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* Muon Physics
» Charged lepton flavor violation (CLFV) with muons
- What is y-e conversion in a muonic atom ?
« COMET to search for py-e conversion at J-PARC
- COMET staged approach (new)
» y-e conversion with B<10-'° (PRISM)
 Highly intense Muon Source at Osaka University - MuSIC -
* Neutrino Physics
* Neutrino source based on muon storage FFAG ring
« Summary
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Now, the Standard Model has the Higgs-like
boson, but no new particles are found......
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The LHC has not found any new
particles so far yet, besides a
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Guideline for Rare Decay Searches

New physics effects may be very small.
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CLFV in the SM with Massive Neutrinos

B(p — ey) = . |Z (VMns),, (VMNS)el Ve
W

Observation of CLFV would indicate a clear signal of
pohysics beyond the SM with massive neutrinos.
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A. de Gouvea’s effective interaction
for y-e conversion
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CLFV and Neutrino Mass Generation

Scale of the electroweak Scale of the neutrino
symmetry breaking mass generation

If two scales are well separated,
LFVs are suppressed.

CLFV~0O(10°%

In supersymmetric models,
large LFV signals are expected
even if two scales are separated.

If two scales are close,
large LFVs are expected.

Neutrino mass from loop
Triplet Higgs for neutrino mass
Left-right symmetric model




CLFV and Neutrino Mass Generation

Scale of the electroweak Scale of the neutrino
symmetry breaking mass generation

If two scales are well separated, TeV
LFVs are suppressed. € V

CLFV~0O(10°%

In supersymmetric models,
large LFV signals are expected TeV |SUSY vV
even if two scales are separated. \_ )

F. Borzumati and A. Masiero, PRL 57 (1986) 961

If two scales are close,
large LFVs are expected.

Neutrino mass from loop
Triplet Higgs for neutrino mass
Left-right symmetric model
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SUSY Predictions (a la A. Masiero)
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A. Ibara, E. Molinaro, S.T. Petcov, Phys. Rev. D84 (2011) 013005

CLFV with TeV Seesaw (Type-l)

Normal Hierarchy Inverted Hierarchy

Osaka University
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eV seesaw type-| models
predict sizable branching ratio of
CLFV with right-handed neutrino
mass of O(TeV).

B(u—e+y) x 10!




extra dimension model

CLFV Predictions

Various BSM models
oredict sizable muon
CLFV, as well as tau CLFV.

SUSY model
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“DNA of New Physics”
(a la Prof. Dr. A.J. Buras)

Osaka University

W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub
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MFV, CMFV, 2HDMy, LHT, SM4, SUSY flavor. SO(10) — GUT,
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U-e conversion
IN @ mMuonic atom




Present Limits and
Future Projection

Process

present limit

future

p—ey

<2.4x 1012

<1014

MEG at PSI

u—eee

<1.0x 107

<1076

Mu3e at PSI

uN—eN (in Al)

none

<1076

Mu2e / COMET

uN—eN (in Ti)

<4.3x 10712

<1018

PRISM

T—ey

<1.1x107

<109- 10710

super KEKB/B

T—eee

<3.6x 10°

<109-101

super KEKB/B

Ty

<4.5x 108

<109- 1070

super KEKB/B

TULYL

<3.2x10°

<109 - 1010

super KEKB/B




_ _ DVvda
Present Limits and Best because of no limitation from

Future Projection accidental background

Process present limit future

u—sey <2.4x 1071 MEG at PSI

u—eee <1.0x 102 Mu3e at PSI
uN—eN (in Al) none ' Mu2e / COMET
uN—eN (in Ti) | <4.3x 1072 PRISM
<1.1x107 | <109-10"0 | super KEKB/B
<3.6x10° | <107-10"0 | super KEKB/B
<45x10% | <10°-1010 | super KEKB/B
<3.2x10% | <10°-10"0 | super KEKB/B







What is Muon to Electron Conversion?

