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Contents and conclusions

Precision physics with high intensity slow muon bea ms
offers a unique window to new physics. It is complementary 
to other low energy precision physics and in particular also 
to running and future collider experiments 
World-wide activities and renewed interest:
Major muon programs ongoing or planned at
PSI, FNAL, J-PARC, RCNP [TRIUMF, RAL, LANL]
Today´s highest intensity low momentum 
pion and muon beams at PSI
In the future: high intensity, pulsed beam facilities
FNAL, J-PARC [ESS has been discussed, but ..]
Also in the future: PSI will remain the best DC beam facility 
and aims at improved intensity and beam quality

major opportunity in Europe
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Puzzling and exciting muon physics

BNL g-2

µp Lambshift

MEG

aµµµµ
exp  – aµµµµ

SM = (296 ± 81) ×××× 10 –11

� 3.6 σσσσ Davier, Hoecker, Malaescu, Zhang (DHMZ)

R. Pohl et al., Nature 466 (2010) 213

5σσσσ !

MuLAN
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psi2010.web.psi.ch

We just got a comprehensive overview at this meeting. I will be partially 
using transparencies shown by various colleagues 2 weeks ago.



HVP evaluations by 2 groups, updated Tau’10

Hagiwara, Liao, Martin, Nomura, Teubner (HLMNT)

M. Davier, A. Hoecker, B. Malaescu, Z. Zhang (DHMZ)
(BaBar team with access to preliminary data)

aµµµµ
exp  – aµµµµ

SM = (296 ± 81) ×××× 10 –11

� 3.6 σ

Biggest difference is from high 
multiplicity states now measured 
at BaBar; > 1 GeV region
���� Reduces cross sections

aµµµµ
exp  – aµµµµ

SM = (259 ± 81) ×××× 10 –11  � 3.2 σ

courtesy: D. Hertzog



The New Muon g-2 (and µEDM) Experiment 
at Fermilab 

David Hertzog
University of Washington

PSI2010: Physics of Fundamental Symmetries and Interactions

Why mount a new experiment?
Especially in “the LHC era?”

What makes it different compared to BNL E821?

Status



Theory uncertainty = 51 x 10-11 (0.44 ppm) 
Experimental uncertainty = 63 x 10-11 (0.54 ppm)

• 0.46 ppm statistical  limit was counts
• 0.21 ppm precession systematic
• 0.17 ppm field systematic 

The values & the new experimental goal

Leads to ∆aµ(Expt – Thy) = 296 ± 81 x 10-11 3.6 
σ
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Experimental goal: 63 � 16 x 10-11

Theory uncertainty expect: 51 � 30 x 10-11

Leads to ∆aµ(Expt – Thy) = XXX ± 34 x 10-11

If central value remained, ∆∆∆∆aµµµµ would exceed 8 σσσσ



Note: ∆∆∆∆aµµµµ centered at 255 here

SUSY and g-2: The power to resolve among 
models and break LHC degeneracies

courtesy: D. Hertzog; discussions: D. Stöckinger
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SUSY and g-2: The power to resolve among 
models and break LHC degeneracies

courtesy: D. Hertzog; discussions: D. Stöckinger
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Muonic Hydrogen Lamb Shift Experiment
µ- DC muon beam

µ- detected in flight to trigger laser system

µ- p atom forms in 1 mbar H2 gas

~1% of muons go to 2S state

Laser pulse excites 2S – 2P state (λ ≅ 6µm)

2P – 1S 2 keV γ detected

By fine-tuning the laser, the 2S1/2 – 2P3/2 level
is measured with high precision
→ determination of proton radius



Muonic Hydrogen Lamb Shift Experiment

R. Pohl, A. Antognini, F. Nez, D. Taqqu, et al., Nature 466 (2010) 213

5σσσσ !
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What else is going on?
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see also µ�eee
complemantarity
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see also µ�eee
complemantarity
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Muon EDM

dµ < 1.8 x 10-19 ecm

BNL g-2:

FNAL g-2 improved sensitivity:

dµ ~ few x 10-21 ecm

dµ ~ few x 10-23 ecm

Bennett et al. [2009]

possible at

FNAL g-2

Storage ring EDM talk to come
frozen spin: Farley et al., PRL 93 (2004) 052001 
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Also various CH-groups interested in µ � eee
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Higher Intensity Muon Beams
Currently ~108 µ+/s (DC “surface” µ+ 28 MeV/c) at several beam lines at PSI

