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Particles and Interactions



Building Blocks of Matter : Elementary Particles

tt tit t
FERMIONS Gin- 172, 312, 572, ...

electron <1x10-8 U up

1st neutrino
generation electron |0.000511| - down
sy <0.0002 C charm
nad L neutrino
generation muon 0.106 strange
tau <0.02 top
3rd neutrino

generation tau 1.7771 D bottom



Fundamental
Four Forces

0"
/
'l

. 48 _aY v | N
Gravity force / / o Strong force
Electromagnetic force Weak force




List of Elementary
Particles

ELEMENTARY
TICLE

¢ A list of elementary
particles of building
blocks (quarks and
leptons, fermions) and
particles of force
carriers (bosons).

* [n particle physics, a
field is treated as a
particle.

Leptons| Quarks
Force Carriers

Three Generations of Matter




31g questions In

Particle Physics

Starting from Nihonbashi, Tokyo
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hy Are We Doing Emw Particle Physics ?
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hy Are We Doing Elementary Particle Physics ?

om “Quantum Universe”

he revolution of 21st Century Particle Physics)
(1) What is the origin of mass for fundamental particles?
(2) Are there undiscovered principles of nature?
J I 15(3) Are there extra dimensions of space?
(4) Do all the forces becomes one?
(5) Why are there so many kinds of particles?
(6) What happened to the antimatter?
(7) What is dark matter? How can we make it in the laboratory?
(8) How can we solve the mystery of dark energy?
(9) How did the universe come to be?
(1yNhat are neutrinos telling us?

SM cannot answer those questions.
V4
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The Intensity Frontier is.....

® Energy scale reached by the intensity frontier would be much
higher than that of accelerators of O(1 TeV) through quantum
radiative corrections (renormalization equation group).

Quantum Corrections

¢ Effects are small.

e Rare process searches

® High precision measurements
e High intensity machine is needed.
¢ Indirect searches




Which Processes for New Physics in Low
Energy ?

® Processes which are forbidden or highly suppressed in the
Standard Model would be the best ones to search for new physics
beyond the Standard Model.
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Energy ?

® Processes which are forbidden or highly suppressed in the

Standard Model would be the best ones to search for new physics
beyond the Standard Model.

e FCNC in the quark sector
e b—sy, K—mvy, etc.
¢ Allowed in the Standard Model.
* Need to study deviations from the SM predictions.
e Uncertainty of more than a few % (from QCD) exists.



Which Processes for New Physics in Low
Energy ?

® Processes which are forbidden or highly suppressed in the
Standard Model would be the best ones to search for new physics
beyond the Standard Model.
o
e FCNC in the quark sector
e b—sy, K—mvy, etc.
¢ Allowed in the Standard Model.
* Need to study deviations from the SM predictions.
e Uncertainty of more than a few % (from QCD) exists.
e FCNC in the lepton sector
e u—ey, M+N—e+N, etc. ( )
e Not allowed in the Standard Model (~10-° with neutrino mixing)
* Need to study deviations from none
e clear signature and high sensitivity



Why Muons for the Intensity Frontier ?

Guidelines for Rare Process Searches

(1) Many particles are needed

The muon is the lightest unstable particle and
therefore given energy, more muons can be produced.

(2) Theoretical uncertainty should be small.

The muon does not have strong interaction, and
therefore the processes with muons are theoretically clean.



Why Muons, not Taus for LFV Search ?

e A number of taus available at B factories are about taus/sec.
At super-B factories, about taus/sec are considered. Also
some of the decay modes are already background-limited.

¢ intensity improvement factor of about O(10).

e The number of muons available now, which is about muons/sec
at PSI, is the largest. Next generation experiments aim
muons/sec.
, about muons/sec are
considered.
¢ intensity improvement factor of about O(1,000,000)

Synergy in Technology between

Muon Physics and MCNF



How to make many muons ?

e Now, muon intensity of ~108 /sec at PSI.

e In future, the intensity can be 10''-104/
sec, with the technology developed for the
front end R&D of muon colliders and/or
neutrino factories (an improvement factor
of up to about O(1,000,000).

® Technical ideas, which can be used for
low-energy muon physics, are

® pion solenoid capture
e phase rotation / cooling

high power protons + new technology

Proton Driver

Hg Target
Capture
Drift
Buncher

Bunch Rotati

Cooling

Acceleration
Linac
0.2 - 0.9 GeV

neutrino factory

Storage v beam

Ring
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/. Acceleration

muon collider




What is Lepton Flavor Violation of Charged
Leptons (cLFV) ?

LFV of neutrinos Is confirmed.

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



Various Models Predict Charged Lepton Mixing.

Sensitivity to Different Muon Conversion Mechanisms ///2

MECO

Supersymmetry
Predictions at 10-1°

Compositeness

A, = 3000 TeV

Heavy Neutrinos Second Higgs

. doublet
'U uN UeNl2 = )
8 x 1013 gHHe =10 x gH.u_u
Heavy Z',
Leptoquarks Anomalous Z
coupling
M= M. = 3000 TeV/c?

