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- Flavour Physics -

in particular, charged lepton flavour violation
(so called “CLFV”)
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Flavour Violation

$ Quark Sector
® Mixed by CKM mechanism
® Experimentally Verified
= by B-factories

mass scale
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Flavour Violation

$ Quark Sector
® Mixed by CKM mechanism
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Flavour Violation

$ Quark Sector
® Mixed by CKM mechanism
® Experimentally Verified
= by B-factories

mass scale

$ charged Lepton Sector
® never observed yet !
® source from beyond SM 77?

¢ neutral Lepton Sector
® Neutrino Oscillation

® Experimentally Verified

> = by SK, KamLAND, T2K etc.
1 2 3 generation
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Why charged LFV has never been observed ?

_________________________________________________________________________

@ beyond SM (SUSY-GUT etc.) 5
® charged LFV is largely enhanced

e.g. Y
AR\
w0 e

® still rare but observable level

€ SM + simple v Oscillation

® charged LFV is possible

e.g. T

VR

VA v oscill. e

® put extremely rare (small v)

3a . m2; 2 o> 0%

® B(u—ey) = 1050 ~10-40 ||

\--------------------_

_________________________________________________________________________
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Why charged LFV is so Attractive ?

* Only charged LFV has never been observed.
* Neutrino Oscillation is possible by “SM + v mass”

* Quark Mixing is generally contaminated by SM

charged LFV IS “NEW PHYSICS”

-----------------------------------

g O W

* Experimental Upper Limit is already sensitive to predicted region.
+ Search for Muon Rare Decay is the most suitable.

* Once we have a powerful proton driver, muon can be generated
very easily.
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- Charged LFV in Muon Decay -

in particular, rare decay search for muon to electron conversion
(so called “u-e conversion”



Two Muon LFV Processes
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Two Muon LFV Processes

u—rey UN—eN
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History of Muon LFV Experiments
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History of Muon LFV Experiments
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What is a Muon to Electron Conversion ?

* 1§ state in a muonic atom * If u-e Conversion is Occurred ...

N

T~

;; Neutrino-less Muon Nuclear Capture

w4 (A Z) e + (A, Z)

' Muon Decay in Orbit (DIO)
‘ uo o e v,

_

or * Branching Ratio is Determined as

| Nuclear Muon Capture

(A, Z) — vt (A, -

S -

'l N —e™N)
-~ I'(u~N — vN')

B(py~ N —e N)
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Experimental Signature

* Backgrounds

* Muon Decay in Orbit (DIO)

+ Endpoint comes to the signal region
5)
x (AFE)

* Radiative Muon Capture

* Signal

* Single Monochromatic Electron

* Radiative Pion Capture

m, — B, ~ 106MeV .
% M . & Pulsed Beam Required

§ Wait until Pions Decay

+ Coherent Process

—— _ e —_— =

+ Electrons frdm uon

*  Ninitial and Nena1 1S Same

* Cosmic Rays

x Z°

* efc.

Hajime NISHIGUCHI (KEK) “Search for Charged Lepton Flavour Violation with Muons at J-PARC” 08.Dec.2011 at LPNHE, Paris



12

u—eyvs. UN—eN ( Physics point of view )

* Sensitivity for “photonic” and “non-photonic” processes is different.

e
for example,

(UN—eN)
pn pn
photonic non-photonic
(eg. SUSY-base Models, etc.) | (eg. Extra-D, Little-H, etc.)

u—ey YES (on-shell) NO

UN—eN YES (off-shell) YES
B(u — ey) B(u — ey)
B(uN — eN) ~ 100 B(uN — eN) ~ 1
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u—eyvs. UN—eN ( Experimental point of view )

u—ey

uN—eN

Dominant B.G.

Accidental

Beam related

Challenge

Detector Performance

Beam Quality

Suitable Muon Source

DC Muon Beam

Pulsed Muon Beam

Beam Intensity

(almost) Limited

No Limitation

+ u—rey : accidental B.G. x (rate)?

