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Spin and Its Observable Effects
In the Standard Model (SM), the muon is a point-like spin ½ particle.

With spin comes a magnetic dipole moment (MDM) of strength:

Dirac showed that g = 2 for the electron as observed.

The 1930‘s and 40’s saw several breakthrough measurements of the g-
factor that lead to a new understanding of particles and substructure.
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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

     → nucleon substructure
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      → QM corrections
gp ⇡ 5.6, gn ⇡ �3.8 ge = 2.00229(8) ⇡ 2(1 + ↵/2⇡)
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ge/2 = 1.001 159 652 180 73(28)D. Hanneke, S. Fogwell, and G. Gabrielse
PRL 100, 120801 (2008)
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http://publish.aps.org/search/field/author/S.%20Fogwell
http://publish.aps.org/search/field/author/S.%20Fogwell
http://publish.aps.org/search/field/author/G.%20Gabrielse
http://publish.aps.org/search/field/author/G.%20Gabrielse


Thomas Gadfort “Taking The Muon For a Spin”, 2014 Users Meeting

Understanding The Muon
There is a rich history of muon g-factor 
measurements starting in the 1950’s at Nevis.

Evidence that the muon is a fundamental particle.

The past 50 years have seen dramatic 
improvements in precision and experimental techniques.

3

gµ = 2(10%)

Phys. Rev. 105, 1415–1417 (1957)

+ Hadronic

+ Hadronic + Weak
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E821 Brookhaven Muon g-2

Muon injection greatly improved statistics.

Continuously wound superconducting (SC) 
main magnet coils + tunable shimming kit
➝ Reduced multipole field terms.

4

Superconducting coil winding
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E821 Brookhaven Muon g-2

Muon injection greatly improved statistics.

Continuously wound superconducting (SC) 
main magnet coils + tunable shimming kit
➝ Reduced multipole field terms.

4
10 

Dramatic improvement in field uniformity
Contours in [ppm]!
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Storage Ring Measurement Technique (I)

5

In a dipole magnetic field:
Muon momentum revolution frequency, ωC

!C =
eB

mc�

Muon spin revolution frequency, ωS

!S =
geB

2mc�
+ (1� �)

eB

mc�

Muon anomaly revolution frequency, ωa

!a ⌘ !S � !C =

✓
g � 2
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◆
eB

mc
= aµ
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Storage Ring Measurement Technique (II)

6

Source of 
Polarized Muons

Measure Muon Spin

Weak decay correlates 
muon spin and electron momentum

Measure Positron Energy

µ

⌫µ

e

⌫̄e

Highest energy positrons when spin 
and momentum are aligned.

µ

⌫µ
Lucky break from parity violation

�µ(1� �5)⇡
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Storage Ring Measurement Technique (II)

6

Source of 
Polarized Muons

Measure Muon Spin

Weak decay correlates 
muon spin and electron momentum

Measure Positron Energy

µ

⌫µ

e

⌫̄e

Eelectron

Count N(e) above 
fixed threshold. 

Oscillation rate ∝ aµ 

Highest energy positrons when spin 
and momentum are aligned.

µ

⌫µ
Lucky break from parity violation

�µ(1� �5)⇡
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The Wiggle Plot, ωa, ωp, and aµ

7

4 billion muon decays 
(≈15% yield >1.8 GeV positrons)

16/369/23/10B. Casey,  UD0

Frequency measurementFrequency measurement
spin leads momentum due to precession, positron trajectory follows spin
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Add prior knowledge...
aE821
µ = 0.00 116 592 089(63)

aSMµ = 0.00 116 591 802(49)>3σ From SM Prediction!
aE821
µ � aSMµ = 287± 80
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Explanations
Standard Model calculation is incomplete/wrong?

8

aµ = aQED
µ + aEW

µ + aHad
µ

T. Aoyama, M. Hayakawa, T. Kinoshita, M. Nio Phys. 
Rev. Lett.109 111807

Calculated out to 5 loops!

287
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Explanations
Standard Model calculation is incomplete/wrong?

8

aµ = aQED
µ + aEW

µ + aHad
µ

2 loop calculation + known Higgs mass correction

287
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Explanations
Standard Model calculation is incomplete/wrong?

8

aµ = aQED
µ + aEW

µ + aHad
µ

Coming Soon: Constrain HVP with low energy e+e- ⇾ π+π- data, 
LbL needs first principles LatticeQCD.

Dominant source of uncertainty

287
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New Physics?
Standard Model calculation is fine. We are just seeing new physics.

9

aµ = aQED
µ + aEW

µ + aHad
µ + aNP
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future LHC discovery.
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The Fermilab Muon g-2 Experiment

Increased Statistics: Fermilab will 
provide us with >20x more muons.

