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e Introduction to charged lepton flavor violation (cLFV)
e cLFV with muons
* u—ey
®* LI-e conversion
e Searches for p-e conversion at Sensitivity of <10-1°
e Searches for p-e conversion at Sensitivity of <1018
e MuSIC project at Osaka University
o cLFV with taus
e | FV charged currents with neutrinos
e Summary
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cLFV History

First cLFV search

Pontecorvo in 1947
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Present Limits and Expectations in Future

DroCcess present limit future
u—ey <1.2x 10" <1013 MEG at PSI
u—eee <1.0x107? | <10 -10"%| PSI or MuSIC
ulN—eN (in Al) none <1010 Mu2e / COMET
uN—eN (in Ti) | <4.3x 10712 <1018 PRISM

T—ey <1.1x107 | <10®°-107"9 | super (KEK)B factory

T—eee <3.6x10C | <109-1010 | super (KEK)B factory

T—> Uy <4.5x108 | <109-10719 | super (KEK)B factory

T— L <3.2x108 | <109-10710 | super (KEK)B factory
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cLFV with Muons

Starting from Nihonbashi, Tokyo
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Charged Lepton Flavor Violation with Muons







What is p—ey ?

e Event Signhature
*E. =my/2, Ey = my/2
(=52.8 MeV)
* angle O,.=180 degrees
(back-to-back)
¢ time coincidence

e Backgrounds
e prompt physics
backgrounds
¢ radiative muon decay
U—evvy when two
neutrinos carry very
small energies.
¢ accidental backgrounds
® positron in y—evv
e photon in p—evvy or
photon from ete-
annihilation in flight.



The MEG Experiment

% Muon Beam

COBRA SC Magnet

2009 preliminary <2.8x10'
Final goal is 2x10-13 Drift Chambers

How to aim at better than 10-14?

1g Counter

TTEDS beam line @PSI /



Physics Background for py—ey Decay

+ Py
pt— e Vel

Effective branching ratio
IS a function of the
resolution of electron
detection (d0x) and that of
photon detection (dy).
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Background level is
about 1074 for 0x~1%
and 0y=5%.

positron energy resolution



Accidental Backgrounds for p—ey

Place Upper limit
TRIUMF < 3.6 x 107
SIN <1.0x 1077

LANL 37mrad < 1.7 x 10710
LANL 87mrad < 4.9 x 10~H
LANL 15mrad < 1.2 x 10~H
PSI (MEG) 23mrad < 10_13 states

of arts

2 2 2
Accidental Background o« (RM) xAE, x ( AEY) x At,, X (AH o )

Ne=0.5 events at B(u—ey)~10"° Improvements of

With the same resolutions, Nu=108p/s, detecj[(l)r resolutions
Ng=50 events at B(u—ey)~1014 are critical.




Suppression of Physics Background with
Polarized py—ey Decay

radiative muon decay

Angular distribution of
. . I1-6x<x<1 ox : e ener . .
integrate the decay width P P eneriﬁ PhySICS BaCkg round Wlth

<z< oz : angle .
Ve ) polarized muon decays
ﬂ](l—PcosH )+J(1+Pcos€ )

b ot
b~ 0t

b, ¢

8

Arbitrary scale

J, = (&) (&) —(6x)’ (&y)’

Y. Kuno and Y. Okada, Phys. Rev. Lett.
Improve a S/B ratio for u+— epy 77 (1996) 434




Suppression of Accidental Background with
Polarized py—ey Decay

accidental coincidence between 52.8 MeV e* and 52.8 Me V photon.

In a high-intensity beam, it becomes more serious.

e in normal muon decay Y in radiative muon decay

et Y

I+cosVe I+cos,
suppressed if e* going suppressed if photons going
opposite to muon spin is opposite to muon spin is
measured measured.

1
[ d(cosB)(1 + P, cos)(1 - P, cos6)

COS@D

—) M+ —> eZ)/ g M+ — 62)/ ) ]d(cosHD)

costl

=(1-P))+ %PMZ (1-cos6,)(2 +cos0O,)

Y. Kuno, A. Maki, and Y. Okada, Phys. Rev. D55 (1997) R2517



P-Odd Angular Distribution
of Polarized p—ey Decay (after its observation)

Left handed €7 Right handed €~
i é
% 2 1
e
1 1
- t

1+cos ﬁe

1 P-odd asymmetry
: % 2 reflects whether
right or left-

handed slepton

SU(5) SUSY-GUT7T -unified SUSY A ¢
=/ rron e have flavor mixing,

with heavy neutrino
Left-right symmetric model Discriminate

SO(10) SUSY-GUT theoretical models

Y.Kuno and Y. Okada, Physical Review Letters 77 (1996) 434
Y.Kuno, A. Maki and Y. Okada, Physical Reviews D55 (1997) R2517-2520

surface muons







What is a Muon to Electron Conversion ?