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

u +((A,Z)—e +(AZ)

Event Signature :

@ a single mono-energetic
& electron of 100 MeV
% & Backgrounds:
(1) physics backgrounds
muon decay in orbit ex. muon decay in orbit (DIO)

(2) beam-related backgrounds
H ex. radiative pion capture,

nuclear muon capture muon decay in flight,

u+(AZ) = v, +(AZ-1) (3) cosmic rays, false tracking
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Previous Measurements

Osaka University

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

Class 2 events: prompt forward

)
o

SINDRUM I

configuration 2000
events / channel

I
100

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)



COMET at J-PARC




Improvements for Signal Sensitivity

To achieve a single sensitivity of 10"/, we need

10" muons/sec (with 107 sec running)

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

Guide =’s until decay to w's N

H”J;

A



Improvements for Background Rejection

Beam-relatea 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



J-PARC at Tokai, Japan

Hadron Experimental
Material - Life Science Facfﬂity

Facility

Transmutation
Exper imental
Facility

P

%66V Synomrotron [ e LA,
(25Hz, 1MW) &S 00GeV «f%ﬂ%ﬂﬁotron




p-e conversion : COMET (E21) at J-PARC

.8GeV proton beam

ST pion
capture Experimental Goal of COMET
solenoid

B(p~ 4+ Al e + Al) =26 x 1077

— — —17
3T muon transport B(p~ + Al — e” + Al) < 6x 10 (90%C.L.)

(curved solenoids)

» 10" muon stops/sec for 56 kW
proton beam power.

el siefgfolng alectron « C-shape muon beam line and C-
shape electron transport followed by
. transport :
electron detection system.

- Stage-1 approved in 2009.

4
14l ".! | ’
Wi/,

electron tracker

and calorimeter
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Charged Particle Trajectory

in Curved Solenoid

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

D : drift distance
B : Solenoid field

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

q : Charge of the particle

O : 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

p : Momentum of the particle

q : Charge of the particle

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




muon beamline

electron
spectrometer

Pion production target  Radiation shield
Proton beam

Detector Solenoid

Late-arriving particle tagger

Electromagnetic e a, Transport Solenoid
Calorimeter - 5
Tracker Stopping

Target = Beam collimator  Muon stopping target  Beam blocker

Production Solenoid N

Collimators R o=
\
Proton : “ /
Beam /
Produm‘

Target
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Calorimeter Tracker

T —————

Mu2e@FNAL COMET@J-PARC

Straight solenoid Curved solenoid



Mu2e@FNAL

COMET@J-PARC

4 , )
Selection of
low
momentum

muon beamline

S-shape

C-shape

electron
spectrometer

Straight solenoid

Curved solenoid

. muons

4 o N
eliminate

background from
muon decay
in flight




Late-arriving particle tagger

Beam collimator  Muon stopping target  Beam blocker

4 , )
Selection of
low
momentum

. muons

4 o N
eliminate

background from
muon decay
in flight

Mu2e@FNAL COMET@J-PARC
muon beamline S-shape C-shape
electron : : .
SOEETE Straight solenoid Curved solenoid

f \( eliminate protons from nuclear muon capture

Selection of \ '

p

. 100 MeV electrons | eliminate low energy events to make the detector quiet

\_____/\____/
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COMET Phase-I (staged scenario)
- from J-PARC PAC report, March 2012




COMET Phase-I (staged scenario)
- from J-PARC PAC report, March 2012

Osaka University

Reflecting the PAC’s high evaluation of the physics associated with the COMET
experiment and the positive results in the report recently published by a sub-committee
of Japanese Association on High Energy Physics (JAHEP) on the future high energy
physics projects, the COMET experiment is a high priority component for the J-PARC

program. Considering that this high-priority experiment needs a large investment in

infrastructure and hence a long time to realize, it 1s important to start the construction of
the COMET beam line 1n the next 5 years.
The IPNS proposes, as the first priority item in the next five-year plan, that the upstream

part of the high-p beam line be constructed and co-used by the COMET experiment and

that the first half of the muon capture solenoid be constructed simultaneously.

