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Outline of this Colloquium

3

Motivation Muons and g-2 @ Fermilab

A  journey The future
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The Standard Model

Is this the whole picture? 
We think there’s got to be more

4
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Why do we look beyond the SM?
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Despite being an incredibly successful model...
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Why do we look beyond the SM?
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... it doesn’t predict everything we want: 

o Gravity? Dark matter? Dark energy? Neutrino masses?
   Matter/antimatter asymmetry?

... and it gives theorists some headaches

Fine tuning necessary
for Higgs mass to come 

out right
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Why do we look beyond the SM?

7

... it doesn’t predict everything we want: 

o Gravity? Dark matter? Dark energy? Neutrino masses?
   Matter/antimatter asymmetry?

... and it gives theorists some headaches

Avoid fine-tuning
through Beyond 

SM (BSM) physics
[e.g. Supersymmetry]
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Some ways to look for new physics

8

Find new high mass particles
    Need to collide at high energy to make them

Probe interactions that occur very rarely (interact weakly)
    Need lots of interactions to catch the rare ones   

light
particles

heavy
particles

interact
weakly

interact
strongly

Increase energy
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The unknown

The known
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The Energy Frontier

9

Fermilab
Tevatron

4 mi, 2 TeV
1983-2011

CERN
Large Hadron Collider

17 mi, 7–14 TeV
2010–
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The Intensity Frontier

10

Long Baseline Neutrino Experiment (LBNE)
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No obvious new physics, yet
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q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
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No obvious new physics, yet
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Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(""/"ν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Another way to look for new physics

13

A “Precision” Frontier

Does particle behavior match Standard Model predictions?

o Mass?
o Production rates?
o Decay rates? 
o Interactions with other particles or fields (e.g. magnetic   
   moment)

The predictions depend on contributions from particles that we 
know about

A discrepancy may indicate contributions from particles that we 
don’t know about (already a hint of something new)
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The basics of the “g-factor”

Orbiting charged particle:

Particle with spin has an 
intrinsic magnetic moment:

Classical system: g = 1

For the electron:   g = 2  was known from
Stern-Gerlach and spectroscopy experiments

14

~µS = g
q

2m
~S

~µL = ~IA =
q

2m
~L � =

q

2m
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Why does g = 2?

Predicted theoretically by Dirac in 1928

15

⇣
�⌫(p⌫ � e
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e
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�
 

Aside: In 1933, measured for proton g = 5.6, 
          neutron (by measuring deuteron) g = – 3.8
          Protons and Neutrons are not like Electrons!

For the electron, g remained = 2 for twenty years

Paul Dirac

SLAC Experimental Seminar, 18 Oct 2011 7

Dirac to the rescue!

The solution to the electron g problem did not appear until 1928 when Dirac 
essentially writes down the master equation governing a spin ½ point particle.

Comparing the              term to the classical analogue

Interesting aside: soon after (1933) Stern and 
Estermann were out to measure the g-factor for the 
proton

Stern and Estermann found...

Same year, Rabi inferred gn=-3.8 from deuteron!  Proton and neutron substructure! 

gp ≈ 5.6

So, for an elementary 

particle in Dirac's theory, 

g=2!

“Don't you know the Dirac theory?  It is 

obvious that gp=2.”, Pauli to Stern
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QED corrections push g

But, there’s more to this story ...

1948 - Kusch and Foley measure ge > 2
by 0.12% in spectroscopy

An anomalous magnetic moment

Soon after, Schwinger calculates first
order QED correction

16

Polykarp KuschHenry Foley

ge = 2.00238(10)

a =
g � 2

2
ae = 0.00119(5)

Julian Schwinger
“His laboratory is his ballpoint pen”

ae = ↵/2⇡ = 0.00118
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A new understanding begins

Empty space is not empty

The beginnings of QED and the Standard Model

17

�
⇥

ee

ge = + + . . .

2 + 0.00236 + . . .
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Currently, ae is known to sub-ppb

Gabrielse (2006 & 2008):
Previous result was 20 years prior

18

Quantum-jump spectroscopy determines !fc and !!a. For
each of many trials the system is prepared in the spin-up
ground state, jn ! 0; ms ! 1=2i, after which the prepara-
tion drives and detection amplifier are turned off for 1 s.
Either a cyclotron drive at a frequency near to !fc, or an
anomaly drive at frequency near !!a, is then applied for 2 s.
The amplifier and a feedback system are turned on to
provide QND detection of either a one-quantum cyclotron
excitation or a spin flip. Cavity-inhibited spontaneous
emission makes the cyclotron excitation persist long
enough to allow such detection. Figure 4 shows the fraction
of the trials for which excitations were detected.

The cyclotron drive is microwave radiation injected into
the trap cavity through a cold attenuator to keep black body
photons from entering the trap. The anomaly drive is an
oscillatory potential applied to electrodes at frequencies
near !!a to drive off-resonant axial motion through the
magnetic bottle gradient from two nickel rings (Fig. 2).
The electron, radially distributed as a cyclotron eigenstate,
sees an oscillating magnetic field perpendicular to B as
needed to flip its spin, with a gradient that allows a simul-
taneous cyclotron transition [10]. To ensure that the elec-
tron samples the same magnetic variations while !!a and !fc
transitions are driven, both drives are kept on with one
detuned slightly so that only the other causes transitions.
Low drive strengths keep transition probabilities below
20% to avoid saturation effects.

QND detection of one-quantum changes in the cyclotron
and spin energies takes place because the magnetic bottle
shifts the oscillation frequency of the self-excited axial
oscillation as " !!z " 4#n$ms% Hz. After a cyclotron ex-

citation, cavity-inhibited spontaneous emission provides
the time needed to turn on the electronic amplification
and feedback, so the SEO can reach an oscillation ampli-
tude at which the shift can be detected [6]. An anomaly
transition is followed by a spontaneous decay to the spin-
down ground state, jn ! 0; ms ! &1=2i, and the QND
detection reveals the lowered spin energy.

The expected line shapes arise from the thermal-axial
motion of the electron through the magnetic bottle gra-
dient. The axial motion is cooled by a resonant circuit in
about 0.2 s to as low as Tz ! 230 mK (from 5 K) when the
detection amplifier is off. For the cyclotron motion these
fluctuations are slow enough that the line shape is essen-
tially a Boltzmann distribution with a width proportional to
Tz [11]. For the anomaly resonance, the fluctuations are
effectively more rapid, leading to a resonance shifted in
proportion to Tz.

We use the weighted average of !!a and !fc from the line
shapes (indicated by the abscissa origins in Fig. 4) in
Eq. (2) to determine g=2. With saturation effects avoided,
these pertain to the magnetic field averaged over the ther-
mal motion. It is crucial that any additional fluctuations in
B that are symmetric about a central value will broaden
such line shapes without changing the mean frequency.

To test this weighted mean method we compare maxi-
mum likelihood fits to line shape models (Fig. 4). The data
fit well to a convolution (solid curve) of a Gaussian reso-
lution function (solid inset curve) and a thermal-axial-
motion line shape [11] (dashed curve). The broadening
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FIG. 4. Quantum-jump spectroscopy line shapes for cyclotron
(left) and anomaly (right) transitions, with maximum likelihood
fits to broadened line shape models (solid), and inset resolution
functions. Vertical lines show the 1-" uncertainties for extracted
resonance frequencies. Corresponding unbroadened line shapes
are dashed. Gray bands indicate 68% confidence limits for
distributions about broadened fits.
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FIG. 3 (color online). Electron’s lowest cyclotron and spin
levels.
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FIG. 2 (color). Cylindrical Penning trap cavity used to confine
a single electron and inhibit spontaneous emission.

PRL 100, 120801 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

120801-2

Hanneke et al., PRL100 (2008) 120801

Agrees with SM. So are we done?

0.3 ppbae = 1159652180.73(28)⇥ 10�12
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Beyond electrons are muons

Weak and hadronic corrections to ae are tiny
                                                            See M.Passera INT2008

But for the muon, sensitivity goes as

So look at muons! 

Taus would be even better, but lifetime and production 
rates are too small to be useful here

Muons are the only particle left for this type of 
fundamental measurement!

19

1.628(20)⇥ 10�12 0.0297(5)⇥ 10�12

(mµ/me)
2 ⇡ 40, 000

Weak correctionHadronic correction
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With Muons, we can control spin and 
measure it

Production:

20

π µp

97% polarization

⇡+ ! µ+⌫Muons from are polarized

⌫  ⇡+ ! µ+

Decay: “Self analyzing”

µ+⌫̄e
⌫µ

e+
Highest energy 
positrons emitted
along muon’s spin
direction (in Muon
center of mass frame)

spin direction

µ+ ! e+⌫µ⌫̄e

spin direction
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How to measure aμ

Idea: Put polarized muons in a magnetic field and measure 
Larmor precession

21

!s = g
eB

2mc
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How to measure aμ

Idea: Put polarized muons in a magnetic field and measure 
Larmor precession

21

!s = g
eB

2mc
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The first experiments for aμ
1957: Garwin, Lederman, Weinrich at Nevis (Just after 
Yang and Lee parity violation paper - confirmation)

22

gµ = 2.00± 0.10 muons behave
like electrons

Direct measurement of g -- asym vs field

5% uncertainty
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The first experiments for aμ

Such experiments continued at Nevis 
and CERN until 1965

Best measurement CERN I  (1965)

Just like the electron! 
Sensitive to 2nd order QED

Time for a new idea...