1s state In a muonic atom

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

u +(A /)—e +(AZ)

y

muon decay in orbit

u —evv

nuclear muon capture

u +(A %) —=v, +(AZ-1)

Iepton flavors
changes by one unit

I'(u"N — e N)
T'(uN—vN)

B(u N—e N) =




L-e Conversion
Signal and Backgrounds

e Backgrounds
u +(A,2)—=e +(A7Z) e Intrinsic physics
background

¢ Signal e muon decay in orbit (DIO)
® single mono-energetic * beam-related background
electron e radiative pion capture

e muon decay in flight (DIF)
® cosmic-ray background
* The transition to the ground e tracking failure
state is a coherent process, °® ctc....
and enhanced by a number of
nucleus.




Previous Measurements

B(p~ +Au —e 4+ Au) <7 x 1071

A exit beam solenoid F inner drift chamber
B gold target G outer drift chamber L

| I N I NI NI

. T r T T
C vacuum wall H superconducting coil Class 1 events: prompt forward removed
D scintillator hodoscope | helium bath E
E Cerenkov hodoscope J magnet yoke i o measurement

= e” measurement

MIO simulation

ue simulation

T : % T
100

Class 2 events: prompt forward

SINDRUM I

configuration 2000
events / channel

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

momentum (MeV/c)



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

Photonic (dipole) and four Fermion
contributions

photonic | Four Fermi
(dipole) interaction

VEes

(on-shell) o

u—ey

U-e yes
conversion| (off-shell)

LU-e conversion Is sensitive to
more new physics




Experimental Comparison between
L—ey and p-e Conversion

_ background challenge beam intensity

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.

® U-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.

L-e conversion might be a next step.
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Experimental Design
for Muon to Electron
Conversion

at Tenryu river, Shizuoka



Improvements for Signal Sensitivity

To achieve a single sensitivity of 107°, we need

1 01 1 mUOﬂS/SGC (with 107 sec running)

whereas the current highest intensity is 10%/sec at PSI.

Guide n’s until decay to W’s N

Hiliin )




Improvements for Background Rejection

Beam-related measured
between beam
backgrounds Suses

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

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

base on the MELC proposal at Moscow Meson Factory
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COMET (COherent Muon to Electron Transition)

in Japan B(u~ + Al — e~ + Al) < 1071

Protons TLIT Pion Qapture Sectloh | PI’OJ[OI’] Beam
\\ s A section to capture pions with a
\\\\\ L large solid angle under a high

=
T solenoidal magnetic field by super-

,§ Production  conducting magnet. The Muon Source
= oo Proton Target
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Pion-Decay and
Muon-transport Section

A section to collect muons AMEEEAR A
from decay of pions under a

solenoidal magnetic field. proposed tO
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COMET (COherent Muon to Electron Transition)

IN Japan B(u~ + Al — e + Al) < 10716

Protons Fion Qapture Sectloh | Proton Beam
\\ A section to capture pions with a
\\\\\ large solid angle under a high

solenoidal magnetic field by super-

.§ Production conducting magnet. The Muon Source
= oo Proton Target
— Pion Capture
Vluon Transport

PRIME
A detector to search for

muoln—to—electron con- The DeteCtOF
Version processes. UoN S’[Opplﬂg Target
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Design Difference Between Mu2e and COMET

S-shape C-shape

Electron

Straight solenoid Curved solenoid
Spectrometer

Muon Beam-line




Charged Particle Trajectory in Curved Solenoids

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

P 1 1
D = —0pena= 0
qB bend (COS i COSH)

D : drift distance
B : Solenoid field

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

q : Charge of the particle

0 : atan(Pr1/PLr)

e This can be used for charge
and momentum selection.

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

p : Momentum of the particle

q : Charge of the particle

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




Muon Transport System for COMET

Pion production target Radiation shield

* The muon transport system
consists of curved solenoids.

