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Why Charged Leptons in Neutrino Physics ?

SU(2) weak doublets formed by neutrinos and charged leptons.
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Non-Standard Interaction (NSI) contributes to the both

0 if the weak SU(2) symmetry holds.
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What is Lepton Flavor Violation of Charged
Leptons (cLFV) ?

LFV of neutrinos is confirmed.

LFV of charged leptons (cLFV) has not been observed.




cLFV in the SM with massive neutrinos
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Observation of cLFV would indicate a clear signal of
physics beyond the SM with massive neutrinos.




Relation of cLFV and muon anomalous g-2

da, =al® —ay" = (276 +8.1) x 107 340

6aEV = (15.440.2) x 10719

i — € flavor violation

o New physics contributing to muon g-2 would also
contributes to cLFV.




General Consideration on cLFV
- Effective Lagrangian
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For tree diagrams,
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> sensitive to high energy scale
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For loop diagrams,
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> sensitive to TeV energy scale with reasonable mixing




Relation to High Energy Frontier

oLrv| - AR . o\ or mixing
scale physics

to be studied suggested by
by LHC neutrino

3 The physics of cLFV is complementary to that of LHC
and neutrino physics.




Various Models Predict Charged Lepton Mixing.

Sensitivity to Different Muon Conversion Mechanisms /,é

MECO

Supersymmetry
Predictions at 10-15

Compositeness
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Heavy Neutrinos - - 3 Second Higgs
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W. Molzon, UC Irvine The MECO Experiment to Search for Coherent Conversion of Muons to Electrons September 27, 2002 3




LFV in SUSY Models

an example diagram

Since neutrinos are mixed & LFC is violated, sleptons can mix.

4 2 2
BR(ji — ) ~ 1 x 10-11 (150 GLV) <t(m/3> ( Aoy >

msusy 20 3 x 104




LFV in SUSY Models

an example diagram

Slepton Mixing

Since neutrinos are mixed & LFC is violated, sleptons can mix.

4 2 2
BR(ji — ) ~ 1 x 10-11 (150 GLV) <t(m/3> ( Aoy >

msusy 20 3 x 104




slepton mass matrix

2,2 2

fa ; W7 TN g
Minimal SUSY Scenario m§1m§2m53)

2
@ Planck energy scale

2 0n2
M3 M3 M33
New physics at high energy scale would
introduce off-diagonal mass matrix elements,
resulting in slepton mixing.

neutrino seesaw mechanism (~10'°GeV)

grand unification (GUT) (~10'%GeV)
WEEIAUN @ \\eak energy scale (100 GeV)

4 cLFV have potential to study physics at very high energy
scale like 106 GeV.




SUSY Predictions for cLFV

u—eyin the MSSMRN with the MSW large angle solution
M;=130GeV, me=170GeV, m, =0.07eV. m, =0.004eV

tanf = 30

1
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\ /7 tan p=3
3

' PRISM

1

F 1

imu2e, COMET,super-MEG

30

tanfi=3.10,30

SU(5) sUsY 6UT SUSY Seesaw Model




SUSY Prediction for muon to electron conversion

B(uTi — eTi) x 1012 le10 Calibbi, Faccia, Masiero,
1000 . Vempati, hep-ph/0605139,

BR~1012

sl BR~10

i i i
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Theoretical predictions are just below the present
experimental bound.




cLFV Physics Motivation Summary

Observation of cLFV would indicate a clear signal of
physics beyond the SM with massive neutrinos.

New physics contributing to muon g-2 would also
contributes to cLFV.

The physics of cLFV is complementary to that of LHC
and neutrino physics.

cLFV have potential to study physics at very high energy
scale like 106 GeV.

Theoretical predictions are just below the present
experimental bound.




cLFV Experiments

at Kawasaki




cLFV History

First cLFV search

Pontecorvo in 1947
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Charged Lepton Flavor Violation

with Muons

current future
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What is a Muon to Electron Conversion ?

1s state in a muonic atom

Neutrino-less muon
nuclear capture
(=p-e conversion)

u +(A72)—e +(A7)
-

s Q =

lepton flavors

muon decay in orbit )
changes by one unit

u —evv

nuclear muon capture
T(u N — e N)

W +(AZ) > v, +(AZ-1) Bl V= e N) =T =)




p-e Conversion
Signal and Backgrounds

u +(A72) —e +(A2)

¢ Signal
¢ single mono-energetic
electron

my, — B, ~105MeV

¢ The transition to the ground
state is a coherent process,
and enhanced by a number of
nucleus.

x Z°

¢ Backgrounds
¢ Intrinsic physics
background
e muon decay in orbit (DIO)
* beam-related background
e radiative pion capture
e muon decay in flight (DIF)
e cosmic-ray background
e tracking failure
°® etc....