23

aµ = 0.001 162(5) (±4300 ppm)

The first CERN g-2 team: Sens, Charpak, Muller, 
Farley, Zichichi (CERN/1959)
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Storage rings enter the picture

24

Muon momentum precession 
rate (cyclotron frequency) for 
particle in a B field

!s =
gµeB

2mµc
+ (1� �)

eB

mµc�
Muon spin 
precession rate

Larmor
precession

Thomas
precession

!c =
eB

mµc�
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Storage rings enter the picture

24

Muon momentum precession 
rate (cyclotron frequency) for 
particle in a B field

!s =
gµeB

2mµc
+ (1� �)

eB

mµc�
Muon spin 
precession rate

Larmor
precession

Thomas
precession

!c =
eB

mµc�
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Taking their difference...

25

s
p

(a) g 2

s
p

(b) g 2

Figure 1.6: Illustration of the muon spin and momentum vectors for a muon orbiting in a magnetic field
when (a) g 2 and (b) g 2.

National Lab (BNL) experiment described in this thesis.
In the CERN I experiment, polarized muons were injected into a 6 m long magnet. Once in the 1.5 T

magnet, muons traveled horizontally in a spiraling orbit from one end of the magnet to the other, as shown
in Figure 1.7(a). This type of motion was created by carefully shimming the magnetic field to be parabolic
in the vertical direction

B y B0 1 ay by2 (1.29)

where B0 determined the average radius of the orbit, the strength of the gradient a caused each orbit to
advance along the magnet, and a non-zero coefficient b produced a quadratic field, which provided vertical
focusing. The step size of the orbital ’walking’ was gradually increased by increasing the a coefficient along
the length of the magnet. At the magnet exit, the gradient was large enough to allow the muons to escape
from the field. As the muons exited, they were stopped in a methylene-iodide target and the polarization was
determined by measuring the asymmetry of the decay electrons. The amount the muon spin had precessed
relative to the momentum was determined by the amount of time spent in the magnetic field, or in other
words the number of orbits. The number of orbits had a natural variance depending on the exact y-position
at which the muon entered the apparatus. Rather than relying on a forward and backward detector, each with
its own efficiency and characteristics, a pulsed magnetic field was used to alternately rotate the muon spin
by 90o prior to injection. The average asymmetry versus time is plotted in Figure 1.7(b). The data from
CERN I does not visually appear to be much more precise than the Garwin data shown in Figure 1.5(a),
however the CERN I experiment measures the anomaly directly. Therefore, the precision of 3 10 3 on aµ
achieved by the CERN I experiment

aexpµ 1965 0 001 162 5 4300 ppm (1.30)

12

gµ = 2 gµ > 2

A fortuitous simplification

!a = !s � !c =
gµ � 2

2

eB

mµc
= aµ

eB

mµc

True for any size ring and any muon momentum
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The measurement plan

26

Ee

Muons circle the ring and decay 
to positrons, which travel 
inward hitting detectors

Remember highest energy 
positrons are emitted in 
direction of muon spin

Boost to the lab frame gives E  
a boost

If anomaly exists, maximum E 
oscillates at !a
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The measurement plan

26

Ee

Muons circle the ring and decay 
to positrons, which travel 
inward hitting detectors

Remember highest energy 
positrons are emitted in 
direction of muon spin

Boost to the lab frame gives E  
a boost

If anomaly exists, maximum E 
oscillates at !a
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The measurement plan

26

ratory frame (n! ! N, !! ! A) (here, Emax " 3:1 GeV
and A is the laboratory asymmetry). As discussed later,
the statistical uncertainty on the measurement of !a is
inversely proportional to the ensemble-averaged figure-
of-merit (FOM) NA2. The differential quantity NA2,
shown in the Fig. 1(b), illustrates the relative weight by
electron energy to the ensemble average FOM.

Because the stored muons are highly relativistic, the
decay angles observed in the laboratory frame are greatly
compressed into the direction of the muon momenta. The
lab energy of the relativistic electrons is given by

Elab # "$E! % #p!c cos$!& " "E!$1% cos$!&: (9)

Because the laboratory energy depends strongly on the
decay angle $!, setting a laboratory threshold Eth selects
a range of angles in the muon rest frame. Consequently, the
integrated number of electrons above Eth is modulated at
frequency !a with a threshold-dependent asymmetry. The
integrated decay electron distribution in the lab frame has
the form

Nideal$t& # N0 exp$'t="%&&(1' A cos$!at%'&); (10)

where N0, A and ' are all implicitly dependent on Eth. For
a threshold energy of 1.8 GeV (y " 0:58 in Fig. 1(b)], the
asymmetry is " 0:4 and the average FOM is maximized. A

representative electron decay time histogram is shown in
Fig. 2.

To determine a&, we divide !a by ~!p, where ~!p is the
measure of the average magnetic field seen by the muons.
The magnetic field, measured using NMR, is proportional
to the free-proton precession frequency, !p. The muon
anomaly is given by:

a& # !a

!L '!a
# !a= ~!p

!L= ~!p '!a= ~!p
# R

( 'R
; (11)

where!L is the Larmor precession frequency of the muon.
The ratio R # !a= ~!p is measured in our experiment and
the muon-to-proton magnetic moment ratio

( # !L=!p # 3:18334539$10& (12)

is determined from muonium hyperfine level structure
measurements [12,13].

The BNL experiment was commissioned in 1997 using
the same pion injection technique employed by the CERN
III experiment. Starting in 1998, muons were injected
directly into the ring, resulting in many more stored muons
with much less background. Data were obtained in typi-
cally 3– 4 month annual runs through 2001. In this paper,
we indicate the running periods by the labels R97–R01.
Some facts about each of the runs are included in Table II.

B. Beamline

Production of the muon beam begins with the extraction
of a bunch of 24 GeV=c protons from the AGS. The
protons are focused to a 1 mm spot on a 1-interaction
length target, which is designed to withstand the very
high stresses associated with the impact of up to 7*
1012 protons per bunch. The target is composed of
twenty-four 150-mm diameter nickel plates, 6.4-mm thick
and separated by 1.6 mm. To facilitate cooling, the disks
rotate at approximately 0.83 Hz through a water bath. The
axis of rotation is parallel to the beam.

Nickel is used because, as demonstrated in studies for
the Fermilab antiproton source [14], it can withstand the
shock of the instantaneous heating from the interaction of
the fast beam. The longitudinal divisions of the target
reduce the differential heating. The beam strikes the outer
radius of the large-diameter disks. The only constraint on
the target transverse size is that a mis-steered proton beam

TABLE II. Running periods, total number of electrons recorded 30 &s or more after injection having E> 1:8 GeV. Separate
systematic uncertainties are given for the field (!p) and precession (!a) final uncertainties.

Run Period Polarity Electrons [millions] Systematic !p [ppm] Systematic !a [ppm] Final Relative Precision [ppm]

R97 &% 0.8 1.4 2.5 13
R98 &% 84 0.5 0.8 5
R99 &% 950 0.4 0.3 1.3
R00 &% 4000 0.24 0.31 0.73
R01 &' 3600 0.17 0.21 0.72
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FIG. 2. Distribution of electron counts versus time for the
3:6* 109 muon decays in the R01 &' data-taking period. The
data is wrapped around modulo 100 &s.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-4

Count above fixed 
threshold. Oscillation 
rate ∝ aµ 

EeEth

Muons circle the ring and decay 
to positrons, which travel 
inward hitting detectors

Remember highest energy 
positrons are emitted in 
direction of muon spin

Boost to the lab frame gives E  
a boost

If anomaly exists, maximum E 
oscillates at !a

Thanks to Lawrence Gibbons for cool animation
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Improvements for free

Since                     measuring      gives x1000 in precision 
     over measuring g

We can avoid the uncertainty in muon charge to mass ratio by,

       is proton Larmor precession (can measure with NMR)
             is essentially the magnetic field

        is muon to proton magnetic moment ratio. Get from hyperfine    
             muonium structure (Liu) 26 ppb

27

aµ ⇡ gµ/800 !a

aµ =
R

��R
R = !a/!p, � = µµ/µp

!p

�

!a = aµ
eB

mµc
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Second CERN experiment results (1968)

28

aµ = 0.001 166 16(31), ±270 ppm

Sensitive to 3rd order QED and light-by-light scattering

(a) CERN II Setup (b) CERN II Data

e e

γ γ γ γ

e µ µ µ

e

µ µ µ µ µ µ µ

(c) 3rd order QED

Figure 1.8: (a) An overview of the CERN II experimental setup and (b) and the published data [40]. (c)
Feynmann diagrams used to calculate the third-order QED correction to aµ. The light-by-light diagram on
the far right was the original source of the discrepancy between theory and experiment.

