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Fundamental questions of subatomic physics in Canada�
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Muon being long-lived and self-analyzing particle 
offers an excellent research opportunities to attack 
fundamental questions�

and the world �



Particle dipole moments�

Magnetic dipole moment 
 
 
　g = 2 from Dirac equation, in general g≠2 due to quantum-loop effects �

Electric dipole moment (EDM) 
 
    Violates Parity and Time-reversal symmetry 

Spin 1/2 particle in electro-magnetic field�

Under the CPT theorem 
        àCP violation � 5�
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Lepton anomalous magnetic moment “g-2” �
•  Standard model can predict g-2 with ultra high precision 

•  Sensitivity of new physics (mass scale Λ) goes with al(New physics)～(Ml/Λ)2 �

–  (Mµ/Me)2 = 43000 
–  (Mτ/Mµ)2 =     300 
–  τ  lepton : short life (0.3ps), limited statistics 

•  Useful in searching for new particles and/or interactions 

0.24ppb 
0.54ppm�

Super Symmetric particles�

Δal(SM)/al�

4.5 ppb 
0.41ppm�

Δal(exp)/al�

Muon : 
       higher sensitivity 
       easier to produce 

6�
Present uncertainty : Δaµ(exp) = 63 x 10-11 �



History of muon g-2 measurements�

Ex
pe
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DHMZ 2010 
aµ 

exp  –  aµ 
SM 

 
= 
 

(261 ± 81) × 10 
–11 

(259 ± 81) × 10 
–11 

Æ  3.3 ”standard deviations“  

F. Jergerlehner, arXiv:0902.3360 �

BNL g-2 ring�

HLMNT 2011 
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Muon anomalous spin precession 
in B and E-field �

•  Muon spin rotates “ahead” of momentum due to g-2 >0. 
•  Precession frequency 

 
•  BNL E821 

–  Focusing electric field to confine muons. 
–  At the magic momentum 

       γ = 29.3, p = 3.094 GeV/c  à (aµ -1/(γ2-1) ) = 0 
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Safely be neglected with current 
upper limit on EDM�

à Continuation of the experiment at FNAL is planned.�



Lower energy & Compact storage ring 

•  Advantages 
–  Suited for precision control of B-field 

•  Example : MRI magnet , 1ppm local uniformity  
–  Possibility of spin manipulation 

•  Effective to cancel various systematics 
–  Completely different systematics than the BNL E821 or FNAL 

Our approach�

9�

70 cm�

Hitachi co. �

14m �

BNL E821 / FNAL g-2 J-PARC g-2 �

P= 3.1 GeV/c , B=1.45 T� P= 0.3 GeV/c , B=3.0 T�



Our approach (cont’)�
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Zero Focusing Electric field (E = 0 ) �

Need a beam which never spread out during measurement: 
Ultra-cold muon beam (pT/p < 10-5) by accelerating 

ultra-slow muons from 3kV/c to 300 MeV/c�

Equations of spin motion is as simple as at the magic momentum�

( )⎥⎦
⎤

⎢⎣

⎡ ×+−= BBa
m
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β
η

ω µ 2

E=0 �



Bird’s eye photo in Feb. 2008 

J-PARC Material and Life science Facility�

U-Line�

D-Line�

S-Line �
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Resonant Laser Ionization of Muonium 
(~106 µ+/s) 

Graphite target 
 (20 mm)�

3 GeV proton beam 
 ( 333 uA) �

Surface muon beam  
(28 MeV/c, 4x108/s) �

Muonium Production  
(300 K ~ 25 meV⇒2.3 keV/c)�
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Resonant Laser Ionization of Muonium 
(~106 µ+/s) 

Graphite target 
 (20 mm)�

3 GeV proton beam 
 ( 333 uA) �

Surface muon beam  
(28 MeV/c, 4x108/s) �

Muonium Production  
(300 K ~ 25 meV⇒2.3 keV/c)�

Silicon Tracker 

66 cm diameter 

Super Precision Magnetic Field 
(3T, ~1ppm local precision) �



Expected time spectrum of µàe+νν decay �
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Muon spin precesses with time. 
               à number of high energy e+ changes with time by the frequency : 

ω �

( )⎥⎦
⎤
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m
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β
η

ω µ 2

e+ decay time (sec) �

p>200 MeV/c �



 
dµ=2E-20 e・cm 

Expected time spectrum of µàe+νν decay �
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EDM tilts the precession axis. 
à This yields an up-down decay asymmetry in number of e+  
    (oscillates with the same frequency ω)  
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Collaboration (Contributors to CDR)	