* bore radius : 175 mm
 magneticfield: 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

good momentum selection

no high-energy muons




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
LY COMET MeV/c /proton

g4beamline 1.15
| 4x10° protons on Au target
T QGSP

preliminary

1
N(p>75MeV/c)<2x104

t‘l 1 1 ] 1 |

~60 80 100 120 140 160 180
P(MeV/c)




Electron Transport System for COMET

Pion production target Radiation shield

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)

 a straight solenoid where detectors
are placed follows the curved
spectrometer.




Event Displays for Curved Solenoid
Spectrometer

105-MeV/c p-e electron

60-MeV/c DIO electrons




10718 Sensitivity
with

D,

RISM/

D)

RIM

at Yoshida (Toyohashi), Aichi



Why Sensitivity of <1018 ?

Calibbi, Faccia, Masiero,

. . 12 .
B(uTi — €Ti) x 10 ite10 Vempati, hep-ph/0605139

1000

100

1

0.1

BR~1018

1000 1200 1400 1600

A4i/2((}e\/)

Full coverage of SUSY parameter space can be made.



Improvement on Signal Sensitivity of < 1018




Further Background Rejection to < 1018

Mono-energetic muon beam

Muon DIO
background

pure muon beam

Pion muon storage
background qlale
Beam-related * |
fast kickers
Background
Cosmic—ray * 100 Hz rather
background than 1 MHz

1/10 thickness
muon stopping
target




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

muon intensity: 1011~102 /sec
central momentum: 68 MeV/c
narrow momentum width by phase rotation E:
pion contamination : 10720 for 150m R Nl

Solenoid

e,
[V

AARAAAAAAAA

EEEEIEE

y ’ - -shape
FFAG ring
Detector ‘ |
‘ . RF Power Supply
RF Cavity

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




MSUGRA with right-
handed neutrinos

Fecus Peint TanB=50, u<0, A,=0

will be improved
by a factor of
10,000.

will be improved
by a factor of
1000,000.

\

PRISM

energy scale.

sensitive to multi TeV

Sensitivity Goals

B(p~ +Ti—e +Ti) <10 1'®

N\
N
er\eht\Exp. Bound on y—e¢ ; Ti (SINDRUM II)

This Experiment (u—>e¢;

- T T TRy
u->ey, s;,;=0.2
u—>ey, s,,=0.05

n—>ey, s,;,=0.02
—— u->ey, s,,=0.012

—
—
—
—
—
—
—
—
-
—

107"

Branching Ratios (u—evy)

B(p~ 4+ Al — e 4+ Al) <1071'°



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

S g b N\ o
Muon Source with low proton
power at Osaka U.” ’ ( PRISM-FFAG R&D J

2

~




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

MULSI

MUon Science Innovative Commission
iversity

at RCNP,
muon particle
’ experiments

Osaka Universi
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CLFV with Taus

e B factories produce many taus
of more than 108 in total
(0~0.9nb).

e T—|y Is background-limited,
and improved by 1/,/N.
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e Super B factories will produce L (i)
a factor of 10-100 times taus. S —
* The red bands (in right plot) | WY YWy g, P
\ 4

having sensitivities of 10 are
expected with 5 - 10 ab™".

SuperB and SuperKEKB
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cLFV with Tau Leptons

e How can we improve the limits between tau and muon (electron) ?
* The Super B factory will aim at about 10-100 times luminosity.

If SU(2) symmetry in the weak doublet holds



Neutrino-induced = at anear detector
Charged LFV Current | |

I
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tan(beta)=60
mA=237GeV
(mH+=250GeV)

()‘(VM+N%’C+X) fb

—
o
1,

IKap321°=0.76 x 10°°
(Current tau mu eta data
with the above inputs)

e The present upper limit is obtained
by tau rare decays at B factories.
¢ \When Ey =30 GeV, the upper limit of
the cross section is about 10° fb.
If SU(2) is valid in new physics, [l 10°° vs/year at a neutrino factory, a
the two are related 100 kg (1 ton) detector, 10° (10°)
(constrained) one another. events are expected.




Summary

° would be significant
and robust in 10-15 years from now.
* For muon cLFV processes, may be the next
step.
e The at Fermilab and the experiment at J-

PARC are aiming at a search for p-e conversion at <10-'°
(10,000 improvement).
e R&D for the PRISM/PRIME, aiming at <1018 sensitivity
(1,000,000 improvement), is being carried out.
e The project at Osaka University is undertaken.
e Tau cLFV processes will be explored by SuperB or
SuperKEKB,

e Charged LFV process with neutrinos is being considered.