16

(a) CERN II Setup (b) CERN II Data

e e

γ γ γ γ

e µ µ µ

e

µ µ µ µ µ µ µ

(c) 3rd order QED

Figure 1.8: (a) An overview of the CERN II experimental setup and (b) and the published data [40]. (c)
Feynmann diagrams used to calculate the third-order QED correction to aµ. The light-by-light diagram on
the far right was the original source of the discrepancy between theory and experiment.

16

p⇡ = 1.27 GeV/c

B = 1.7 T

130 μs of wiggles

Electrons go 
inward to detectors
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A miracle happens here

29

~!a =
e

mc


aµ ~B �

✓
aµ � 1

�2 � 1

◆
(~� ⇥ ~E)

�

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications
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A miracle happens here

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications

If we choose
then coefficient vanishes! The MAGIC momentum!

So we can worry less about the electric field (but still will need 
corrections)
Had aμ been, say 100x smaller, would need p ~ 30 GeV/c

30

~!a =
e

mc


aµ ~B �

✓
aµ � 1

�2 � 1

◆
(~� ⇥ ~E)

�

� = 29.3 (pµ = 3.09 GeV/c)
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Third CERN Experiment (1969-79)

31

(a) CERN III Setup

(b) CERN III Data

γ

µ µ

h

(c) Hadronic diagram

Figure 1.9: (a) An overview of the CERN III apparatus and (b) the published data [49]. (c) Feynmann dia-
gram depicting the contribution to aµ from hadronic vacuum polarization that was first probed by CERN III.
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(a) CERN III Setup

(b) CERN III Data

γ

µ µ

h

(c) Hadronic diagram

Figure 1.9: (a) An overview of the CERN III apparatus and (b) the published data [49]. (c) Feynmann dia-
gram depicting the contribution to aµ from hadronic vacuum polarization that was first probed by CERN III.
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> 500 μs

aµ = 0.001 165 924(8.5), ±7 ppm

Muon lifetime dilates to 64 μs (nice!)

Large systematic due to field at magnet edges
Sensitive to hadronic vacuum polarization (adv. muons!)
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Setting the stage for Brookhaven E821

In 1984, QED was calculated to fourth order
Hadronic uncertainties were greatly reduced
Time for new experiment at Brookhaven at the AGS at sub ppm

32

Figure 1.10: A picture from 1984 showing the attendees of the first collaboration meeting to develop the
BNL g-2 experiment. Standing from left: Gordon Danby, John Field, Francis Farley, Emilio Picasso, and
Frank Krienen. Kneeling from left: John Bailey, Vernon Hughes and Fred Combley.

21

Improvements:
Much higher intensity

3 superconducting coils

Inject muons into ring with
inflector and kicker

in-situ B measurements with NMR 
probes

15 years until first pub in 1999
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Brookhaven E821 g-2 Experiment
Steps of the experiment for measuring____        

Inject muons into the storage ring

Measure ωa  and determine corrections

Measure ωp

Get λ from friends

Determine systematics

Think about the next experiment
33

aµ =
R

��R

R = !a/!p, � = µµ/µp

aµ
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Experiment in cartoons

34

π+
Storage

Ring

Protons
from AGS

Target

Pions
p=3.1 GeV

π+ → µ+νµ

Inflector

Polarized Muons
Injection Point

Kicker
Modules

Injection Orbit

Storage Ring Orbit

νµ µ+

⇒ ⇐ spin
momentum

In Pion Rest Frame

“Forward” Decay Muons
are highly polarized

Fig. 4. The schematics of muon injection and storage in the g − 2 ring.

magnetic field !B where they travel in a circle. The ring 5 is a toroid–shaped structure with a diameter of 14
meters, the aperture of the beam pipe is 90 mm, the field is 1.45 Tesla and the momentum of the muon is
pµ = 3.094 GeV. In the horizontal plane of the orbit the muons execute a relativistic cyclotron motion with
angular frequency ωc. By the motion of the muon magnetic moment in the homogeneous magnetic field the
spin axis is changed in a particular way as described by the Larmor precession. After each circle the muon’s
spin axis changes by 12’ (arc seconds), while the muon is traveling at the same momentum (see Fig. 3). The
muon spin is precessing with angular frequency ωs, which is slightly bigger than ωc by the difference angular
frequency ωa = ωs − ωc.

ωc =
eB

mµ γ
, ωs =

eB

mµ γ
+ aµ

eB

mµ
, ωa = aµ

eB

mµ
, (23)

where γ = 1/
√

1 − v2 is the relativistic Lorentz factor and v the muon velocity. In the experiment ωa and
B are measured. The muon mass mµ is obtained from an independent experiment on muonium, which is a
(µ+e−) bound system. Note that if the muon would just have its Dirac magnetic moment g = 2 (tree level)
the direction of the spin of the muon would not change at all.

In order to retain the muons in the ring an electrostatic focusing system is needed. Thus in addition to the
magnetic field !B an electric quadrupole field !E in the plane normal to the particle orbit must be applied.
This transversal electric field changes the angular frequency according to

!ωa =
e

mµ

(

aµ
!B −

[

aµ − 1

γ2 − 1

]

!v × !E

)

. (24)

This key formula for measuring aµ was found by Bargmann, Michel and Telegdi in 1959 [70,96]. Interestingly,
one has the possibility to choose γ such that aµ − 1/(γ2 − 1) = 0, in which case ωa becomes independent of
!E. This is the so–called magic γ. When running at the corresponding magic energy, the muons are highly
relativistic, the magic γ-factor being γ =

√

1 + 1/aµ = 29.3. The muons thus travel almost at the speed
of light with energies of about Emagic = γmµ ' 3.098 GeV. This rather high energy, which is dictated by
the requirement to minimize the precession frequency shift caused by the electric quadrupole superimposed
upon the uniform magnetic field, also leads to a large time dilatation. The lifetime of a muon at rest is
2.19711 µs, while in the ring it is 64.435 µs (theory) [64.378 µs (experiment)]). Thus, with their lifetime
being much larger than at rest, muons are circling in the ring many times before they decay into a positron

5 A picture of the BNL muon storage ring may be found on the Muon g−2 Collaboration Web Page http://www.g-2.bnl.gov/
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Fig. 5. Decay of µ+ and detection of the emitted e+ (PMT=Photomultiplier).

plus two neutrinos: µ+ → e+ + νe + ν̄µ. In this decay we have the necessary strong correlation between the
muon spin direction and the direction of emission of the positrons. The differential decay rate for the muon
in the rest frame is given by Eq. (12) which may be written as

dΓ = N(Ee)

(

1 +
1 − 2xe

3 − 2xe
cos θ

)

dΩ . (25)

Again, Ee is the positron energy, xe is Ee in units of the maximum energy mµ/2, N(Ee) is a normalization
factor and θ the angle between the positron momentum in the muon rest frame and the muon spin direction.
The µ+ decay spectrum is peaked strongly for small θ due to the non–vanishing coefficient of cos θ

A(Ee)
.
=

1 − 2xe

3 − 2xe
, (26)

the asymmetry factor which reflects the parity violation.
The positron is emitted with high probability along the spin axis of the muon as illustrated in Fig. 5.

The decay positrons are detected by 24 calorimeters evenly distributed inside the muon storage ring. These
counters measure the positron energy and allow to determine the direction of the muon spin. A precession
frequency dependent rate is obtained actually only if positrons above a certain energy are selected (forward
decay positrons). The number of decay positrons with energy greater than E emitted at time t after muons
are injected into the storage ring is given by

N(t) = N0(E) exp

(
−t

γτµ

)

[1 + A(E) sin(ωat + φ(E))] , (27)

where N0(E) is a normalization factor, τµ the muon life time (in the muon rest frame), and A(E) is the
asymmetry factor for positrons of energy greater than E. Fig. 6 shows a typical example for the time
structure detected in the BNL experiment. As expected the exponential decay law for the decaying muons is
modulated by the g − 2 angular frequency. In this way the angular frequency ωa is neatly determined from
the time distribution of the decay positrons observed with the electromagnetic calorimeters [12]–[16].

The second quantity which has to be measured very precisely in the experiment is the magnetic field. This
is accomplished by Nuclear Magnetic Resonance (NMR) using a standard probe of H2O [97]. This standard
can be related to the magnetic moment of a free proton by

15

Jegerlehner & Nyffeler, Phys. Rept. 477 (2009) 1-110,  arXiv:0902.3360v1

3 data runs (# e+’s)
1999 (950M),
2000 (4000M), 
2001 (3600M e-)
8550M events total

http://arxiv.org/abs/0902.3360v1
http://arxiv.org/abs/0902.3360v1
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(AGS). Radio-frequency cavities in the AGS ring provide acceleration to a momentum

of 24 GeV/c, and maintain the protons in a number of discrete, equally spaced bunches.

