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Magnetic Moments
• For a point particle, the magnetic moment 

is proportional to the charge, mass, spin, 
and a proportionality factor, g

• For spin-1/2 particle, g close to 2. Often 
expressed as anomalous magnetic moment:
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Why muons?
• Excellent agreement for electrons

• Agreement is to part-per-trillion level!

• Muons the only other charged spin-1/2 point particle 
that are “stable”

• Naive mass scaling suggests muons may be more 
sensitive to new physics effects coming from loops
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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.
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Standard Model Prediction for aμ
• QED (a) contribution by far the largest, but has very small 

uncertainty (calculated to 5 loops)

• Weak contribution (b) also well known (calculated to 3 loops)

• Uncertainty dominated by hadronic vacuum polarization (c) and 
hadronic light-by-light (d)
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Current Experimental Status for aμ

• Current best measurement from 
E-821 at Brookhaven

• >3σ disagreement between theory 
and experiment
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Phys. Rev. D 73, 072003 (2008)

Annu. Rev. Nucl. Part. Sci. 
62, 237 (2012)

J. Phys G 38, 085003 (2011)

EPJ-C 71, 1515 (2011)aµ(SMa) = 1 165 918 02(49)⇥ 10

�11
(0.42ppm)

aµ(SMb) = 1 165 918 28(50)⇥ 10

�11
(0.43ppm)

aµ(exp) = 1 165 920 89(63)⇥ 10

�11
(0.54ppm)

�aµ(exp� SMa) = 287(80)⇥ 10

�11
(3.6�)

�aµ(exp� SMb) = 261(80)⇥ 10

�11
(3.3�)
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Measuring aμ
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The Key Point
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• Ultimately, the magnetic moment a measure 
of how strongly the particle interacts with 
a magnetic field

• If we assume the particle spin is 1/2, then it 
boils down to

• Having a well-measured magnetic field

• Passing a particle through that field and 
measuring some effect
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Storage Ring Experiments
• Muons produced from pion decays. V-A nature of weak 

decay results in polarized muons

• In a storage ring,

• Muons circulate at cyclotron frequency

• Spin precesses at Larmor frequency

• Difference gives direct measure of aμ

• When muon decays, higher energy positrons preferentially 
emitted in direction of muon spin

• Selecting high energy decay positrons “imprints” ωa 
frequency onto the decay spectrum
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E821 “Wiggle” Plot
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72 OVERVIEW OF THE EXPERIMENTAL TECHNIQUE

where N is the total number of electrons, and A is the asymmetry, in the given data sample.
For a fixed magnetic field and muon momentum, the statistical figure of merit is NA2, the
quantity to be maximized in order to minimize the statistical uncertainty.

The energy dependencies of the numbers and asymmetries used in Equations 3.15 and
3.16, along with the figures of merit NA2, are plotted in Figures 3.5 and 3.6 for the case
of E821. The statistical power is greatest for electrons at 2.6 GeV (Figure 3.5). When a fit
is made to all electrons above some energy threshold, the optimal threshold energy is about
1.7-1.8 GeV (Figure 3.6).

The resulting arrival-time spectrum of electrons with energy greater than 1.8 GeV from
the final E821 data run is shown in Fig. 3.7. While this plot clearly exhibits the expected
features of the five-parameter function, a least-square fit to these 3.6 billion events gives
an unacceptably large chi-square. A number of small e↵ects must be taken into account to
obtain a reasonable fit, which will be discussed in Chapter 5.
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Figure 3.7: Histogram, modulo 100 µ s, of the number of detected electrons above 1.8 GeV
for the 2001 data set as a function of time, summed over detectors, with a least-squares fit
to the spectrum superimposed. Total number of electrons is 3.6⇥ 109. The data are in blue,
the fit in green.

Phys. Rev. D 73, 072003 (2008)
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E-989 at Fermilab
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http://muon-g-2.fnal.gov

http://muon-g-2.fnal.gov
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The Magic Momentum
• Muons bent into a circle with a magnetic field 

in the storage ring

• But, beam focusing is also need. Done with 
electrostatic quadrupoles. 