•  92 members ( …still evolving)  
•  25 Institutions: KEK, RIKEN, U-Tokyo, TRIUMF, BNL, PMCU, CYCRC-Tohoku, Osaka, 

Rikkyo, TITech, SUNYSB, RAL, UCR, UNM, Victoria   
•  7 countries: Czech, USA, Russia, Japan, UK, Canada, France 

17 The stage-1 approved in IMSS PAC, and stage-1 recommended in IPNS PAC. 



Ultra-slow muons for g-2/EDM �
•  Pointing power 

–  No focusing field  à pT/p < 10-5 @p=300 MeV/c 
–  Momentum               pT < 3 keV/c 
                                   p = (3/2)1/2pT < 3.7 keV/c 
–  Kinetic energy 　      E < 0.065 eV 
–  Temperature　　      T < 750 K          (2000 K (hot-W)@RIKEN-RAL ) 

•  This condition could be relaxed if very-weak focusing is applied (hot-W would be ok too). 

•  Intensity 
–  Statistical uncertainty on aµ = 0.1 ppm (goal) 
       à 1013 muons/year 
       à 106  ultra-slow muon /sec         (25/sec @RIKEN-RAL)  

•  Polarization 
–  Figure-of-Merit = NP2 �

–  50 à100%                                        (50% @RIKEN-RAL) 

18�



Ultra-slow muons for g-2/EDM �
Requirements: 

 40000 times more muons, and 
 Cooler muon than RIKEN-RAL 



Ultra-slow muons for g-2/EDM �
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Requirements: 
 40000 times more muons, and 
 Cooler muon than RIKEN-RAL 

170 times higher surface muon per spill at J-PARC H-line 
  2.4 x 104/spill à 400 x 104/spill (25 spill/sec) �

100 times intense Ly-α laser 
   1µJ à100µJ 

Room temperature target (hot tangsten à silica aerogel?) 
2000K (15keV/c) à 300K (2.3keV/c) 



Ultra-slow muons for g-2/EDM �
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Requirements: 
 40000 times more muons, and 
 Cooler muon than RIKEN-RAL 

170 times higher surface muon per spill at J-PARC H-line 
  2.4 x 104/spill à 400 x 104/spill (25 spill/sec) �

100 times intense Ly-α laser 
   1µJ à100µJ 

Room temperature target (hot tangsten à silica aerogel?) 
2000K (15keV/c) à 300K (2.3keV/c) 

Synergy with U-line developments à Strong collaboration �



Material� Aerogel� Aerogel� Aerogel� Aerogel� Silica 
Plate �

Density � 27mg/cc � 50mg/cc � 99mg/cc � 180mg/cc � 2.2g/cc �

Thickness� 7.8mm� 4.7mm� 2.4mm� 2.3mm� 0.96mm�

Room-temperature muonium emitter�

22�

•  Silica powders (SiO2)  
•  Structure : network of SiO2 grainà Large surface 

area. 
•  Known to be a good Mu emitter at room temp. 
•  Not self-standing à difficulty in laser ionization. 

•  Silica aerogel 
•  Similar structure of SiO2 grain-network. 
•  Self-standing! 
•  Control of density and thickness 
•  Only few (and old) data available 

•  Vacuum yield and space-time distributions with their 
density dependence were measured at TRIUMF. �



TRIUMF-S1249 group �

23�



µ+ �

Muonium Target �

TRIUMF-S1249 : search for muonium emitting 
material at room temp. �

TRIUMF-M15 beamline �

Goals are to examine materials at room temp. 
Ø  Muonium production rate 
Ø  Muonium distribution in vacuum �

e- �

e+ �

e+ �
MWDC� NaI �

µ+ �Decay in vacuum �



Space-time distribution of Mu �

•  Silica plate data is 
used to estimate the 
background 
distribution. 

•  Enhancement in 
aerogel data is due 
to Mu emission in 
vacuum. 

•  Mu signals are 
observed in all 
aerogel densities. 

25�

● Aerogel 27mg/cc 
● Silica plate �

Distance from target surface �

Reconstructed Mu decay vertex position �

Target surface �



Back of envelope estimate of efficiencies  
from surface to ultra-cold muons �

26�

Beer, et al. 
(89, TRIUMF) �

Woodle, et al. 
(88, PSI) �

S1249 
(2011, TRIUMF) �

Mills, et al. 
(86, KEK-MSL) �

Required yield : 1.E+6/s  
       a factor of 8 behind ? �

Preliminary�

Straggling �



Prospects on Mu target developments�
•  Aerogels 

–  Squeeze as much information as possible from S1249 data 
•  Density dependence, space-time distributions etc… 

•  More surface area 
–  Porous structure? 