The number of bunches (harmonic number) in the AGS during a 2.7 s acceleration cycle

was different for each of these periods: eight in 1999, six in 2000 and twelve in 2001.

The AGS has the ability to deliver up to 70 × 1012 protons (70 Tp) in one AGS cycle,

providing a proton intensity per hour 180 times greater than that available at CERN in
the 1970s.
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Figure 4. The E821 beamline and storage ring. Pions produced at 0◦ are collected
by the quadrupoles Q1-Q2 and the momentum is selected by the collimators K1-K2.
The pion decay channel is 72 m in length. Forward muons at the magic momentum
are selected by the collimators K3-K4.

The proton beam is extracted from the AGS one bunch at a time at 33 ms intervals.

Each proton bunch results in a narrow time bunch of muons which is injected into

the storage ring, and then the electrons from muon decays are measured for about

10 muon lifetimes, or about 640 µs. A plan view of the Brookhaven Alternating

Gradient Synchrotron, injection line and storage ring are shown in Figure 4. Because

the maximum total intensity available from the AGS is ≤ 70 Tp, the bunch intensity and
the resulting pile-up (accidental coincidences between two electrons) in the detectors is

minimized by maximizing the number of proton bunches. Pulse pile-up in the detectors

following injection into the storage ring is one of the systematic issues requiring careful

study in the data analysis.

30 Nov 2011 - Chris Polly - Fermilab 22  

Measure aμ in 3 easy steps

Step 1:
Inject muons

BNL E821 Storage Ring

88m

FIG. 4: The inflector/storage ring geometry. The downstream end of the inflector is shown, with

the beam channel to the left of the storage region (larger radius). The ring center is to the right.

Note the limited space between the pole pieces, which has to contain the inflector and its cryostat

along with the beam vacuum chamber. The current in the inflector flows into the page in the “C”

shaped arrangement of conductors just to the left of the beam channel, and out of the page in

the conductors that form a backward “D”. The superconductor crosses over the beam channel to

connect the two coils.

storage-ring center.

Placing the inflector cryostat in the limited space between the muon storage region and

the outer main magnet coil restricted the inflector aperture size to 18(w) mm × 56(h) mm,

which is significantly smaller than the 90 mm diameter storage ring aperture. The small size

limits the flux of incoming muons and introduces a mismatch in phase space with respect

to the storage ring. Figure 5 shows the vertical and horizontal muon beam phase space

(y, y′ and x, x′) as simulated for the exit of the inflector. Superimposed on the figures are

the storage ring acceptance ellipses. The muons undergo betatron harmonic motion in the

storage ring, following elliptical paths about the origin in phase space.

The precision magnetic field in the storage region is protected from the small leakage flux

from the end of the inflector by means of a passive superconducting shield. The inflector is

16

23’ 4”

Shim plateThrough bolt

Iron yoke

slot
Outer coil

Spacer Plates

1570 mm

544 mm

Inner upper coil

Poles

Inner lower coil

To ring center

Muon beam

Upper push−rod

1394 mm

360 mm

FIG. 7: Cross sectional view of the “C” magnet.

largest of the resulting multipoles, a 2 percent 20-pole component (at the circular edge of

the storage region), would not cause problems with muon losses or beam instabilities at the

chosen values of the field indices. The scalloped vacuum chamber introduces small 6- and

10-pole multipoles into the field shape.

The quadrupoles are charged for ≤ 1.4 ms of data taking during each fill of the ring.

Cycling the quadrupoles prevents the excessive buildup of electrons around the electrodes,

electrons which are produced by field emission and gas ionization and subsequently trapped

in the electric and magnetic fields near the quadrupoles. Trapping was particularly severe

during the R01 running period when negative muons were injected into the ring. The con-

tinuous motion of the electrons—cyclotron motion in the dipole magnetic field, magnetron

motion along !E × !B, and axial oscillations along the vertical axis—ionizes the residual gas

and eventually produces a spark, which discharges the plates.

Slight modifications of the magnetron motion were used to quench the electron trapping.

In the original design, electrons undergoing magnetron motion were trapped in horizontal

21
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Figure 16 Top view of the scalloped vacuum chamber and the location of the
calorimeter. A decay positron curls to the inside of the ring and exits the vacuum
chamber nearly orthogonal to the wall.

changes the extracted value of ωa . A time shift "T directly changes the fitted
frequency. The stability conditions that ensure a shift of less than 0.1 ppm to ωa

are "G < 0.2% and "T < 20 ps over 200 µs. The instantaneous event rate of
a few megahertz drops by almost five orders of magnitude during the 600 µs
measuring period; thus, any rate-dependent detector or readout response changes
must be accurately known. Further complicating the design, the voltage dividers
of the photomultiplier tubes must be gated off during injection and switched back
on after injection because of the very large number of lost particles at injection.

Two low-energy electrons, arriving close together in time, can be interpreted
as one equivalent high-energy electron, a type of “pileup” event. Because the low-
energy electrons have a shorter path to the detector than do higher-energy electrons,
there is a natural phase difference versus energy inherent in the data. Unaccounted
for, the ratio of fake to real high-energy electrons changes with time, having a
time dependence of ∼e−2t/γ τ ; that is, their rate falls twice as fast as the muon
population decays. To minimize pileup, the calorimeter response and the readout
system must be fast (a few nanoseconds) to enable the distinction between pulses
that nearly coincide. This information should also provide a mechanism to correct
the data, on average, by removing the pileup events.

The calorimeter energy resolution must be moderately good near 1.9 GeV to
provide adequate energy discrimination. However, the calorimeter also must be
compact to avoid a preponderance of electrons striking the side face. Usually higher
density implies lower resolution.

We achieved these goals by using a compact lead-scintillating fiber calorimeter
(see Figure 17) with a fractional energy resolution of ≈7% at Ee = 1.9 GeV
(30). Its 13 X0 depth of 15 cm (X0 = radiation length) is adequate to contain
electromagnetic showers up to 3 GeV. The good resolution is preserved because
the scallop shape in the storage ring vacuum chamber is effective in reducing the
preshowering of electrons as they exit the chamber (see Figure 16).

Each calorimeter is viewed by four photomultiplier tubes, whose summed signal
is recorded by a 400 MHz waveform digitizer. When the roughly 1 GeV hardware

14/369/23/10B. Casey,  UD0

Positron countingPositron counting
single muon bunch injected into ring, 

stored for 700 Ps

lower momentum positrons swept 
inward by B field and detected in 24 

calorimeter stations

entire fill digitized.  Offline algorithms 
extract positron signals (particularly pileup)
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Figure 10. The layout of the storage ring, as seen from above, showing the location
of the inflector, the kicker sections (labeled K1-K3), and the quadrupoles (labeled Q1-
Q4). The beam circulates in a clockwise direction. Also shown are the collimators,
which are labeled “C”, or “ 1

2C” indicating whether the Cu collimator covers the full
aperture, or half the aperture. The collimators are rings with inner radius: 45 mm,
outer radius: 55 mm, thickness: 3 mm. The scalloped vacuum chamber consists of 12
sections joined by bellows. The chambers containing the inflector, the NMR trolley
garage, and the trolley drive mechanism are special chambers. The other chambers
are standard, with either quadrupole or kicker assemblies installed inside. An electron
calorimeter is placed behind each of the radial windows, at the postion indicated by
the calorimeter number.

µ−, this was not true; the trapped electrons necessitated an order of magnitude better

vacuum, and limited the storage time to less than 700 µs.

Beam losses during the measurement period, which could distort the expected time

spectrum of decay electrons, had to be minimized. Beam scraping is used to remove,

just after injection, those muons which would likely be lost later on. To this end,
the quadrupoles are initially powered asymmetrically, and then brought to their final

symmetric voltage configuration. The asymmetric voltages lower the beam and move it

sideways in the storage ring. Particles whose trajectories reach too near the boundaries

of the storage volume (defined by collimators placed at the ends of the quadrupole

sectors) are lost. The scraping time was 17 µs during all data collection runs except

2001, where 7 µs was used. The muon loss rates without scraping were on the order of
0.6% per lifetime at late times in a fill, which dropped to ∼ 0.2% with scraping.

2.5. The Superconducting Storage Ring

The storage ring magnet combined with the electrostatic quadrupoles form a Penning

trap that, while very different in scale, has common features with the electron g-value

25 Oct 2004 20:2 AR AR228-NS54-06.tex AR228-NS54-06.Sgm LaTeX2e(2002/01/18) P1: JRX

156 HERTZOG ! MORSE

Figure 10 Time histogram from one calorimeter showing the fast rotation of the
beam from 10 to 20 µs after muon injection. The rapid oscillation is the beam-bunch
cyclotron frequency; the slow undulation is the (g − 2) frequency.

