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This article reviews the muon g-2 experiment, a cornerstone in precision tests of the Standard
Model of particle physics. The experiment measures the anomalous magnetic moment of the muon
with unprecedented accuracy, seeking potential discrepancies between theoretical predictions
and experimental results that might indicate physics beyond the Standard Model. We trace the
evolution of this measurement from its beginnings at CERN in the 1960s to the current state-of-
the-art experiment at Fermilab, highlighting the remarkable engineering achievements required
to achieve parts-per-billion precision. Recent results from Runs 1-3 have achieved a systematic
uncertainty of 70 ppb, exceeding design goals, while ongoing theoretical calculations continue to
refine predictions. Despite these advances, the analysis remains statistics-limited, with continued
data collection and novel experimental approaches at MUonE and J-PARC promising further
insights into this fundamental physical quantity.
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1. Introduction

The muon, discovered in 1936 by Carl Anderson and Seth Neddermeyer [1] while observing
cosmic rays atop Pike’s Peak, has become a crucial particle in our understanding of fundamental
physics. This long-lived particle, often referred to as having a "Goldilocks mass," has proven to
be an invaluable tool in probing the properties of the quantum vacuum and testing the Standard
Model of particle physics. The term "Goldilocks mass" aptly describes the muon’s unique position
on the particle mass scale - at 207 times the mass of an electron yet only about 1/17 the mass of
a tau lepton, it occupies a privileged middle ground that makes it especially valuable for precision
experiments. Its mass is substantial enough to be significantly more sensitive to potential new
physics effects than electrons, as heavier particles more readily interact with high-energy quantum
fluctuations. Yet it remains light enough to possess a relatively long lifetime of 2.2 microseconds,
giving scientists ample time to manipulate, store, and measure its properties before decay. Fur-
thermore, the muon predominantly decays through a clean leptonic channel (1™ — e™ + v, +vy),
with other decay modes suppressed by at least five orders of magnitude, creating an unmistakable
experimental signature that provides excellent information about the muon’s spin orientation at the
moment of decay. This combination of mass, lifetime, and decay characteristics makes the muon
neither too heavy nor too light, neither too short-lived nor too stable, but "just right" for probing
the deepest questions in fundamental physics. At the heart of the g-2 experiment lies the concept of
the magnetic dipole moment, a property shared by particles like electrons and muons which makes
them similar to tiny bar magnets. In quantum mechanics, the Dirac equation [2] predicted that the
gyromagnetic ratio (g) for these particles should be exactly 2. However, in 1948, Foley and Kusch
measured the electron’s g-factor and found it slightly larger than 2, with a value of 2.00238 [3].
This tiny deviation from 2 became the focus of incredibly precise measurements and theoretical
calculations. The modern g-2 experiment measures this deviation with unprecedented precision by
observing muon spin precession in a magnetic field. The experiment utilizes a specific "magic"
momentum where certain experimental effects conveniently cancel out, allowing for cleaner mea-
surements of the fundamental physics involved. The journey of g-2 measurements spans several
decades and facilities, representing a steady progression in experimental precision and theoretical
understanding. The initial experiments at CERN in the 1960s employed a novel technique of storing
muons in a magnetic ring and observing their spin precession [4]. These pioneering measurements
[5] achieved a precision of about 1% and provided crucial early confirmation of Quantum Electro-
dynamics (QED), validating the theoretical framework that describes how light and matter interact.
The CERN experiments established the methodology that would be refined in subsequent decades,
demonstrating that the measured anomalous magnetic moment agreed with theoretical calculations
that included quantum loop corrections. By the 1970s, improvements at CERN pushed the precision
to parts per thousand [6], continuing to validate increasingly sophisticated QED calculations. The
experimental approach evolved significantly when the experiment moved to Brookhaven National
Laboratory (BNL) in the 1990s. The E821 experiment at BNL represented a quantum leap in preci-
sion [7], employing superconducting magnets to create a more uniform field and advanced detector
systems to track muon decay with greater accuracy. These innovations enabled measurements with
precision reaching 1 part per million (ppm). Intriguingly, the BNL results suggested a potential
discrepancy with Standard Model predictions, differing by more than two standard deviations. This
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tantalizing hint of possible new physics beyond the Standard Model provided strong motivation for
the next generation experiment at Fermilab, with its goal of reducing uncertainty by a factor of four
to definitively confirm or refute the apparent discrepancy [8].

2. Experiment

The idea behind the experiment is in principle very simple. Polarized muons are stored in a
magnetic storage ring, where they circulate while their spins precess. The principal measurement
comes from detecting decay positrons (for positive u ) or electrons (for negative u) as they emerge
from muon decays around the ring. The number of particles detected as a function of time gives a
characteristic *wiggle plot’ shown in Fig. 1, where the frequency of these oscillations provides the
information about the magnetic anomaly,
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Figure 1: Wiggle plot [9]. An exponential decay modulated by the muon spin precession.

The "wiggle plot" shows number of detected decay positrons/electrons, above energy threshold,
as a function of time, with an oscillation at frequency w, modulated by the exponential decay of
the muon population,

N(1) = Noe V7 [1 + A cos(wat + ¢)] )

where 7 is the dilated muon lifetime, A is the asymmetry parameter, and ¢ is a phase constant.