• In the presence of electric and magnetic fields,

• Choosing γ=29.3 (p=3.09 GeV) cancels out E-
field term!
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Why Fermilab?
• Fermilab is able to produce many more muons, 

than Brookhaven

• Fermilab is able to produce “better” muons than 
Brookhaven

• Much less pion contamination makes it into the 
ring

• Improve aμ measurement to 0.14 ppm

• Assuming central values unchanged, will result 
in 5σ experimental/theoretical discrepancy

13
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Experiment Overview
• 1.4T, 14m-diameter 

superconducting 
storage magnet

• 24 calorimeter stations

• 3 straw tube tracker 
stations

• 2 fiber harps

• Entrance counter

• Beam position 
monitors

14

CHAPTER 19 577

Figure 19.2: Placement of the tracking detectors in the muon storage ring. The detectors
can be seen in front of calorimeter stations 3, 15, and 21.

and to contain flanges that allow for installation and servicing of the tracking detectors (see
following sub-section).

Material Thickness radiation Length (cm) X/X0 (%)
Gold 200 Å 0.3 6⇥ 10�4

Aluminum 500+500 Å 8.9 1⇥ 10�4

Adhesive 3 µm 17.6 2⇥ 10�3

Mylar 6 + 6 µm 38.4 3⇥ 10�3

Ar:CO2 5 cm 1⇥ 105 4⇥ 10�2

Total per straw 0.05
Total per station 0.11
Tungsten 25 µm 0.35 0.7
Total after hitting 1 wire 0.82

Table 19.5: material budget in the active region of a station.
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The Collaboration

15

~100 physicists
~30 institutions

8 countries
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The Plan
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CHAPTER 5 103

5.2 !a systematic uncertainty summary

Our plan of data taking and hardware changes addresses 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 antici-
pate the availability of more tools to diagnose such mysteries should they arise. Table 5.3
summarizes this section.

Table 5.3: 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.
The relevant Chapters and Sections are given where specific topics are discussed in detail.
Category E821 E989 Improvement Plans Goal Chapter &

[ppm] [ppm] Section
Gain changes 0.12 Better laser calibration

low-energy threshold 0.02 17.3.1
Pileup 0.08 Low-energy samples recorded

calorimeter segmentation 0.04 17.3.2
Lost muons 0.09 Better collimation in ring 0.02 14.4
CBO 0.07 Higher n value (frequency)

Better match of beamline to ring < 0.03 14.3.1
E and pitch 0.05 Improved tracker

Precise storage ring simulations 0.03 14.3.2
Total 0.18 Quadrature sum 0.07

5.3 !p systematic uncertainty summary

The magnetic field is mapped by use of NMR probes. A detailed discussion is found in Chap-
ter 16. In Table 5.4 we provide a compact summary of the expected systematic uncertainties
in E989 in comparison with the final achieved systematic uncertainties in E821. The main
concepts of how the improvements will be made are indicated, but the reader is referred to
the identified text sections for the details.

104 STATISTICAL AND SYSTEMATIC ERRORS FOR E989

Table 5.4: Systematic uncertainties estimated for the magnetic field, !p, measurement. The
final E821 values are given for reference, and the proposed upgrade actions are projected.
Note, several items involve ongoing R&D, while others have dependencies on the uniformity
of the final shimmed field, which cannot be known accurately at this time. The relevant
Chapters and Sections are given where specific topics are discussed in detail.
Category E821 Main E989 Improvement Plans Goal Chapter

[ppm] [ppm]
Absolute field calibra-
tion

0.05 Special 1.45 T calibration magnet
with thermal enclosure; additional
probes; better electronics

0.035 16.4.1

Trolley probe calibra-
tions

0.09 Plunging probes that can cross cal-
ibrate o↵-central probes; better po-
sition accuracy by physical stops
and/or optical survey; more frequent
calibrations

0.03 16.4.1

Trolley measurements
of B0

0.05 Reduced position uncertainty by fac-
tor of 2; improved rail irregularities;
stabilized magnet field during mea-
surements*

0.03 16.3.1

Fixed probe interpola-
tion

0.07 Better temperature stability of the
magnet; more frequent trolley runs

0.03 16.3

Muon distribution 0.03 Additional probes at larger radii;
improved field uniformity; improved
muon tracking

0.01 16.3

Time-dependent exter-
nal magnetic fields

– Direct measurement of external
fields; simulations of impact; active
feedback

0.005 16.6

Others † 0.10 Improved trolley power supply; trol-
ley probes extended to larger radii;
reduced temperature e↵ects on trol-
ley; measure kicker field transients

0.03 16.7

Total systematic error
on !p

0.17 0.07 16

*Improvements in many of these categories will also follow from a more uniformly shimmed
main magnetic field.
†Collective smaller e↵ects in E821 from higher multipoles, trolley temperature uncertainty
and its power supply voltage response, and eddy currents from the kicker. See 16.7.

