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Dipole Moment in a Nut ShellDipole Moment in a Nut Shell
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SEDM:EDM:

Experimentally accessible through interaction with electricExperimentally accessible through interaction with electric
and magnetic field:and magnetic field:

H=−⋅Bd⋅E  =×Bd×E

MDMMDM and  and EDMEDM closely closely
related to each other andrelated to each other and
e.g.e.g.  µ →µ →eeγ γ (SUSY)(SUSY)

µµ

γ γ (E,B)(E,B)

µ,µ,ee
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d =d = η η x 4.7x10 x 4.7x10-14-14 e e··cmcm



MDM & EDM Probe Radiative CorrectionsMDM & EDM Probe Radiative Corrections
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⇒ ⇒ interesting physics in interesting physics in a = (g-2)/2a = (g-2)/2
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Measurement PrincipleMeasurement Principle

1. Prepare highly polarized ensemble of muons1. Prepare highly polarized ensemble of muons

2. Let the muons interact with B and E field 2. Let the muons interact with B and E field 

3. Measure the evolution of the spin orientation3. Measure the evolution of the spin orientation
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• • Produce pions with high energy protonsProduce pions with high energy protons

• • parity violation in parity violation in π π →→ µν µν

• • Electromagnetic storage ringElectromagnetic storage ring

• • BMT:BMT: = e
m

[aBa− 1
2−1

×E

2
×BE ]

• • parity violation in parity violation in µ µ →→  eeννeeννµµ

• • boost:boost: θ θcmcm → → E Eee
lablab
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MDMMDM



MDM MeasurementMDM Measurement

Measure Measure a = (g-2)/2a = (g-2)/2  (we know “2” quite well)  (we know “2” quite well)

Pick Pick γγ  ≈≈ 29 29, so that a, so that aµµ – 1/( – 1/(γγ22-1) = 0-1) = 0

Use a Use a homogeneoushomogeneous magnetic field  magnetic field BB  (easy to measure) (easy to measure)

Focus beam with a Focus beam with a quadrupole quadrupole EE   (no need to measure)(no need to measure)

Assume Assume ηη = 0 = 0
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a=a
e
m

B



The E821 Experiment at BNLThe E821 Experiment at BNL
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Data SampleData Sample
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ωωa a (6x10(6x1099 counts) counts) ωωpp
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History of g-2History of g-2µµ
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∆∆a/a = 0.5 ppm(stat.) a/a = 0.5 ppm(stat.) ±±  0.2 ppm(0.2 ppm(ωωpp) ) ± ± 0.2 ppm(0.2 ppm(ωωaa))



Is there room to wiggle?Is there room to wiggle?
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Possible improvements to the experimentPossible improvements to the experiment



Proton SourceProton Source
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AGS near ideal:AGS near ideal:
      few TP/pulse @ 30GeV, few TP/pulse @ 30GeV, σσ = 25ns = 25ns

Less than ideal pulse structure:  12 bunches, Less than ideal pulse structure:  12 bunches, ∆∆t=33ms, Tt=33ms, Treprep=2.5s=2.5s

Would like: Would like: ∆∆t= Tt= Treprep≈ 1ms  (J-PARC?) ≈ 1ms  (J-PARC?) 

New high intensity facility would be helpfulNew high intensity facility would be helpful



Pion Decay Line Pion Decay Line 
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L = 100m L = 100m →→ about 50% of  about 50% of ππs decays decay

Two options to get polarized muons:Two options to get polarized muons:

• • ppππ = 3.1 GeV/ = 3.1 GeV/cc (forward decay in CM) (forward decay in CM) donedone

• • ppππ = 5.3 GeV/ = 5.3 GeV/cc (backward decay in CM) (backward decay in CM) plannedplanned

Must have pMust have pµµ = 3.094 GeV/ = 3.094 GeV/cc

Many Many ππs make it into storage ring: flashs make it into storage ring: flash

L = 100m L = 100m →→ about 30% of  about 30% of ππs decays decay

Excellent Excellent π π rejection; “stiffer” beamlinerejection; “stiffer” beamline, , ppµ  µ  ≠≠  ppππ

Both cases: could use larger acceptanceBoth cases: could use larger acceptance plannedplanned



Muon InjectionMuon Injection
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Large improvement over CERN exp't. Large improvement over CERN exp't. 

