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This paper will cover the physics and methods behind Fermilab’s Muon g-2 Experiment, along with the long-awaited results from Run-1.
The experiment was undertaken to resolve the tension between the Standard Model and the previous measurement taken at Brookhaven
National Laboratory. The measured value of the muon magnetic anomaly is aµ (F N AL) = 116592040(54) × 10−11 . This result is in good
agreement with Brookhaven’s previous measurement. The new world average, aµ (Exp) = 116592061(41) × 10−11 , shows a difference
from the theoretical value of the Standard Model (SM), aµ (SM ) = 116591810(43) × 10−11 , of 4.2 standard deviations, strongly hinting at
physics beyond the Standard Model. The experiment requires the simultaneous measurement of the muon precession frequency, the magnetic
field, and the muons’ distribution in the field. All three of these measurements will be discussed in context, along with the main systematic
corrections and uncertainties.
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1.

Introduction

Our collaboration reported a new measurement of the muon
magnetic anomaly, aµ = (1/2)(gµ − 2), based on our Run1 data set, which was collected between March and July of
2018. The result is
aµ (FNAL) = 116592040(54) × 10−11 ,
measured to a precision of 460 ppb. A set of four companion
papers covered the final result [1], the anomalous spin precession frequency [2], the magnetic field measurements [3],
and the beam dynamics corrections [4].
This result was long awaited as a promising test of
the Standard Model. The previous measurement from
Brookhaven hinted at a discrepancy with the Standard Model
[5]. The discrepancy, if real, is sensitive to many New
Physics contributions, motivating theorists and experimentalists to improve the calculations and measurements. The
goal of this new experiment at the Fermi National Accelerator Laboratory is to improve on the previous results by a
factor of four. The Run-1 data set has already matched the
precision of the final Brookhaven result. Runs-2 through 4
have already been completed and Run-5 is underway.
These proceedings will provide an overview of the theoretical underpinnings of the experiment, give some historical
context to the measurements, and broadly cover the experimental methods and analysis.i

2.

The theory of magnetic moments

Particles have intrinsic magnetic moments oriented along the
axes of their spins. This moment, along with a particle’s
charge, quantifies how it behaves in an electromagnetic field.

Because the magnetic moment is oriented along the spin, we
can write the relationship
m = γS,
where m is the particle’s magnetic moment, γ = gq/2m is
the gyromagnetic ratio, and S is the spin. This relationship
leads to interesting behaviors, such as spin precession about
an external non-parallel magnetic field. A magnetic moment
in a magnetic field experiences a torque,
τ = m × B.
The torque causes the spin vector to precess about the axis
defined by the magnetic field at the Larmor frequency [6],
ω=

gq
B.
2m

One can see from this equation how, if q and m are known,
simultaneous measurement of the spin precession frequency
ω and the magnetic field B would allow the determination of
the g-factor of the particle. This method is the one used by
the Muon g − 2 Collaboration.
The Dirac equation predicts that the g-factor of a lepton
such as the muon is exactly two. However, a particle’s bare
magnetic moment differs from its dressed moment due to
interactions with the vacuum, which shift the value slightly
away from two. This shift, called the magnetic anomaly
a = g − 2/2, is caused by interactions with virtual particles in the vacuum. Therefore, a measurement of the magnetic anomaly can be used to probe properties of these interactions. The muon is a better test ground than the electron
for these measurements because its higher mass leads to an
enhancement of the effect of interactions with massive virtual
particles by a factor of about 43,000 [1].
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If a particle’s g-factor is exactly 2, then its spin and momentum precess at the same rate in a uniform external field,
preserving its helicity as it undergoes circular motion. However, if the g-factor is not exactly 2, the spin and momentum
vectors precess at slightly different rates, causing the helicity
to oscillate as a relative phase accumulates between the two
vectors.
Current g − 2 theory takes into account QED, electroweak, and QCD. The QED terms dominate the value, but
the QCD terms dominate the uncertainty [7]. The recent
theory whitepaper uses a data driven technique to calculate
hadronic sector contributions. Additionally, lattice QCD calculations are becoming more comparable, as well.

