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muon 1o electron conversion In a mMuonic atom
uw +N —e + N

(charged lepton flavor violation)



muon 1o electron conversion In a mMuonic atom
uw +N —e + N

(charged lepton flavor violation)

 Outline

* Muon to Electron Conversion

« COMET at J-PARC and MuZ2e at FNAL
* COMET Phase-| (under construction)
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Uncertainty of

Quark Sector the SM prediction

(SM suppressed)

imits the sensitivity.

SM contribution has to be subtracted.

ex. B—sy



Quark Sector
(SM suppressed)

SM contribution has to be subtracted.

ex. B—sy

L epton Sector
(SM forbidden)

No SM contribution be subtracted.

ex. L —ey

Uncertainty of
the SM prediction
imits the sensitivity.

Clear signature
without any
subtractions
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GIM suppression
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/\ 1S the energy scale of new
physics (~mnp)

Cnp is the coupling constant.

dimension 6



/\ IS the energy scale of new
physics (~mnp)

Cnp is the coupling constant.
dimension 6

ex: Charged lepton flavor violation (CLFV),
u—ey (B<4.2x1013 from MEG(2016))

A\ > O(10°) TeV with Cue~O(1)

olf

Cue~0(109) with A < O(1) TeV.
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Sensitivity to Different Muon Conversion Mechanisms //[2

MECO

Supersymmetry
Predictions at 10-1°

Compositeness

A, = 3000 TeV

Heavy Neutrinos Second Higgs

. doublet
|U uN UeN|2 = "
e 10_13 gHue =[O gHuu
Heavy Z',
Leptoquarks Anomalous Z
coupling
W M. = 3000 TeV/c?

3000 (A ghoo)'2 TeV/c? B(Z — ue) < 1017

After W. Marciano

W. Molzon, UC Irvine The MECO Experiment to Search for Coherent Conversion of Muons to Electrons September 27, 2002 3



process present limit future
u—ey <4.2x 10713 <1014 MEG at PSI
—eee <1.0x 1072 <1010 Mu3e at PSI

uN—eN (in Al) none <1071 Mu2e / COMET
uN—eN (in Ti) | <4.3x 1072 <1018 PRISM
T—ey <1.1x107 | <10°-10" superKEKB
T—eee <3.6x10% | <10°-101 superKEKB
T— L) <4.5x108% | <10°-101 superKEKB
T— LU <3.2x10% | <109-101 KEKB/LHCD
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process present limit future
U—ey <42 x 10713 ‘ MEG at PSI
u—eee <1.0x 1072 ‘ Mu3e at PSI
uN—eN (in Al) none ' Mu2e / COMET
uN—eN (in Ti) | <4.3 x A0- 10 PRISM

—ey <1.1x ' ‘ superKEKB

T—eee . ‘ <10°-10710 superKEKB
T—uy . ' <10°-10710 superKEKB
T— Ll . B |1 <109-101 KEKB/LHCb
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1s state In a muonic atom

%@

muon decay in orbit

u —evv

nuclear muon capture

u +(A %) —=v, +(AZ-1)




1s state in a muonic atom Neutrino-less muon
nuclear capture

w +(A2)=e +(AZ)
@ coherent process -

&
S Q
Event Signature :

muon decay in orbit a single mono-energetic

~ C electron of 105 MeV

nuclear muon capture (1) physics backgrounds

_ (2) beam-related backgrounds
u +(A,2) =v, +(AZ-1) (3) cosmic rays, false tracking




Photonic (dipole) interaction




Photonic (dipole) interaction




Photonic (dipole) interaction




Photonic (dipole) interaction
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R. Kitano, M. Koike and Y.
Okada, Phys. Rev. D66, 096002
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normalised at Al |
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Beam

background

challenge

beam
Intensity

p—ey

continuous
beam

accidentals

detector
resolution

limited

u—eee

continuos
beam

accidentals

detector
resolution

limited

L-€e
conversion

pulsed
beam

beam-related

beam
background

no limitation
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normal muon decay

U-e conversion and
muon Michel decays
are well separated.