A consequence of this plan is that the K1.1BR beam line will not be usable after the
installation of the production target of COMET. This conflict, as was pointed out by

the PAC in the last meeting, will have a serious impact on the TREK experiments (E06
and P36). The PAC is requested to consider and comment on this in its evaluation

during the meeting.




COMET Staged Approach



COMET Staged Approach

COMET Phase-| COMET Phase-ll
Protons Pion Capture Section
S " Agerlonfocepre pore i e

% magnetic field by superconducting
_ .§ Production maget
Pions = Target
—
[ E—

Muons

Detector Section

Pion-Decay and
Muon-Transport Section

decay of pions under a solenoi-

muon beam“ne up ‘to 'the end dal magnetic field.
of the first 90 degree bend | —

A section to collect muons from [MMMMMF

W




Goals of COMET Phase-|

1 Background Study for COMET Phase-ll

direct measurement of potential background
sources for the full COMET experiment by using the
actual COMET beamline constructed at Phase-|

2 Search for p-e conversion

a search for y——e~ conversion at intermediate

sensitivity which would be more than 100 times better
than the SINDRUM-II limit




Search for p-e conversion at
Intermediate Sensitivity (CDC)

~cylimafical drift chamber(CDC) e CDC design is based on

- el Belle I CDC (small cell part)

‘ *Design difference (from LOI)

opping Target ‘H@:C2H6 (:5050) gas

etrigger counters at the
both ends (smaller
acceptance)

®NO proton absorber

_— *CDC hit rates
| 40 kHz/wire at the
iInnermost layer by proton

emission from muon

capture (0.15 per capture)
*CDC trigger rate

e2/0 Hz from DIO

Design Philosophy
by keeping an open end in a solenoid
geometry, beam particles continue
downstream and escape the detector.



Search for p-e conversion at
Intermediate Sensitivity (CDC)

—cylindrical drift chamber (CDC) e CDC design is based on
\ | Belle || CDC (small cell part)

‘ *Design difference (from LOI)
- S (=50:50) gas
CDC construction ounters at the

by Osaka U (chamber) and s smaler
IHEP (readout) nce)
which needs funds from Chinaln absorber

e *CDC hit rates
/ ®40 kHz/wire at the
iInnermost layer by proton

emission from muon

capture (0.15 per capture)
*CDC trigger rate

2 /0 Hz from DIO

Design Philosophy
by keeping an open end in a solenoid
geometry, beam particles continue
downstream and escape the detector.



Signhal Event Sensitivity (SES)
for COMET Phase-| CDC ggmm—m

Geometrical acceptance tracking efficiency included
Mo nentun selectlo 104.1 MeV /e < P, <106 MeV /¢

same as COMET

same as COMET

 Single event sensitivity

1
B(u~ + Al - e + Al) ~

Ny feap- A

* Ny Is a number of stopping muons in the muon stopping target. It

is 8.7x10" muons.
+ 5.8x10° stopped p/s with 3 kW proton beam power, with 1.5x10°

sSec running.
* fcap IS @ fraction of muon capture, which is 0.6 for aluminum.

* Ac Is the detector acceptance, which is 0.06.

B(p~+Al —e + Al)=3.1x10" "

B(u~+Al —e” +Al)<7x 10" (90%C.L.)