New segmented calorimeters, straw wire tracker,
Fast muon kicker (and more).

Long shimming period, magnet temperature 
stability, more in-situ calibrations (and more).

10

Goal: Resolve E821 3σ 
measurement with >5σ sensitivity

�aµ = 0.54 ! 0.14 ppm

�!a = 0.18 ! 0.07 ppm

�hBi = 0.17 ! 0.07 ppm

�stat = 0.4 ! 0.1 ppm
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Fermilab Muon Campus
Fermilab will produce pions using 8.9 GeV protons
impacting the former antiproton production target

Pions decay along long path ⇒ Pure muon beam.
(E821 had large pion contamination).

11

M1 Line

Target

g-2 Hall

M5 Line

Delivery Ring

M2/3 Line

Booster
Delivery Ring

MC1
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New Calorimetry
Segmented Calorimeters and SiPMs

We will use a 9x6 array of PbF2 crystals
with SiPM for light readout. 

Segmentation reduces pileup 
(two positrons in same time window).
Laser calibration system and lower energy thresholds

12

SiPM
PbF2

�(E)

E
= 2.8%M

ea
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re
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En
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gy

Beam Energy

SLAC Test Beam, 
Nov ’13

�pileup = 80(E821) ! 40 ppb

�gain = 120(E821) ! 20 ppb
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New Tracking Detectors

Straw tracking detectors will measure
muon decay vertex and momentum.

Monitor beam profile fill-by-fill
(required for ⟨B⟩ and ωa measurements)

Measure pile-up ↔ calorimeter hits

13

PbF2 
Calo

Straws

Central
Orbit

e+

µ+

FNAL Test Beam, 
Jan/Apr ’14

�hBi = 30(E821) ! 10 ppb

�beam = 50(E821) ! 30 ppb



The Big Move From Long Island ...

14

BNL

Fermilab



... To Fermilab

15



... To Its Final Resting Place in MC1

16

(from Brian Drendal)

(from Lee Roberts)
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Summary
Fermilab muon g-2 will measure the muon 
anomalous magnet moment to sub-ppm level.

>5σ sensitivity to new physics!

CD-1 approval. CD-2/3 review this July.

Magnet shimming and detector 
commissioning in 2015/2016.

Hopefully, stored muons in 2017.

17
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Luckily, we’ve 
got plenty to 
keep us busy



Back Ups
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Fast Muon Kicker

19

Fast muon injection kicker

Produce a fast (<150 ns) ≈11 mrad kick.
to place muons on central orbit.

Must turn OFF before 2nd orbit begins
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Fast Muon Kicker
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Fast muon injection kicker

Produce a fast (<150 ns) ≈11 mrad kick.
to place muons on central orbit.

Must turn OFF before 2nd orbit begins

Central Orbit

Kickers

the actual gradient k. Reducing the number of trapped
electrons permitted the application of a very large dc
voltage to the electrodes and, in turn, a measurement of
the vertical resonance frequency of those that remained.
Thus we were able to set a sensitive limit for the influence
of trapped electrons on the electric-field configuration as
well as a limit on the magnetic fields that they must also
produce.

F. Pulsed kicker magnet

Direct muon injection requires a pulsed kicker [20] to
place the muon bunch into the phase space acceptance of
the storage ring. The center of the circular orbit for muons
entering through the inflector channel is offset from that of
the storage ring and, left alone, muons would strike the
inflector exit after one revolution and be lost. A kick of
approximately 10 mrad ( ! 0:1 T "m) applied one quarter
of a betatron wavelength downstream of the inflector exit is
needed to place the injected bunch on an orbit concentric
with the ring center. The ideal kick would be applied
during the first revolution of the bunch and then turned
off before the bunch returns on its next pass.

The E821 kicker makes use of two parallel current
sheets with cross-overs at each end so that the current
runs in opposite directions in the two plates. The 80-mm
high kicker plates are 0.75-mm thick aluminum, electron-
beam welded to aluminum rails at the top and bottom,
which support the assembly and serve as rails for the 2-
kg NMR trolley. The entire assembly is 94-mm high and
1760-mm long. This plate-rail assembly is supported on
Macor insulators that are attached to Macor plates with
plastic hardware forming a rigid cage, which is placed
inside of the vacuum chamber. OPERA [21] calculations
indicated that aluminum would minimize the residual
eddy currents following the kicker pulse, and measure-
ments showed that the presence of this aluminum assembly
would have a negligible effect on the storage-ring precision
magnetic field.

