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Abstract. The Muon g−2 Experiment at Fermi National Accelerator Laboratory was designed to measure the
anomalous magnetic moment of the muon, aµ, with a precision of 140 parts-per-billion; a four-fold improvement
over the former BNL measurement. The Fermilab experiment was motivated by the about 3.5 standard deviation
between the experiment and the Standard Model calculation of aµ which could be a hint of new physics. The
experiment at Fermilab relies on the well-established storage ring technique using magic momentum muons
but employs new detector systems and a higher rate of muons per injection cycle to achieve the significant
improvement in precision. A first result from the Run-1 data taking period has achieved an uncertainty of 0.46
parts-per-million and confirmed the BNL discrepancy, further increasing the tension with the Standard Model
to 4.2σ. The experimental technique, key aspects of the measurement, and the data analysis of Run-1 will be
summarized.

1 Introduction

The magnetic moment µ⃗ of a charged elementary parti-
cle is linked to its spin S⃗ via the gyro-magnetic ratio g.
For the structure-less, spin- 1

2 electron, the Dirac equation
predicted ge ≡ 2 [1] while virtual particle loops give rise
to small additional contributions known as the anomalous
magnetic moment, aµ =

1
2 (gµ−2). The dominant contribu-

tion, the so-called Schwinger term, is of size α/2π [2] and
arises from the coupling of a virtual photon to the muon.

The understanding of the anomalous magnetic mo-
ments of electrons and muons have played an essential
role in the formulation of our current understanding of
fundamental particles and their interactions, the so-called
Standard Model (SM) of Particle Physics. The measure-
ment of the electron’s anomalous magnetic moment [3]
offers one of the most precise determinations of the fine
structure constant, αQED or in conjunction with other mea-
surements of α [4, 5] the most precise test of QED. The
muon anomalous magnetic moment, aµ, is more sensi-
tive to contributions from heavier particles by a factor of
(m2
µ/m

2
e) ≈ 42000 compared to the electron. As many ex-

tensions to the SM predict heavy new particles, a correct
prediction of aµ is an important test for any new theory.

On the experimental side, there has been a long-
standing history of continual improvements in the preci-
sion of aµ. The latest milestone prior to the E989 Muon g−2
experiment at Fermilab was reached by the Brookhaven
E821 experiment [6]. The about 3.5σ deviation between
the experiment and the SM calculation was a possible hint
of new physics and motivated the new Muon g−2 exper-
iment at Fermilab, which was designed with a precision
goal of 140 part-per-billion (ppb) [7]. Assuming that the
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Figure 1. Run-1 result for aµ from the Fermilab experiment to-
gether with the former BNL result [6], the new weighted experi-
mental average, and the SM value [12].

central values of both SM and experiment remained the
same this improved precision would lead to 5σ signal of
new physics. The first result [8–11] from the new experi-
ment is based on the analysis of the Run-1 data. The re-
sult confirmed the BNL measurement with similar preci-
sion. The difference of the experimental world average of
(116, 592, 061±41) × 10−11 (350 ppb) with the current SM
[12–32] is (251± 59) × 10−11 or 4.2σ as shown in Fig. 1.

The SM calculation for the anomalous magnetic mo-
ment, aµ, includes electromagnetic, weak, and strong cor-
rections The largest theoretical uncertainty stems from the
first-order hadronic vacuum polarization (HVP), which is
evaluated from low energy e+e− data via a dispersion re-
lation. Significant improvement in the precision in re-
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cent years came from new, precise data from the CMD
and SND experiments at Novosibirsk, KLOE at Frascati,
BaBar at SLAC, and Belle at KEK. A recent result from
CMD-3 [33] for the two pion channel shows a significant
discrepancy to other experimental measurements in this
low-energy regime and will require further investigations.

