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The  E989  collaboration	
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14  universities  in  US	

3  national  labs	

15  international    
institutions  from  	
7  countries	

150+  collaborators	
	
Former  E821  members  
and  lots  of  new    
collaborators	
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The  Magnetic  Moment	
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•  Dirac theory of 
charged, spin ½ 
elementary point  
particle: 

             g ≡ 2 


µ  = g  q

2m

S
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The  Magnetic  Moment	
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But, the vacuum is 
not empty space… 

Schwinger term 

•  Dirac theory: g ≡ 2 

•  g ≡ 2 à g = 2 + gQED(lo)  


µ  = g  q

2m

S
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Add  up  all  SM  diagrams…	
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Anomalous magnetic moment:  aµ = (gµ-2)/2 
 
 
 aµ

SM = aµ
QED + aµ

EW + aµ
QCD 

QED	 EW	

QCD  	
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aµ
SM  limited  by  hadronic  terms	

Hadronic Vacuum 
Polarization 
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•  Ingredients: 
•  Experimental determination: 

•  Dispersion relation 

•  δaµ
HVP ~ 0.36 part-per-million  

•  Pending Improvements: 
•  Data from BaBar, KLOE, BES-III… 
•  Parallel lattice QCD efforts 
•  Preliminary lQCD results match 

R ≡ σ total (e
+e− → hadrons)

σ (e+e− → µ+µ− )

aµ
HVP =

αmµ

3π
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aµ
SM  limited  by  hadronic  terms	

Hadronic Vacuum 
Polarization 

Hadronic light-by-light 
scattering 
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•  Ingredients: 
•  Experimental determination: 

•  Dispersion relation 

•  δaµ
HVP ~ 0.36 part-per-million  

•  Pending Improvements: 
•  Data from BaBar, KLOE, BES-III… 
•  Parallel lattice QCD efforts 
•  Preliminary lQCD results match 

•  More complicated 
o  Not expressed in terms of 

experimental quantities 
o  Uncertainties are model-

dependent  

o  δaµ
HLBL ~ 0.22 part-per-million  

•  Early lattice calculations 
o  Appear promising; results pending 
o  Will require significant computing 

resources 
o  Could encounter complications 

R ≡ σ total (e
+e− → hadrons)

σ (e+e− → µ+µ− )

aµ
HVP =

αmµ

3π
!

"
#

$

%
&

2

ds R(s)K(s)
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E821  result  hints  at  BSM  physics	
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aµ
Expt.  =  aµ

SM  +  aµ
New  Physics	

aµ
Expt.  -‐‑  aµ

SM  =  (260  ±  78)  x  10-‐‑11        (3.3  σ)	

§  New E989 experiment will reduce experimental 
uncertainty by a factor of 4 to 16 x 10-11 (0.14 ppm) 

§  If current discrepancy remains this would yield >5σ	

§  Together with theory improvements could give >8σ	
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aµ
SM  =  aµ

QED  +  aµ
EW  +  aµ

QCD	



BSM:  SUSY,  Dark  Photons,  …  ?	
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B.  Batell,  4/2013	
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Suppose a dark photon, A’ 

•  Mediates a new force 
•  Weakly coupled to 

charged matter 
•  Kinetic mixing with the 

photon with strength ε via: 

•  If mA’  ~ 1MeV -- 1GeV and 
this dark photon can decay 
to some light dark matter 
pair    (2 mχ < mA’ )… 

 
 
 
 



8/16/13 Kiburg, DPF UCSC 12 

v The Physics of Muon g-2 

v Experimental Technique 

v Fermilab Muon g-2 

v The Ring Transport  

v Outlook 



1.  Start  with  polarized  muon  beam  (from  pion  decay)	

2.  Cyclotron  frequency  :  	

3.  Spin  precession  frequency:  	

Muons  in  a  storage  ring	
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ωa  =  ωS  –  ωC  =  e/m aµ B	

ωc  = 
e
m γ

 B

Larmor  +  
Thomas  
precession	

ωS  = 
e
m γ

 B (1 + γ  aµ )
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momentum	
spin	



Storage  Ring	
•  Muons see E field as a B 

field in their rest frame 

•  Choose γ = 29.3  
            (pµ = 3.09 GeV/c) 
•  E-field contribution vanishes 
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Need  to  contain  beam	
	
Electrostatic  
quadrupoles	


ωa = 

e
mc

aµ

B− aµ −
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Muons  in  a  storage  ring	

Measuring the anomalous moment aµ requires both 
1.  the spin precession frequency ωa 
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ωa  =  e/m aµ B	

8/16/13 

•  Polarized  muons  from  pion  decay	
•  Muon  decay  self-‐‑analyzing  :  

Higher  energy  positrons  emi^ed  
preferentially  in  direction  of  muon  
spin	



Muons  in  a  storage  ring	

Measuring the anomalous moment aµ requires both 
2.   the magnetic field B  
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ωa  =  e/m aµ B	

17  NMR  probes  on  trolley  to	
map  6000  azimuthal  locations	

360  fixed  NMR  probes  	

8/16/13 

Measure  field  without  muon  beam  	
Monitor  field  with  fixed  probes	
Extract  field  experienced  by  muons	
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ü  Transport storage ring to Fermilab  

1.  Accelerator upgrades 

•  Brookhaven experiment ended statistics-limited 

•  Factor 20 increase in statistics at Fermilab (0.1 ppm) 