From E-989 Technical
Design Report

Note: Statistical uncertainty
not included in these tables

arXiv: 1501.06858
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From E-989 Technical
Design Report

Note: Statistical uncertainty
not included in these tables

Detector Improvements

arXiv: 1501.06858
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Detector Improvements

Magnetic Field

Improvements

arXiv: 1501.06858
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Fermilab Muon Campus
• A new campus at Fermilab 

is being constructed to 
host the next generation 
of muon experiments

• The new g-2 experiment 
will be housed in the MC-1 
building

• Construction on mu2e 
building and beam line 
recently started
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Ring Reassembly

18

Ring in the process of being 
cooled and powered

Next comes 6-9 months of 
mechanical shimming to get 

uniformity to a few ppm
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Measuring the Magnetic Field
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• One plunging NMR 
probe for absolute 
calibration

• 375 fixed NMR probes 
outside storage region

• 17 NMR probes on 
trolley that moves 
around storage region

• All NMR probes being 
reworked

74 OVERVIEW OF THE EXPERIMENTAL TECHNIQUE

The field mapping trolley contained 17 cylindrical probes arranged in concentric circles
as shown in Figure 3.8. At several-day intervals during the running periods, the beam
was turned o↵, and the field mapping trolley was driven around inside of the evacuated
beam chamber measuring the magnetic field with each of the 17 trolley probes at 6,000
locations around the ring. One of the resulting field maps, averaged over azimuth, is shown
in Figure 3.8(b).

(a) (b)

Figure 3.8: (a) The electrostatic quadrupole assembly inside a vacuum chamber showing the
NMR trolley sitting on the rails of the cage assembly. Seventeen NMR probes are located
just behind the front face in the places indicated by the black circles. The inner (outer) circle
of probes has a diameter of 3.5 cm (7 cm) at the probe centers. The storage region has a
diameter of 9 cm. The vertical location of three of the 180 upper fixed probes is also shown.
An additional 180 probes are located symmetrically below the vacuum chamber. (Reprinted
with permission from [6]. Copyright 2006 by the American Physical Society.) (b) A contour
plot of the magnetic field averaged over azimuth, 0.5 ppm intervals.

The absolute calibration utilizes a probe with a spherical water sample [7]. The Larmor
frequency of a proton in a spherical water sample is related to that of the free proton through
fL(sph� H2O, T ) = [1� �(H2O, T )] fL(free), [8, 9] where �(H2O, T ) = 25.790(14)⇥ 10�6 is
from the diamagnetic shielding of the proton in the water molecule, determined from [10]

�(H2O, 34.7�C) = 1� gp(H2O, 34.7�C)

gJ(H)

gJ(H)

gp(H)

gp(H)

gp(free)
. (3.20)

The terms are: the ratio of the g-factors of the proton in a spherical water sample to
that of the electron in the hydrogen ground state (gJ(H)) [10]; the ratio of electron to
proton g-factors in hydrogen [11]; the bound-state correction relating the g-factor of the
proton bound in hydrogen to the free proton [12, 13]. The temperature dependence is from
Reference [14]. An alternate absolute calibration would be to use an optically pumped 3He
NMR probe [15]. This has several advantages: the sensitivity to the probe shape is negligible,
and the temperature dependence is also negligible. This option is being explored for E989.

The calibration procedure used above permits the magnetic field to be expressed in terms
of the Larmor frequency of a free proton, !p. The magnetic field is weighted by the muon
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Calorimeters
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Calorimeter active volume

Decay electron
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Figure 17.4: Scalloped vacuum chamber with positions of calorimeters indicated. A high-
(low-) energy decay electron (or positron for the preferred positive muon storage) trajectory
is shown by the thick (thin) red line, which impinges on the front face of the calorimeter
array.