In past years, lattice-QCD has also made significant
progress but results using this approach were not as pre-
cise as the dispersive approach and hence not yet used in
the current SM value for the HVP [12]. However, a lattice-
QCD result by the BMW collaboration with sub-percent
precision [34] was released in 2021 and showed tension
with the HVP value obtained from the data-driven ap-
proach using the dispersion relation. Recently, the lattice-
QCD community focused on the so-called intermediate
window energy range which reduces the dominant system-
atic uncertainties entering the full HVP determination. Re-
sults for the determination of aµ in the intermediate win-
dow [34–41] show confirmation of the BMW value and
further effort is needed to understand the discrepancy be-
tween lattice-QCD and data-driven determinations of the
HVP. More details on the theoretical work for aµ are pre-
sented in other contributions to these proceedings.

2 The Fermilab Muon g−2 experiment

The Fermilab Muon g−2 experiment is based on the stor-
age ring technique established at CERN [42–44] and BNL
[6]. To reach the fourfold improvement in precision on aµ,
many of the detection systems used at BNL were replaced
or significantly upgraded.

2.1 Muon production, injection, and storage

The muons are produced at Fermilab via proton collisions
in the former anti-proton production target. Positive pions
produced in the target are momentum selected and decay
into muons in the transport beam line to the experimental
hall. Due to parity violation of the weak force, the result-
ing, highly polarized muon beam is injected into the su-
perconducting 1.45 T storage ring shown in Fig. 2, which
was relocated from Brookhaven.

The muons enter the storage ring through an inflec-
tor magnet [45]. The inflector is a non-ferrous, double
cosine theta, superconducting magnet that’s placed inside
the main magnet yoke to cancel the storage B-field. The
resulting field-free channel offers the muons a path to en-
ter the storage area of the main magnet. Since they are
displaced radially outwards by 77 mm from the ideal or-
bit, the muons would be lost during their first turn. A set
of 3 new, fast kicker magnets [46] were built to deflect
the muons after a quarter turn onto the ideal orbit. The
system uses a Blumlein design to deliver the fast kicking
pulse with a pulse length of less than 149 ns, the revolu-
tion time of the muons in the storage ring. Pulsed, electric
quadrupoles [47] are employed to contain the muons ver-
tically.

The relevant observable for the anomalous precession
frequency, ωa, is the rate of change of β̂ · S⃗ , where β̂ and

Figure 2. An image of the storage ring during the Run-1 data
taking period. Credit: Reidar Hahn, Fermilab.

S⃗ are the directions of the muon’s momentum and spin,
respectively. Since the angle between the muon’s spin pre-
cession, ω⃗s, and its cyclotron precession, ω⃗c, is small, the
rate change of β̂ · S⃗ can be approximated by ω⃗a, which in
the presence of the magnetic, B⃗, and electric field, E⃗, is:

ω⃗a ≡ ω⃗s − ω⃗c = −
q
m

aµB⃗ − (
aµ −

1
γ2 − 1

)
β⃗ × E⃗

c

−aµ

(
γ

γ + 1
(β⃗ · B⃗)β⃗

)]
(1)

For horizontally circulating muons in a vertical mag-
netic field, β⃗ · B⃗ = 0, rendering the term in the second line
zero. This condition is approximately met in the Muon
g-2 experiment. To overcome the term from the motional
magnetic field induced by the electric field, β⃗ × E⃗/c, the
CERN-III, BNL, and Fermilab experiments use muons at
the “magic” momentum (γ = 29.3, p = 3.096 GeV/c),
where aµ − 1/(γ2 − 1) = 0. A future g−2/EDM experi-
ment at J-PARC [48] takes a different approach using weak
magnetic focusing, e.g. E⃗ = 0. With these conditions met,
Eq. (1) simplifies Eq. (1) to

ωa =
e
m

aµ|B⃗|, (2)

showing that the determination of aµ requires precise mea-
surements of the anomalous spin precession frequency of
the muons, ωa, and the magnetic field, B⃗. Corrections due
to vertical motion of the muons (pitch correction) and the
off-magic momentum distribution (E-field correction) will
be discussed in Sec. 3.