U—eee LU-& conversion

L2

52.8 I\/IeV 105 MeV
electron momentum spectrum
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COM

- and MuZ2e




muon stopping target



muon stopping target

A total number of muons is the key for success.

COMET : 10" muons (past exp. 10' muons)
(note: 10"° sec=1000 years needed at PSI.)
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3.51 and graphite target

2.0T with 0.04T dipole field

Proton beam line

SUS radiation shield A ) ¢ Transport Solenoid

Beam Dump

Graphite target

Pion Capture Solenoid

3.57
Iron yoke
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3.51 and graphite target

GM cryocooler Pz
Fa N 4 K
woly ol
Y
TWx2 é '
A 5> S
1.5Wx2 + 1TW X 1 “ .
p ,ﬁl?" e [ransport Solenoid
o ’ . 2.0T with 0.04T dipole field

Proton beam line

SUS radiation shield ; ‘ v\

Beam Dump

1
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o | =
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I Graphite target

Pion Capture Solenoid

3.5T
Iron yoke

\FRATD—DCHHII1—F %ttt
BEEONECERITIERE
[MuSIC]. FEHDI®ED(CA D
COleDH\ FHEIFEDKIFERT
DI T\ DHVE, KED=Z1—
Z 2 ERFRIMZEREL T3 9%




Osaka University

3.5T and graph|te target

GM cryocooler

Muon Science Intense Channel (>2011)

1Wx2 fb ™ g 4
, v

\O

1Wx2 é
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g5 [ransport Solenoid

SUS radiation shield : ,
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MuSIC at RCNP, Osaka University \
- Highly Intense Muon Source - ), L

3.51 and graphite target
by

oky :
.« Transport Solenoid
: 2.0T with 0.04T dipole field

Muon Science Intense Channel (>2011)

e Graphite target

Pion Capture Solenoid
3.5T

= \i / bl- I !]I 5 \
t ) r fl \ | \
J) = m=ay e
‘ frum - Run 499, Cutarget. By=0.6pA | h1 | [ energy spectrum |
Entries 8193

Entries 799527 Mean 206.6 i
%2 I ndf 222.8/191 RMS 159

) ' — x . .
BG+ A1 x ”‘p( n) "8G 1599 + 6.1 Characteristic

X

A x e (_ x energies from Pb
T2

A1 6310 £ 55.5
) 7553 £ 1392.4

e*/e- Annihilation
511 keV

Muonic Mg decay
Ka(296.4 keV)

|
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Time (ns)
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3.5T and graph|te target

GM cryocooler

Muon Science Intense Channel (>2011)

Transport Solenoid
2.0T with 0.04T dipole field

SUS radiation shield

Proton beam line

Beam Dump
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Production and Collection of
Pions and Muons
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Conventional muon beam line

proton beam

J-PARC MUSE

proton beam
-1000kW

target
raphite
20mm Capture magnets

$d70mm

——y

SuperOmega
proton beam loss 0Q:400mSr

< 5%




Production and Collection of

Pions and Muons

Osaka University

Conventional muon beam line More efficient

proton beam

J-PARC MUSE

proton beam
-1000kW

target
raphite
0mm Capture magnets

$d70mm

——y

SuperOmega
proton beam loss 0Q:400mSr

< 5%

proton beam

MusSIC

proton beam
-0.4kW

target
graphite _
t200mm Transport solenoid

®40mm

Capture solenoid

Collect pions and muons by
3.5T solenoidal field

to a beam dump

Large solid angle & thick target
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Beam-related measured
between beam
backgrounds Suses

proton extinction = #protons between pulses/#protons in a pulse < 109



Beam-related measured
between beam
backgrounds Sulses

proton extinction = #protons between pulses/#protons in a pulse < 109

Muon DIO mprove
electron energy
background resolution




Beam-related
backgrounds

measured
between beam
pulses

proton extinction = #protons between pulses/#protons in a pulse < 109

Muon DIO
background
Muon DIF
background

Improve
electron energy
resolution

eliminate
energetic muons
(>75 MeV/c)