these is shown in Figure 17.5. The positron decay time and energy data are collected by
a suite of electromagnetic calorimeter stations having a total of 1296 individual elements.
Each of the raw signals is digitized at high resolution with a sampling time determined by
a common, accurate precision clock subsystem. A high bandwidth distributed data acquisi-
tion system is required to process the anticipated data volume and to store relevant T� and
Q�method information. The systematic uncertainty error budget demands sub-fractional
detector gain stability, which is provided by a laser calibration subsystem. The proposed
silicon photomultiplier readout devices are particularly sensitive to bias and temperature
stability. We have dedicated subsystems to provide a stable bias supply to each device and
to monitor temperature inside the calorimeter enclosures. Two tracker stations will gather
data that contains a large number of resolved two-track events that might appear as unre-
solved pileup in the calorimeters. These data will be crucial to inform our calorimeter cluster
and pileup-subtraction routines. Single track events will be used to determine the absolute
energy calibration. The fiber harp system and the trackers are both needed to determine
the stored muon beam distribution, which must be known to make the electric field and
pitch corrections. The slow control data from the entire experiment will be gathered by a
dedicated subsystem, which will monitor the performance and health of all the subsystems
described in this CDR. The chapters which follow separately describe the requirements and
design of these subsystems.

17.4.1 Calorimeter Subsystem Considerations

The decay positrons have momenta below the muon storage momentum and therefore they
curl to the inside of the ring through the opening in the C-shaped magnet. Electromagnetic
calorimeters are used to intercept the positrons and provide a measurement of energy and
time of detection, see Fig.17.4. Notice in the figure that the decay path, and consequently
the time of flight from decay to detection, depends on positron energy.

The calorimeters will be placed adjacent to the storage ring vacuum chambers, and
located at 15 degree intervals around the ring. The 24 stations and their locations are
constrained by the plan to reuse the E821 vacuum chambers, see Fig. 17.4. These parameters
were optimized in a study preceding E821 construction and the conclusions remain valid for

• 24 calorimeter stations around 
ring to detect decay positrons

• 9x5 array of PbF2 crystals read 
out by SiPM

• Finalizing design, including 
extensive testbeam efforts

• Associated laser calibration 
system to monitor gain

• Recent results show energy 
resolution of 3-5%/⎷E and time 
stability better than 0.1% arXiv: 1412.5525

arXiv: 1504.00132
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396 CALORIMETER

Figure 18.2: Front picture of the 7-crystal test array used in the FTBF. In this configuration,
a SiPM is visible on the center channel, while PMTs are used on the remaining elements.
These crystals were wrapped in white millipore paper.

Figure 18.3: Sample 3 ⇥ 3 ⇥ 14 cm3 PbF2 crystals together with a 16-channel Hamamatsu
SiPM mounted to our Mark VII, resistive summing, voltage amplifier board. (Note, these
crystals are larger than in the conceptual design.)

• The absorber must be dense to minimize the Molière radius and radiation length. A
short radiation length is critical to minimize the number of positrons entering the side
of the calorimeter while maintaining longitudinal shower containment.

• The intrinsic signal speed must be very fast with no residual long-term tail, thus
minimizing pileup.

• 24 calorimeter stations around 
ring to detect decay positrons

• 9x5 array of PbF2 crystals read 
out by SiPM

• Finalizing design, including 
extensive testbeam efforts

• Associated laser calibration 
system to monitor gain

• Recent results show energy 
resolution of 3-5%/⎷E and time 
stability better than 0.1% arXiv: 1412.5525

arXiv: 1504.00132
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456 AUXILIARY DETECTORS

(a) (b)

Figure 21.1: (a) The 180� x profile monitor, glowing under ultraviolet illumination in the
laboratory. (b) The 270� y profile monitor, which was found to be damaged when it was
removed from the Brookhaven E821 storage ring.

21.1.2 Recommended Design

The fiber beam monitors were originally built for E821 by a group at KEK that is not part
of the Fermilab collaboration [2, 3]. We intend to refurbish and reuse all components from
the existing system that remain suitable.

Each fiber beam monitor holds a “harp” of seven scintillating fibers of 0.5 mm diameter,
each 90 mm long and separated from its neighbors by 13 mm, as shown in Figure 21.1(a).
Each scintillating fiber is bonded to a standard optical fiber that connects it to a vacuum
feedthrough. There are a total of four devices, and they are deployed near the 180� and 270�

positions in the ring. The 180� fiber beam monitor should observe an image of the beam
as it was injected at the inflector, while the 270� fiber beam monitor should map x0 and y0

at the inflector into x and y there. At each location, one fiber beam monitor suspends the
fibers vertically to measure in x, and the other arranges them horizontally to measure in y.
The fibers stay inside the vacuum, and they can be plunged into the beam path. As shown
in Figure 21.2, they can be also rotated into a horizontal plane, where all fibers see the same
beam, for calibration, or upright for measurement. Because ferromagnetic material cannot
be placed this close to the precision magnetic field, aluminum motors and actuators driven
by compressed air are used for this motion.