* MEG (and its upgrade) may be the final experiment

+ uN—eN : Required Beam is recently/finally achievable

* Once we get a required beam, mu-e conversion might \

be a next step.
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Present Best Limit on B(uN—eN)

* SINDRUM-II (present record holder)

* 1989-1993 @ PSI

+* Continuous Beam with Beam Veto Counters |

Class 1 events: prompt forward removed

{::- :H hl_

fr—

-
L

e measurement
e’ measurement
MIO simulation

e simulation

>, u tﬂtﬁ :
g 10 - = ]UJI-:*:F? {T + _ :j-

: S

S 1 - SINDRUM-II T 'H'f[ =

8 HT S

> 80 Me 100

- Results -

— _

B Ti—eTi) < 6.1x10-13
(1993)
BuwAu—e-Au) < 7x10-13
(2000)

| (111) \
Significant Backgrounds |
Rate Limited ‘

* COMET : The Next Generation Experiment
* Seeking to Improve Sensitivity by a factor of 10 000
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- Are You Ready ? -

YES ! ]-PARC is Ready to start the R&D for “p-e conversion”
(so called “COMET Experiment”)
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Potential Improvements for Next Generation p-e Conversion

Pion capture and muon transport
\ by superconducting solenoids
\ would provide high beam intensity.

N

Special Muon Transport

A muon beam line should be
sufficient long to eliminate pions
. 1n a muon beam, and dedicated
N\ to reject DIO electrons.

Pulsed Muon Source

Beam pulsing is very important in
order to suppress prompt BG.
\ Pulse Separation should be ~ 1pusec. ,

Endpoint of spectrum of DIO
~ electron comes to the signal
\. region. Good ok is mandatory.
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The COMET Experiment
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Pion Capture Section

A section to capture pions with a
large solid angle under a high
solenoidal magnetic field by super-
Production conducting magnet.

Target

Protons

PRIME

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

Stopping A\

R uncuuuudunucjuunou&Mﬂﬂﬂﬂﬂﬂﬂ

Pion-Decay and
Muon-transport Section

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

S5m

Utilize backward
pions with pion
capture solenoid

Select low-p muons
(and reject high
momentum pions)
using C-Shaped
transport solenoid

Select high-p e- (reject
low-p backgrounds)
using C-shaped
Detector Solenoid

High Resolution
Tracker & Calorimeter
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-R&D -

R&D-1: High Intensity Muon Beam
R&D-2: Pulsed Muon Source
R&D-3: Special Muon Transport

R&D-4: Good Resolution Detectors
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R&D-1: High Intensity Muon Beam

—

N
Y

High Intensity Muon \

Pion capture and muon transport
by superconducting solenoids
\ would provide high beam intensity. /

Special Muon Transport

A muon beam line should be
sufficient long to eliminate pions
in a muon beam, and dedicated
N\ to reject DIO electrons.

Beam pulsing is very important in
order to suppress prompt BG.
\ Pulse Separation should be ~ 1usec. /

NN

/ High Resolution Detectors \

Endpoint of spectrum of DIO
electron comes to the signal
\ region. Good ok is mandatory.
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]-PARC

* J-PARC : Japan Proton Accelerator Research Complex

* Joint project between KEK and JAEA

* New and exciting accelerator research facility, using MW-class high
power proton beams at both 3 GeV and 30 GeV (currently)

* Various secondary particle beams
* n, w, K, v, etc. produced in proton-nucleus reactions
* Three major scientific goals using these secondary beams

+ Particle and Nuclear Physics

* Material and Life Sciences
* Ré&D for nuclear transmutation (in phase-2)

* The anticipated goal is 1 MW
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fJ’ ''''' T =

e Hadron Experiment Facility

Material/Life-Science Facility (MLF) : r

i (muon source, pulse neutron source)

:i‘.ﬁ. e ' . ‘.“ .-
- = —_— "-:.‘1.‘ \
. N N

Accelerator-driven
Transmutation exp facility

o -

? o
R
X'
o

N Neutrino Experiment Facility
(T2K, towards SK)

P W

b, 0 3GeV Synchrotron (RCS)
. Y (350m ring, 25Hz, 1MW)

50GeV Synchrotron (MR)
(1600m ring, 0.75MW)

-.'—'& : ;3’
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Pion Capture Solenoid System

* Large muon yield by
Large Solid Angle

Matching Solenoid
* Powerful Solenoid

* Surround p target

- i

Proton Beam | —
Production Target | P, (Gev/c) = 0.3 x B(T) x

B=5T, R=0.2m —> P;=150MeV/c |

——

* Super-conducting
solenoidal magnet

* 15cm radium bore
* 5T
* 30 cm thick W shield.