2.2 Muon anomalous precession and magnetic
field measurements

The muons mainly decay via µ → eνν̄ with a time-dilated
lifetime of τ ≈ 64 µs. Due to the parity violating weak de-
cay, the positrons’ direction carries an energy-dependent
asymmetry A(E) with respect to the muon’s spin. The ex-
periment is equipped with 24 calorimeter stations placed
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radially inwards with respect to the muon storage region.
Each calorimeter consists of 54 PbF2 Cherenkov crys-
tals readout with silicon photomultipliers (SiPM) [49–51].
The signals from the SiPMs are digitized in custom-made
800 mega-samples per second digitizers. The calorimeters
determine the the energy and time of the decay positrons
and the segmentation suppressed systematic effects from
pile-up. The measured positron rate in the calorimeters is
an exponential modulated by ωa. A fit to the data allows
for the extraction of ωa as detailed in Sec. 3. The gain of
each calorimeter crystal is monitored with a sophisticated
laser calibration system [52]. The major gain systematics
are the infill gain change of order 10 µs and double pulse
gain change of order 10 ns.

The precise measurement of the averaged magnetic
field as seen by the stored muon ensemble is achieved
by using nuclear magnetic resonance (NMR) of protons
in water, a technique pioneered by Bloch [53] and Purcell
[54]. The averaged azimuthal field distribution is mapped
with an in-vacuum field camera [55], the so-called trolley.
It is equipped with 17 NMR probes and provides detailed
maps of the magnetic field during periods without stored
muons every 3-5 days. 378 fixed NMR probes continu-
ously monitor the field above and below the muon storage
aperture during the trolley maps and muon injection. An
additional probe with a cylindrical water sample [56] pro-
vides the absolute calibration of the magnetic field in terms
of the shielded proton Larmor frequency, ω′p. A novel 3He
NMR calibration probe [57] provides a second calibration.

Information on the muon beam distribution is mainly
accessed through two straw tracker stations [58] located
inside the vacuum chamber 90 degrees apart in front of
two calorimeter stations. While the trackers measure the
decay positron trajectories, the information can be used
to infer on the muon beam properties. Further informa-
tion on the beam dynamics of the stored muons can be ob-
tained from insertable fiber harp detectors located at 180
and 270 degrees from the injection point and the Injected
Beam Monitoring System with one station each before and
after the inflector magnet and an insertable third station in
the storage region closely behind the injection point. The
information obtained from these systems provides impor-
tant input for determining several of the beam dynamics
related corrections needed to obtain aµ. A short summary
of these corrections is provided in Sec. 3.3.

3 Run-1 data analysis summary

3.1 Analysis overview

Equation (2) is the basis for the determination of aµ. It can
be rewritten in terms of a ratio of two frequencies [11] and
external, well-known constants as:

aµ =
ωa

ω̃′p(Tr)

µ′p(Tr)

µe(H)
µe(H)
µe

mµ
me

ge

2
. (3)

Here, ω̃′p(Tr) represents the magnetic field experienced by
the stored muons in terms of the Larmor frequency of

shielded protons in a spherical water sample at tempera-
ture Tr = 34.7 ◦C. The tilde indicates that this quantity
is weighted by the actual muon distribution observed in
the experiment. The ratio µe(H)/µ′p(T ) of the magnetic
moments of an electron bound in hydrogen to that of a
proton shielded in a spherical water sample is measured to
10.5 ppb [59]. The bound-state QED corrections that de-
termine the magnetic moment ratio of the electron bound
in hydrogen versus a free electron, µe(H)/µe, are consid-
ered essentially exact [60], and the electron magnetic mo-
ment µe is known to 0.3 ppb [60]. The ratio of the mass of
the muon and the mass of the electron, mµ/me, is known
to 22 ppb from the measurement of the hyperfine splitting
of muonium [61] and bound-state QED [60]. Finally, the
g factor of the electron, ge is known to 0.13 ppt [3].