3. Brief historical context
The history of the measurement of the muon magnetic
anomaly begins in 1928, when Dirac published his relativistic equation for the electron that, unexpectedly, also predicted
that ge = 2, solving a mystery of the time. In 1948, Julian
Schwinger calculated the leading order correction to the lepton g-factor, (g − 2)/2 = α/2π. Schwinger’s calculation
was motivated by the measurement of ge by Foley and Kusch,
which was consistent with a non-zero ae at the part per thousand level. This result motivated further study of radiative
corrections and new experiments to investigate the predictions of the theory. It was confirmed in the muon in 1960
through a series of experiments at Nevis.
The experimental program at CERN began in 1962 and,
over the course of three experiments conducted there through
1975, set the stage for the fundamental design of the experiment used by both Brookhaven and Fermilab. Two key features developed by the CERN experiments were the use of
a storage ring and the choice of the muon momentum that
largely cancels the effect of electric fields on the muon spin
precession, allowing vertical focusing to be provided by electric fields.
In 1989, Brookhaven E821 began. This experiment improved further upon the methods of the CERN collaborations,
especially in the control and measurement of the magnetic
field. Then, in 2006, the Brookhaven collaboration reported
hints of discrepancy with the Standard Model. Their final
measurement of the muon’s magnetic anomaly differed from
the theoretical prediction by 3.7 σ. This tantalizing result motivated the next (and current) incarnation of the experiment at
Fermilab [8].

aµ .

q
~
aµ B,
m
where ωs is the spin precession frequency and ωc is the
cyclotron (momentum precession) frequency. Simultaneous
measurement of ωa and the magnetic field enable determination of aµ .
The full form of Eq. (4) is
Ã
q
~ · B)
~
~ − aµ γ (β
~ β
aµ B
ω~a = −
m
γ+1
·
¸ ~ ~!
1
β×E
− aµ − 2
(1)
.
γ −1
c
ω~a = ω
~s − ω
~c ≈ −

This equation has two additional terms compared to the simplified form in Eq. (4). The first additional term is related to
the angle between the muon’s momentum and the magnetic
field. This term goes to zero when the field and momentum
are orthogonal. In practice, there is a small vertical component to the muon momentum, which leads us to treat this term
as a small correction to the measured value of ωa .
The second additional term is related to the electric field.
In the experiment, this term can be almost entirely canceled
out by choice of muon momentum (and therefore γ), called
the “magic momentum” at γ = 29.3, pµ = 3.09 GeV/c. The
actual distribution of muon momenta around this value leads
to another correction to ωa .
It is convenient to rewrite Eq. (4) in terms of the product
of ratios of the quantities measured in this experiment and
those known from other measurements and solve for aµ . In
this form,
aµ =

ωa µ0p (Tr ) µe (H) ge mµ
,
ω˜p0 (Tr ) µe (H) µe 2 me

ωa and ω˜p0 are the quantities specifically measured in this experiment. The magnetic field, ω˜p0 , is the average magnetic
field experienced by the muons (denoted by the tilde) expressed in terms of the Larmor precession frequency of a
shielded proton in water (denoted by the prime) at the reference temperature Tr . The other pertinent ratios are the ratio between the shielded proton magnetic moment and the
electron magnetic moment in hydrogen, the ratio between the
electron magnetic moment in hydrogen and the bare electron
magnetic moment, the electron g-factor, and the ratio of the
masses of the muon and electron.
The ratio measured is this experiment, ωa /ω˜p0 , can be laid
out schematically as
ωa
fclock ωa, meas (1 + Ce + Cp + Cml + Cpa )
N
=
.
ffield hωp,meas ρµ i (1 + Bq + Bk )
ω˜p0