Larmor precession of the electrons in the external magnetic field, has been mea-
sured to be σ = 25.790(14) ppm at 34.7◦C. The temperature dependence is 0.01036
(30) ppm/◦C. The temperature of the probe was measured to ±1◦C and the correc-
tion was made. The measurement of the magnetic field was accomplished in the
following manner:

! During the muon runs, 360 “fixed” NMR probes were read out at a rate of
#2 Hz. They are embedded in machined grooves in the upper and lower
plates of the aluminum vacuum chamber and consequently measure the field
just outside of the actual storage volume. About 150 probes, those with the
most reliable signals, are used in the offline analysis.

Figure 11 Fourier analysis of the time histogram from one muon decay detector
gives the distribution of cyclotron frequencies for the ensemble of muons. Because the
magnetic field is accurately known, this distribution can be plotted as a function of xe,
the equilibrium radius with respect to the equilibrium radius of a muon with the magic
momentum.

One calorimeter

!c

E > 1.8 GeV!a

Debunching
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Brookhaven E821 Results

            0.46 ppm statistics, 0.28 ppm systematic  

41

PRD 73, 072003 (2006)

aexpµ = 116 592 089(63)⇥ 10�11 (0.54 ppm)

gexpµ = 2.002 331 841 78(126)

The two uncertainties given are the statistical and the systematic ones. The total error in square brackets
follows by adding in quadrature the statistical and systematic errors. In Table 1 all results from CERN
and E821 are collected. The new average is completely dominated by the BNL results. The individual
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Fig. 7. Results for the individual E821 measurements, together with the new world average and the theoretical prediction. The
CERN result is shown together with the theoretical prediction by Kinoshita et al. 1985, at about the time when the E821
project was proposed.The dotted vertical bars indicate the theory values quoted by the experiments.

measurements are shown also in Fig. 7. The comparison with the theoretical result including predictions
from SM extensions will be discussed later in Sect. 7. In the following sections we first review the SM
prediction of aµ.

3. QED Prediction of g − 2

Any precise theoretical prediction requires a precise knowledge of the fundamental parameters. In QED
these are the fine structure constant α and the lepton masses. As the leading order result is α

2π and since
we want to determine a# with very high precision, the most important basic parameter for calculating aµ is
the fine structure constant. Its most precise value is determined using of the electron anomalous magnetic
moment

aexp
e = 0.001 159 652 180 73(28)[0.24 ppb] , (42)

which very recently [105,106] has been obtained with extreme precision. Confronting the experimental value
with the theoretical prediction as a series in α (see Sect. 3.2 below) determines [107,108,106]

α−1(ae) = 137.035999084(51)[0.37 ppb] . (43)

This new value has an uncertainty 20 times smaller than any preceding independent determination of α and
we will use it throughout in the calculation of aµ.

Starting at 2–loops, higher order corrections include contributions from lepton loops in which different
leptons can circulate and results depend on the corresponding mass ratios. Whenever needed, we will use
the following values for the muon–electron and muon–tau mass ratios, and lepton masses [37,38,103,104]

mµ/me = 206.768 2838 (54) , mµ/mτ = 0.059 4592 (97) ,

me = 0.510 9989 918(44)MeV , mµ = 105.658 3692 (94)MeV , mτ = 1776.99 (29)MeV .
(44)
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Theoretical contributions get complicated

44

loops yield contributions which are enhanced by large logarithms. Results for A(6)
2 have been obtained

in [138,139,141,142,143], for A(6)
3 in [140,137,144,145,120]. For the light–by–light contribution, graphs 1) to

6) of Fig. 10, the exact analytic result is known [142], but only the much simpler asymptotic expansions
have been published. At present the following series expansions are sufficient to match the requirement of
the precision needed: for electron LbL loops we have

A(6)
2 lbl(mµ/me) =

2

3
π2 ln

mµ

me
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59

270
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3
π2 +

2

3

+

(
me

mµ

) [
4

3
π2 ln

mµ

me
− 196

3
π2 ln 2 +

424

9
π2

]

+

(
me

mµ

)2 [

− 2

3
ln3 mµ

me
+

(
π2

9
− 20

3

)

ln2 mµ

me
−
(

16

135
π4 + 4ζ(3) − 32

9
π2 +

61

3

)

ln
mµ

me

+
4

3
π2ζ(3) − 61

270
π4 + 3 ζ(3) +

25

18
π2 − 283

12

]

+

(
me

mµ

)3 [10

9
π2 ln

mµ

me
−

11

9
π2

]

+

(
me

mµ

)4 [7

9
ln3 mµ

me
+

41

18
ln2 mµ

me
+

(
13

9
π2 +

517

108

)

ln
mµ

me
+

1

2
ζ(3) +

191

216
π2 +

13283

2592

]

+ O
(

(me/mµ)5
)

= 20.947 924 89(16) , (84)

where here and in the following we use me/mµ as given in Eq. (44). The leading term in the (me/mµ)
expansion turns out to be surprisingly large. It has been calculated first in [154]. Prior to the exact calculation
in [142] good numerical estimates 20.9471(29) [155] and 20.9469(18) [156] have been available. For τ LbL
loops one obtains

A(6)
2 lbl(mµ/mτ ) =
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+O
(

(mµ/mτ )12
)

= 0.002 142 833(691) , (85)

where L = ln(m2
τ/m2

µ), ζ2 = ζ(2) = π2/6 and ζ3 = ζ(3). The expansion given in [142] in place of the exact
formula has been extended in [143] with the result presented here.

Vacuum polarization insertions contributing to a(6) may origin from one or two internal closed fermion
loops. The vacuum polarization insertions into photon lines again yield mass dependent effects if one or
two of the µ loops of the universal contributions are replaced by an electron or a τ . Here we first give the

numerical results for the coefficients of
(

α
π

)3
[141,144,145]:

A(6)
µ (vap, e) = 1.920 455 130(33) ,

A(6)
µ (vap, τ) = −0.001 782 33(48) ,

A(6)
µ (vap, e, τ) = 0.000 527 66(17) .

$2$1
µ

γ

33

a) b) c)

Fig. 14. Light–by–light scattering insertions in the electromagnetic vertex.

that closed fermion loops with three photons vanish by Furry’s theorem. Again, besides the equal mass case
mloop = mµ there are two different regimes for electron and tau loops [142,143], respectively:
• Light internal masses also in this case give rise to potentially large logarithms of mass ratios which get
singular in the limit mlight → 0

e
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This again is a light loop which yields an unexpectedly large contribution

a(6)
µ (lbl, e) # 20.947 924 89(16)

(α

π

)3
= 2.625 351 02(2)× 10−7 , (81)

with the error from the (me/mµ) mass ratio. Historically, it was calculated first numerically by Aldins et
al. [69], after a 1.7 σ discrepancy with the CERN measurement [67] in 1968 showed up.

Again, for comparison we also consider the
• equal internal masses case, which yields a pure number

µ
a(6)

µ (lbl, µ) =

[
5

6
ζ(5) − 5

18
π2 ζ(3) − 41

540
π4 − 2

3
π2 ln2 2

+
2

3
ln4 2 + 16a4 −

4

3
ζ(3) − 24π2 ln 2 +

931

54
π2 +

5

9

]
(α

π

)3
,γ’s

µ

γ

and has been included in the universal part Eq. (51) already. The constant a4 is defined in Eq. (A.14). The
single scale QED contribution is much smaller

a(6)
µ (lbl, µ) # 0.371005293

(α

π

)3
= 4.64971652× 10−9 , (82)

but is still a substantial contributions at the required level of accuracy.
• Heavy internal masses again decouple in the limit mheavy → ∞ and thus only yield small power corrections
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Numerically we obtain

a(6)
µ (lbl, τ) # 0.002 142 83(69)

(α

π

)3
= 2.685 56(86)× 10−11 . (83)

This contribution could play a role for a next generation precision experiment only. The error indicated is
from the (mµ/mτ ) mass ratio.

All other corrections follow from Fig. 10 by replacing at least one muon in a loop by another lepton or
quark. The corresponding mass dependent corrections are of particular interest because the light electron
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50, 25, 55]. The leading logs for the next-order term have been shown to be small [56]. The
weak contribution is about 1.3 ppm of the anomaly, so the experimental uncertainty on aµ
of ±0.54 ppm now probes the weak scale of the standard model.

Hadronic contribution

The hadronic contribution to aµ is about 60 ppm of the total value. The lowest-order diagram
shown in Fig. 2.4(a) dominates this contribution and its error, but the hadronic light-by-light
contribution Fig. 2.4(e) is also important. We discuss both of these contributions below.

Figure 2.4: The hadronic contribution to the muon anomaly, where the dominant contribu-
tion comes from the lowest-order diagram (a). The hadronic light-by-light contribution is
shown in (e).