Equation (3) requires the measurement of the ratio
ωa/ω̃

′
p(Tr) to determine aµ. Several terms enter into the

determination of this ratio which can be conceptually writ-
ten as [8]:

ωa

ω̃′p(Tr)
≈

fclock · ω
m
a · (1 +Ce +Cp +Cml +Cpa)

fcalib · ⟨ωp(x, y, ϕ) × M(x, y, ϕ)⟩ · (1 + Bk + Bq)
.

(4)
Here, fclock represents a factor to compensate for the se-
cret, slight detuning of the main experimental clock that
was done to guarantee a fully blind analysis and ωm

a is
the measured anomalous spin precession frequency as out-
lined more in Sec. 3.2. The beam dynamics related correc-
tions Ce, Cp, Cml, and Cpa are further detailed in Sec. 3.3.
The denominator comprises the factor fcalib, which ac-
counts for the calibration of the trolley probes with the
calibration probe. The term ⟨ωp(x, y, ϕ) × M(x, y, ϕ)⟩ de-
notes the weighting of the field maps, ωp(x, y, ϕ), mea-
sured with the trolley and fixed probes with the beam dis-
tribution, M(x, y, ϕ), obtained from the straw detectors.
Details about this analysis are provided in Sec. 3.4. The
final corrections Bk and Bq stem from fast magnetic field
transients from the kicker and quadrupole systems, re-
spectively. More details will be given in Sec. 3.5 for Bq
whereas Bk is described in detail in another contribution
to this conference. Table 1 provides a summary for the
Run-1 result for the corrections (C and B terms in Eq. (4))
and the uncertainties of the quantities in Eq. (4) and the
external constants from Eq. (3).

3.2 Measuring ωm
a

The measurement of ωa is centered around the measured
spin precession frequency, ωm

a , as can be seen in the nom-
inator of Eq. (4). The determination of ωm

a succeeds
through the measurement of the energy and time of the de-
cay positrons in the 24 calorimeter stations. One of these
calorimeter stations is shown in the left panel Fig. 3.

Due to the parity violating weak decay, high energy
positrons are emitted preferentially along the direction of
the muon spin, hence offering a means to observe the spin
precession. For the analysis, the time distribution of de-
cay positrons above an energy threshold of E ∼ 1.7 GeV
is histogrammed as shown in the right panel of Fig. 3.
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Figure 3. Left panel: Assembly of one of the 24 calorimeter stations each consisting of 54 PbF2 crystals. The small insets show the
silicon photomultipliers pre-amplifier board that are mounted on each crystal. Right panel: A typical wiggle plot - i.e., time distribution
of detected positrons - for the Run-1 dataset.

Table 1. Summary of the Run-1 corrections and uncertainties
for the quantities in Eq. (4) and external constants from Eq. (3).

Quantity Correction Uncert.
(ppb) (ppb)

ωm
a (stat.) - 434
ωm

a (syst.) - 56
Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalib⟨ωp(x, y, ϕ) × M(x, y, ϕ)⟩ - 56
Bk -27 37
Bq -17 92
µ′p(Tr)/µe(H) - 10
mµ/me - 22
ge/2 - 0
Totals 544 462

This so-called wiggle plot is the basis for the determina-
tion of ωm

a and its main features can be described by the
muon lifetime τ and the spin precession, ωm

a , via N(t) =
N0(t)et/τ [1 − A cosωm

a t + ϕ
]
. The full analysis requires a

more complicated fit function to account for various beam
dynamics effects [10].

3.3 Beam dynamics corrections

A short summary of the four beam dynamics corrections,
Ce,Cp,Cml, and Cpa listed in the nominator of Eq. (4) is
given here. Both the electric field correction Ce and the
pitch correction Cp are related to the fact that Eq. (2) is
only valid for ideal conditions of a horizontally circulat-
ing, magic-momentum muon in a vertical magnetic field.
Given the momentum distribution and emittance of the
muon beam, the full analysis must also take into account
the additional terms in Eq. (1) as they do not fully vanish.