Background Estimation for
COMET Phase-l CDC

Osaka University

Background estimated events

Muon decay in orbit 0.01

Radiative muon capture < 0.001
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Radiative pion capture 0.0096*
Beam electrons
Muon decay in flight < 0.00048*
Pion decay in flight
Neutron induced background ~ 0*
Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Electrons from cosmic ray muons < 0.0002 002 | ’
Total 0.03 SN P

103.5 104 104.5 105 105.5 106
Momentum [MeV/c]

BR=3x10%(-15)

Counts per 0.1 MeV/c

0.04

with proton extinction factor of 3x10-"

Expected BG events are about 0.03 at S.E.S. of 3x10-'°,




Background Estimation for
COMET Phase-I CDC  studied by a IHEP student

Background ated events
Muon decay in orbit 0.01

Radiative muon capture 4 < 0.001 ‘

Neutron emission after muon capture < 0.001
Charged particle emission after muon capture g < 0.001
Radiative pion capture 0.0096*
Beam electrons

Muon decay in flight < 0.00048*
Pion decay in flight
Neutron induced background ~ 0*
Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Electrons from cosmic ray muons < 0.0002 | ’
Total 0.03 SN P

103.5 104 104.5 105 105.5 106
Momentum [MeV/c]

BR=3x10%(-15)

o
.
N

o
-

Counts per 0.1 MeV/c

0.04

0.02

with proton extinction factor of 3x10-"

Expected BG events are about 0.03 at S.E.S. of 3x10-'°,
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Schedule of COMET and Mu2e

-------------------------------------------------‘

Design, R&D CO M ET

1
1
1
1
Eng. Phys. COMET Phase-| :
1
1
1
1

construction
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Design, R&D
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1
Physics Run 0
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4 I I EE BN EE =N [ R Ry
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|
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Comparison of COMET Phase-l / Phase-lI
and Mu2e




Comparison of COMET Phase-l / Phase-lI
and Mu2e

90% C.L. upper limit is 7x101° (SINDRUM)

BG events :
S.E. . running
e at aimed . Year Comments
sensitivity e time (sec)
sensitivity

from
ggal\geEI 0.03 Proposal
(2012)
COMET from CDR
Phase-l| 0.34 (2009)
J. Miller’s
MuZ2e , talk at

SSP2012
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MuSIC@RCNP, Osaka University

Ring Cyclotron

RCNP has two cyclotrons. A proton beam with 392MeV, 1 u A is provided
from the Ring Cyclotron (up to b u A in near future).

The MuSIC is in the largest experimental hall, the west experimental hall.



MuSIC Layout

A lLl.».C

MUon Science lnnm atwc (ommls<wn
at RCNP. Osaka Un

Particle physics nclear physics,

material science,
chemical ...

|l
Muon storage =

ring

Accelerator . . :
R&D Pion and

muon
transport
solenoid

Muon beam

Pion capture Proton beam
solenoid '

Superconducting magnets
R&D




MuSIC Layout

A lLl.».C

MUon Science lnnm atwc (ommls<wn
at RCNP. Osaka Un

Particle physics nclear physics,

material science,
chemical ...

|l
Muon storage =

ring

Accelerator . . :
R&D Pion and

muon
transport
solenoid

Muon beam

Pion capture Proton beam
solenoid '

Superconducting magnets
R&D




MuSIC Present Layout

GM cryocooler

SUS radiation shield

N

Graphite target

»Pion Capture Solenoid

Iron yoke

3.5T

Osaka University

Transport Solenoid
2.0T with 0.04T dipole field

Proton beam line

i L B @




MuSIC at RCNP, Osaka University




MuSIC Muon Yields (Measured)

Osaka University

Number of negative muons at the 36 deg exit for | YA proton beam

 na @l | beameest | simubtion
Entries 799548 Num. of muons [1/sec] (1.7£0.3)x108 1.4x108
[_energy spectrum | —

Mean 5963
Proton beam | [435pA

2.197 * AL B

11=2197us: p

72 =2.026 ps : p in C (Plastic) 9938 /1173 energy spectrum
700 F

73=0.164 ps : p in Cu 1184+ 185.6
173.3 + 16.8

Mg-ula Mg-mLa (74.7keV)

(56.6keV) |« ¢ .uKa(75.5keV)

The slope consists of three exp. components:

1055 + 8.9

2151+ 19.5

255.5+ 1.0

280 285 290 295 300 305 310 315
Energy [keV]

Mg-uKa e+e- annihilation
(296.4keV) Y-rays (51 I keV)

!