4. Overview of the measurement
The g-factor of the muon is slightly greater than two. Therefore, in a constant magnetic field, the relative angle between
the momentum and spin vectors evolves over time. The rate
of change of this angle, called the anomalous precession frequency ωa , is (nearly) proportional to the magnetic anomaly,

In this equation, fclock is the blinding factor and ffield is the
absolute calibration of the field that takes ωp, meas to ωp0 , the
equivalentNLarmor frequency of the proton in water. The term
hωp,meas ρµ i is the average measured field weighted by
the muon distribution ρµ . The C terms in the numerator are
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the corrections to the measured anomalous precession frequency, which are discussed in more detail in Sec. 5. The
terms Bq and Bk are the effects of fast transient magnetic
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spectrum encodes the anomalous precession frequency, ωa ,
which is visible in the “wiggle plot” shown in Fig. 2.

F IGURE 2. The modulation of high energy decay positrons encodes the anomalous precession frequency, ωa . This modulation
rides on top of the exponential decay of the population of muons in
the storage ring.

F IGURE 1. The storage ring systems: (purple) the inflector that
cancels the magnetic field in the pass-through for muon injection;
(green) the 24 calorimeters that measure the decay positrons; (red)
the electrostatic quadrupoles (ESQs) that provide vertical focusing
to the muons; (light blue) the kickers that move the muons onto
their central orbit after injection; (dark blue) the trackers that measure the muon distribution.

fields that cannot be measured by the field systems that measure ωp, meas .
All the measurements are made in the storage ring magnet. Figure 1 shows that layout of the storage ring, including
the primary beam dynamics systems, the calorimeters used
to measure ωa , and the straw trackers used to measure the
muon distribution. Not shown in the figure are the field measurement systems that will be discussed in Sec. 6.

5.

Measuring ωa

A positive muon decays into a positron and two neutrinos.
The highest momentum daughter positrons occur when both
neutrinos are emitted together in the opposite direction. Because the weak force that moderates the decay is parity violating, this high-momentum decay positron is preferentially
emitted along the direction of the muon’s spin at the time
of decay. Boosted into the lab frame, this means that the
highest energy daughter positrons are emitted when spin and
momentum are parallel, and that there are fewer high energy
positrons when the spin and momentum are anti-parallel. The
positrons are detected as a function of time during a fill by
an array of 24 calorimeters. Binning the hits by energy and
time, we observe an oscillation in the high-energy bins that is
caused by the relative phase accumulating between the muon
spin and momentum. This modulation of the positron energy

Other processes also modulate the calorimeter data that
need to be accounted for in order to accurately calculate ωa .
Four of the most important effects are discussed here:
1. Pitch correction.
The pitch correction, Cp , comes from the second term
in Eq. (6) and is due to small vertical components of
the muon momentum, leading to non-zero pitch angles. The pitch angles can be calculated by studying
the vertical position distribution of the muons with the
trackers because large pitch angles leads to large vertical excursions before the E-field focusing restores the
muons to their equilibrium vertical position. The calculated value of the pitch correction is (180 ± 33) ppb.
2. E-field correction.
The E-field correction, Ce , comes from the third term
in Eq. (1). Muons that are not at the magic momentum get a contribution to their anomalous precession
frequency from the electric fields that provide vertical
focusing. Their momentum distribution is encoded in
the distribution of the equilibrium radius of the distribution. Therefore, the correction to ωa from the electric field can be calculated by measuring the spread of
the equilibrium radius of the beam. This correction is
(489 ± 53) ppb.
3. Muon loss correction.
The ωa signal, which goes like cos(ωa t + φ0 ), has an
initial phase φ0 . If φ0 is not constant, then it can introduce an offset to the measurement of ωa as dφ0 /dt.
One mechanism that can create a time-dependent phase
like this is due to muon loss from the storage ring.
Different momenta of muons can have different initial phases and can be lost from the ring at different
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rates, changing the average momentum over time. This
leads to a correction that needs to be made proportional
to (dφ0 /d hpi)d hpi/dt. This correction is found to be
(−11 ± 5) ppb.