The muon momentum spread of ∆p/p ∼ 0.15 % leads
to not all muons being exactly on the magic momentum

such that the β⃗ × E⃗ term has to be taken into account. The
derivation of the correction is data driven and based on the
equilibrium radius ⟨x2

e⟩ of the muons. This quantity can
be measured from the debunching of the initial, injected
muon bunch. Two methods, one based on Fourier trans-
form [62] and a direct fit of the debunching signal [43, 63]
determined ⟨x2

e⟩ with good agreement as shown in the left
panel of Fig. 4. From the measured ⟨x2

e⟩ distribution, an
electric field correction Ce = 489± 53 ppb was derived for
the Run-1 result [9].

The pitch correction originate from the β⃗ · B⃗ term in
Eq. (1) as the stored muons have a vertical angular distri-
bution. Its determination is related to the vertical muon
distribution [64, 65] which can be determined from the
vertical decay position of electrons measured with the
straw trackers, as shown in the middle panel of Fig. 4. The
more involved determination includes acceptance correc-
tions and other elements as detailed in [9] and led to a
Run-1 correction of Cp = 180 ± 13 ppb.

The number of stored muons during each injection cy-
cle reduces not only through their decay into positrons but
also due to some muons losing energy in elements like the
beam shaping collimators or other materials and no longer
being stored. These lost muons can carry different average
phases from early to late in each muon fill. This would
cause a change in the ωa frequency over time. As these
lost muons are no longer stored, they travel radially inward
and being minimum ionizing particles, they leave small
amounts of energy in neighboring calorimeters. Hence,
a time coincidence of events in two or three neighboring
calorimeters provides a way to measure the rate of lost
muons and led to a correction of Cml = −11 ± 5 ppb.

The final correction is related to a movement of the
muon beam during the storage time. The main origin for
this beam movement in Run-1 was due to broken resis-
tors in the electrostatic quadrupoles which led to a change
in the quad high-voltage during muon storage and hence
a change in their focusing strength. The determination of
the so-called phase-acceptance correction included the use
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Figure 4. Left panel: The measured equilibrium radius determined with two methods. Middle panel: The vertical distribution of decay
positron measured with the straw detectors. Right panel: The simulated phase map for decay positrons over the storage aperture.

of tracker data and simulated maps of the positron accep-
tance, asymmetry, and phase [9]. An example of the simu-
lated phase map is shown in the right panel of Fig. 4. The
correction applied in Run-1 was Cpa = −158 ± 75, the
second largest systematic uncertainty.

3.4 Measuring ⟨ωp(x, y, ϕ) × M(x, y, ϕ)⟩

The measurement of the magnetic field in terms of the Lar-
mor frequency of shielded protons weighted by the muon
beam distribution, ⟨ωp(x, y, ϕ) × M(x, y, ϕ)⟩, is one of the
key ingredients in the denominator of Eq. (4). The term
ωp(x, y, ϕ) is derived from the two main NMR systems in
the experiment, namely the 378 fixed probes and the trol-
ley system, the latter being shown in the left panel of Fig 5.
Every 3 to 5 days, the muon beam injection is stopped and
the trolley takes a full field map with about 9000 mea-
surements for each of its 17 probes around the full 360◦

of the storage ring. The continuous measurements of the
378 fixed probes are synchronized to the detailed field
maps taken by the trolley. Between trolley maps, the fixed
probes then monitor the slow field drift. As they are ar-
ranged in groups of 4 and 6 probes in 72 azimuthal loca-
tions, they also provide some information about the higher
order multipole drift. Both the detailed trolley measure-
ments and the fixed probe information are analyzed us-
ing various methods including a Hilbert transform method
[66] and are then combined in a complex analysis chain,
to generate the frequency maps ωp(x, y, ϕ) [11].