All of the fiber beam monitors have been dismantled from E821, and three of the four
appear to be in good condition. One fiber beam monitor was found to be damaged, with a
snapped fiber and bent frame components, as shown in Figure 21.1(b). This damage may
have existed since early E821 runs; an unexpectedly high muon loss rate when the fiber
harps were inserted suggests that there were unintended scattering sources in the beam. At
a minimum, this frame will need to be straightened and realigned, and the broken fiber will
need to be re-bonded.

We will clean and lubricate the parts of the system that were outside the vacuum, and

• Fiber harps: Scintillating fibers on a 
frame which can be rotated into 
storage region for a (destructive) 
measurement of beam parameters

• T0 counter - thin plastic at entrance 
to storage ring (attached to 
photodetector) to measure time 
muons enter the ring

• Beam position monitors - three 
planes of scintillating fibers to 
measure muon beam profile at 
entrance to storage ring
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Figure 19.2: Placement of the tracking detectors in the muon storage ring. The detectors
can be seen in front of calorimeter stations 3, 15, and 21.

and to contain flanges that allow for installation and servicing of the tracking detectors (see
following sub-section).

Material Thickness radiation Length (cm) X/X0 (%)
Gold 200 Å 0.3 6⇥ 10�4

Aluminum 500+500 Å 8.9 1⇥ 10�4

Adhesive 3 µm 17.6 2⇥ 10�3

Mylar 6 + 6 µm 38.4 3⇥ 10�3

Ar:CO2 5 cm 1⇥ 105 4⇥ 10�2

Total per straw 0.05
Total per station 0.11
Tungsten 25 µm 0.35 0.7
Total after hitting 1 wire 0.82

Table 19.5: material budget in the active region of a station.

Straw Tube Trackers

22

• Three tracker stations 
around the ring

• Each station has 8 tracking 
modules in the scalloped 
region in front of a 
calorimeter

• Each module has ~200 
aluminized mylar straws 
with 15μm walls, 5mm in 
diameter, 12cm long. Wire 
is 50um at 1.8kV, 50:50 
Ar:Ethane gas at 1atm
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Schedule from C. Polly, project manager

FY19FY18FY14 FY15 FY16 FY17

g"2$Cryo$Plant$(AIP)$
Ring$Assembly$

Shim$Field$
Prep$Chambers/Install$

Construct/Install$Sub"systems$
Accelerator$ModificaBons$

Ring%cold%ready%for%opera0ons%

Experiment%ready%for%opera0ons%

Accelerator%ready%for%opera0ons%

Ring$Cold$
Detector/DAQ$
Commission$

Beam$
Tune"up$

Physics$ProducBon$Running$

Analysis$Tools$Development$
Mock$Data$

2nd$Results$

Construc0on%(Project%&%Muon%Campus):%

Opera0ons%(Laboratory):%

Analysis%(Collabora0on):%

1D2%x%BNL%sta0s0cs%

~5D10%x%BNL%

Final$Results$

1st$Results$

We are here
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E-34 at J-PARC
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Motivation
• Different (and very complementary) approach 

to Fermilab experiment

• If you start with muons with ~zero transverse 
momentum, you don’t need any electric fields

• Experiment can then be much more compact

25
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Ultra-cold Muons
• Protons on graphite target produce polarized surface 

muons

• Muons stopped to form Muonium atoms, drift into vacuum

• Ionized with two lasers, accelerated with LINAC

• Produces beam of 300 MeV ultra-cold muons with 50% 
polarization

26
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Muonium Production
• Limiting factor is diffusion of Muonium 

from room temperature source

• Recent successes at TRIUMF with silica 
aerogel with laser-ablated micro-channels