Next generation of µ-beam experiments need GHz Muon Beams
Accelerator plans: 2.2 mA → 3 mA (1.8 MW)                               +36%
Limit: 3~3.5 mA heat load on production target (vaporization)

Use of 6 cm thick target instead 4 cm +30-50%
New shutter target +50%
New extraction coupling to muon channel (+30%)

XX
rr

∆∆dd≅≅≅≅≅≅≅≅0.4mm0.4mm

Current target:Current target:
6 mm

XX

rr

p+

40
 m

m

p+

Possible new “Shutter target”:Possible new “Shutter target”:
Factor x2
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Higher Intensity Muon Beams
Currently ~108 µ+/s (DC “surface” µ+ 28 MeV/c) at several beam lines at PSI

Next generation of µ-beam experiments need GHz Muon Beams
Accelerator plans: 2.2 mA → 3 mA (1.8 MW)                               +36%
Limit: 3~3.5 mA heat load on production target (vaporization)

Use of 6 cm thick target instead 4 cm +30-50%
New shutter target +50%
New extraction coupling to muon channel (+30%)

XX
rr

∆∆dd≅≅≅≅≅≅≅≅0.4mm0.4mm

Current target:Current target:
6 mm

XX

rr

p+

40
 m

m

p+

Possible new “Shutter target”:Possible new “Shutter target”:
Factor x2

much larger factor 
with larger acceptance: 
consider rebuilding of 
target region 
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Spallation source as muon target?

Spallation target is also a muon source
Larger energy range for π production
Stopping volume 9000x larger
Higher Z

p+

courtesy: P.R. Kettle
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Spallation source as muon target?

Spallation target is also a muon source
Larger energy range for π production
Stopping volume 9000x larger
Higher Z

p+

First (very rough) estimate:

300 x more µ+

~ 3 x 1010 µµµµ+/s
Very preliminary! Needs full MC

First (very rough) estimate:

300 x more µ+

~ 3 x 1010 µµµµ+/s
Very preliminary! Needs full MC

courtesy: P.R. Kettle
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Coming to an end ...

Sorry, I had to skip important things
PEN, MuCap, MuSUN, FAST, TWIST, 
Muonium physics, ...
Thanks to many colleagues for their various 
active inputs and “passive help“

I would be excited to continue discussions about 
future CH-D, European muon projects --
I am sure these are timely, would have major 
impact, and we already have much of the 
infrastructure that others wish to build!
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Conclusions

Precision physics with high intensity slow muon bea ms
offers a unique window to new physics. It is complementary 
to other low energy precision physics and in particular also 
to running and future collider experiments 
World-wide activities and renewed interest:
Major muon programs ongoing or planned at
PSI, FNAL, J-PARC, RCNP [TRIUMF, RAL, LANL]
Today´s highest intensity low momentum 
pion and muon beams at PSI
In the future: high intensity, pulsed beam facilities
FNAL, J-PARC [ESS has been discussed, but ..]
Also in the future: PSI will remain the best DC beam facility 
and aims at improved intensity and beam quality

major opportunity in Europe
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Proton Accelerator Facility

nEDMττττn

µµµµp Lamb ShiftFAST
MuLan/MuCap/MuSun

MEG

PEN

PIF

Inhouse particle physics:
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Cold Muon Beam “MuCatcher”

D. Taqqu proposed a new technique 
for the production of a high-quality 

low energy µ+ beam
PRL 97 (2006) 194801. 

This µ+ beam could be used for 

surface µSR. Phase space density 
increases by 108-1010.
Post-acceleration possible, could e.g.
be used for a g-2 measurement

The µ+ beam could be converted into 

high quality Muonium (µ+e-) beam for 
testing gravity with anti-matter and
Muonium spectroscopy
Estimates: 10-3 efficiency gives

105 – 106 µ+/s

MC ongoing, project looks feasible, 
first beam tests planned for next year
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Pion/Muon Beam Structure
Beam structure differs for different accelerators

Pulsed muon beam, LANL DC muon beam, PSI

Duty cycle: Ratio of pulse width over period

Duty cycle: 6 %
Good for low pion contamin.

→ µ – e conversion

Duty cycle: 100 %
Good for coincidence expts.

