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COherent Muon to Electron Transition (COMET)

Search for the Charged Lepton Flavor Violating (CLFV) u — e conversion

u~+N(A Z) - e +N(A Z) in Aluminum
(Lw Le) — (1' 0) (Lli' Le) = (0' 1)
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COherent Muon to Electron Transition (COMET)

1. = Physics motivation



1. Motivation

A New Physics probe with low SM background

Neutrino oscillation indicate LFV and non-zero
neutrino masses. What about Charged LFV?
- Very suppressed due to small neutrino
masses
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Motivation

A New Physics probe with low SM background
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A New Physics probe with low SM background
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1. Motivation

u — e signal and background

1 — e conversion signal is a mono-energetic
electron of about the muon mass:

1. Intrinsic physics:
Ee =my — By — Ereconl # 105 MeV Muon DIO ™ — e~ Vv,

Muon Radiative Nuclear Capture
—> Well above the energy spectrum of Muon WH+NAZD->v, +NAZ-D+y
Decay In Orbit (DIO)

Signal and DIO (BR=3 x 10°) 2. Beam-related:
‘ | | | | | Muons, pions, Radiative Pion Capture, ...
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1.

Motivation

u — e signal and background

1 — e conversion signal is a mono-energetic
electron of about the muon mass:

E. =my, — B, — Evecoil ® 105 MeV

- Well above the energy spectrum of Muon
Decay In Orbit (DIO)

Signal and DIO (BR=3 x 10"'%)
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-=> High energy
resolution
detectors

Intrinsic physics:

Muon DIO ™ — e vV,

Muon Radiative Nuclear Capture
u~+N(A Z) - v, + NAZ-1)+vy

Beam-related:
Muons, pions, Rad/

—> Pulsed-beam with
good extinction

= Curved solenoid
External:

Mainly cosmic ray muons

—>Cosmic ray veto
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2.  Experimental design
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Transmutation
(Phase 2)

COMET @ J-PARC, Tokai, Japan

Hadron Beam Facility

Experimental Facility

Neutrino to
Kamiokande

ot 3 GeV Rapid Cycle " e »
50 GeV Main Ring
| ' Sch. (25 Hz, TMW) | (0.75 MW)

(330m) TRe .
J-PARC = Japan Proton Accelerator Research Complex
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2. Design

COMET design concept

8 GeV, 56kW WN
pulsed proton beam ﬁ
Production

Target

_-Pions

Pion Capture Section

A section to capture pions with a
large solid angle under a high
solenoidal magnetic field by
superconducting magnet.

COMET Phase-I

3 T curved solenoid
for momentum/charge
selection

Muons

:d‘:::}aﬁaﬂmnuuuuuuquuumumuuﬂ |

Pion-Decay and

Muon-Transport Section

A section to collect muons
from decay of pions under a REYRERERRRRRRRRERSANI
solenoidal magnetic field.

5m

High efficiency 5 T pion
capture solenoid

Detector Section

A detector to search for
muon-to-electron
conversion processes.

Detector with straw
tube tracker and

- E) electron calorimeter

W

Aluminum
target
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2. Design

Arbitrary Unit

102 protons/pulse

COMET’s muon beam

Main Proton Pulse \

Prompt Background

Stopped Muon Decay

_Timing Window ,

Signal

Pulsed-beam constrained by
muonic atom lifetime:

Tye = 864 n

< pulse spacing
> pulse duration

S

~

"l

N leaked protons

Extinction Factor =
pulsed protons

Goal: reach a proton extinction factor

~ 10710
J

Time (us) 1

1.17ps
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2. Design
A 2-phase approach: Phase-l Physics run

L Particles emitted from the
aluminum muon stopping target
are momentum/charge selected

Cylindrical Drift Chamber || Muon Stopping Target

| |
7 /
S o l
=
o5 A

102 protons/pulse

& 4 ~ by the 1 T detector solenoid,
: & P and enter CyDet:
— » Cylindrical Drift Chamber
ki (CDC):
Provides high resolution p
measurement

» Cylindrical Trigger

—— ’ &-y’.—o‘_ Hodoscopes (CTH):
e = "6/—— . . .
-f'{é?:‘gg% Gives primary trigger on a 4-
S . = — fold coincidence of scintillatcy
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2. Design

A 2-phase approach: Phase-|

Beam study run

102 protons/pulse >iraw "uove -
R\ ea Goal: Measure the beam
/ £ # : Vs :

background in preparation for
Phase-Il using StrECAL

/> Straw tube tracker: \

Each plane provides x, y
position for p measurement

> Electron calorimeter:
Measures hit position and

\allows PID by E /p /

14




A 2-phase approach: Phase-l|

013 protons/pulse
V

StrECAL

> More intense beam
» Full S-shape solenoid
» StreCal as end-detector
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3. Current status
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3. Status
Current status: towards Phase-|
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3. Status
Current status: towards Phase-|