• Currently predicting total muon rate into 
g-2 detector of 0.2 x 106/s

27

Prog. Theor. Exp. Phys. (2013)
arXiv: 1407.8248
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Injection to Storage Ring
• 300 MeV muons injected into 3.0T, 33cm-radius 

solenoidal magnet

• Magnetic coils give kick to stabilize vertically

• Very weak magnetic focusing

28
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Detectors
• Double-sided silicon sensors 

inside of orbit, 200 μm pitch

• ~40 vanes, each 6cm in 
radius, 12cm in height

• Total of 98 planes, 691k 
strips

• E/B fields from detectors 
under study

29



M. Eads
FPCP, Nagoya
29 May 2015

Expected Results
• Aiming at comparable uncertainty 

(statistical and systematic) as 
Fermilab experiment

• Latest results on ultra-cold muon 
production extrapolates to 400ppm 
statistical uncertainty (instead of 
100ppm)

• In any case, will be a crucial second 
measurement of the muon g-2
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Comparison
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Gorringe and Hertzog, Progress in Nuclear 
and Particle Physics, to appear
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Electric Dipole Moments
• Muon EDM produces a tilt in 

the precession plane

• E-989 expects an order of 
magnitude improvement on 
current limit (1.8x1019 e cm) 
early in run

• E-34 expects another order 
of magnitude beyond this
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Conclusion
• The muon anomalous magnetic 

moment is one of best hints we 
have of new physics

• The current best 
measurement (0.54ppm) 
shows a 3σ discrepancy with 
the SM

• The next generation 
experiments (E989 at Fermilab 
and E34 at J-PARC) will reduce 
the uncertainty by a factor of 4 
in the next few years
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Backup
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New Physics
• Ultimately, any new particle coupling to muons 

would introduce new loop diagrams to the μ-μ-
γ vertex, and hence change the value of the 
muon magnetic moment

• Lots of possibilities: Supersymmetric particles, 
dark photons, etc...

• In principle, can be sensitive to mass scales 
beyond what can be directly probed at the LHC

35
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SM Prediction
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The Measurement
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aµ = !a
mc

eB

aµ =
!a/!p

�+ � !a/!p

Limited by precision
on muon mass

Express magnetic field in 
terms of ωp, Larmor 

frequency of free proton

λ+ is ratio of muon to 
proton magnetic moment 

(known to 37ppb)
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The Big Move
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• Summer 2013: 
Successfully moved 50-
ft wide superconducting 
coils from Brookhaven 
to Fermilab
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Making the Sausage...

39

resonances !x ! 3!y " 2 and 2!x ! 3!y " 3 (n " 0:126
and n " 0:148).

B. Fast rotation

The stored muon momentum distribution is determined
by analyzing the debunching of the beam shortly after
injection. This fast-rotation analysis is based on a few
simple ideas. High-momentum muons trace a larger aver-
age radius-of-curvature than low-momentum muons.
However, because all muons travel at the same speed
(0:9994c, constant to a part in 105 over the aperture), the
higher (lower)-momentum muons have a smaller (larger)
angular frequency. A finite range in angular frequencies
causes the initial bunched beam to spread azimuthally over
time. Figure 19 shows the decay electron rate at one
detector station from 10 to 20 "s following injection.
The rapid rate fluctuation reflects the 149 ns cyclotron
period of the bunched beam. The slower modulation is
caused by the (g# 2) spin precession. The rapid bunch
structure disappears over time, as the beam uniformly fills
the ring in azimuth.

The initial bunched beam is modeled as an ensemble of
particles having an unknown frequency distribution and a
narrow time spread (rms $25 ns, occupying $60 deg of
the ring). The model assumes that every time slice of the
beam has the same frequency profile but the time width is
left as a fit parameter, as is the exact injection time. The

distribution of angular frequencies will cause the bunched
beam to spread out around the ring over time, in a manner
that depends uniquely on the momentum distribution. In
particular, the time evolution of any finite frequency slice
is readily specified. A given narrow bin of frequencies
contributes linearly to the time spectrum. The total time
spectrum is a sum over many of these frequency compo-
nents, with amplitudes that can be determined using #2

minimization. The momentum distribution is then deter-
mined from the frequency distribution (or equivalently,