Physics Sensitivity Comparison between
u—ey and p-e Conversion

Photonic (dipole) and non-photonic
contributions

photonic non-
(dipole) photonic

yes r B(u— e conv in *®Ti)>107®

H—ey (on-shell) no

u-e yes

. B(u— ey)>10™ 1
conversion| (off-shell)

I B(u— ey)>10"°

more sensitive to new physics




Experimental Comparison between
u—ey and p-e Conversion

background challenge beam intensity
° Lu—ey accidentals detector resolution limited
* U-e conversion beam beam background | no limitation

e u—ey : Accidental background is given by (rate)?. The detector
resolutions have to be improved, but they (in particular, photon)
would be hard to go beyond MEG from present technology. The
ultimate sensitivity would be about 10-* (with about 108/sec)
unless the detector resolution is radically improved.

® LI-e conversion : Improvement of a muon beam can be possible,
both in purity (no pions) and in intensity (thanks to muon collider
R&D). A higher beam intensity can be taken because of no

accidentals.
M-e conversion might be a next step.




Previous Measurements

SINDRUM-” (PSI) Published Results (2004)
B(p~ 4+ Au— e + Au) <7 X 10713

A exit beam solenoid  F inner drift chamber
B gold target G outer drift chamber
C vacuum wall H superconducting coil Class 1 events: prompt forward removed
D scintillator hodoscope | helium bath

E Cerenkov hodoscope J magnet yoke

4+ € measurement
+

Qﬁf}ﬁ e* measurement

~T 1 MIO simulation

ue simulation

configuration 2000

SINDRUM II

events / channel

T
100
Class 2 events: prompt forward

PSI muon beam intensity ~ 107-8/sec
beam from the PSI cyclotron. To eliminate
beam related background from a beam, a s T
beam veto counter was placed. But, it T
could not work at a high rate.

momentum (MeV/c)




Experimental Design

for Muon to Electron
Conversion

at Tenryu river, Shizuoka




Improvements for Signal Sensitivity

To achieve a single sensitivity of 10716, we need

10" muons/sec (with 107 sec running)
whereas the current highest intensity is 108/sec at PSI.

Guide =’s until decay to Ww's

Pion Capture and
Muon Transport by
Superconducting
Solenoid System

(10" muons for 50
kW beam power)

a few % of acceptance



Improvements for Background Rejection

Beam-related Beam pulsing with  measured
. between beam
backgrounds separation of Tusec  puises

proton extinction = #protons between pulses/#protons in a pulse < 10°

Muon DIO low-mass trackers in | mrove
0 electron energy
background vacuum & thin target = esoiution
Muon DIF curved solenoids for g'r']f;'gzii ons
background momentum selection | 75 vevc)

base on the MELC proposal at Moscow Meson Factory




Accumultor (8 GeV)
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COMET (COherent Muon to Electron Transition)

in Japan

B(p~ + Al — e™ + Al) < 1071¢

Pion Capture Section

Protons .
\ A section to capture pions with a
\\\ large solid angle under a high

:g Production  conducting magnet.
:§_ Target

—
—=

¥t

IeReER R0

solenoidal magnetic field by super-

PRIME

A detector to search for
muon-to-electron  con-
version processes.

Proton Beam

The Muon Source
oProton Target
®Pjon Capture
oMuon Transport

The Detector

eMuon Stopping Target
oFlectron Transport
oElectron Detection

proposed to
J-PARC
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Design Difference Between Mu2e and COMET

Straight solenoid | Curved solenoid
Spectrometer




Charged Particle Trajectory in Curved Solenoids

¢ A center of helical trajectory of
charged particles in a curved
solenoidal field is drifted by

P 1 1
D= —0ena- 0
qB bendy <COS +Cosl9>

D : drift distance

B : Solenoid field

Ovena : Bending angle of the solenoid channel
p : Momentum of the particle

q : Charge of the particle

6 : atan(P1/PL)

¢ This can be used for charge
and momentum selection.

¢ This drift can be compensated
by an auxiliary field parallel to
the drift direction given by

p1 1
Bcomp = q7§ (COSQ + COSQ)

p : Momentum of the particle

q : Charge of the particle

r : Major radius of the solenoid
0 : atan(P1/Pyr)




Muon Transport System for COMET

Pion production target  Radiation shield

* The muon transport system
consists of curved solenoids.

* bore radius : 175 mm
* magnetic field: 2T
* bending angle : 180 degrees
* radius of curvature : 3 m
« Dispersion is proportional to a
bending angle.
* muon collimator after 180
degree bending.

« Elimination of muon momentum
> 70 MeV/c

Proton beam \l

Muon stopping target  Beam blocker

no high-energy muons

DIO blocker




Muon Momentum Spectrum at the End of the
Transport Beam Line

# of muons /proton

Ptot for Mu- before stopping target | # of stopped muons

/proton

# of muons of py>75
COMET MeV/c /proton

gd4beamline 1.15
4x105 protons on Au target
QGSP

nn
N(p>75MeV/c)<2x104

Al
80 100 120 140 160 180

P(MeV/c)




Electron Transport System for COMET

Pi

The electron transport

* bore : 700 mm

* magnetic field : 1T

* bending angle : 180 degrees
Electron momentum ~ 104 MeV/c
Elimination of negatively-charged

particles less than 80 MeV/c

Elimination of positively-charged
particles (like protons from muon
capture)

on target Radiation shield

* a straight solenoid where detectord
are placed follows the curved

spectrometer.