The energy scale for the virtual hadrons is of order mµc2, well below the perturbative
region of QCD. Thus it must be calculated from the dispersion relation shown pictorially in
Fig. 2.5,

ahad;LOµ =
✓
↵mµ

3⇡

◆2 Z 1

4m2
⇡

ds

s2
K(s)R(s), where R ⌘ �tot(e+e� ! hadrons)

�(e+e� ! µ+µ�)
, (2.19)

using the measured cross sections for e+e� ! hadrons as input, where K(s) is a kinematic
factor ranging from 0.63 at s = 4m2

⇡ to 1 at s = 1. This dispersion relation relates the
bare cross section for e+e� annihilation into hadrons to the hadronic vacuum polarization
contribution to aµ. Because the integrand contains a factor of s�2, the values of R(s) at low
energies (the ⇢ resonance) dominate the determination of ahad;LOµ , however at the level of
precision needed, the data up to 2 GeV are very important. This is shown in Fig. 2.6, where
the left-hand chart gives the relative contribution to the integral for the di↵erent energy
regions, and the right-hand gives the contribution to the error squared on the integral. The
contribution is dominated by the two-pion final state, but other low-energy multi-hadron
cross sections are also important.

These data for e+e� annihilation to hadrons are also important as input into the deter-
mination of ↵s(MZ) and other electroweak precision measurements, including the limit on
the Higgs mass [71].

In the 1980s when E821 was being proposed at Brookhaven, the hadronic contribution was
know to about 10 ppm. It now is known to about 0.4 ppm. This improvement has come from
the hard work of many experimental and theoretical physicists. The low energy e+e� data
of the 80s have been replaced by very precise data from the CMD2 and SND collaborations

A fortunate rule:
The more extreme the 

diagram, the less it changes g
(whew!)

Still, muons are very 
sensitive to these diagrams

Theorists and experimentalists 
work really hard at this and 

improvements are in the 
works. 

Theorists calculate
how all these diagrams (and 

10,000s more) 
affect g 

⇥
�

µ

had

�
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Page 34 of 52 Eur. Phys. J. C (2012) 72:1848

Fig. 12 Ratio of the couplings
gωππ/gρππ as a function of

√
s,

as coming from the global fit
(this ratio is explicitly given in
Sect. 13). The vertical line
locates the PDG mass of the ω
meson. The uncertainty band
due to fit parameter errors is not
shown

Fig. 13 A set of recent
estimates of the muon
anomalous magnetic moment
aµ together with the BNL
average value [1, 2]. These are
extracted from [14] (DHMZ10),
[16] (JS11), [115] (HLMNT11)
and [13] (DHea09). Our own
results are figured by A and B
for respectively solutions A and
B. The statistical significance of
the difference between the
estimated and measured values
of aµ is displayed on the right
side of the Figure for each of the
reported analyses

revealed by the stand-alone fit39 provided by BELLE [41].
Therefore, one can confirm that:

• The main drawback of the breaking model in [24] was
a too tight correlation between the universal coupling

39The fit published by BELLE reveals a very significant improvement
if the absolute normalization of their spectrum is left free; instead of
returning an absolute scale of 1, the best fit exhibits a significant "2%
shift.

in anomalous and in non-anomalous processes. This has
been cured by defining the Direct Isospin Breaking mech-
anism substantiated by a highly significant value for
ΣV = (3.74 ± 0.42)%.

• The breaking model in [13] may account insufficiently for
the difference between the ρ0–γ and ρ±–W± transition
amplitudes.

Therefore, the reported discrepancies between the pion
form factor in e+e− annihilations and in τ decays can al-

Benayoun, et. al., Eur. Phys. J C72, 1848 (2012)

0.42 ppm
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aQED

µ = 0.00 116 584 718 09(15)

ahadµ = 0.00 000 006 930(49)

aEW

µ = 0.00 000 000 154(2)

aSMµ = 0.00 116 591 802(49)

aexpµ = 0.00 116 592 089(63)

aexpµ � aSMµ = 287(80)⇥ 10�11 > 3�
Difference is ~ twice 
electroweak contribution! 

If this is new physics, why 
haven’t we seen it elsewhere?

      is sensitive to ratio of 
coupling / mass scale
aµ

Perhaps mass scale is large and/or coupling is small
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New Physics: SUSY?

SUSY with mass scale of 
several 100 GeV is consistent 
with discrepancy

47

aSUSY
µ ⇡ 13⇥ 10�10 sign(µ)

✓
100 GeV

mSUSY

◆2

tan� 4

20 40 60 80 100

20

40

60

tanΒ

a Μ
SU
SY
!1
0#
10
"

MSUSY$400 GeV

500 GeV

600 GeV

800 GeV

FIG. 1: aµ as a function of tan β for four different values of de-
generate SUSY masses. Solid (red) lines: correct aµ as in Eq. (11).
Dashed (black) lines: aµ without a

SUSY,∆µ
µ . Gray band: 1σ range

of Eq. (1).

HT6VKB and by the EU Contract No. MRTN-CT-2006-
035482, “FLAVIAnet”.
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Enormous interest in the result

48

Difference is intriguing, but inconclusive
Redo the experiment even better than before!
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Enormous interest in the result

48

Difference is intriguing, but inconclusive
Redo the experiment even better than before!

With a 0.14 ppm measurement current difference becomes 5.6σ (7.5σ if 
theory improves to 0.3 ppm)

If difference persists, then a major discovery!
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In the meantime at Fermilab
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The Tevatron shut down in 2011 after running nearly 30 years
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Antiproton source repurposed for
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Recycler Ring 

Beam Transfer and 
Delivery Ring 

Muon Campus 

Overview of beam plan 
• Recycler 

‒ 8 GeV protons from Booster 
‒ Re-bunched in Recycler  
‒ New connection from Recycler 

to P1 line (existing connection 
is from Main Injector) 

• Target station 
– Target 
– Focusing (lens) 
– Selection of magic momentum 

• Beamlines / Delivery Ring 
‒ P1 to P2 to M1 line to target 
‒ Target to M2 to M3 to 

Delivery Ring 
‒ Proton removal 
‒ Extraction line (M4) to g-2 

stub to ring in MC1 building 

Target Station 

3 1/12/12 Mary Convery 

Booster

Use the Ring from Brookhaven with the Fermilab infrastructure
900m pion decay path (10x BNL; improves mu/p by 2x)
Much purer muon beam and heavily suppressed hadronic flash
1T protons per bunch on target -- 6000 muons in ring  (6x eff of BNL) -- 700 good e+

16 fills / 1.33s (booster cycle) 
2 year run: ~ 1 T positron decays total, 0.18 T “good” 

µ+

Delivery ring
was the antiproton 
debuncher
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A new home at the Fermilab Muon Campus

51

MC-1 (g-2)

Mu2e

Ring arrives summer 2013

Building complete 2014
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New physics with 0.14 ppm
Complementary to LHC
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LHC plus
amu

LHC
alone

2 4 6 8 10 12 14 16
00

55

1010

1515

2020

2525

tan Β

"
Χ
2 FNAL

E821

FIG. 21: Possible future tanØ determination from the measurement of aµ , assuming that the

MSSM point SPS1a§ (see text) is realized. The yellow band is from LHC alone which gives

tanØLHC fit = 8.5 ± 4.5, taking over the SPS1a analysis of Refs. [96, 98]. The darker blue band

labelled E821 assumes ¢aµ = (255± 80)£ 10°11, which comes from the present values for aµ and

the Standard-Model contribution, the lighter blue band labelled FNAL corresponds to ¢afuture
µ =

(255±34)£10°11. The blue bands show ¢¬2 =
µ

aMSSM
µ (tan Ø)°aexp

µ

{80;34}£10°11

∂2

as a function of tanØ, where

in aMSSM
µ (tanØ) all parameters except tanØ have been set to the values determined at the LHC.

The width of the blue curves results from the expected LHC-uncertainty of the parameters (mainly

smuon masses and M2, µ) [98]. The plot shows that the precision for tanØ that can be obtained

using aµ is limited by the precision of the other input parameters but is still much better than the

determination using LHC data alone.

sensitive to parameters which are di±cult to measure at the LHC. If we are unfortunate,

then it represents one of the few ways to probe physics beyond the standard model. In

either case, it will play an essential and complementary role in the quest to understand

physics beyond the standard model at the TeV scale. This prospect is what motivates our

collaboration to push forward with a new measurement.

52

Exp

(a)

FIG. 19: The Snowmass Points and Slopes predictions for aµ(SUSY) (in units of 10°11) for various

scenarios [92], and the UED prediction for one extra dimension [75]. (The horizontal axis has

no meaning except to make all points visible.) The wide blue band is the present 1æ diÆerence

between experiment and theory, ¢aµ = (255 ± 80) £ 10°11. The narrow yellow band represents

the proposed improved precision (±34 £ 10°11), given the same central value. In both cases the

error represents the quadrature between the experimental and theoretical errors.

free parameters by one. A large number of recent analyses have made use of this feature, see

e.g. Refs. [93]. In fact, the CMSSM is very sensitive not only to the aµ but also to the dark

matter (which in this model is assumed to consist of neutralinos) relic density. As shown in

Fig. 20, both observables lead to orthogonal constraints in CMSSM parameter space, and

therefore imposing both constraints leaves only two free parameters and thus allows for very

stringent tests of the CMSSM at the LHC. From Fig. 20(a) we see that in this model, there

is little room left for tan Ø = 10.