FIG. 20. The distribution of equilibrium radii dN=dxe, as
determined from the fast-rotation analysis. The dashed vertical
line is at 7112 mm, the magic radius; the dotted line is at
7111 mm. The solid circles are from a debunching model fit to
the data, and the dashed curve is obtained from a modified
Fourier analysis.
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FIG. 18 (color online). The tune plane showing resonance
lines. Three of the n values used to run the experiment, 0.122,
0.137, 0.142, are indicated on the arc of the circle defined as
v2
x ! v2

y " 1. They do not intersect any of the resonance lines,
contrary to nearby tunes, which are also shown on the arc.
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FIG. 19 (color online). Intensity at a single detector station
shortly after injection. The rapid modulation repeats at the
cyclotron frequency as the muon bunch circles the ring. The
width of the bunch grows with time because of the finite $p=p of
the stored muons. The slow variation in the maximum amplitude
is at the (g# 2) frequency.
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aperture because it is limited by the height of the inflector
channel. However, after one quarter of a vertical betatron
oscillation, it fills the full 90 mm. The minimum width at
56 mm is called the vertical waist (VW) (see, for example,
halfway between the dashed lines in the figure, where the
outer intensities are small). The vertical width is modulated
at frequency !1" 2

!!!
n
p #fc $ 2:04 MHz (low-n R01 data).

The period is %3:3 turns, or 0:49 !s.
The frequencies associated with the various beam mo-

tions are revealed in Fourier analyses of both the fiber
monitor and muon-decay electron time spectra. However,
the lifetime of the oscillations can only be determined by
the latter measurements, which do not affect the beam
directly. The observed CBO lifetime is about
100–140 !s. The VW lifetime is much shorter, about
25 !s. These lifetimes are determined primarily by the
tune spread. For the CBO, !"x & !n=!2

!!!!!!!!!!!!
1" n
p

#. For the
VW, !"y & !n=!N !!!

n
p # where N is the harmonic of the

CBO frequency. From the FBM data, the VW has CBO
frequency harmonics with relative amplitudes: 0.6, 0.28,
0.08 and 0.04 for N & 1, 2, 3 and 4, respectively. The
observed lifetimes imply an effective field index spread
of !n ’ '10"3, in agreement with computer simulations.
A summary of important frequencies for the case n &
0:137 is given in Table VIII.

The electron traceback system makes a more direct, but
still nondestructive, measurement of the muon phase

space. Figure 22 shows a representative distribution of
the radial mean and width of the muon population from
110 to 150 !s after injection during the R99 period. The
fundamental CBO frequency is the dominant feature of
both plots. The amplitude is damped with an exponential
lifetime consistent with that found in other studies.

D. Muon losses

Small perturbations in the magnetic or electric fields
couple to the horizontal and vertical betatron oscillations.
If the forces arising from these perturbations are periodic,
the amplitude of the oscillatory motion can grow without
bound until the muon is lost. The losses are minimized by
choosing a field index that does not lie on one of the
resonance lines shown in Fig. 18, by minimizing the elec-
tric and magnetic-field perturbations, and by ‘‘scraping’’
the beam during the first 7–16 !s after injection.

Two perturbations of the field are of particular concern:
a nonzero average radial component of the magnetic field
and the component of the main dipole field that varies as
cos!s=R0#. The latter, the first harmonic component, dis-
places the orbit horizontally. It was measured with the
NMR system and shimmed at the beginning of each run-
ning period to be less than 30 ppm, well below the target
upper limit of 240 ppm. Monthly variations were kept
under 20 ppm. A nonzero radial field displaces the average
orbit vertically. The radial magnetic field was adjusted
using current shims so as to maximize the number of stored
muons. This centered the beam height to '0:5 mm with
respect to the collimators.

Beam scraping, which is discussed in detail in Ref. [19],
refers to the application of asymmetric voltages to the
quadrupole plates shortly after injection. Scraping elimi-
nates muons having trajectories close to the collimators.
The scraping procedure displaces the beam downward by
about %2 mm and recenters the central orbit in the hori-
zontal plane, moving it %2 mm inward within two of the
quadrupole regions and %2 mm outward in the other two
regions. Muons at the extreme edges of the storage-ring
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FIG. 22 (color online). The radial mean and rms width as determined by the traceback detector system in the R99 period. Note that
the width includes resolution smearing; the true width is $ 1:55 cm. Each fit (solid lines) includes a damped exponential and an
oscillatory term having the frequency of the horizontal CBO effect.

TABLE VIII. Important frequencies and periods in the (g" 2)
storage ring for n & 0:137.