Superconducting Inflector:Superconducting Inflector:
      engineering masterpiece!engineering masterpiece!
      BUTBUT: limited acceptance: limited acceptance
      Could gain factor 2 in flux from open endCould gain factor 2 in flux from open end
      Larger acceptance difficultLarger acceptance difficult

Fast electrostatic kicker: 95kV, 150nsFast electrostatic kicker: 95kV, 150ns
        works quite wellworks quite well
        could improve storage efficiency with larger kickcould improve storage efficiency with larger kick

Imperfections lead to hard-to-understand beam dynamicsImperfections lead to hard-to-understand beam dynamics



Magnetic Storage RingMagnetic Storage Ring
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Magnificent (average) homogeneity in B-field of 0.1 ppmMagnificent (average) homogeneity in B-field of 0.1 ppm

Would like Would like δδB/B same order as B/B same order as δδa/aa/a

Would like better temperature stability (field gradients!)Would like better temperature stability (field gradients!)

Would like faster field measurement (now: 2hours)Would like faster field measurement (now: 2hours)

Need DAQ/hardware upgradeNeed DAQ/hardware upgrade



Polarimetry & DAQPolarimetry & DAQ
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PbSciFi calorimeters, Scint. HodoscopePbSciFi calorimeters, Scint. Hodoscope
400 Mhz interlaced WFD400 Mhz interlaced WFD
combined readout of 4 PMTscombined readout of 4 PMTs
highest E showers not fully containedhighest E showers not fully contained
fairly robust, but outdated DAQfairly robust, but outdated DAQ
fast switching gate; fast recoveryfast switching gate; fast recovery

Would like:Would like:
500 Mhz non-interlaced WFD500 Mhz non-interlaced WFD

individual readout of >4 PMTs, with position sensitivityindividual readout of >4 PMTs, with position sensitivity
full shower containmentfull shower containment

new DAQnew DAQ
no (need for) flash gateno (need for) flash gate



Getting the AnswerGetting the Answer
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E-field and Pitch Corrections: +0.81 E-field and Pitch Corrections: +0.81 ±±0.08 ppm0.08 ppm
may become criticalmay become critical

a=
a/p

−a/p

λλ measured at 0.12ppm @ LANL in  measured at 0.12ppm @ LANL in µµ++ee-- h.f.s. h.f.s.
used same equipment as in g-2 (common syst. drop out!)used same equipment as in g-2 (common syst. drop out!)
with theory 0.03ppm (how reliable?)with theory 0.03ppm (how reliable?)
possibly problematicpossibly problematic



Comparing to TheoryComparing to Theory
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QEDQED error very small, but “ error very small, but “monopolymonopoly” by Kinoshita” by Kinoshita
      He's had the guts to do it! Who else?He's had the guts to do it! Who else?

HadronicHadronic error > exp't error error > exp't error
      Sigh ... (see next talk)Sigh ... (see next talk)

WeakWeak contribution contribution
      Seems to be under controlSeems to be under control

New PhysicsNew Physics
      plenty ... especially interesting sensitivity to SUSYplenty ... especially interesting sensitivity to SUSY



Prospects for the FutureProspects for the Future
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BNL E821BNL E821: done: done     0.5 ppm!    0.5 ppm!

BNL E969BNL E969: Scientific approval; no : Scientific approval; no pecuniapecunia         0.2 ppm!0.2 ppm!

J-PARC LOIJ-PARC LOI: :   0.03 ppm?  0.03 ppm?

Farley conceptFarley concept: NMR in-flight, : NMR in-flight, γγ≠γ≠γmagicmagic  speculative speculative

TheoryTheory: hinges on hadronic contribution: hinges on hadronic contribution     0.2 ppm?    0.2 ppm?