The kicker is energized by an LCR pulse-forming net-
work (PFN), which consists of a single capacitor, resistor,
and the loop formed by the kicker plates. The capacitor is
charged by a resonant circuit and the current pulse is
created when the capacitor is shorted to ground at the firing
of a deuterium thyratron. The total inductance of the PFN
is L # 1:6 !H, which effectively limits both the peak
current and the minimum achievable pulse width. The
resistance is R # 11:9 ! and the capacitance is C #
10:1 nF. For the damped LCR circuit, the oscillation fre-
quency is fd # 1:08$ 106 Hz and the decay time is "d #
924 ns. The peak current is given by I0 # V0=%2#fdL&,
where V0 is the initial voltage on the capacitor. The result-
ing current pulse has a base width of !400 ns, which is
long compared to the 149 ns cyclotron period. Therefore,
the positive kick acts on the muon bunch in the first,
second, and third turns of the storage ring.

The kicker consists of three identical sections, each
driven by a separate PFN; this division keeps the induc-
tance of a single assembly at a reasonable value. In each
circuit, an initial voltage of !90 kV on the capacitor
results in a current-pulse amplitude of approximately
4200 A. Figure 10 shows the pulse from one of the net-

Time [ns]

0

0.2

0.4

0.6

0.8

1

-200 -100 0 100 200 300 400 500 600 700

FIG. 10. The trace is a sample kicker current pulse from one of
the three kicker circuits. The periodic pulses provide a schematic
representation of the unmodified muon bunch intensity during
the first few turns. The vertical axis is in arbitrary units.

s]µTime [
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B
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FIG. 11 (color online). The magnetic field produced mainly by
eddy currents on the kicker plates as measured by an optical
polarimeter with the crystal at %x; y& # %25 mm; 0& position. The
kicker is fired at 95 kV, producing 4200 A at the kicker plates.
The band shows the range of '0:1 ppm on integrated magnetic
field. The large filled circles correspond to simulations with
OPERA, which used the measured current pulse as the input.

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

072003-10

cyclotron period
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Fast Muon Kicker
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Fast muon injection kicker

Produce a fast (<150 ns) ≈11 mrad kick.
to place muons on central orbit.

Must turn OFF before 2nd orbit begins

Central Orbit

Kickers

→        lost muons and 
large betatron oscillations

the actual gradient k. Reducing the number of trapped
electrons permitted the application of a very large dc
voltage to the electrodes and, in turn, a measurement of
the vertical resonance frequency of those that remained.
Thus we were able to set a sensitive limit for the influence
of trapped electrons on the electric-field configuration as
well as a limit on the magnetic fields that they must also
produce.

F. Pulsed kicker magnet

Direct muon injection requires a pulsed kicker [20] to
place the muon bunch into the phase space acceptance of
the storage ring. The center of the circular orbit for muons
entering through the inflector channel is offset from that of
the storage ring and, left alone, muons would strike the
inflector exit after one revolution and be lost. A kick of
approximately 10 mrad ( ! 0:1 T "m) applied one quarter
of a betatron wavelength downstream of the inflector exit is
needed to place the injected bunch on an orbit concentric
with the ring center. The ideal kick would be applied
during the first revolution of the bunch and then turned
off before the bunch returns on its next pass.

The E821 kicker makes use of two parallel current
sheets with cross-overs at each end so that the current
runs in opposite directions in the two plates. The 80-mm
high kicker plates are 0.75-mm thick aluminum, electron-
beam welded to aluminum rails at the top and bottom,
which support the assembly and serve as rails for the 2-
kg NMR trolley. The entire assembly is 94-mm high and
1760-mm long. This plate-rail assembly is supported on
Macor insulators that are attached to Macor plates with
plastic hardware forming a rigid cage, which is placed
inside of the vacuum chamber. OPERA [21] calculations
indicated that aluminum would minimize the residual
eddy currents following the kicker pulse, and measure-
ments showed that the presence of this aluminum assembly
would have a negligible effect on the storage-ring precision
magnetic field.

The kicker is energized by an LCR pulse-forming net-
work (PFN), which consists of a single capacitor, resistor,
and the loop formed by the kicker plates. The capacitor is
charged by a resonant circuit and the current pulse is
created when the capacitor is shorted to ground at the firing
of a deuterium thyratron. The total inductance of the PFN
is L # 1:6 !H, which effectively limits both the peak
current and the minimum achievable pulse width. The
resistance is R # 11:9 ! and the capacitance is C #
10:1 nF. For the damped LCR circuit, the oscillation fre-
quency is fd # 1:08$ 106 Hz and the decay time is "d #
924 ns. The peak current is given by I0 # V0=%2#fdL&,
where V0 is the initial voltage on the capacitor. The result-
ing current pulse has a base width of !400 ns, which is
long compared to the 149 ns cyclotron period. Therefore,
the positive kick acts on the muon bunch in the first,
second, and third turns of the storage ring.