2000 4000 6000 8000 10000 12000 14000 16000
Time(ns)

600 700
Energy [keV]



MuSIC Muon Yields (Measured)

Osaka University

Number of negative muons at the 36 deg exit for | YA proton beam

 na @l | beameest | simubtion
Entries 799548 Num. of muons [1/sec] | (1.7£0.3)x108 1.4x108
—

Mean 5963
Proton beam | |435pA -

2.197 * AL B

11=2.197 ps : p

T2 =2.026 ps : p~ in C (Plastic) 9938 /1173 energy spectrum -
700 i

73=0.164 ps : p in Cu 1184+ 185.6
173.3 + 16.8

Mg-ula Mg-mLa (74.7keV)

(56.6keV) |« ¢ .uKa(75.5keV)

The slope consists of three exp. components:

1055 + 8.9

2151+ 19.5

255.5+ 1.0

280 285 290 295 300 305 310 315
Energy [keV]

Mg-uKa e+e- annihilation
(296.4keV) Y-rays (51 I keV)

!

2000 4000 6000 8000 10000 12000 14000 16000
Time(ns)

600 700
Energy [keV]

108 muons/sec with 400 W at MuSIC
eg. 10 muons/s with 1.2 MW at PSI




MuSIC Muon Yields (Measured)

Osaka University

Number of negative muons at the 36 deg exit for | YA proton beam

 na @l | beameest | simubtion
Entries 799548 Num. of muons [1/sec] | (1.7£0.3)x108 1.4x108
—
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e slope consists of three : ; energy spectrum
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T2 =2.026 ps : p~ in C (Plastic) 9938 /1173 energy spectrum -
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Mg-uKa e+e- annihilation
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108 muons/sec with 400 W at MuSIC 1000 times
eg. 108 muons/s with 1.2 MW at PSI  improvement




MuSIC Muon Yields (Measured)

Osaka University

Number of negative muons at the 36 deg exit for | YA proton beam

Entries 799548
_ Mean 5963
The slope consists of three exp. components: RMS 4830
1=2.197 ps : p* =
; =2.026 ﬁs : p in C (Plastic) 9938 /1173 energy spectrum 100 .
73=0.164 s : p" in Cu 1184+ 185.6 w 2 B0
] 173.3 + 16.8 700 “° ,\ Full energy
I! p2 1055 + 8.9 Mg-uLa \ Ma-zrl o (74 7ke "0 peak

l
Muon intensity needed for COMET is guaranteed.

1 SO mu

ek e
0 600 700

Energy [keV]

2000 4000 6000 8000 10000 12000 14000 16000
Time(ns)

108 muons/sec with 400 W at MuSIC 1000 times
eg. 108 muons/s with 1.2 MW at PSI  improvement




u-e conversion with B<10-19




u-e conversion at S.E. sensitivity of 3x10-19
PRISM/PRIME (with muon storage ring)

PRIME —_— MW beam
detector Detector Solenoid (SUCh s PrOjeCt‘X)

Spectrometer Solenoid

momentum slit J

PRISM-FFAG

extract kickers P muon storage ring
’ - J

Muon Storage Ring & |
(Phase Rotator) 3 / ) matching section

y

PRISM | curved solenoid
beamline Ay (short

SC solenoid /
injection kickers pulsed horns




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

Phase rotation has been demonstrated. ‘
PRISM Task Force ( ) is active for desgn. |

Pl * >



Neutrino Source based on
Muon Storage Ring




EURONu: Conclusion

Input for CERN Strategy Review:

EURONu has made a physics performance and cost comparison between
a 4 MW CERN to Frejus Super Beam,

a 10 GeV Neutrino Factory

and a y=100 Beta Beam, all based at CERN.