DIO blocker




Event Displays for Curved Solenoid
Spectrometer

105-MeV/c p-e electron

‘\\‘@
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J-PARC at Tokai, Japan

oogie tart
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Transmutation
Exper imental
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25Hz MW 50GeV (os-gsnscm%otron




Proton Beam at J-PARC (1)

* A pulsed proton beam is
needed to reject beam-related
prompt background.

¢ Time structure required for
proton beams.

¢ Pulse separation is ~ 1usec
or more (muon lifetime).

¢ Narrow pulse width (<100
nsec)

1.17 s (584 ns x 2)

100 ns
0.7 second beam spill

* Pulsed beam from slow
extraction.

¢ fill every other rf buckets
with protons and make slow
extraction

¢ spill length (flat top) ~ 0.7

50 GeV Ring
9 Buckets




Signal Sensitivity (preliminary) - 2x107 sec

¢ Single event sensitivity

1

B(M_+Al—>€_+Al)N]V,f—A,
pn " Jeap " {le

¢ N, is a number of stopping
muons in the muon stopping JiEEReeegS 8.5x10%0
target. It is 2x10'® muons. muon transport efficiency 0.008
* fcap is a fraction of muon muon stopping efficiency 0.3
capture, which is 0.6 for # of stopped muons 2.0x10'8
aluminum.
¢ Ac is the detector acceptance,
which is 0.04.

B(p~ + Al — e + Al) = 2.6x 10717
B(p~ +Al — e +Al) <6 x 10717 (90%C.L.)




Background Rejection Summary (preliminary)

Backgrounds

Muon decay in orbit
Radiative muon capture

Muon capture with neutron emission
Muon capture with charged particle emission

Radiative pion capture®
Radiative pion capture
Muon decay in flight*
Pion decay in flight*
Beam electrons*
Neutron induced*
Antiproton induced

Cosmic-ray induced
Pattern recognition errors

Events Comments

0.05(230 keV resolution
<0.001

<0.001
<0.001

0.12|prompt
0.002|late arriving pions




10718 Sensitivity

with PRISM/PRIME

at Yoshida (Toyohashi), Aichi




PRISM Muon Beam PRISM=Phase Rotated
Intense Slow Muon source
PRIME Detector

muon intensity: 10''~10'? /sec
central momentum: 68 MeV/c
narrow momentum width by phase rotation >§
pion contamination : 102 for 150m Matehing S < B

Injection System

S
G

.
il — ~ ] [

T -]
I

2

VAN
<

Detector

Phase rotation = accelerate
slow muons and decelerate
fast muons by RF




mSUGRA with right-

handed neutrinos Fecus Peint Tan=50, p<0, A0

N -
N o - Ti (SIN ™ — Be>ey,5,=0.2
Cu\l\l\cm\F\,xp. Bound on y—e ; Ti (SINDRUM 1II) Ji->ev. 5.=0.05

- — p>ey,8,=002 [
p—->ey, 5,,=0.012

e

will be improved
by a factor of
10,000.

LHC reacl
3

e

~
16 ~_
LR RN RN R R RN RN SR )

This Experiment (uﬂe\;m‘)*——\,y

Branching Ratios (u—ey)

will be improved
by a factor of
1000,000.

<
=

<

<
>

sensitive to multi TeV 0o féw
energy scale.

B(p~ + Al — e + Al) < 10710

Sensitivity Goals
By~ +Ti— e +Ti)< 10718




R&D on the PRISM-FFAG Muon Storage
Ring at Osaka University

~

eady to demo. pmi & rotation |
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R&D at

Osaka University
Japan

at Okazaki, Aichi




Research Center for Nuclear Physics (RCNP),

Osaka University

Research Center for Nuclear Physics (RCNP), Osaka University
has a cyclotron of 400 MeV with 1 microA. The energy is above
pion threshold.

Muon Source with low proton
power at Osaka U.?

[ PRISM-FFAG R&D ]




muon yield estimation
50 kKW : 10" muons/sec (for COMET)
0.4 KW : 102 muons/sec (for MUSIC)

MULSI

MUon Science Innovative Commission
at RCNP, Osaka University




PION CAPTURE SOLENOID PION TRANSPORT SOLENQOIDS

PROTON BEAM ENTRANCE

1-4-2010




Summary

o would be
significant and robust in 10-15 years from now.
* Among various muon cLFV processes,

*The experiment at J-PARC is aiming at a
search for p-e conversion for 2.6 x 1077 single event
sensitivity. The COMET has received stage-1 approval
at the J-PARC PAC, aiming its start in around 2015.

e Further prospect aiming at better than 1071 sensitivity,
PRISM/PRIME has been considered.

¢ As R&D the project for an intense muon source
at Osaka University is undertaken.




The COMET Conceptual Design Report is
available at
http://comet.phys.sci.osaka-u.ac.jp/internal/
ublications/comet-cdr-v1.0.pdf/view

New Collaborators to the COMET is highly welcomed.




The fifty-three stations of the
Tokaido (from Tokyo to Osaka)
block prints by Hiroshige Utagawa
(1797-1858)

Tokyo (Edo) 4

A journey has not been complete...