The kicker consists of three identical sections, each
driven by a separate PFN; this division keeps the induc-
tance of a single assembly at a reasonable value. In each
circuit, an initial voltage of !90 kV on the capacitor
results in a current-pulse amplitude of approximately
4200 A. Figure 10 shows the pulse from one of the net-
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FIG. 10. The trace is a sample kicker current pulse from one of
the three kicker circuits. The periodic pulses provide a schematic
representation of the unmodified muon bunch intensity during
the first few turns. The vertical axis is in arbitrary units.
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FIG. 11 (color online). The magnetic field produced mainly by
eddy currents on the kicker plates as measured by an optical
polarimeter with the crystal at %x; y& # %25 mm; 0& position. The
kicker is fired at 95 kV, producing 4200 A at the kicker plates.
The band shows the range of '0:1 ppm on integrated magnetic
field. The large filled circles correspond to simulations with
OPERA, which used the measured current pulse as the input.
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the actual gradient k. Reducing the number of trapped
electrons permitted the application of a very large dc
voltage to the electrodes and, in turn, a measurement of
the vertical resonance frequency of those that remained.
Thus we were able to set a sensitive limit for the influence
of trapped electrons on the electric-field configuration as
well as a limit on the magnetic fields that they must also
produce.

F. Pulsed kicker magnet

Direct muon injection requires a pulsed kicker [20] to
place the muon bunch into the phase space acceptance of
the storage ring. The center of the circular orbit for muons
entering through the inflector channel is offset from that of
the storage ring and, left alone, muons would strike the
inflector exit after one revolution and be lost. A kick of
approximately 10 mrad ( ! 0:1 T "m) applied one quarter
of a betatron wavelength downstream of the inflector exit is
needed to place the injected bunch on an orbit concentric
with the ring center. The ideal kick would be applied
during the first revolution of the bunch and then turned
off before the bunch returns on its next pass.

The E821 kicker makes use of two parallel current
sheets with cross-overs at each end so that the current
runs in opposite directions in the two plates. The 80-mm
high kicker plates are 0.75-mm thick aluminum, electron-
beam welded to aluminum rails at the top and bottom,
which support the assembly and serve as rails for the 2-
kg NMR trolley. The entire assembly is 94-mm high and
1760-mm long. This plate-rail assembly is supported on
Macor insulators that are attached to Macor plates with
plastic hardware forming a rigid cage, which is placed
inside of the vacuum chamber. OPERA [21] calculations
indicated that aluminum would minimize the residual
eddy currents following the kicker pulse, and measure-
ments showed that the presence of this aluminum assembly
would have a negligible effect on the storage-ring precision
magnetic field.

The kicker is energized by an LCR pulse-forming net-
work (PFN), which consists of a single capacitor, resistor,
and the loop formed by the kicker plates. The capacitor is
charged by a resonant circuit and the current pulse is
created when the capacitor is shorted to ground at the firing
of a deuterium thyratron. The total inductance of the PFN
is L # 1:6 !H, which effectively limits both the peak
current and the minimum achievable pulse width. The
resistance is R # 11:9 ! and the capacitance is C #
10:1 nF. For the damped LCR circuit, the oscillation fre-
quency is fd # 1:08$ 106 Hz and the decay time is "d #
924 ns. The peak current is given by I0 # V0=%2#fdL&,
where V0 is the initial voltage on the capacitor. The result-
ing current pulse has a base width of !400 ns, which is
long compared to the 149 ns cyclotron period. Therefore,
the positive kick acts on the muon bunch in the first,
second, and third turns of the storage ring.

The kicker consists of three identical sections, each
driven by a separate PFN; this division keeps the induc-
tance of a single assembly at a reasonable value. In each
circuit, an initial voltage of !90 kV on the capacitor
results in a current-pulse amplitude of approximately
4200 A. Figure 10 shows the pulse from one of the net-
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FIG. 10. The trace is a sample kicker current pulse from one of
the three kicker circuits. The periodic pulses provide a schematic
representation of the unmodified muon bunch intensity during
the first few turns. The vertical axis is in arbitrary units.
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FIG. 11 (color online). The magnetic field produced mainly by
eddy currents on the kicker plates as measured by an optical
polarimeter with the crystal at %x; y& # %25 mm; 0& position. The
kicker is fired at 95 kV, producing 4200 A at the kicker plates.
The band shows the range of '0:1 ppm on integrated magnetic
field. The large filled circles correspond to simulations with
OPERA, which used the measured current pulse as the input.
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the actual gradient k. Reducing the number of trapped
electrons permitted the application of a very large dc
voltage to the electrodes and, in turn, a measurement of
the vertical resonance frequency of those that remained.
Thus we were able to set a sensitive limit for the influence
of trapped electrons on the electric-field configuration as
well as a limit on the magnetic fields that they must also
produce.