3000 (A, ghoo) 2 TeV/c?

B(Z — ue) < 10-17

After W. Marciano

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



W. Altmannshofer, A.J.
Buras, S. Gori, P.
Paradisi, D.M. Straub, .

New Physics Search Rating (A. Buras)  NuciphysBss0:17.94

,2010.
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Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY CO nve rS I O n
and non-SUSY models % % % signals large effects, %9 visible but small effects and % implies that
the given model does not predict sizable effects in that observable.
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SUSY Predictions for cLFV

L—ey in the MS5MRN with the MSW large angle solution

o M=130GeV, me=170GeV. m, =0.07eV, m, =0.004eV

fe M)= 2.4

/
/
\ /
]

PRISM

u2e, COMET,super-MEG

tanfi=3,10.30

RISM

M, (GeV)

SU(B) SUSY 6UT SUSY Seesaw Model




cLFV History
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cLFV History

First cLFV search

Pontecorvo in 1947
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cLFV History

First cLFV search

Pontecorvo in 1947
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Present Limits and Expectations in Future

process present limit future
u—sey <1.2x 107" <1013 MEG at PS|
u—eee <1.0x107° | <1018 -10" ?
ulN—eN (in Al) none <1010 Mu2e / COMET
uN—eN (in Ti) | <4.3x 10712 <1018 PRISM

T—ey <1.1x107 | <10®°-10"1° | super B factory

T—eee <3.6x108 | <10°9-101 | super B factory

T— ULy <45x108 | <10°-10"0 | super B factory

T— Ll <3.2x10% | <109-101 | super B factory







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

lu_ +(A9E evu +(A,Z—1)

Iepton flavors
changes by one unit




L-e Conversion
Signal and Backgrounds

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

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

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




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 Sulses

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

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

base on the MELC proposal at Moscow Meson Factory



COMET (COherent Muon to Electron Transition)

IN Japan By~ + Al — e™ + Al) < 10716

- arge solid angle under a high
solenoidal magnetic field by super-
uction conducting magnet.
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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
Stopping

e SRy /’,, ectron Transport
| Sa——— ectron Detection
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Stage-1 Approval in July, 2009
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COMET Collaboration List

Q 49 people frgmfi1,4 Instit

2

u}es ( April 2010 )

Imperial College Londﬁﬁ/ UK

P. Dauncey, U. Egede, P. Dornan
University College London;' UK
*| M. Wing, M. Lancaster, R. D’Arcy

A. Kurup, J. Pasternak, Y. Uchida,

=
JINR Dubna, Russia

D. Mzhavia, J. Pontecorvo,

| and P Evtukhouvich -
‘| BINP, Novosibirsk, Russia

IV Kalinnikov, A. Moiseenko,

Department of physicssafe
University of Britisl_1
Canada
D. Bryman
TRIUMF, Canada *
T. Numao; I Sekachev.. =

B. Sabirov, Z. Tsamaiaidze,

gggggg

| Depg(tment of Phys:cs,

Brookhaven National Laboratory, USA
R. Palmer, Y. Cui-

Department of Physics, University of

Houston, USA

E. Hungerfordy; K Lau

University of Glasgow
P Soler D. Grigorev
o
(*= Y. lwashita, Y, Mori
IUniversity of Malaya H. Sakamoto, A. Sato

Wan Ahmad Tajuddin

Y. Takubo,

Kyoto University, Kyoto, Japan

. | Department of Physics, Osaka University, Japan |
M. Aoki, T. Hiasa, Md.l. Hossain, T. [tahashi, Y. Kuno,. H. Nakai,

Department of Physics, Saitama University, Japan
M. Koike, J. Sato, M. Yamanaka
Department of Physics, Tohoku University, Japan

High Energy Accelerator Research Organizatidn (KEK), Japan
Y. Arimoto, Y. Igarashi, S. Ishimoto, S. Mihara, H. Nishiguchi,
T. Ogitsu, M. Tomizawa, A. Yamamoto, M. Yoshida and K. Yoshimura

"
'

)



Signal Sensitivity (preliminary) - 2x10’ sec

¢ Single event sensitivity

1
N,u 'fca,p 'Ae,

B(p~ + Al — e 4+ Al) ~

e N, is a number of stopping

muons in the muon stopping Rl IReteitess ,
target. It is 2x10'® muons. muon transport efficiency
e foap is a fraction of muon muon stopping efficiency

capture, which is 0.6 for # of stopped muons 2. Ox1o18

aluminum.
* Ac Is the detector acceptance,
which is 0.04.

Bpy~+ Al —e” +Al)=26x10""

Bp~ +Al —e  + Al) <6 x 107" (90%C.L.)