New Physics Potential: competitive sensitivityNew Physics Potential: competitive sensitivity

If LSP found: best measurement for tan(If LSP found: best measurement for tan(ββ))
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EDMEDM



EDM MeasurementEDM Measurement
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= e
m

[aBa− 1
2−1

×E

2
×BE ]≡ a 

ωω
ωωaa

ωωηη

BB

ββxBxB

φφ
=a

2
2 In E821:In E821:

d=2.8x10d=2.8x10-18-18 e·cm  e·cm ⇒⇒ 2.9 ppm 2.9 ppm
ββxB = 435MV/mxB = 435MV/m

Tilt in precession plane:Tilt in precession plane:  φφ ≅  ≅ ωωηη//ωωaa = =  ηβηβ/2/2aa

SSvv  ≅≅  S  S00  φφ sin( sin(ωωaat)t) SSLL  ≅≅  S  S00 cos( cos(ωωaat)t)

Modulation of vertical distribution @ 90° w.r.t. g-2Modulation of vertical distribution @ 90° w.r.t. g-2



EDM SensitivitiesEDM Sensitivities
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C.L. 95% cme107.2 19 ⋅×< −

d2.7×10−19 e⋅cm Thesis Ron McNabb (E821)Thesis Ron McNabb (E821)
systematic limitedsystematic limited

Boost sensitivity (Boost sensitivity (φφ→→9090°°) by ) by 

a=aBa− 1
2−1

×E0 E  E  ≅≅ aBc aBcβγβγ22

Tilt in precession plane:Tilt in precession plane:  φφ  = atan= atan((ωωηη//ωωaa) ) ≅≅ 90°  90° 

SSvv  ≅≅  S  S00  ωωηηtt SSLL  ≅≅  S  S00  

Linear growth of vertical spin component Linear growth of vertical spin component 

φ ∼ φ ∼ few nradfew nrad



Planned ActivitiesPlanned Activities
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J-PARC LOI (2003) to search for dJ-PARC LOI (2003) to search for dµµ at the level of at the level of 10 10-24-24 e e··cmcm

To reach this sensitivity, need NPTo reach this sensitivity, need NP22 =  = 5x105x101616

with P ~ 0.3, need 5x10with P ~ 0.3, need 5x101717 detected muons (wow!!!) detected muons (wow!!!)

AtAt γ γ = 5, cycle time is about 100  = 5, cycle time is about 100 µµs s →→  need need 10 kHz10 kHz rep. rate rep. rate

For T=10For T=1077 s, need  s, need >5x10>5x1066 muons per spill muons per spill

ONLY @ NEXT GENERATION ONLY @ NEXT GENERATION µµ FACTORY FACTORY  
and then it's still statistics limitedand then it's still statistics limited
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ConclusionConclusion



ConclusionConclusion
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Measurement of muon g-2 at the level of 0.2ppm isMeasurement of muon g-2 at the level of 0.2ppm is
certainly possible (mainly requires statistics)certainly possible (mainly requires statistics)

Several technological challenges, none problematic, andSeveral technological challenges, none problematic, and
lots of room for improvementlots of room for improvement

Potential problems appear near 0.1 ppm: Potential problems appear near 0.1 ppm: λλ and E/pitch and E/pitch

Theory: break QED monopoly, reduce Theory: break QED monopoly, reduce δδaaµµ(hadr.) <0.6ppm(hadr.) <0.6ppm

Search for muon EDM at the level of 10Search for muon EDM at the level of 10-24-24 e e··cm seems cm seems 
technically doable, but .....technically doable, but .....

Requires new, very high intensity facilityRequires new, very high intensity facility



Gerco Onderwater, Gerco Onderwater, CERN,CERN, 9 November 2005 9 November 2005

Extra SlidesExtra Slides



New Physics: SUSY with large tanβ
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Connection between dµ and aµ in SUSY
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d=2×10−22 e⋅cm
a

SUSY

25×10−10
tanCP