S ad

Pion Capture Solenoid

. = Straw chambers in

‘ﬁ\*ﬁ% Constructlon Construction constru.ction
completed completed mmm /eCALiInQC

2049 straw chamber
L i StrECAL |-

“2CS cold mass
" . - ::-ﬂh““u‘
TELLLLLLY

Beam line commissioned
in pilot run “Phase-a”

Muon Transport Solenoid

ﬁ' w

Operational

| CDC commissioning
/ CTHin QC




3. Status

Current status: beam study with Phase-a

Pion Capture
Solenoid (PCS)

Production
Target

[ Phase-I| setup ]

Stopping
Target

L
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3. Status

Current status: beam study with Phase-a

Low Intensity
Proton Beam

Pions
Muons

%
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Thin Graphitef®
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SciFi Detector
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\ 4

Backward
ﬂ:i / H’i

(Profile)

Straw Tracker
(Tracking)

Range Counter
(Momentum)

[ PSS SR ] 4 - Used a low-intensity proton -
beam w/o Pion Capture Solenoid
to study the muon beamline
\_ J
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Non-Target
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4. LFV ALP prospects
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4. ALPs

ALP searches in COMET

LVF ALP: Possible §earch ml COMET, however the |
narrow signal region around mono-energetic
/ with flavor violating couplm e:ectron.;neant tF) avT)ld DIO background
to leptons: also avoids ALP signal...
aH _ _
_ 14 A Uesaka (2020)
Lape = 25 (Cltivuty + Ciitivuysty) } - —
SR 27Al So
. . T 90k
induces 2-body LFV leptonic decays _¥o mx
Sl OMeV
. : 25MeV
F('gl - 'EJ a) 2 F — Zfa 12 + 58hICV
1 m?i mg 1 Jo 2 2 8 |
“Ten 2\ mi) %77 Jlesf +1c
T I my, fa .l

\ Ca||bb| et al (2021) / 00.2 0.3 0.4 OI.5 UI.‘S 0:7 | 0.8
Eﬁ/Egnd

Energy spectrum of the emitted

electron peaks at m,, /2 for m, > 0
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4. ALPs

ALP searches in COMET: with a wider signal region

[ Solution (1): widen the COMET signal region while shielding from beam-related background ]

Xing et al. (2022)

Significance 1
factor S B(u — ea) « <
— 0_ H O/-\ 55— .
Qk : o B | —=—— With flat blockers
=] -1 __ ...................................................................................................................... - B
°Q = X 50"_ ——— With circular blockers
[ %\ B :
_2: q/-'\’ B | —— Ideal ladder acceptance without blocker
-3F 3 45p '
4 m B
5 40_—
P :
- : : 35—
_7:_'" """"""""" ——— Acceptance of 100% B
_3_ __________________ ———— COMET Phase-| 30—
———— COMET Phase-Il without blocker B
-9 ——— COMET Phase-Il with flat blocker - : : 5 : : : : 5 :
E 25Illlllllllllllll|I|||II|]|I||!|||||I||I||||I|||I|
_ T IR 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
100 20 40 60 80 100

COMET Phase-Il with circular blocker
E. (Me\1

Signal window lower limit

E

e = 105MeV

(1 DIO event rate

Event rate (MHz)
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4. ALPs

ALP searches in COMET: with a wider signal region

[ Solution (1): widen the COMET signal region while shielding from beam-related background ]

Significance 1
factor§ By - ea) x <
—~ 0
v

S
(@]
9—1

III|IIII|IIIIEIIII!IIIIlIIII|IIII|IIII

Br(u -> eJ) (x 10

Xing et al. (2022)

N | —=—— Wit flat blockers
50 C i | —e— Withcircular blockers

B —— Ideal ladder acceptance without blocker
T S VUSSR SRS S S S
i S i o s Vs w—

Acceptance of 10§
COMET Phase-I

= COMET Phase-Il could reach
B(u — ea) =~ 0(1078%)
with a background of 0(10%) kHz
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vx 05 06 07 08 09 1

° ————— COMET Phase-ll
-9 : —— COMET Phase-ll
0 = L COMET Phase-Il h_
0 20 40 60 80 100
E. (Me\I

Signal window lower limit
E

e = 105MeV

U V.1 U.c U.o

(1 DIO event rate

Event rate (MHz)
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4. ALPs

ALP searches in COMET: with a u*beam

[ Solution (2): use the u*beam of COMET detector calibration runs.] Hill et al. (2023)