Pion Capture Solenoid Radiation Shield ~ + [sgye : Heat Load
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MuSIC Project at Osaka University

Pion capture solenoid

Max. Bsol: 3.5 T

: Pion
: “Max
¢ALW a ¢ /e
P < : -»
" 7 : ' )

R) .
»
i

Univ. using 3.5T pion

capture solenoid and E=222 o S B
. & NN
graphite target PR , Y,

N -
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Demonstration of Powerful Pion Capture

Observed 2000 |.l+/S Wiallelal=1al | Time spectrum - Run 499, Cu target, By=0, 6 pA h1

operational 1uA is 3.3x108 /s F ' Entries 799527
7 9000}% ;o\ | Indf 22281191
: BG+A; xexp|—- ) .
8000/ S, ( il 1599 + 6.1
; foo\ | A 6310 + 55.5
e 3 g xexp (- ) A2 755313924
6000} L T -20.2
: 169.1% 17.7
5000+ ,
4000%
3ooo§—

* 3 commissioning runs in : : |
2010/11 with reduced beam I  *%F e

(6pA @ 2.4mW) 0000 a000 6000 8000 10000 12000
Time (ns)

* Per Watt of proton power, B F ] e [Dlabeedsn
MuSIC is producing 3000x —— = ——
more muon’s /sec than PSI

7(ns) |2197.03:004| 1635%1 | 2026315
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R&D-2: Pulsed Muon Source

Pulsed Muon Source

Pion capture and muon transport
\ by superconducting solenoids
\, would provide high beam intensity. /

Beam pulsing is very important in
order to suppress prompt BG.
Pulse Separation should be ~ 1psec. ,

Special Muon Transport

A muon beam line should be
sufficient long to eliminate pions
in a muon beam, and dedicated

Endpoint of spectrum of DIO
electron comes to the signal

\_ region. Good ok is mandatory.
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Important Key : Extinction

+ Extinction (= Residual protons in between the pulses)

----------------------

a.u.

Main Proton Pulse
(108 proton/pulse)

* Dominant Backgrounds

* Beam Pion Capture

* +(A,Z)—=(A,Z-1)*
—v+(A,Z-1), y—e*e

* Prompt Timing
* Cf- T(muonic AD=0.88us

* Muon DIO, e scattering

Time (us)
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Important Key : Extinction

+ Extinction (= Residual protons in between the pulses)

----------------------

Main Proton Pulse
> . (108 proton/pulse) ;

a.u.

* Dominant Backgrounds
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Important Key : Extinction

+ Extinction (= Residual protons in between the pulses)

| = rrnmeean e N
* Dominant Backgrounds & 00 me , ﬁg;*;f;;jg;‘p{’l;j:; ;
* Beam Pion Capture {"" Prompt Background
* m+(A,Z)—(A,Z-1)* {" Stopped Muon Decay

—v+(A,Z-1), y—ete

/ Timing Window
>

* Prompt Timing

* Cf- T(muonic AD=0.88us

* Muon DIO, e scattering

Al

< > Time (us)
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| = rrnmeean e N
* Dominant Backgrounds & 00 me , ﬁg;*;f;;jg;‘p{’l;j:; ;
* Beam Pion Capture {"" Prompt Background
* m+(A,Z)—(A,Z-1)* {" Stopped Muon Decay

—v+(A,Z-1), y—ete

/ Timing Window
>

---------
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--------

* Cf- T(muonic AD=0.88us
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Al

< > Time (us)
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Important Key : Extinction

+ Extinction (= Residual protons in between the pulses)

, g pTTmeemno e
* Dominant Backgrounds & 100 ns , ﬁg;‘;f;f(fﬁ;‘pﬂ;‘::f
* Beam Pion Capture " Prompt Background
* m+(A,Z)—(A,Z-1)* {" Stopped Muon Decay 3

—v+(A,Z-1), y—ete

/ Timing Window

---------

* Prompt Timing

--------

* Cf- T(muonic AD=0.88us

* Muon DIO, e scattering
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J-PARC Proton Acceleration for COMET