F. Pulsed kicker magnet

Direct muon injection requires a pulsed kicker [20] to
place the muon bunch into the phase space acceptance of
the storage ring. The center of the circular orbit for muons
entering through the inflector channel is offset from that of
the storage ring and, left alone, muons would strike the
inflector exit after one revolution and be lost. A kick of
approximately 10 mrad ( ! 0:1 T "m) applied one quarter
of a betatron wavelength downstream of the inflector exit is
needed to place the injected bunch on an orbit concentric
with the ring center. The ideal kick would be applied
during the first revolution of the bunch and then turned
off before the bunch returns on its next pass.

The E821 kicker makes use of two parallel current
sheets with cross-overs at each end so that the current
runs in opposite directions in the two plates. The 80-mm
high kicker plates are 0.75-mm thick aluminum, electron-
beam welded to aluminum rails at the top and bottom,
which support the assembly and serve as rails for the 2-
kg NMR trolley. The entire assembly is 94-mm high and
1760-mm long. This plate-rail assembly is supported on
Macor insulators that are attached to Macor plates with
plastic hardware forming a rigid cage, which is placed
inside of the vacuum chamber. OPERA [21] calculations
indicated that aluminum would minimize the residual
eddy currents following the kicker pulse, and measure-
ments showed that the presence of this aluminum assembly
would have a negligible effect on the storage-ring precision
magnetic field.

The kicker is energized by an LCR pulse-forming net-
work (PFN), which consists of a single capacitor, resistor,
and the loop formed by the kicker plates. The capacitor is
charged by a resonant circuit and the current pulse is
created when the capacitor is shorted to ground at the firing
of a deuterium thyratron. The total inductance of the PFN
is L # 1:6 !H, which effectively limits both the peak
current and the minimum achievable pulse width. The
resistance is R # 11:9 ! and the capacitance is C #
10:1 nF. For the damped LCR circuit, the oscillation fre-
quency is fd # 1:08$ 106 Hz and the decay time is "d #
924 ns. The peak current is given by I0 # V0=%2#fdL&,
where V0 is the initial voltage on the capacitor. The result-
ing current pulse has a base width of !400 ns, which is
long compared to the 149 ns cyclotron period. Therefore,
the positive kick acts on the muon bunch in the first,
second, and third turns of the storage ring.

The kicker consists of three identical sections, each
driven by a separate PFN; this division keeps the induc-
tance of a single assembly at a reasonable value. In each
circuit, an initial voltage of !90 kV on the capacitor
results in a current-pulse amplitude of approximately
4200 A. Figure 10 shows the pulse from one of the net-
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FIG. 10. The trace is a sample kicker current pulse from one of
the three kicker circuits. The periodic pulses provide a schematic
representation of the unmodified muon bunch intensity during
the first few turns. The vertical axis is in arbitrary units.
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FIG. 11 (color online). The magnetic field produced mainly by
eddy currents on the kicker plates as measured by an optical
polarimeter with the crystal at %x; y& # %25 mm; 0& position. The
kicker is fired at 95 kV, producing 4200 A at the kicker plates.
The band shows the range of '0:1 ppm on integrated magnetic
field. The large filled circles correspond to simulations with
OPERA, which used the measured current pulse as the input.
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g Does Not Equal 2
The 1930’s saw two unanticipated results for the 
g-factor of the proton (gp ≈ 5.6) and the neutron (gn ≈ -3.8).

Strongly suggests nucleon substructure.

In the late 1940’s another breakthrough measurement
was made at Columbia by Kusch and Foley.

Swinger showed this result to be consistent with QM + 1 loop correction.

21

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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D. Hanneke, S. Fogwell, and G. Gabrielse
PRL 100, 120801 (2008)

http://publish.aps.org/search/field/author/D.%20Hanneke
http://publish.aps.org/search/field/author/D.%20Hanneke
http://publish.aps.org/search/field/author/S.%20Fogwell
http://publish.aps.org/search/field/author/S.%20Fogwell
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Improvements with E821
Muon Injection

Previous experiments inject pions into storage ring.
Only fraction of pion decays create “storable” muons.

Direct muon injection also greatly reduces hadronic
flash background on detectors.

Requires fast kicker to place muons onto stable orbit.

Superconducting Inflector Magnet

Novel double cosine theta septum
magnet creates field free region
for injected muons.

Avoids large gap in main magnet.

Key design feature: traps its own 
fringe field using a SC shield.
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Spin and Its Observable Effects
In the Standard Model (SM), the muon is a 
point-like particle with precisely measured properties.

The muon is a spin ½ particle and with spin comes
a magnetic dipole moment (MDM).

Dirac explained in 1928 that g = 2 for the electron.