The straw trackers provide the information needed to
extract the muon distribution maps M(x, y, ϕ) over the
course of the data taking. To extract the relevant informa-
tion, the full analysis takes into account beam dynamics
effects (such as beta functions) and detector acceptances
of the trackers and the calorimeters.

3.5 Magnetic field transients

The pulsed injection systems used in the experiment, the
fast magnetic kicker and the electric quadrupoles create
magnetic transient fields that are too fast to be measurable
with the main pulsed NMR probes employed. To inves-
tigate the magnetic field originating from the kicker, two
Faraday magnetometers were built, one of them based on

the magnetometer from E821 [67]. Details about magne-
tometer measurements are presented in a separate contri-
bution to this conference.

In normal operating mode, the fixed probes are con-
stantly taking measurements at ∼1 Hz rate asynchronously
with the beam injection. A special running mode was
setup to trigger them relative to the beam injection with
varying delay time. These special studies revealed a siz-
able change in the magnetic field which is now believed
to be understood in terms of the mechanical vibrations
of the quadrupole plates inducing magnetic fields. Since
the NMR probes have a low bandwidth and are shielded
by the vacuum chambers from high frequencies, a dedi-
cated probe setup was developed to measure the effect in
the storage region inside the quadrupoles. It was used to
provide a detailed measurement of the change in the mag-
netic field before, during, and after muon injection. Fig 6
shows the sizable magnetic field change in the vicinity of
one of the muon storage cycles. During the 700 µs of muon
storage (gray band), the quadrupole induced field transient
yields a change in the magnetic field of 100 − 200 ppb. A
more detailed analysis [11] using measurements at various
azimuthal and radial positions, averaging over all 16 dif-
ferent muon injection cycles, and folding the actual field
change with the change in stored muons during the 700 µs
yields a correction of Bq = −17 ± 92, the single largest
systematic uncertainty for the Run-1 result.

4 Summary and Outlook

The Run-1 result was based on about 6% of the total statis-
tics that the experiment has collected and led to a confir-
mation of the BNL measurement, increasing the tension
with the SM to 4.2σ. Over the course of 2019 to 2023,
a lot more data was collected. Fig. 7 shows the rate of
data collection for all data taking periods (Run-1 through
Run-6) in terms of the number of total BNL statistics. The
technical design report’s goal [7] of collecting 21 more
statistics than BNL was reached in February 2023. Data
analysis for the Run-2/3 datasets is close to final and on
track to reduce the statistical uncertainty of the first re-
sult by a factor of 2 and bring the total systematic uncer-
tainty to ∼100 ppb. The unblinding of this ongoing anal-
ysis is expected in the late spring of 2023. The remain-
ing datasets from Run-4, Run-5, and Run-6 will bring an-
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Figure 5. Left panel: The in-vacuum field camera, the so-called trolley. Right panel: The azimuthally averaged magnetic field contours
ωp(x, y) overlaid with the azimuthally averaged muon distribution M(x, y).

Figure 6. Measured change in field due to the quadrupole plate
vibrations for one of the 16 muon injection cycles.

other factor of 2 for the total statistical uncertainty and
some further reduction of the total systematic, leading to
the anticipated overall factor of 4 improvement compared
to BNL. After the first data taking period, a few key up-
grades were performed that will help to reduce some of
the systematic uncertainties compared to the Run-1 result.
These upgrades include i) new qaudrupole resistors replac-
ing the broken ones which will significantly reduce Cpa, ii)
modifications of the kicker system to increase the voltage
and center the beam radially, iii) thermal magnet insula-
tion and better hall cooling to reduce the field drift, iv)
improved quadrupole transient measurements significantly
reducing the largest systematic uncertainty in Run-1, and
v) a new RF system [68] which suppresses the coherent
betatron oscillation amplitude and its associated system-
atic uncertainty. A final result for the Run-4/5/6 datasets
is anticipated about 2-3 years from now.
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