.......... 7
RCS \ : K
é ‘\\ - i ------- “3::\
h=2 / “\ -7 \ T3 .
\ P S \ <
1bunch ™ ¥ 4000 8
\\ /':’; ‘ /,'( \ %
- \\ I,/,I’ \\ =
N MR :
4 batch injection h=8 (h=9) :
4 bunches 7,
* RCS : h=2 with 1 empty bucket i
* MR : h=8(9) with 4 filled buckets
: . : : . A
* Operation Mode is still under discussion

+ Two Issues

* Very Simple Solution

&

* Heavier heat load in the scraper
No need of hardware modification

+ Possible leakage of chopped

beam in empty buckets
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Extinction Measurements

+ Pilot Measurement 2010 | _hmes | ___hmes__
: 5 : ; Mean 3563

* At Secondary Beam line of 107 ' RMS 840.6
Underflow 0

Overflow 0

hadron experiment facility
* At Abort line of MR

Integral 1.502e+08

O(107) level of extinction 102i
confirmed (at worst)

a o 71” 1EﬂﬂLM.linnn||.|g[L|i III\. 1.||.||ﬂF|rL|||| ll||1||J'1|'] 1 l“““

0 1000 2000 3000 4000 15000
Time[nsec]

* Further Improvement is Required (at least 2 orders more)
+ AC-dipole devices before proton target (3 orders improvement is expected)

* Double Kicking Injection into the MR (6 orders improvement is expected)
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R&D-3: Special Muon Transport

- \\ ]

Pion capture and muon transport
. by superconducting solenoids
\, would provide high beam intensity.

\ N

Beam pulsing is very important in
\ order to suppress prompt BG.
\ Pulse Separation should be ~ 1psec. /

NN

Special Muon Transport | High Resolution Detectors \

A muon beam line should be
sufficient long to eliminate pions
in a muon beam, and dedicated
to reject DIO electrons.

Endpoint of spectrum of DIO
electron comes to the signal

\, region. Good o is mandatory.
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Design of Transport Solenoid

30

Capture Sclenoid

* Requirements:

* Long enough for
pions to decay to
muons (>20m)

Curved Solenoid 1 |

Matching Solenoid

Transfer Solenoid

* High transport
etficiency
(P.~40MeV/c)

* Negative charge

Target Solenoid 1-3

=

selection

Decay Solenoid

* Low momentum
selection

(P.<75MeV/c) \

i

Curved Solenoid :
: Spectrometer

(L

* Curved Solenoid Design is Suitable.

Detector Solenoid

Hajime NISHIGUCHI (KEK) “Search for Charged Lepton Flavour Violation with Muons at J-PARC”
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Charged Particle Trajectory in Curved Solenoids

* In a curved solenoidal field,
a centre of helical trajectory of
charged particles is drifted by

P 1 1
D = ——Oyenas |00 + — |
qB bend g P cos @l

where D is drift distance and
O=tan'1(Pr/ Py).

+ This effect is suitable for
charge and momentum
selection.

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

P1 1
Bcom — P { 0 } 9
Pogr?2 o8 cos 6

where Beomp is @ compensation
field and r is a major radius of
the solenoid

[ ] Tilt angle=1.43 deg.
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Engineering Design Work

Primary proton beam

——

Muon transport

solenoid

Electron detectors

and solenoid

* Still ongoing

Pion capture

solenoid

Muon stopping target

Electron transport

solenoid

+ Optimization, Cost reduction efc. (with companies)
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R&D-4: High Resolution Detectors

Pion capture and muon transport
\ by superconducting solenoids
\, would provide high beam intensity. /

Beam pulsing is very important in
order to suppress prompt BG.
\, Pulse Separation should be ~ 1usec. /

Special Muon Transport /High Resolution Detectors

A muon beam line should be
sufficient long to eliminate pions
in a muon beam, and dedicated

Endpoint of spectrum of DIO
electron comes to the signal

region. Good or is mandatory.
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COMET Detector Apparatus