•  New PSI work on meso-porous Silica (arXiv:1112.4887) 
–  Micro-drilled W-foil 

•  10µm-pitch drilled foil was tried at RIKEN-RAL 
•  Started R&D for 1µm pitch for further gain 

•  Surface processing 
–  W coated with alkali-metal (Na, Cs) 

•  Experiment being performed at J-PARC now by Y. Miyake, 
Y.Nagashima et al. 

•  Complex geometry 
–  Cyclotron trap 
–  Slanted layer 
–  Multi-layers 
–  Cylinder … 
–  Monte Carlo simulations have been in progress.� 27�

wikipedia �

RIKEN-RAL �



Laser development and ionization test �
•  Laser development at RIKEN 

–  Omega-1  
•  Fiber Laser System  
•  Solid State Amplifier 
•  Non-linear frequency converter  

–  Omega-2 
•  SLM Seeder 
•  1st and 2nd Non-linear  
   amplification  

–  2-photon resonant 4-wave mixing in Kr 
cell  

•  Ionization test at RIKEN-RAL 
–  Improved laser system 

•  stable, more freedom of adjustments 
–  New beam line controls 
–  Heater system refurbished 
–  Taking data JUST NOW! 

•  Beam time : March 6-8�
28�

To be tested and installed to U-line in 2012	



Summary �
•  A new muon g-2/EDM experiment at J-PARC: 

–  Off magic momentum + compact g-2 ring 
–  Complementary to FNAL g-2 
–  Start in 2016 

•  Ultra-slow muons 
–  The key technology to realize required beam 
–  TRIUMF S1249 studies Mu emitting materials at room temp. 
–  Ionization test with improved laser system is in progress at RIKEN-

RAL. 
–  Intense Ly-α laser being developed in close collaboration with U-

line developers. 

29�



back up slides �
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BNL, FNAL, and J-PARC �

31 



Projected schedule �

32�

Now �

CDR submitted 
Stage-1 approved �

TDR submmision 
Stage-2 request? 



Relevant parameters of muon beam 
characteristics and decay properties �

33�



- p. 34/33 B. L.  Roberts,  Fermilab , 3 September 2008  - p. 34/68 

Inflector 

Kicker  
Modules 

Storage 
ring 

Central  orbit 
Injection orbit 

Pions 

−π

p=3.1GeV/c 

BNL E821 Experimental Technique 

B


•  Muon polarization 

R=711.2cm 

d=9cm 

(1.45T) 

Electric Quadrupoles 

xc ≈ 77 mm 

β ≈ 10 mrad 

B·dl ≈ 0.1 Tm 

xc 

R

R β	


Target 

25ns bunch of       
≥ 1 X 1012 
protons 

• injection & kicking 
• Muon storage ring 

•  focus with  Electric Quadrupoles 

• 24 electron calorimeters  

Slide from Lee Roberts	
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Injection, storage, and positron detection �
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Muon beam is injected here �

Magnet coil (3T) �

detector �
kicker�

mm�

Spiral injection �
Anti-Helmholtz-type kicker 
(Pulse kick to stop spiral) �

Positron tracker�

ν �

ν �

e+ �

Muon storage magnet�



The muon storage magnet �
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Super-
conducting 
coils �

Cryogenics�

e+ tracker 

Magnet iron yoke �
3600 m

m
�

• Storage region  
 – Bz =3T  
 – Local Uniformity < 1 
ppm in storage 
Region 
 
• Injection field 
 – Br × Bz > 0  
 
• Very-weak magnetic 
focusing field  
– Br = −n B0z/Rz�

In collaboration 
with a Japanese 
private company �



Standard model prediction �

38�

D. Nomura (PhiPsi11) �



Hunting for SUSY (or other BSM) signature �

39�

~J-PARC �

FNAL g-2 proposal�

g-2 measurement is complementary to LHC and cLFV �



Tension with LHC Higgs implications?�

40�

CMSSM 
w/ g-2 �

CMSSM 
w/o g-2 �

O. Buchmueller et al., arxiv:1112.3564 �



Muon EDM	
n Direct CPV in 

Lepton Sector 
n CPV Required 

beyond KM 
n Current Exp. 

Limit ~ 1e-19 
n Potential 

Sensitivity of J-
PARC 
n ~ 1e-22 @ MLF  
	 41 

Courtesy PSI EDM collaboration	

With proposed  
Experiment at  

J-PARC	