3. aµ is sensitive to quantities that are di±cult to measure at the LHC

For unraveling the mysteries of TeV-scale physics it is not su±cient to determine which

type of new physics is realized, but it is necessary to determine model parameters as precisely

48

g-2 0.14 ppm

Also assumes reduction
 in theory uncertainty

BNL Result
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New Muon g-2 experiment justification

Discrepancy with SM and complementarity with LHC makes for 
easy physics motivation. If there is new physics, 
LHC + Muon g – 2 will be a powerful combination

BNL E821 was statistics limited

Factor of 4 is about the limit of the current apparatus

Need 21x statistics to achieve this goal !!!

Gotta get more beam! Move to Fermilab -- Literally!

Many BNL E821 collaborators have joined Fermilab E989

53
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Moving the ring from Brookhaven to Fermilab

54

The hard part is moving 
the three superconducting
coils

Continuously wound coils,  
can’t break into pieces - 
can’t flex > 3mm

They’re big! 
50 ft diameter
(takes up ~ 4 lanes on 
the highway). Not terribly 
heavy at 15 tons

They aren’t dangerous:  nonmagnetic when unpowered, not radioactive, no 
dangerous chemicals (aluminum, niobium [hypoallergenic], tin), inert

~ $2M to move. 10x more, ~$30M, if we had to build them anew!
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The ultimate road/water/road trip
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Private 54’ x 180’
barge

>4x safety factor

“We can move that”

Coils must not flex more than 3mm. Ring is 15 tons, fixture is 40 tons

Decision to avoid 
lower Mississippi 

was made 2 weeks
prior to departure

Instead, take the 
Tennessee–Tombigbee
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June 2013 - Assembling the fixture
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Photo: Brookhaven/Emmert
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Rolling out of the building
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Photo: Brookhaven/Emmert
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Rolling out of the building
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Photo: Brookhaven/Emmert
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Rolling out of the building
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Photo: Darth Vader
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It’s out !!
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Photo: Brookhaven/Emmert
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The fancy trailer
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8 axels
64 tires

Auto-leveling
Height control

Independent steering
Way cool!

Photos: Brookhaven/Emmert
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Traversing Brookhaven National Lab

62Photo: Brookhaven
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Off it goes
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Photo: Brookhaven/Emmert
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A 3200 mile journey 6/22 – 7/26
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GPS update 
every two hours

4 days in port at 
Norfolk ($1000/hr)
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Up the Tenn-Tom Waterway
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Photo: Darin Clifton 
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And Saturday 6/20, finally in Lemont, IL
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Sunday morning, off the barge

67
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Tuesday – Friday: The land route

68

Costco, 
Bollingbrook

Hidden Lake FP,
Downers Grove
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Tuesday night, on Lemont Rd & 87th St

69Photos: Fermilab
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Wednesday, shopping at Costco

70



Lyon - New Muon g-2 - NCSU- 2013-09 71

Wednesday night, on the Tollway
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“Muon Down the Road!”
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Photos: Mike
Murphy

20 mph
on I-88 !!

Thursday night, to the lab!
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Friday, Celebrate at Fermilab!
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Photo: Fermilab
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Rock star!
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Coverage	
  by	
  local	
  TV	
  sta1ons,	
  including	
  live	
  coverage	
  by	
  ABC	
  and	
  CBS:
h<p://abclocal.go.com/wls/story?sec1on=news/local&id=9186274
h<p://abclocal.go.com/wls/story?sec1on=news/local&id=9185326	
  
h<p://www.nbcnews.com/science/giant-­‐electromagnet-­‐ends-­‐circuitous-­‐month-­‐long-­‐trip-­‐arrives-­‐fermilab-­‐6C10761191
h<p://chicago.cbslocal.com/2013/07/26/massive-­‐electromagnet-­‐completes-­‐arduous-­‐trip-­‐to-­‐fermilab/
h<p://wgntv.com/2013/07/23/journey-­‐of-­‐giant-­‐magnet-­‐coming-­‐to-­‐an-­‐end/	
  
h<p://wgntv.com/2013/07/27/massive-­‐magnet-­‐arrives-­‐at-­‐fermilab/

Print	
  and	
  Web	
  coverage:
h<p://www.washingtonpost.com/na1onal/giant-­‐magnate-­‐set-­‐to-­‐reach-­‐new-­‐illinois-­‐home-­‐aTer-­‐3200-­‐mile-­‐journey-­‐from-­‐
new-­‐york/2013/07/26/8e86095e-­‐f5c2-­‐11e2-­‐81fa-­‐8e83b3864c36_story.html	
  
h<p://www.huffingtonpost.com/2013/07/26/giant-­‐electromagnet-­‐set-­‐t_n_3658331.html?utm_hp_ref=chicago
h<p://www.upi.com/Science_News/2013/07/26/Giant-­‐electromagnet-­‐finishes-­‐long-­‐distance-­‐US-­‐move-­‐for-­‐science/
UPI-­‐96121374874502/?spt=hs&or=sn
h<p://news.sciencemag.org/2013/07/aTer-­‐6-­‐week-­‐journey-­‐giant-­‐magnet-­‐arrives-­‐fermilab
h<p://www.denverpost.com/na1onworld/ci_23741073/15-­‐ton-­‐electromagnet-­‐completes-­‐cross-­‐country-­‐trip-­‐fermilab	
  
h<p://napervillesun.sun1mes.com/news/magnet-­‐NAP-­‐07262013:ar1cle	
  
h<p://www.natureworldnews.com/ar1cles/3140/20130724/massive-­‐magnet-­‐makes-­‐way-­‐chicago-­‐causing-­‐roadblocks-­‐goes-­‐
video.htm	
  
h<p://ar1cles.chicagotribune.com/2013-­‐07-­‐24/news/ct-­‐met-­‐fermilab-­‐electromagnet-­‐20130724_1_fermilab-­‐fermi-­‐na1onal-­‐
accelerator-­‐laboratory-­‐monster-­‐magnet	
  h<p://www.staradver1ser.com/news/breaking/
19040101_Giant_magnet_set_to_reach_new_home_in_Illinois.html	
  
h<p://hamptonroads.com/2013/07/giant-­‐magnet-­‐stopped-­‐norfolk-­‐finishes-­‐journey	
  
h<p://heraldnews.sun1mes.com/news/21416840-­‐418/fermilabs-­‐prized-­‐supermagnet-­‐arrives-­‐in-­‐lemont.html	
  

h<p://bigstory.ap.org/ar1cle/giant-­‐magnate-­‐set-­‐reach-­‐new-­‐home-­‐illinois
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Improving ωa

 + No hadronic flash, better laser calibration
 + New tracking, open inflector, scraping

 + Segmented calorimeters 
 + Improved kickers
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TABLE XIII: The largest systematic uncertainties for the final E821 !a analysis and proposed

upgrade actions and projected future uncertainties for data analyzed using the T method.

E821 Error Size Plan for the New g°2 Experiment Goal

[ppm] [ppm]

Gain changes 0.12 Better laser calibration and low-energy threshold 0.02

Lost muons 0.09 Long beamline eliminates non-standard muons 0.02

Pileup 0.08 Low-energy samples recorded; calorimeter segmentation 0.04

CBO 0.07 New scraping scheme; damping scheme implemented 0.04

E and pitch 0.05 Improved measurement with traceback 0.03

Total 0.18 Quadrature sum 0.07

6. !a systematic uncertainty summary

Our plan of data taking and hardware changes address the largest systematic uncertainties

and aims to keep the total combined uncertainty below 0.07 ppm. Experience shows that

many of the “known” systematic uncertainties can be addressed in advance and minimized,

while other more subtle uncertainties appear only when the data is being analyzed. Because

we have devised a method to take more complete and complementary data sets, we anticipate

the availability of more tools to diagnose such mysteries should they arise. Table XIII

summarizes this section.
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D. Muon storage-ring magnet

The muon storage ring [18] is a superferric ‘‘C’’-shaped
magnet, 7.112 m in central orbit radius, and open on the
inside to permit the decay electrons to curl inward to the
detectors (Fig. 6). A 5 V power supply drives a 5177 A
current in the three NbTi/Cu superconducting coils.
Feedback to the power supply from the NMR field mea-
surements maintains the field stability to several ppm. The
field is designed to be vertical and uniform at a central
value of 1.4513 T. High-quality steel, having a maximum
of 0.08% carbon, is used in the yoke. Low-carbon steel is
used for the poles primarily because the fabrication process
of continuous cast steel greatly minimizes impurities such
as inclusions of ferritic or other extraneous material and air
bubbles. An air gap between the yoke and the higher
quality pole pieces decouples the field in the storage region
from nonuniformities in the yoke. Steel wedge shims are
placed in the air gap. Eighty low-current surface-correction
coils go around the ring on the pole-piece faces for active
trimming of the field. The opening between the pole faces
is 180 mm and the storage region is 90 mm in diameter. A
vertical cross section of the storage-ring illustrating some
of these key features is shown in Fig. 7. Selected storage-
ring parameters are listed in Table VI.