Beam-related measured
between beam
backgrounds Sulses

proton extinction = #protons between pulses/#protons in a pulse < 109

Muon DIO mprove
electron energy
background resolution
Muon DIF eliminate
energetic muons
background (>75 MeV/c)

based on the MELC proposal at Moscow Meson Factory
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COMET=COherent Muon to Electron Transition

Osaka University

8GeV proton beam

ST pion
capture
solenoid

3T muon transport
(curved solenoids)

muon stopping
electron

.., fransport

}l _f,

electron tracker
and calorimeter




COMET=COherent Muon to Electron Transition

.8GeV proton beam

\

" 3T muon transport
(curved solenoids)
1{/—-
|
[
74
\.
b

/ p ; t
o |
I | . w'} F‘; f'

electron tracker
and calorimeter

muon stopping
target

ST pion
capture
solenoid

electron
ransport

Physics sensitivity : (1.0-2.6)x101/
Total background : 0.32 events
Expected limits : < 6x107@90%CL
Running time: 1 years (2x107sec)







Cosmic Ray Veto not shown

Detector Solenoid

Production Solenoid Proton Beam

Calorimeter
Tracker




Cosmic Ray Veto not shown

Detector Solenoid

Production Solenoid Proton Beam

Calorimeter
Tracker

Single-event sensitivity : (2.5£0.3)x10"/
Running time: 3 years (2x10/sec/year)
Total background : (0.36=%0.10) events
Expected limits : < 6x10°"" @90%C.L.




vertical shifting keep particular momentum
on bending plane

dipole magnetic fielc

}aral to drift direction)

T

Electric field Electric field
(centrifugal force) (centrifugal force)

B (perpendicular to screen) B (perpendicular to screen)




0 keep particles of |

th

e center transverse

Nterest In mornr

entum at

magnetic field

Only COM

IS needed.

has the transverse field colls.
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Detector Solenoid

MuZ2e

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

electron
spectrometer

straight solenoid curved solenoid
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Select low

momentum
MuonNSs

J
N

\_
a

Pion production target Radiation shield

eliminate
muon decay
in flight

Late-arriving particle tagger

MuZ2e

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

electron
spectrometer

straight solenoid curved solenoid




MuZ2e

Select low
momentum
MuonNSs

J

muon
beam line

2x 90° bends

(opposite direction)

2x 90° bend
(same direction)

electron
spectrometer

straight solenoid

curved solenoid

\.
(

N

eliminate
muon decay
in flight

4 )
Selection of

100 MeV

electrons
\__ y,

4 )
eliminate protons

from nuclear muon
capture.

WV
N

eliminate low
energy events to
make the detector
quiet.




Selection of
100 MeV

electrons
\__ y,

4 )
Higher muon

Intensity can be
handled.

\_ /

Sensitivity / 2x107 sec | Sensitivity / 2x107 sec
=7.5x107" =1.0x10"

oroton beam ~ 8kW proton beam ~ 56kW
14 years 2 years (down to 0.5x10°"/
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Muon Target Disks

Beam Collimator
Beam Blocker
/ (/ DIO Blocker

| ddq
W /con Target Solenoid DAL

Tracker

(# of straw stations IN vacuum under
ECAL| [Straw Tracker IS not determined) 1T magnetic field
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LLLL mmmnnn  Pion Capture Section
_ Protons
\ N N A section to capture pions with a large
u 1' ue \ solid angle under a high solenoidal

CIC L
T magnetic field by superconducting

Production maget
Target
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Detector Section

A detector to search for
muon-to-electron conver-
sion processes.
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A section to collect muons from AAEEAAARAEE — %
decay of pions under a solenoi- MM MMM\\\\

dal magnetic field.