Physical frequency Variable Expression Frequency Period

Anomalous precession fa e
2#m a!B 0.23 MHz 4:37 !s

Cyclotron fc v
2#R0

6.71 MHz 149 ns

Horizontal betatron fx
!!!!!!!!!!!!
1" n
p

fc 6.23 MHz 160 ns
Vertical betatron fy

!!!
n
p
fc 2.48 MHz 402 ns

Horizontal CBO fCBO fc " fx 0.48 MHz 2:10 !s
Vertical waist fVW fc " 2fy 1.74 MHz 0:57 !s
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The pileup systematic uncertainty falls into three cate-
gories: efficiency, phase, and unseen pileup. The pileup
efficiency is established by creating a pileup event spec-
trum and adding it to the raw spectrum. A pileup multiplier,
mpu, is used to construct modified electron time distribu-
tions with varying pileup fractions. These spectra are fit to
determine !!a=!mpu. Equality of the electron energy
spectra early (high rate) and late (low rate) in the fill
indicates that pileup is corrected; an uncertainty of 8%
on this correction is assigned. The systematic uncertainty
on!a from pileup subtraction efficiency is 0.036 ppm. The
pileup phase reflects the error due to the uncertainty in the
phase of the constructed pileup spectrum. Simulations
determine the limits of the phase difference, and the am-
plitude of pileup subtraction, combined with the phase
difference, yields an uncertainty in !a of 0.038 ppm.
Finally, a 0.026 ppm uncertainty is assigned to the effect
of those very-low-energy pulses, unnoticed by the pulse-
finding algorithm, which are not included in the con-
structed pileup spectra. The combined pileup uncertainty
on !a is 0.08 ppm, where the efficiency and phase uncer-
tainties are correlated and add linearly and the unseen
pileup uncertainty is combined in quadrature.

4. Elimination of fast rotation

As described in Section III B, muons are injected into
the storage ring in approximately Gaussian bunches with
rms widths of 25 ns. The momentum spread causes de-
bunching with a time constant of approximately 20 "s and
the leading and trailing edges begin to overlap 5 "s after
injection. Approximately 30 "s after injection—a typical
fit start time—the underlying microstructure remains, ap-
pearing as a rapid modulation of the electron decay spec-
trum for a given detector. This fast-rotation signal is
filtered from the decay spectra by adding a random fraction
of the cyclotron period Tc to the reference time T0 that
marks the arrival of the bunch at the entrance to the storage
ring, a procedure that reduces the fast-rotation modulation
by a factor of about 500. Furthermore, if the calorimeter
signals are aligned in time according to their azimuthal
location and their decay spectra are combined, the fast-
rotation structure is reduced by an additional factor of 10.

In addition to the slow modulation caused by the (g! 2)
precession, the actual rate in a detector station varies sig-
nificantly over a cyclotron period, from early times until
the bunch structure has disappeared. The corresponding
modulation of the pileup rate is handled automatically by
the shadow pulse subtraction scheme.

5. Multiparameter fitting

The electron decay spectra prepared as described above,
fit with the naive five-parameter function in Eq. (10),
results in a very poor #2=dof. Fourier analysis of the
residuals reveals identifiable oscillatory features and slow
changes to the overall spectral shape. Figure 34 shows the

Fourier transform of the residuals of such a fit to the R01
data. While the fit removes !a from the residuals, strong
peaks at the horizontal CBO frequency, its first harmonic,
and at the sum and difference between the CBO and !a
frequencies are evident. Additionally, small peaks associ-
ated with the vertical CBO (VO) and the vertical waist
(VW) are seen at higher frequencies. The low-frequency
rise is ascribed to distortions to the exponential envelope
from muon loss and gain changes. These physical terms
motivate development of a multiparameter fitting function.
A general form, which includes all known and relevant
physical perturbations, and assumes an energy threshold
Eth, can be written

N"t# $ N0

$%"
e!t=$%" %!"t# % V"t# % B"t# % C"t#

% &1! A"t# cos"!at'&"t#( (32)

with

!"t# $ 1! Aloss

Z t

0
L"t0#e!t0=$%"dt0 (33)

V"t# $ 1! e!t=%VWAVW cos"!VWt'&VW# (34)

B"t# $ 1! Abre!t=%br (35)
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FIG. 34. The Fourier spectrum obtained from residuals from a
fit based on the five-parameter, ideal muon decay and spin
precession expression. The horizontal coherent betatron oscilla-
tion (CBO) frequency at 466 kHz, its first harmonic, and the
difference frequency between CBO and the (g! 2) frequency
are strong peaks. The vertical waist (VW) and CBO vertical
oscillation (VO) produce smaller, but still significant, effects at
high frequencies. The low-frequency rise stems from muon loss
and gain distortions of the underlying decay exponential.
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