1011_ L L L AR e
i . |Cy, 1 1=1C, =1 7
> ,Ll+ N €+Cl Mu2e-X/COMET-X (fut.) smma D
() L e : -
E MEGII-ALP (fut.) . '§
Jodidio et al. V2
> Unlike the u~, the u™will decay at 0oL JRLRE: ]
rest and emit a positron with a o TWIST e
wide energy spectrum. 3 108- RG |
\__; E WD cooling SN1987AW 3
=~ L cooling
» One can then search for a mono- 107 SN198TA -
energetic excess over the positron : BL“""\HA
spectrum. 108 y
E .' c*ra<1m§
105 | 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 | IIIIII| 1 1 IIIIII| 1 | IIIII| I|II IIIIII|
102 103 10 10° 10° 107 108 10°
m, (eV) mﬂ
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4. ALPs

ALP searches in COMET: with a u*beam

[ Solution (2): use the u*beam of COMET detector calibration runs.] Hill et al. (2023)

> ut - eta

> Unlike the u~, the u™will decay at
rest and emit a positron with a
wide energy spectrum.

» One can then search for a mono-
energetic excess over the positron

spectrum.

r

- COMET Phase-Il with u* could
probe ALP coupling at A = 10° Ge
-

~

\Y%

J

fa (GeV)

101 AL I IR LA IR B
F , 1Cy,1=1C 1 1=1 ]
Mu2e-X/COMET-X (fut.) e ]
() L e :
g MEGII-ALP (fut.) . | =
Jodidio et al. V2
10° = U E =
g TWIST SN
108 <o 3
E WD cooling SN1987A,, 3
L cooling
107 .
E SN1987A. Bello—l ]
10 y
i .' c*ra<1m§
105 | 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 | IIIIII| IIIIII| 1 | IIIII| I|II IIIIII|
102 103 10* 10° 10° 107 108 10°
m, (eV) mﬂ
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Summary

» Neutrinoless u — e conversion is a Charged Lepton Flavor Violating coupling with excellent
New Physics sensitivity. COMET will measure the conversion ratio in Aluminum with an
ultimate sensitivity of O(10~17), which probes NP at A > 10* TeV.

» A two-phase approach has been adopted:
1. COMET Phase-I: partial C-shape solenoid for an intermediate sensitivity O(10~1°)
while also measuring beam background.
2. COMET Phase-ll: full S-shape solenoid for final sensitivity.

» Phase-| preparations are well underway:
v" Proton beam line and secondary muon beam successfully commissioned in Phase-a
v' Transport solenoid and pion capture solenoid constructed.
v'  Development of detectors (CyDet and StrECAL) ongoing.

» COMET has been shown to have good potential for LFV ALP searches u — ea, although due
to the narrow COMET signal region some adjustments are required to reach competitive
sensitivity.

1. One option is to widen the energy detection region towards lower energies.
2. Anotheris to use the u™ calibration beam to probe u* — e*a.
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Backup
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COMET'S CTH Superconducting coils CDC inner wall CDC outer wall CDC
The Phase-l detector of COMET (“CyDET”) consists of:

Stopping target

( A Cylindrical Drift Chamber (CDC) for track \ |
reconstruction d d T

e 2 Cylindrical Trigger Hodoscopes (CTH)
(upstream / downstream)

. Signal e /
from cosmic ray muons. 7

A
e it
/ 7N
.
S/ .
.
.

— Each CTH consists of 2 layers of 128 scintillator Trigger hodoscope
CO u nte rS Vacuum window Shielding r_\ns‘lul Return yoke
—> Triggers on a 4-fold coincidence of these L pemr
S - 10 mm-T outer layer ‘\
\ scintillators - 5 mm-T inner layer 7 X—'“‘CTH” ]
This configuration should allow to discriminate between - = sorber
g ’ Lead abSOT
signal electrons leaving tracks in the CDC and background X W=

In order to then discriminate between Decay in Orbit (DIO) v

and signal 105 MeV electrons we require a momentum % /
resolution of 200 keV/c gy A



2.

Design

Arbitrary Unit

A

COMET @ J-PARC, Tokai, Japan

102 protons/bunch

10

*/

Main Proton Pulse \

Prompt Background

Stopped Muon Decay

_Timing Window ,

Signal

Pulsed-beam constrained by
muonic atom lifetime

864 ns < Pulse spacing
> pulse duration

(

Time (us) 1

1.17ps

\_

Extinction Factor =

Goal: reach a proton extinction factor ~ 10710

\

Nleaked protons

N pulsed protons

J

CR(u"+N-e +N)x

1

stop
N U ﬁ:ap‘ﬂu—w
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