Dirac also postulated the existence of an 
electric dipole moment (EDM) of strength.

The EDM of the electron, if present, is many 
orders of magnitude weaker than the MDM.
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~µ = g
q

2m
~s

~d = ⌘
q

2mc
~s

ACME Electron EDM (arXiv:1310.7534)
|de| < 8.7⇥ 10�29e · cm

http://arxiv.org/abs/1310.7534
http://arxiv.org/abs/1310.7534
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Figure 3.2: Pion decay transition rate dependence on out-
going lepton mass.

−πs

p
h = 1h = 1

p
µ−

sµ−ν−

ν−

Figure 3.3: Helicity constraints in
pion decay.

This apparent discrepancy can be understood as a consequence of parity violation in the weak decay.
Applying Feynman’s rules to the diagrams in Figure 3.1 and utilizing Fermi’s Golden Rule yields a transition
rate

dΓ ∝ M 2 fπ2

π  hm3π
gw

4mW

4
ml
2 mπ

2 ml
2 2 (3.14)

where mW is the mass of the W , mπ is the mass of the pion, ml can be taken to be the mass of the muon or
electron, gw is the weak coupling constant, and fπ is a factor describing the coupling of the W to the pion.
The dependence on lepton mass in Equation 3.14 is plotted in Figure 3.2. Clearly the weak decay prefers a
more massive final state as long as it is not too close to the parent pion mass.

Another way to understand this phenomenon pictorially is shown in Figure 3.3 for the π . In the rest
frame of the pion, the anti-neutrino and the electron are emitted back-to-back. In the limit of massless
neutrinos, the anti-neutrino is always emitted with a right-handed helicity. Since the pion has zero spin,
to conserve total angular momentum the electron must also be right-handed. However, in the limit of a
massless electron, the 1 γ5 dependence at the weak vertex would also only couple to left-handed electrons.
In the weak decay, both the electron and the muon prefer to be left-handed. Since this option is essentially
vetoed by the nearly massless neutrino, the more massive muon is heavily favored by the weak decay.

The picture in Figure 3.3 is also useful in understanding how the polarized muon beam is produced.
In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
direction that the pion is traveling, and by selecting these muons a longitudinally polarized beam is produced.

For a positive pion decay, the situation is reversed. The outgoing neutrino is left-handed, which forces
the µ to be left-handed also. A left-handed particle has its spin anti-parallel to its momentum vector.
Selecting the highest momentum decay muons now results in a beam with its polarization anti-aligned to
the momentum. For more discussion on parity violation in pion decay see [2], [72], or [73].
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electron, gw is the weak coupling constant, and fπ is a factor describing the coupling of the W to the pion.
The dependence on lepton mass in Equation 3.14 is plotted in Figure 3.2. Clearly the weak decay prefers a
more massive final state as long as it is not too close to the parent pion mass.

Another way to understand this phenomenon pictorially is shown in Figure 3.3 for the π . In the rest
frame of the pion, the anti-neutrino and the electron are emitted back-to-back. In the limit of massless
neutrinos, the anti-neutrino is always emitted with a right-handed helicity. Since the pion has zero spin,
to conserve total angular momentum the electron must also be right-handed. However, in the limit of a
massless electron, the 1 γ5 dependence at the weak vertex would also only couple to left-handed electrons.
In the weak decay, both the electron and the muon prefer to be left-handed. Since this option is essentially
vetoed by the nearly massless neutrino, the more massive muon is heavily favored by the weak decay.

The picture in Figure 3.3 is also useful in understanding how the polarized muon beam is produced.
In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
direction that the pion is traveling, and by selecting these muons a longitudinally polarized beam is produced.

For a positive pion decay, the situation is reversed. The outgoing neutrino is left-handed, which forces
the µ to be left-handed also. A left-handed particle has its spin anti-parallel to its momentum vector.
Selecting the highest momentum decay muons now results in a beam with its polarization anti-aligned to
the momentum. For more discussion on parity violation in pion decay see [2], [72], or [73].

36

Lucky break from parity violation

Measurement Technique

24

1. Source of Polarized Muons
(i.e.,                 )ŝ · p̂ ⇡ 1
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where mW is the mass of the W , mπ is the mass of the pion, ml can be taken to be the mass of the muon or
electron, gw is the weak coupling constant, and fπ is a factor describing the coupling of the W to the pion.
The dependence on lepton mass in Equation 3.14 is plotted in Figure 3.2. Clearly the weak decay prefers a
more massive final state as long as it is not too close to the parent pion mass.