→ Low pile-up

Instantaneous rate much higher in pulsed beam
Instantaneous rate much higher in pulsed beam

0.5 ms

8 ms

20 ns
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What can we do with pions?
π± Mass

PSI

PSI

PSI

PSI

π+ Branching Ratios

CZAPEK

POCANIC

EGLI

π0 Branching Ratios, π+ Form Factors…

BYCHOV

Measured at PSI



What can we do with muons?
µ- Branching Ratios

BERTL

MEG

BELLGARDT

µ− → e- Conversion (LFV)

32S

Cu

Ti

Pb

Au

32S

I

Cu

Ti

BADERTSCHER

DOHMEN

HONECKER

BERTL

BADERTSCHER

µ+ → e+ Conversion (LFV)

ABELA

KAULARD

MEEE

µ Life Time MuLANFAST
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PEN Experiment
Lepton universality (flavour independence of lepton –
gauge boson coupling) is a cornerstone of the SM and 
most precisely measured in the π+→e+ν branching ratio.
Deviations from universality could indicate new physics:

Extra Higgs > 6.9 TeV

Leptoquarks > 3.8 TeV

Vector leptoquarks > 630 TeV
…

Current uncertainties:

Goal of PEN Experiment: 5 x 10-4

410)0005.02352.1(
))((

))(( −×±=
→Γ
→Γ

CALC

e

γυµπ
γυπ

Marciano and Sirlin, PRL 71 (1993) 3629

410)004.0230.1(
))((

))(( −×±=
→Γ
→Γ

EXP

e

γυµπ
γυπ

PDG 2008

Projected 2s limits following
Bryman, Comm. Nucl. Part. Phys. 21 (93) 101

4 x 10-4

3.3 x 10-3
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SPS points and slopes 

SPS 1a: ``Typical '' mSUGRA point with intermediate value of tan_beta.
SPS 1b: ``Typical '' mSUGRA point with relatively high tan_beta; tau-rich 
neutralino and chargino decays.
SPS 2: ``Focus point '' scenario in mSUGRA; relatively heavy squarks and 
sleptons, charginos and neutralinos are fairly light; the gluino is lighter than the 
squarks
SPS 3: mSUGRA scenario with model line into ``co-annihilation region''; very 
small slepton-neutralino mass difference
SPS 4: mSUGRA scenario with large tan_beta; the couplings of A, H to b 
quarks and taus as well as the coupling of the charged Higgs to top and bottom 
are significantly enhanced in this scenario, resulting in particular in large 
associated production cross sections for the heavy Higgs bosons 
SPS 5: mSUGRA scenario with relatively light scalar top quark; relatively low
tan_beta
SPS 6: mSUGRA-like scenario with non-unified gaugino masses
SPS 7: GMSB scenario with stau NLSP 
SPS 8: GMSB scenario with neutralino NLSP
SPS 9: AMSB scenario

www.ippp.dur.ac.uk/~georg/sps/sps.html
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Standard model lepton EDM s
Fourth order electroweak,

F. Hoogeveen:
The Standard Model Prediction for the 
Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

… + new physics?
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Fourth order electroweak,
F. Hoogeveen:
The Standard Model Prediction for the 
Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

… + new physics? Much greater sensitivity to 
new, CP-violating physics!

Completely negligible at any 
experimental sensitivity we 
can imagine today!

Standard model lepton EDM s

Expect from SM,
approximately:

de ≤ 10-38 e•cm
dµ µ µ µ ≤ 10-36 e•cm
dττττ ≤ 10-35 e•cm

Experimentally so far:

de< 2 x 10-27 e•cm
dµµµµ< 2 x 10-19 e•cm
dττττ< 3 x 10-17 e•cm
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Muon spin precession in B and E field

ωωωωa ωωωωe

New method for EDM measurement: the “frozen spin” technique! 

● Go to lower momentum, install a “magic E field” (radially), such that ωωωωa vanishes  
completely: 

●The spin remains parallel to the momentum along the 
orbit (“frozen spin”)

● In the presence of an EDM (η≠0) the spin is slowly 
rotated out of the orbital plane.

● Much superior sensitivity than with parasitic approach!
F. Farley et al.:
New Method of Measuring Electric 
Dipole Moments in Storage Rings,
Phys. Rev. Lett. 93 (2004) 052001