Beam Collimator Muon Target Disks
Beam Blocker
DIO Blocker

| | ;
N o ’:;.".:‘:.;,'::::;" = ‘ l : ; -
e . ’ ’ y
\

4

Muon-Target Solenoid g

. ! i o ‘
ST : ‘ ‘ ‘ ‘ A 7 - '
Detector Slenoid ? Curved Solenoid

Calorimeter Tracker
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COMET Detector Apparatus

! to stop muons L
9 L Colhmat Muon Target Disks

Beam Blocker

Muon-Target Solenoid
\\\\\
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DIO Blocker
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L Ny
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Detector Slenoid [N " |
e to eliminate low-energy beam
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to detect and identify | N | particles and to transport only
100 MeV electrons | \ ~100 MeV electrons
08.Dec.2011 at LPNHE, Paris
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Curved Solenoid Spectrometer

60-MeV/c DIO electrons
* 'Torus drift for rejecting low energy

DIO electrons.

— X — X ’ \
0.3x B(T) " R Pr, l) \
"”Hmmum"\‘

. i
.\\\‘l'F

* Rejection Power : ~10

105-MeV/c p-e electron

* Good Acceptance for signal electrons m ) '3;

(w/ o including event selection and
‘ IM““‘ y 1
PN A TN \

trigger acceptance)
* ~20%
TSl | ||
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Electron Detector (Tracker+Crystal)

+ Rate < 800 kHz

+  Straw-tube tracker to
measure electron mom.

Straw-Tube Tracker

+ 5 planes with 48cm spacing
+ o0p=230keV/c
+ 4 layers / plane

+  5mm diam. straw-tube
with 25 um thick

* should be operational in
vacuum

* <500pm spacial resolution Trigger Calorimeter

* Crystal calorimeter for trigger

* BGO, PWOQO, LYSO, or new crystals...
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- Current Status -

after the big disaster ...



Earthquake attacked
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Earthquake attacked

* J-PARC was damaged, too.

* No damage by Tsunami

* All equipments are standing at where they should be but...
* Need to align again

* Linac/T2K ND floors were covered by underground water
* quickly removed

* Many cracks on the wall in tunnels

* Inspection and recovery are ongoing

# Plan to provide beam for experiment at the end of FY

+ Acceleration test will start in Dec.2011 !!
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COMET R&D

|

B 4 4 Many Activities are
__—-"H ‘8{2;..-. Progressing in Parallel

.'\y,a
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Sensitivity Studies

1m h-' L] 13 L] 1 | Wl -~ L] 1] L) = % [ B T T T T T ey vd
! —— pion capture ‘ S a0 | [__Jinitial muons 1
s 1 ! st {
10000 i beamiine transfer E L B oppac meene ]
! ~ beamline solencid | £1000 |- g
8000 - - < - g
i 1 800 |- -
; | %% lExpect ~ )ed muons/y#
Bl ; 400 |- -
2000 |- 5 200 |- -
0 | 3 1 EETOT ..n.i“j_. 2 3 0 : ; (TP | ]
0 20 40 60 80 100 120 140 160 180 200 10 20 30 40 50 60 70 80 90
p (MeVic) p (MeV/c)
Momentum selection of n as Momentum distributions of
passes down transport beamline muons stopped in Al target

+ Using MARS/G4Beamline and Geant4

+ Still much to do in terms of optimizing collimators /
beam blockers / target etc.
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Sensitivity Estimation

+ Single Event Sensitivity (2x107 sec running):

1
N,u ' fcap ' Ae

B(u~ + Al — e + Al) ~

* Ny is a # of stopped muons

+ 2.0%x108 muons % -

| total # of p’s - 8.5x10%
| wyield/p
| W stopping &

* feap 18 @ fraction of muon capture

+ (0.6 for aluminum

* Ae is the detector acceptance | : f — ~

+ 0.031 \ —

S e = - —_—

Single Event Sensitivity
2.6x1017

Upper Limit (CL.90)
6.0x10-17

N _ I _ A _ __ _
S = = ——— . — = = ———
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Background Estimation

43

(10 extinction is assumed)

Events Comments
Radiative Pion Capture 0.05
Beam Electrons <0.1|MC stat. limited
Muon Decay in Flight <0.0002
Pion Decay in Flight <0.0001
Neutron Induced 0.024|for high E neutron
Delayed-Pion Radiative Capture 0.002
Anti-Proton Induced 0.007|for 8 GeV proton
Muon Decay in Orbit 0.15
Radiative Muon Capture <0.001
Muon Capture with neutron Emission <0.001
Muon Capture with Charged Particle Emission <0.001
Cosmic-Ray Muons 0.002
Electrons from Cosmic-Ray Muons 0.002
Total 0.34

