - | ] ‘ |
® Phase-ll, B < 0(10~¢~?) | |

* £ > 10171 Gev WS N

0 10 20 30 40 50 60 70 80 90 100
E, [MeV]

T. Xing, C. Wu, H. Miao, H.B. Li, W. Li, Y. Yuan,
Y. Zhang, Chine. Physics C, 47 (2023) 013108 Y. Uesaka, Phys. Rev. D102, 095007 (2020)

® use the detector calibration data of 77 and u™ (a la Jure Zupan, 2023)
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B(uN — eN) < 1071°

with a factor of 1000,000 improvement



@Better muon beam qualities

narrow beam energy spread (phase rotation)
small beam emittance (muon cooling)

synergy with muon collider R&D

Phase rotation (synchrotron oscillation)

Energy

Phase Phase




‘ High Z muon target
—cd

ly starting time of measurements

—NO PIONS IN @ mMuon beam.
—a long muon beam line (100 m?)

Target Z dependence (one int. at atime)  measurements starts after 700 ns

100 ns

- Main Proton Pulse
" 10 p/pulse

__— Prompt Background

__Stopped Muon Decay

Timing Window

Time (us)

1.1 us

R. Kitano, M. Koike and Y. Okada, Phys.Rev. D66 (2002) 096002; D76 (2007) 059902
V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D80 (2009) 013002



PRISM=Phase Rotated Intense Slow Muon source \v *

PRISM
MW beam

PRIME
detector

Detector Solenoid

Spectrometer Sclenocid

momentum slit J

PRISM-FFAG
extract kickers muon storage ring
- J
Muon Storage Ring
(Phase Rotator) matching section
PR|SM curved solenoid
beamline (short)

Target

pulsed horns

SC solenoid /
Injection kickers




Fixed Field Alternating Gradient Synchrotron (FFA)

e Accelerator ring suitable for
acceptation low-energy muons
®|arge lbeam acceptance
efast beam acceleration
e synchrotron oscillation

FFA R&D at Osaka et i‘ -

*Scaling FFA with DFD triplet magnets ~ 4§ | _bdhes

r
B(r) (r—
0




—  no . T Nakanishi, Ms.thesis (2008)
--'l Bt Rl .

demonstration of phase rotation has been made. o



Summary




* 4 — e conversion is one of the important my dog, IKU
muon CLFV processes.
- COMET Phase-I| at J-PARC is aiming at Y
CR < 7x10-15(90% CL) a factor of 100 & »
better than the current limit. ot
- COMET Phase-Il aims at CR<7x10-18, a Al
factor of 10,000 (or 100,000) better,
following Phase-lI.

* 4 — e conversion experiments which
utilize a muon storage ring (FFA) might be
a future option.

Thanks!
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Background Estimated events
Muon decay in orbit 0.01
Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Prompt Beam * Beam electrons
* Muon decay in flight
* Pion decay in flight
* Other beam particles
All (*) Combined < 0.0038
Radiative pion capture
Neutrons
Delayed Beam Beam electrons
Muon decay in flight
Pion decay in flight
Radiative pion capture
Anti-proton induced backgrounds
Others Cosmic rays’
Total

7 This estimate is currently limited by computing resources.

from COMET Phase-| Technical Design Report