Another way to understand this phenomenon pictorially is shown in Figure 3.3 for the π . In the rest
frame of the pion, the anti-neutrino and the electron are emitted back-to-back. In the limit of massless
neutrinos, the anti-neutrino is always emitted with a right-handed helicity. Since the pion has zero spin,
to conserve total angular momentum the electron must also be right-handed. However, in the limit of a
massless electron, the 1 γ5 dependence at the weak vertex would also only couple to left-handed electrons.
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In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
direction that the pion is traveling, and by selecting these muons a longitudinally polarized beam is produced.

For a positive pion decay, the situation is reversed. The outgoing neutrino is left-handed, which forces
the µ to be left-handed also. A left-handed particle has its spin anti-parallel to its momentum vector.
Selecting the highest momentum decay muons now results in a beam with its polarization anti-aligned to
the momentum. For more discussion on parity violation in pion decay see [2], [72], or [73].
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New Detector Elements
Straw Tracking System

Two straw wire tracking chambers will record 
positrons before hitting the calorimeters.

Allows non-destructive beam 
profile measurements

Reconstruct muon decay vertex.

Assist in pileup determination.
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New Ring Elements

New fast electrostatic kicker

Requirement: Produce a fast (<150 ns) ≈11 mrad kick.
Otherwise, muon bunch will hit the inflector up return.

Requirement:  Can not perturb precision field.

E821 design produced insufficient kick

Result: Lost muons and large betatron oscillations.

26

E821

the actual gradient k. Reducing the number of trapped
electrons permitted the application of a very large dc
voltage to the electrodes and, in turn, a measurement of
the vertical resonance frequency of those that remained.
Thus we were able to set a sensitive limit for the influence
of trapped electrons on the electric-field configuration as
well as a limit on the magnetic fields that they must also
produce.

F. Pulsed kicker magnet

Direct muon injection requires a pulsed kicker [20] to
place the muon bunch into the phase space acceptance of
the storage ring. The center of the circular orbit for muons
entering through the inflector channel is offset from that of
the storage ring and, left alone, muons would strike the
inflector exit after one revolution and be lost. A kick of
approximately 10 mrad ( ! 0:1 T "m) applied one quarter
of a betatron wavelength downstream of the inflector exit is
needed to place the injected bunch on an orbit concentric
with the ring center. The ideal kick would be applied
during the first revolution of the bunch and then turned
off before the bunch returns on its next pass.

The E821 kicker makes use of two parallel current
sheets with cross-overs at each end so that the current
runs in opposite directions in the two plates. The 80-mm
high kicker plates are 0.75-mm thick aluminum, electron-
beam welded to aluminum rails at the top and bottom,
which support the assembly and serve as rails for the 2-
kg NMR trolley. The entire assembly is 94-mm high and
1760-mm long. This plate-rail assembly is supported on
Macor insulators that are attached to Macor plates with
plastic hardware forming a rigid cage, which is placed
inside of the vacuum chamber. OPERA [21] calculations
indicated that aluminum would minimize the residual
eddy currents following the kicker pulse, and measure-
ments showed that the presence of this aluminum assembly
would have a negligible effect on the storage-ring precision
magnetic field.

The kicker is energized by an LCR pulse-forming net-
work (PFN), which consists of a single capacitor, resistor,
and the loop formed by the kicker plates. The capacitor is
charged by a resonant circuit and the current pulse is
created when the capacitor is shorted to ground at the firing
of a deuterium thyratron. The total inductance of the PFN
is L # 1:6 !H, which effectively limits both the peak
current and the minimum achievable pulse width. The
resistance is R # 11:9 ! and the capacitance is C #
10:1 nF. For the damped LCR circuit, the oscillation fre-
quency is fd # 1:08$ 106 Hz and the decay time is "d #
924 ns. The peak current is given by I0 # V0=%2#fdL&,
where V0 is the initial voltage on the capacitor. The result-
ing current pulse has a base width of !400 ns, which is
long compared to the 149 ns cyclotron period. Therefore,
the positive kick acts on the muon bunch in the first,
second, and third turns of the storage ring.

The kicker consists of three identical sections, each
driven by a separate PFN; this division keeps the induc-
tance of a single assembly at a reasonable value. In each
circuit, an initial voltage of !90 kV on the capacitor
results in a current-pulse amplitude of approximately
4200 A. Figure 10 shows the pulse from one of the net-
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FIG. 10. The trace is a sample kicker current pulse from one of
the three kicker circuits. The periodic pulses provide a schematic
representation of the unmodified muon bunch intensity during
the first few turns. The vertical axis is in arbitrary units.
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FIG. 11 (color online). The magnetic field produced mainly by
eddy currents on the kicker plates as measured by an optical
polarimeter with the crystal at %x; y& # %25 mm; 0& position. The
kicker is fired at 95 kV, producing 4200 A at the kicker plates.
The band shows the range of '0:1 ppm on integrated magnetic
field. The large filled circles correspond to simulations with
OPERA, which used the measured current pulse as the input.
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Fermilab Muon Campus
Fermilab will produce pions using 8.9 GeV protons
impacting the former antiproton production target

Yield is ≈10-5 π/POT within 2% of Pmagic = 3.094 GeV.