the contrary, the fixed probes are sparse in space but dense in
time; they only measure at 72 azimuthal locations and are

4. Phase acceptance correction.
Decay positrons do not beeline for the closest
calorimeter; they can propagate in the storage ring up
to about 180◦ C. This effect means that any beam motion over the course of the fill can change the relationship between a positron’s decay position and its phase
when detected by a calorimeter. The Run-1 data set
had a significant per-fill beam motion due to a damaged resistor in one of the electric quadrupoles, making the phase acceptance effect particularly significant.
It is calculated to be a correction of (−158 ± 75) ppb.
More recent data sets do not have the issues caused by
the bad resistors, lowering this effect in future results.

6. Measuring ωp
The magnetic field experienced by the muons is measured using several different magnetometer systems. The most important of these are the calibration probe, trolley, and fixed probe
systems. The primary field mapping system, the trolley, is
an array of magnetometers located in the vacuum chamber.
The trolley is pulled by cable around the muon storage region, measuring the field as it goes. Each of these systems
uses NMR magnetometry, and together they form a calibration chain that allows us to measure the absolute field to a
precision of 114 ppb (56 ppb from the calibration, measurements, analysis, and averaging; and 99 ppb from the effects
of fast transient fields).
The calibration chain begins at Argonne National Laboratory in a precision MRI magnet. There, the calibration
probe is cross-checked with a He-3 NMR probe [9]. The two
probes were found to be in excellent agreement. The calibration probe is then transferred to the storage ring at FNAL,
where it is attached to a 3D translation stage that allows it to
be inserted into the storage ring at the same positions as the
trolley probes. Using a procedure called rapid swapping, the
calibration from the calibration probe is transferred to each of
the trolley probes. Then, as the trolley moves about the storage ring, it can transfer the calibration to the array of fixed
probes.
After calibration, the primary systems used to map the
magnetic field in the storage ring are the trolley and the fixed
probes. The trolley is pulled through the vacuum chambers
by cables and makes its measurements in the same volume
that the muons fill. It has 17 NMR probes and takes measurements in about 4000 azimuthal locations around the ring, as
shown in Fig 3. However, the trolley cannot be operated during muon fills because it blocks their path, so it is pulled out
of the way into its garage most of the time, only mapping the
field about every three days. Therefore, we say that the trolley measurements are dense in space but sparse in time. On

F IGURE 3. The trolley generates precise field maps as a function
of azimuthal position as it travels around the ring. Between trolley runs, these maps are interpolated using measurements from the
fixed probes that track the evolution of the field.

F IGURE 4. The relative positions of the fixed and trolley probes in
an azimuthal slice of the ring. In this coordinate system, the muon’s
magic radius is at (0, 0).

physically located outside the vacuum chambers, but they can
continue measuring the field during muon fills, providing information about how the field evolves between trolley runs.
Figure 4, shows the relative locations of the trolley and fixed
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probes in an azimuthal slice of the ring. The two sources
are combined in the analysis, with the fixed probe data being used to interpolate the field map between the trolley runs.
For Run-1, this procedure, from measurement through analysis, accounts for 56 ppb of the total uncertainty.
The NMR magnetometers are good for measuring quasistatic fields, but transients with characteristic times faster
than about a second require special systematic studies to
measure. There are two primary sources of transient magnetic fields in the storage ring: the electrostatic quadrupoles
(ESQs) and the faster kickers. The ESQ plates are charged
to high voltage at each muon injection to provide vertical focusing on the beam. Charging the plates induces vibrations,
which generate a magnetic field that perturbs the muons. For
the Run-1 analysis, the effect of this transient field was found
to be -17 ppb with an uncertainty of 92 ppb, making it the
dominant systematic effect on the final result. Since the Run1 publication, we have completed a more in-depth systematic
study and expect this uncertainty to be reduced in future results. Furthermore, beginning in Run-5, we have changed the
ESQ charging procedure to reduce the induced vibrations that
cause the transient.
The source of the other transient is the kicker system,
which uses a fast magnetic field at the beginning of each
muon injection to kick the muons onto their ideal orbit. The
kick induces eddy currents that perturb the field as they decay. This effect is measured using a Faraday magnetometer
that can measure the field at the nanosecond level. The average effect on the muons was found to be -27 ppb, with an
uncertainty of 37 ppb. This measurement has also been refined and repeated since the Run-1 publication to reduce its
associated uncertainty.