W

FAS




i
OMET
,,,,/e

Osaka University

COMET Phase-| COMET Phase-ll
W@ T e

L1 L solid angle under a high solenoidal
% | T magnetic field by superconducting
% Production Production Mmaget
— Target
—y
[ S— ]

Detector Section

A detector to search for
muon-to-electron conver-
sion processes.
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Pion-Decay and
Muon-Transport Section

D)~
6x10° stopped muon/sec decay of plr uncer e soloc: NNNNN\®

with 3.2 kW w w ?

A section to collect muons from MMMMMFMM




Aluminum muon
stopping target

detector system muon transport system

Single-event sensitivity : 3x10-1°
Total background : 0.2 events
Expected limits : < 6x10° @90%CL

Running time: 150 days
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Main Proton Pulse
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_— Prompt Background

Stopped Muon Decay

Timing Window
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A lifetime of a
muonic atom in
aluminium
~ 8380 sec
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COMET Building at J-PARC NG .

Installation Yard Beam Room
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Cylindrical Drift Chamber Muon Stopping Target

Trigger Hodoscope

Straw Tube Tracker

TAARN




CyDet (Cylindrical Detector)

Osaka University

Superconducting coils CDC inner wall CDC outer wall CDC

CDC endplate _

Stopping target

Beam duct

Collimator \ Trigger hodoscope

Vacuum window Shielding Cryostat unit:mm Return yoke
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2015.
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based on Boosted Decision Tree Method and Hough transformation
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COMET Phase-| Sensitivity N ;

Osaka University

Event selection Value

Online event selection efficiency 0.9

DAQ efficiency 0.9

Track finding efficiency 0.99

Geometrical acceptance + Track quality cuts  0.18

Momentum window (€0m) 0.93 103.6 < pe < 106.0 MeV/c
Timing window (&gjme) 0.3 700<te<1170 ns
Total 0.041

7 f 'Ayre,

Number of muons stopped inside targets @n/o‘f M-e conversion to the ground state = 0.9

Fraction of muons to be captured by Al target = 0.61

| 16
-§3x10  S.E.SJachievable in ~150 days of DAQ time corresponds to N,=1.5x10

B(p~+Al—e +Al) = N“}( Jl{fg%‘]\
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Type Background Estimated events
Physics 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

T This estimate is currently limited by computing resources.
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n +e —e +e
Majoron emission in muon DIO

QED corrections in muon DIO
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JFY

construction
COMET

Phase-| data
taking

construction
COMET

Phase-l|
data taking

COMET Phase-| :
2018 ~
S.E.S. ~ 3x10°1°
(for 150 days
with 3.2 kW proton beam)




JFY

construction

COMET
Phase-| data
taking
construction
COMET
Phase-l|
= data taking I
T I
COMET Phase-| : COMET Phase-ll :
2018 ~ 2022 ~
S.E.S. ~ 3x10°1° S.E.S. ~ (1.0-2.6)x10°17

(for 150 days
with 3.2 kW proton beam)

(for 2x107 sec
with 56 kW proton beam)




* Flavor Physics at Intensity Frontier, in

particular CLFV, would give the best

opportunity to search for BSM.

* Muon to electron conversion could be one

of the important CLFV processes.

« COMET Phase-l is aiming at S.E.

sensitivity of 3x10-° (10,000 improvement)
* The measurement will start in early

2018-2019.

« COMET (Phase-ll) at J-PARC is aiming at

S.E. sensitivity of (1.0-2.6)x10-17. (100

improvement) after Phase-I.



* Flavor Physics at Intensity Frontier, in

particular CLFV, would give the best

opportunity to search for BSM.

* Muon to electron conversion could be one

of the important CLFV processes.

« COMET Phase-l is aiming at S.E.

sensitivity of 3x10-° (10,000 improvement)
* The measurement will start in early

2018-2019.

« COMET (Phase-ll) at J-PARC is aiming at

S.E. sensitivity of (1.0-2.6)x10-"7. (100

iImprovement) after Phase-|.
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New collaborators are welcome.
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