Background Rates

Radiative Pion Capture

Beam Electrons

Muon Decay in Flight

Pion Decay in Flight

Neutron Induced

Delayed-Pion Radiative Capture
Anti-proton Induced

Muon Decay in Orbit

Radiative Muon Capture

p~ Capt. w/ n Emission

pu~ Capt. w/ Charged Part. Emission
Cosmic Ray Muons

Electrons from Cosmic Ray Muons

0.05

< 0.1%

< 0.0002
< 0.0001
0.024
0.002
0.007
0.15

< 0.001
< 0.001
< 0.001
0.002
0.002

Total

0.34

I Monte Carlo statistics limited.

beam-related prompt
backgrounds

beam-related delayed
backgrounds

INtrinsic physics
backgrounds

cosmic-ray and other
backgrounds

Expected background events are about 0.34.




COMET at J-PARC

Proton beam parameters

Beam Power 56 kW
Beam Energy 8 GeV
Average Current 7uA

Slow-extracted proton beam.

8 GeV to suppress anti-proton
production.

S . S e e Accelerator-Driven Transmutation
Linac Experimental Facility

Materials and Life
Science Facility

e RN

50 GeV Synchrotron

B

Hadron Experimental Facility



Pulsed Proton Beam at J-PARC

¢ A pulsed proton beam is ¢ Pulsed beam from slow
needed to reject beam-related extraction.
prompt background. o fill every other rf buckets
® Time structure required for with protons and make slow
proton beams. extraction
® Pulse separation is ~ 1usec e spill length (flat top) ~ 0.7

or more (muon lifetime).
e Narrow pulse width (<100 eV Rine
nsec) ?Bucet

1.17 us (584 ns x 2)
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o
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0.7 second beam spill

3.64 second accelerator cycle




Proton Beam for COMET

« Muonic lifetime is dependent on
target Z. For Al lifetime is 880ns.

Bunch Structure __ Main_Proton Pulse __
Bunch Separation 1.3 us = CIRREES
Bunch Length 100ns e ~__— Prompt Background
Protons per Bunch 1.2x108 :-i

Bunches per Spill 5.3x105 E L ounnad Mugn Decay
Spill time 0.75 3 Timing Window
Extinction 109

« Background rate needs to be low in order
to achieve sensitivity of <10-16.

Extinction is very important.

— Without sufficient extinction, all
processes in prompt background
category could become a problem.

Time (us) 1

M




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'®

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

This Experiment (u—>e¢;

- T T T2y
u->ey, s ;,=0.2
u—>ey, s,,=0.05

n—>ey, s;,=0.02
—— u->ey, s,,=0.012

—
—
—
—
—
—
—
—
-
—

107"

Branching Ratios (u—ey)

B(p~ 4+ Al — e 4+ Al) <1071°



Further Background Rejection to < 1018

Mono-energetic muon beam

Muon DIO
background

pure muon beam

Pion muon storage
Ioackg round 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 : 1020 for 150m <] S e

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




PRISM/PRIME
Detector Layout

Detector Solenoid

Spectrometer Solenoid

Muon Stopping
Target

Muon Storage Ring

(Phase Rotator) y | Pion and Muon

Transport Solenoid

Pion Production
Target

Pion Capture Solenoid




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




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.

P N P
Muon Source with low proton
power at Osaka U.” ’ ( PRISM-FFAG R&D J

A

\




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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PROTON BEAM ENTRANCE




MuSIC First Beam from

29th and 30th, July, 2010

e A 36 hour beam time with 1 nA
e Measurements on
e beam intensity and
e beam spatial distribution
e Analysis is still being made.
e Preliminary results (right)
¢ vertical beam distribution Hit rate of 3em x 38cm Counter
e integrated rate: 6x108 Hz/pA
e some corrections further
needed to get final numbers.
¢ Future works
e particle ID
e mixture of pions, muons
and electrons
e momentum distribution
¢ dipole field correction

counting rates as a function of vertical position

Hit Rate |[Hz for 1 micro-A proton beam|

-5 0 5

Vertical Position [cm|




Roadmap of Particle Physics
based on muons

Muon Factory

muon LFV,
muon g-2,
muon EDM
muon application

TR

Detector

Neutrino Factory

Proton Driver |

Hg Target 0
Capture
Drift
Buncher
Bunch Rotation_
Cooling

Acceleration
Linac

‘\(?-plional)’ §
~ Accélefation
Dogbone RLAs
09 - 3.6 Ge

3.6 - 12.6 GeV (

Based on common technologies

Energy frontier
Muon Collider
- 2~4 TeV

16 GeVlc
Proton
Accelerator

Channel

100 MeVic
muons
Muon
Accelerators

10 GeV
muons
High

Energy
muons

"
\
\I




Summary

. 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 10-7 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 10-18 sensitivity,
PRISM/PRIME has been considered.

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