Hajime NISHIGUCHI (KEK) “Search for Charged Lepton Flavour Violation with Muons at J-PARC”
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Schedule

2012 2014 2016 2018 2020
Accelerator IS
Proton Beam line e T

M R&D, Preparation

+ Budget request to realize; B Construction
+ Construction starts in 2014 W Installation
+ Engineering run in 2018 B Engineering Run

B Physics Run

Hajime NISHIGUCHI (KEK) “Search for Charged Lepton Flavour Violation with Muons at J-PARC” 08.Dec.2011 at LPNHE, Paris




The COMET Collaboration
e

270 people from 19 mstrtutﬁ ( December 2010) University of InlE meua’ : ‘
N LZ ;' Canada '

AN D. Bryman

Imperial College London’,"UK JINR, Dubna, Russia TRIUMF,; Canada
A. Kurup, J. Pasternak, Y. Uchida, || V. Kalinnikov, A. Moiseenko, T. Numao, |. Sekachev
P. Dauncey, U. Egede, P. Dornan D. Mzhavia, J. Pontecorvo,
University College London, UK B. Sabirov, Z. Tsamaiaidze,
M. Wing, M. Lancaster, R. D'Arcy, || and P. Evtukhouvich
S. Cook BINP, Novosibirsk, Russia Department of Physics,
University of Glasgow D. Grigorev, A. Bondar, G. Brookhaven National Laboratory, USA
P. Soler Fedotovich, A Ryzhenenkov, D. R. Palmer, Y. Cui
Shemyakin Department of Physics, University of
ITER, Russia Houston, USA
M. Danilov, V. Rusinov, E. Hungerford, K. Lau
- E.Tarkovsky

Tbilisi State Institute for Nuclear n
D Science and Technology | | Kyoto University, Kyoto, Japan

NiksiSveraya Vo Van Thuan Y. lwashita, Y, Mori, Y. Kuriyama, J.B Lagrange
University of Science, Department of Physics, Osaka University, Japan
HoChi Minh M. Aoki, T. Hiasa, Md.l. Hossain, S. Hikida, T. ltahashi, Y. Kuno,
Chau Vau Tao T.R. Nam, H. Nakai, E. Matsushita, H. Sakamoto, S. Takahashi,
(= N.M. Truong, A. Sato
[ — Department of Physics, Saitama University, Japan
— M. Kolke, J. Sato, M. Yamanaka
University of Malaya High Energy Accelerator Research Organization (KEK), Japan
Wan Ahmad Tajuddin Y. Arimoto, Y. Igarashi, S. Ishimoto, S. Mihara, H. Nishiguchi,
C. Ohmori, T. Ogitsu, Y. Takubo, M. Tomizawa, A. Yamamoto,
M. Yoshida and K. Yoshimura

Hajime NISHIGUCHI (KEK) “Search for Charged Lepton Flavour Violation with Muons at J-PARC” 08.Dec.2011 at LPNHE, Paris




46

Summary

Charged Lepton Flavour Violation is very attractive to explore the new physics.

Charged Lepton Flavour Violation have no observable SM rate and not withstanding
backgrounds etc. are excellent probes of beyond SM.

In particular, muon decay is the most sensitive probe. ( u—ey and uN—eN )
+ n—rey: MEG experiment (PSI) is ongoing
+* pN—eN : COMET experiment was proposed (J-PARC)

* CDR completed in 2009 and secured stage-1 (of 2 stages) approval from J-PARC
PAC. Expect to complete TDR ASAP in readiness of 2nd stage of approval

+ Significant Milestones have already been reached in Proton Extinction, S/C
magnet design and Pion Capture System

* Mu2E (FNAL) is aiming the same goal with similar schedule, competitive.
Even we were damaged severely by the earthquake, COMET is not delayed so much.
* J-PARC recovery is progressing, and acceleration test will start soon.

* COMET R&D is also progressing

* Aiming to start construction in 2014, engineering run in 2018
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