Pions travel through M2/M3 lines (900 m“decay pipe”) to 
delivery ring (DR) and accumulating muons (π→µ).

Nearly pure muon beam in DR (big improvement over E821).

After several turns in DR (to remove beam protons), muons are kicked into M5 
beamline and into g-2 experimental hall.
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New Physics?
Standard Model calculation is ok. We are just seeing new physics.
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Understanding The Muon
There is a rich history of muon g-factor 
measurements starting in the 1950’s at Nevis.

Evidence that the muon is just a heavy electron.

The past 50 years have seen dramatic 
improvements in precision and experimental techniques.

29

gµ = 2(10%)

Phys. Rev. 105, 1415–1417 (1957)

+ Hadronic

+ Hadronic + Weak
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Understanding The Muon
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Lepton Mass
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Figure 3.2: Pion decay transition rate dependence on out-
going lepton mass.
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Figure 3.3: Helicity constraints in
pion decay.

This apparent discrepancy can be understood as a consequence of parity violation in the weak decay.
Applying Feynman’s rules to the diagrams in Figure 3.1 and utilizing Fermi’s Golden Rule yields a transition
rate

dΓ ∝ M 2 fπ2

π  hm3π
gw

4mW

4
ml
2 mπ

2 ml
2 2 (3.14)

where mW is the mass of the W , mπ is the mass of the pion, ml can be taken to be the mass of the muon or
electron, gw is the weak coupling constant, and fπ is a factor describing the coupling of the W to the pion.
The dependence on lepton mass in Equation 3.14 is plotted in Figure 3.2. Clearly the weak decay prefers a
more massive final state as long as it is not too close to the parent pion mass.

Another way to understand this phenomenon pictorially is shown in Figure 3.3 for the π . In the rest
frame of the pion, the anti-neutrino and the electron are emitted back-to-back. In the limit of massless
neutrinos, the anti-neutrino is always emitted with a right-handed helicity. Since the pion has zero spin,
to conserve total angular momentum the electron must also be right-handed. However, in the limit of a
massless electron, the 1 γ5 dependence at the weak vertex would also only couple to left-handed electrons.
In the weak decay, both the electron and the muon prefer to be left-handed. Since this option is essentially
vetoed by the nearly massless neutrino, the more massive muon is heavily favored by the weak decay.

The picture in Figure 3.3 is also useful in understanding how the polarized muon beam is produced.
In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
direction that the pion is traveling, and by selecting these muons a longitudinally polarized beam is produced.

For a positive pion decay, the situation is reversed. The outgoing neutrino is left-handed, which forces
the µ to be left-handed also. A left-handed particle has its spin anti-parallel to its momentum vector.
Selecting the highest momentum decay muons now results in a beam with its polarization anti-aligned to
the momentum. For more discussion on parity violation in pion decay see [2], [72], or [73].

36

Lucky break from parity violation

Measurement Technique

30

1. Source of Polarized Muons
(i.e.,                 )ŝ · p̂ ⇡ 1
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In the weak decay, both the electron and the muon prefer to be left-handed. Since this option is essentially
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Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
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massless electron, the 1 γ5 dependence at the weak vertex would also only couple to left-handed electrons.
In the weak decay, both the electron and the muon prefer to be left-handed. Since this option is essentially
vetoed by the nearly massless neutrino, the more massive muon is heavily favored by the weak decay.

The picture in Figure 3.3 is also useful in understanding how the polarized muon beam is produced.
In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
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vetoed by the nearly massless neutrino, the more massive muon is heavily favored by the weak decay.

The picture in Figure 3.3 is also useful in understanding how the polarized muon beam is produced.
In the center-of-mass frame of the negative pion, the µ is emitted with its spin parallel to its momentum.
Boosting the relativistic pion back into the lab frame results in a correlation between the muon momentum
and spin directions. The highest-momentum muons are produced when the muon is emitted in the same
direction that the pion is traveling, and by selecting these muons a longitudinally polarized beam is produced.

For a positive pion decay, the situation is reversed. The outgoing neutrino is left-handed, which forces
the µ to be left-handed also. A left-handed particle has its spin anti-parallel to its momentum vector.
Selecting the highest momentum decay muons now results in a beam with its polarization anti-aligned to
the momentum. For more discussion on parity violation in pion decay see [2], [72], or [73].

36

Lucky break from parity violation

Measurement Technique

30

1. Source of Polarized Muons
(i.e.,                 )ŝ · p̂ ⇡ 1
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