Attaining high field uniformity requires a series of pas-
sive shimming adjustments, starting far from and then
proceeding towards the storage region. First the 12 upper-
and lower-yoke adjustment plates are shimmed by placing

precision spacers between them and the yoke steel, mod-
ifying the air gap. Next the 1000 wedge shims in the yoke
pole-piece air gap are adjusted. With a wedge angle of
50 mrad, adjusting the wedge position radially by 1 mm
changes the thickness of iron at the center of the storage
aperture by 50 !m. The wedge angle is set to compensate
the quadrupole component, and radial adjustments of the
wedge and other changes to the air gap are used to shim the
local dipole field. The local sextupole field is minimized by
changing the thickness of the 144 edge shims, which sit on
the inner and outer radial edges of the pole faces. Higher
moments, largely uniform around the ring, are reduced by
adjusting the 240 surface-correction coils, which run azi-
muthally for 360 deg along the surface of the pole faces.
They are controlled through 16 programmable current
elements. With adjustments made, the azimuthally aver-
aged magnetic field in the storage volume had a uniformity
of ’ 1 ppm during data-taking runs.

The main temporal variation in the magnetic-field uni-
formity is associated with radial field changes from sea-
sonal and diurnal drift in the iron temperature. Because of
the C magnet geometry, increasing (or decreasing) the
outside yoke temperature can tilt the pole faces together
(or apart), creating a radial gradient. The yoke steel was
insulated prior to the R98 run with 150 mm of fiberglass to
reduce the magnetic-field variation with external tempera-
ture changes to a negligible level.
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FIG. 8. The (g! 2) storage-ring layout. The 24 numbers rep-
resent the locations of the calorimeters immediately downstream
of the scalloped vacuum chamber subsections. Inside the vacuum
are four quadrupole sections (Q1–Q4), three kicker plates (K1–
K3) and full-aperture (C) and half-aperture ( 1

2 C) collimators.
The traceback chambers follow a truncated scalloped vacuum
chamber subsection.

TABLE VI. Selected muon storage-ring parameters.

Parameter Value

Nominal magnetic field 1.4513 T
Nominal current 5200 A
Equilibrium orbit radius 7.112 m
Muon storage region diameter 90 mm
Magnet gap 180 mm
Stored energy 6 MJ
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FIG. 7. Cross sectional view of the C magnet.
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Segmented calorimeters
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24 Calorimetry stations (E and t)

• 9x6 (2.5x2.5) cm PbF2 array (X0 = 0.93 cm)

• Silicon Photomultipliers

• 500 MSPS waveform digitizers
Improvements over E821

• Improved gain control and laser monitoring

• Pileup suppression via segmentation

• lower thresholds, reduced pion “flash”

FIG.40:Planviewofnewcalorimetersandexistingscallopedvacuumchamberregion.

design,theW/SciFiisasinglemonolithicarray,whichcanbereadoutonthedownstream

sidebyanysegmentationofopticalcouplers.Thechoiceof20or35readouts(4£5array

or5£7array)isanoptimizationtobedeterminedbasedonthefinalreadoutsolution.We

areexploringsiliconphotomultiplier(SiPM)arraysandwillperformtestsinthecoming

yearwithnewlyprocuredsamples.Atthetimeofthisproposal,severallargeSiPMarrays

arebeingproduced,whichwouldnicelymatchthe35-segmentedmodelmentionedabove.

However,aconservativesolutionwillbetousePMTslocatedoutsideofthefieldregion.It

isasolutionthatwehaveconsiderableexperienceinimplementingbasedonE821.

AppendixCincludesamoredetaileddescriptionofatungsten/scintillatingfiber(W-

SciFi)samplingcalorimeterthatmeetsthesedemands.Inanticipationofthisproposal,

webuilta4£6cm
2

prototypemodulemadeof0.5-mmpitchlayersoffiberribbonsand

puretungstenplates.MeasurementsweremadeatPSIandatFermilabandresultshave

beenreported[14].Wehavealsorecentlycompleteda15£15cm
2

prototypeinnear-final

geometryandareinstrumentingitforatest-beamruninMayof2010.

C.Position-SensitiveDetectors

InE821,five-fold,verticallysegmentedscintillatorhodoscopesweremountedontheup-

streamsideofeachcalorimeter.Toprovideimpactpositioninformationforshowerrecon-

structionandtoobtainabetterhorizontalandverticalprofile,weproposetouseasystem

ofstrawdetectorsinfrontofeachstation.Thesecanberelativelysimpledetectorsystems

withstandardmulti-hitTDCdigitizedreadout.Thetime-startforthestrawswillbederived

fromasummedsignalfromthecalorimeters.Thestrawsysteminfrontofeachcalorimeter

willprovideinformationforshowerimpact,pileupidentification,andmuonlossmonitor-

100

µ+
e+

SiPM%

Fast%PMT%
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Tracking Traceback detectors
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Each station is a doublet 
of UV straw chambers.

Important for pitch systematic, pileup, lost muons
and Muon EDM

Expect 10-30x better 
in new experiment

Geant4 Sensitive tracking 
detectors in place and easy 

to move for testing 
purposes.

Track!

Simulation
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Muon Electric Dipole Moment
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30 Nov 2011 - Chris Polly - Fermilab 39  

In situ measurement of EDM in g-2 experiments

tilts precession plane ⇒ vertical 
oscillation at ωa (out-of-phase)

Best limit from BNL E821

        dμ < 2.4 x 10−19 e⋅cm

Precession plane tilted, 
vertical out of phase
oscillation of ωa

by an angle

± = tan°1(¥µØ/2aµ).

The modulation in the vertical plane is sinusoidal and 90± out of phase with the aµ modu-

lation.

The E821 collaboration has recently published a measurement of the muon EDM by

including an up-down asymmetry, oÆset by 90± in the !a fit yielding an upper limit of

|dµ| < 1.9 £ 10°19 e cm [15] which is a factor of 5 improvement over the previous best

limit [134]. Results of the fit are displayed in Fig. 43. The measurement was performed in

part using straw-tube tracking detectors [135] that were designed to determine the muon

beam distribution within the storage ring and instrumented in front of one of the 24 calorime-

ter stations.

FIG. 43: Data recorded by the E821 traceback system. The left distribution is the number of

tracks versus time modulo the precession frequency. The right distribution is the average vertical

angle of the tracks versus time also modulo the precession period.

A. E821 Traceback System

There are three main components to performing the g°2 measurement: measurement of

the precession frequency; measurement of the magnetic field; and measurement of the spacial

distribution of muons within the field. The muon spacial distribution can be mapped by

measuring the positron trajectories and extrapolating back to the point where the trajectory

is tangent to the muon orbit. In E821, this was accomplished using a straw tracking system.

116

Current best limit from E821

# tracks

vertical angle of tracks

|dµ| < 1.8⇥ 10�19 e cm (95% C.L.)

Expect < few 10-21

EDMs do not exist in Standard Model 
Existence implies Time and  CP violation
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Status and timeline
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Overall Schedule 

L2/L3%Mee(ng% 2%22%Mar%2013%

  2012 2013 2014 2015 
  J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D 

   MC-1 Bldg planning                                                                                                 
   MC-1 Construction                                                   
   Disassemble BNL ring/beam                                                         
   Shipping window (barge)                                       
   Reassemble ring/upgrades                                                     
   Cryo plant construction                                                                 
   Field shimming                                                 
   Detector construction                                                                 
   Accelerator modifications                                                                                                 

!   Few%minor%updates%to%this%crude%block%schedule%
•  Building%BO%and%start%of%ring%reassembly%pushed%back%to%January%
•  This%shows%Nov%14%for%the%cryo%plant%to%be%ready,%but%might%s(ll%be%end%of%September?%

!   CD%schedule%is%very%compact%with%Lehman%reviews%shown%every%5M6%months%
•  DOE%s(ll%open%to%a%‘tailoring’%strategy%where%we%would%go%for%one%combined%CDM2/3%
•  Vastly%preferable%but%would%probably%push%that%review%into%Feb/Mar%14%to%be%ready%
•  Would%probably%need%some%version%of%a%CDM3a%prior%to%CD2/3%review%
•  Our%money%next%year%will%be%split%between%OPC/TEC,%TEC%not%available%un(l%aVer%the%

CR%is%resolved.%%Could%end%up%wreaking%havoc.%%Working%on%trying%to%get%as%much%in%OPC%
as%we%can.%

Just passed DOE CD-1 Review!

Muon g-2 Collaboration
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Building is progressing
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Summary

      Exciting times ahead!

      A new era for Fermilab with Muon Physics!

      Lots more pictures and movies of the Ring Transport at
                                                muon-g-2.fnal.gov/bigmove
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