7.

5

F IGURE 5. Decay positrons travel through the straw trackers. Their
paths can be traced back using knowledge of the magnetic field to
their decay vertices, allowing for a calculation of the muon distribution.

F IGURE 6. The azimuthally-averaged magnetic field map (level
curves) overlayed onto the muon distribution (heat map). The muon
distribution is used to weight the magnetic field average to calculate
the average field experienced by the muons.

The muon distribution
8.

In order to calculate the average magnetic field experienced
by the muons, we need to know both the magnetic field and
the muon distribution in the storage ring as a function of position and time. The muon distribution is measured by the
straw trackers at two azimuthal locations. Those two distributions are then used to extrapolate the distribution around
the whole ring by combining the measurement with beam dynamics simulations.
The straw trackers are formed of layers of overlapping
straws filled with gas that is ionized as positrons travel
through the device towards the calorimeters. By measuring
the positions where the ionization occurs in the straws, we
can find the tracks the positrons took from their decay positions (see Fig. 5). Extrapolating backwards through the
magnetic field, these tracks are used to determine the decay
vertices of the positrons, which are used as a proxy for the
muon distribution at the two azimuthal locations of the straw
trackers. We use the distributions averaged over several hours
of data collection as a weighting function when we average
the magnetic field’s non-uniformity, as shown in Fig. 6.

Combining the measurements

The uncertainty on the Run-1 result is dominated by statistical uncertainty (434 ppb) compared to the total systematic
uncertainty (157 ppb). Table I details the corrections and uncertainties. The statistical precision of this single data set is
comparable to that of the entire run of the Brookhaven experiment. The largest systematic uncertainties are the phase acceptance and ESQ field transient. Both of these uncertainties
are expected to be reduced in future results: the phase acceptance effect will be reduced by repairs to the quadrupoles, and
the ESQ field transient was the subject of a significant systematic study to more precisely characterize the effect over
the full storage ring.
The measurement for Fermilab of aµ (FNAL) =
116592040(54) × 10−11 agrees well with the previous measurement from Brookhaven, as seen in Fig. 7. Because each
experiment’s uncertainty is dominated by statistics, it is reasonable to combine the two, leading to a new world average
of aµ (Exp) = 116592061(41) × 10−11 . The reduced error
bars due to the higher statistical precision puts the experimen-
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tal value further in tension with the theoretical prediction, increasing the discrepancy to 4.2 σ.
Since the completion of Run-1, three more data sets have
been collected, Runs-2–4, with Run-5 underway at the time
of writing this paper. Run-6 is currently being planned for
2022-2023. These additional runs represent a tenfold improvement in the statistics of the experiment, giving confidence that the statistical uncertainty will be brought down
significantly in future results. Additionally, systematic uncertainties are being lowered by a combination of upgrades
and studies. Future publications will offer higher precision.
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TABLE I. The corrections and uncertainties to the terms in Eqs. (7)
and (8).
Quantity

Correction Terms

Uncertainty

(ppb)

(ppb)
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–
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–
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ω˜p0

–

56

Bk

-27
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Bq

-17
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µ0p (37.4◦ )/µe
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mµ /me
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ge /2

–

0

Totals
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