The physics comparison has demonstrated that the Neutrino Factory
has the best physics reach for CP-violation and the mass hierarchy,
while a combination of the Super Beam and Beta Beam is required to be competitive.

Although far advanced, the cost comparison is not yet at the stage where it can be
made public. Nevertheless, it has been demonstrated that there is not a significant cost
advantage in building the Super Beam and Beta Beam combination, rather than the

Neutrino Factory.

As a result, the recommendation of EUROnu is the construction and
operation of a 10 GeV Neutrino Factory as soon as possible,
implemented using a staged approach.

European Strategy for Particle Physics: Krakow, September 2012 Caren Hagner, Hamburg University
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International Design Study for a Neutrino Factory (IDS-NF)

 Targeting a Reference Desigh Report on 2013 timescale

Neutrino Beam

Proton Driver:

>— Linac option

. . Ring option

Updated baseline design: Muon Decay

10GeV muons, g
100kt MIND @ 2000km,
10%t useful decays/y

755 m

Phase Rotation

(=2
=
©

O

Linac to 0.8 GeV 0.8-2.8 GeV RLA B
= o o n on ) Co—o:) _
e 2.8-10 GeV RLA* | J

(C=——3Q

m—)
Linac to 1.2 GeV 1.2-5 GeV \

RLA 5 40 Gev
FFAG**
*) RLA: recirculating linear accelerator

**) FFAG: fixed-field alternating gradient accelerator




vSTORM

A new Lol of a short-baseline neutrino O Far detector

experiment has been submitted to ~1.5km
FNAL-PAC.

« Physics: Neutrino Beam

« study of sterile neutrinos Ev=2GeV

. f of iri Near detector
+ precise measurement of neutrino-
nucleon scattering cross sections. Muon Decay

A production of neutrino beams from a Ring

muon storage ring without any cooling p,=3.8GeV/c
section.

* For the decay ring,
* large transverse acceptance
* large momentum acceptance

« are required to increase the intensity
of the v beam.

 Two candidates
« FODO racetrack
* FFAG racetrack

af pr=5GeV/c




Study of Racetrack FFAGs for vSTORM

 J.B.Lagrange and Y.Mori proposed two racetrack FFAG for the decay ring.

E.=2GeV, Ap/po=%16% Scaling FFAG straight channel
20

==
U

|1
N |

0
5
0
5
0
5
0

00-150-100-50 0 50 100 150 200
y [m]

* They studied performance of these FFAGs by their original tracking code,
which cannot study decay of muon.

from A. Sato talk at NUFACT2012



Study of Racetrack FFAGs for vSTORM

 J.B.Lagrange and Y.Mori proposed two racetrack FFAG for the decay ring.
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* They studied performance of these FFAGs by their original tracking code,
which cannot study decay of muon.

from A. Sato talk at NUFACT2012



muon beam emittance In the storage ring

g4beamI|ne

L L T L to L L LN L
maxStep 5mm maxStep=5mm..; "'
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Summary

- CLFV would give the best opportunity to
search for BSM. (So far, no BSM signals at
the LHC.)

* y-e conversion would be the best.

- Staged COMET will start in 2013.

- COMET Phase-I : <10-14-19(2016/17), and
COMET Phase-Il : <1016 (~2021),

» R&D on PRISM/PRIME for <10-18is
underway.

» MuSIC@0Osaka ~108 p/s with 400 W
demonstrated.

* Neutrino sources based on muon storage
ring would become important.




Summary

- CLFV would give the best opportunity to
search for BSM. (So far, no BSM signals at
the LHC.)

* y-e conversion would be the best.

- Staged COMET will start in 2013.

- COMET Phase-I : <10-14-19(2016/17), and
COMET Phase-Il : <1016 (~2021),

+ R&D on PRISM/PRIME for <10-18is
underway.

» MuSIC@0Osaka ~108 p/s with 400 W
demonstrated.

* Neutrino sources based on muon storage
ring would become important.

New collaborators to COMET are welcome.