•  Synergetic developments with mu2e experiment 

2.  Improve ωa systematics (0.07 ppm) 

•  Low-mass tracker to measure decay positron trajectories 

•  Segmented calorimeter 

3.  Improve B-field systematics (0.07 ppm) 

•  Better temperature control, B-field stability 

•  Better shimming kit and modeling to improve azimuthal uniformity 

Goal: 4x improvement in δaµ
exp à16 x 10-11 (0.14 ppm) 
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Upgrade  to  infrastructure	

Kiburg, DPF UCSC 19 8/16/13 

Some Examples : 
  
•  More frequent proton batches 

•  Longer decay channel for pions, 
can separate hadronic 
background 



Calo:  Segmented  PbF2  Cerenkov  with  SiPM	
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Size 2.5  x  2.5  cm 
Thickness 14  cm  (>  15  X0) 
Segmentation 6  x  9 
Radiation  length 0.93  cm 
Moliere  radius  RM 2.2  cm   
Moliere  radius  RM  (Cerenkov) 1.8  cm 

§  PbF2  is  dense  	
§  Segmentation  helps  with  pileup	
§  SiPM  operate  in  magnetic  fields	
§  Need  very  stable  bias  voltage	

8/16/13 

•  Beam Tests 

•  Fermilab 2012 

•  SLAC 2014 
 



Improvements  for  measuring  the  B  field  in  E989	

21 

§  Refurbish  most  of  the  existing  NMR  probes  and  equipment	
§  Add  full  waveform  digitization  of  NMR  signal	
§  Improve  homogeneity  of  field  with  passive  and  active  

shims	
§  Be^er  temperature  control  in  new  building	
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OPERA-‐‑2D  simulation	
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The  delicate  requirements	
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From  Bill  Morse	

•  Largest  SC  coil  by  factor  10  in  1990s	
•  Continuous  winding  around  50  ft  diameter	
•  Transporting  much  more  cost  effective  than  

rebuilding	
	

Shear  tests  +  
calculations  
divided  by  a  
safety  factor  set  
the  deflection  
spec.  (3mm  out  
of  plane  /  
twisting)	
	
	
Wave  analysis  to  
understand  
forces  endured  at  
sea	
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Preparing  for  transport	
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•  Rigid structure to 
fix ring  

•  Three point mount 
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Fixture  in  place	
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Not  a  spaceship	
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Not  a  spaceship	
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Ready  for  the  transport	
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Added  shrink  wrap  &  ready  to  roll	
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Rolling  Roadblocks	
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Craned  off  of  the  trailer	
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And  onto  the  barge	
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The  journey	
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For  photos  and  more  info  :  	
                  h^p://muon-‐‑g-‐‑2.fnal.gov/bigmove/	



Changing  Tugboats  in  Mobile  Bay  July  12	

8/15/13 Kiburg, UC REU Aug 2013 

Ocean  Tug:  Trident    	 River  Tug:  Miss  Katie	

Darin  Clifton	
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Passing  through  Illinois  locks	
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Reidar  Hahn	

Reidar  Hahn	
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Arriving  at  Lemont  July  20th,  2013	
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No  traffic  on  the  interstate  	
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July  26,  2013  	
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Going  forward	

ü  Ring is at Fermilab 
•  Plan to start installation in the new building during 

the next six months 
•  Re-assemble yoke, coils, pole pieces and start the 

shimming procedure 

•  Simultaneous accelerator upgrades 
•  Beam in 2016… 
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Forest  of  Dark  
Photons  ?	

Wilson            Hall	
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sWilson            Hall?	



Backup  Slides	
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What  about  the  new  physics?	


Peter Winter (ANL), Muon g-2 at Fermilab, 46th Fermilab 
Users Meeting, June 2013 43 

 difficult to measure at LHC 

aµ(UED)  ≈  -‐‑13  ×  10-‐‑11	

One  example:  SUSY	

Another  example:  Universal  Extra  Dimensions	



Two  important  ingredients	
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   ν           π+          µ+ 1.  Polarized  muons  from  pion  decay	

High  energy  
electron	

ν	µ	
µ  → e  ν  ν	

ν	

e	

γα(1-γ5) 

2.  Muon  decay  is  self-‐‑analyzing	
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E  (GeV)	

aµ
SM  limited  by  hadronic  terms	

Hadronic Vacuum Polarization 
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•  Ingredients: 
•  Experimental determination: 

•  Dispersion relation 

•  δaµ
HVP  ~  0.36  part-‐‑per-‐‑million   

•  Pending Improvements: 
•  Data from BaBar, KLOE, BES-III… 
•  Parallel lattice QCD efforts 
•  Preliminary lQCD results match 
 

R ≡ σ total (e
+e− → hadrons)

σ (e+e− → µ+µ− )

aµ
HVP =

αmµ

3π
!
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#
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ds R(s)K(s)
s2m
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R	
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aµ
SM  limited  by  hadronic  terms	

•  Hadronic light by light scattering 
o  More complicated 
o  Not expressed in terms of experimental quantities 
o  Uncertainties are model-dependent  

o  Early lattice calculations appear promising 

o  Will require significant computing resources 
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From  R.  Van  de  Water	



Kiburg, DPF UCSC 47 8/16/13 



Kiburg, DPF UCSC 48 8/16/13 



8/16/13 Kiburg, DPF UCSC 49 



8/16/13 Kiburg, DPF UCSC 50 



8/16/13 Kiburg, DPF UCSC 51 



Shrink  wrap	
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