Status and prospects of Muon g-2 experiment Marin Karuza

3. Status

The Fermilab Muon g-2 collaboration has published the combined results from runs 1-3 [10—
12], significantly strengthening the case for a potential discovery of physics beyond the Standard
Model. These measurements of the muon’s anomalous magnetic moment now show a discrepancy
exceeding 5 sigma when compared to the theoretical predictions in the "White Paper" consensus
value [13]. The new data not only confirms Run 1 results and the earlier Brookhaven National
Laboratory (BNL) results from the early 2000s but does so with substantially improved precision
and under different experimental conditions, addressing concerns that the original discrepancy might
have been due to systematic effects specific to the BNL setup. A cornerstone of this experimental
achievement has been the meticulous study and accounting of systematic effects. The measured
value requires a complex system of corrections represented by the formula:
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Za _ Za 3
wp Wy 1+ B+ B, 3)

The total correction amounts to 622 parts per billion (ppb), primarily dominated by the electric
field and pitch effects. These corrections can be categorized as follows:

¢ Kinematic Corrections

— C,: Accounts for the second-order effects of the electric field on spin precession. The
presence of electric fields in the storage ring, necessary for vertical focusing of the muon
beam, introduces a relativistic correction to the spin precession frequency;

— Cp,: Addresses the "pitch" correction due to the vertical betatron oscillations (up and
down motion) of muons in the storage ring. These oscillations cause the muon spin to
precess slightly slower than predicted by the simplified theoretical equation.

* Detector and Beam Dynamics Corrections

— Cpq: The phase-acceptance correction accounts for the correlation between a muon’s
initial phase and its probability of being detected;

— Cgq: The differential decay correction handles the time-dependent changes in the
detected decay positron energy spectrum;

— Cj1: Corrects for muon losses during the measurement period, which could otherwise
bias the precession frequency measurement.

* Magnetic Field Perturbations
— By: Corrects for transient magnetic fields created by eddy currents in the kicker magnets
used to inject muons into the storage ring;
- B,: Accounts for magnetic field perturbations from vibrations in the quadrupole focus-

ing system.

* Robust Analysis Methodology
To ensure the integrity of the results and eliminate potential experimenter bias, the collabo-
ration implemented a comprehensive blind analysis strategy. This involved:
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Six independent analysis groups working in parallel;

Six distinct methodological approaches to extract the precession frequency;

Concealment of key calibration constants until all analyses were complete;

Rigorous cross-checking of all systematic uncertainty estimates.

This blind analysis framework represents the gold standard in experimental particle physics,
providing strong assurance that the observed anomaly is not an artifact of the analysis proce-
dure.

A particularly compelling aspect of these results is that they were obtained after significant experi-
mental improvements between runs. The Fermilab experiment, while using the same storage ring
as BNL, features:

* Enhanced magnetic field uniformity and measurement techniques;

* Improved detector systems with higher granularity and better timing resolution;
* More sophisticated beam delivery and muon injection systems;

* Advanced calibration procedures and monitoring systems.

The consistency of results across these improved experimental configurations strongly suggests
that the observed discrepancy with theory is a genuine physical effect rather than an experimental
artifact. The combined measurement from runs 1-3 yields a muon anomalous magnetic moment of
a,(FNAL) = 116592059(22) x 10~!'!, with a precision of 0.20 parts per million (ppm). This result
is remarkably consistent with the previous BNL measurement of a, (BNL) = 116592089(63) x
10!, yielding a world-average experimental value of a u(Exp) = 116592061(18) x 10~'". When
compared to the 2020 White Paper prediction of a,(SM) = 116591811(43) x 10~ the difference
Aa, = a,(Exp)—a,(SM) = 250(48) x 10~ 1 represents a statistically significant 5.20 discrepancy.
This level of disagreement between theory and experiment is striking, especially considering that
the systematic uncertainty in the Fermilab measurement has been reduced to an unprecedented 70
ppb, substantially better than the original design goal. The consistency between two generations of
experiments, along with the sharp reduction in both statistical and systematic uncertainties, lends
considerable weight to the possibility that this discrepancy represents a genuine window into new
physics beyond the Standard Model.

However, recent high-precision Lattice QCD calculations of the hadronic vacuum polarization
contribution [14, 15] suggest a significantly higher value that would close much of the gap between
theory and experiment. If these lattice calculations are confirmed to be correct, the enticing
prospect of new physics explanations for the g-2 anomaly would diminish substantially since
Aa, =42(42) x 10~ is significantly reduced. Nevertheless, a profound mystery would remain as
to why the data-driven dispersive approach, based on electron positron annihilation measurements
[16, 17] and considered the gold standard for decades, would have yielded consistently lower
predictions. This tension between different theoretical approaches represents a fascinating puzzle
in itself and may ultimately reveal important insights about QCD calculations or experimental
techniques in precision physics.
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4. Prospects

While data collection at Fermilab’s Muon g-2 experiment has concluded, significant work re-
mains in advancing our understanding of this critical measurement. The immediate task is finalizing
the analysis of all collected data containing approximately 150 billion events. In particularly dataset
from Runs 4, 5, and 6 is about three times larger than one from Runs 1 to 3. These results will be
incorporated into comprehensive publications that present the full dataset findings, accompanied by
auxiliary papers exploring specific aspects of the experiment in greater detail. Beyond the current
experiment, the field is advancing along multiple fronts. The MUonE experiment [ 18] represents an
innovative approach that will measure hadronic vacuum polarization (HVP) using the "space-like"
method, which is based on the precise measurement of the Coulomb scattering angle of the muon on
target electron. Unlike traditional, "time-like" measurement this technique provides a completely
independent determination of the HVP, potentially offering insight into the discrepancy between
theory and experiment. This provides an independent way to obtain this critical contribution to the
muon g-2 value, potentially offering new insights into the persistent discrepancy between theory and
experiment. At J-PARC [19], scientists are taking a fundamentally different experimental approach
by using low-energy muons without electric fields. This design choice eliminates certain systematic
uncertainties present in previous experiments, creating yet another independent measurement path.
These diverse experimental approaches reflect the physics community’s commitment to resolving
one of the most intriguing questions in particle physics: whether the tension between theoretical
predictions and experimental measurements of the muon g-2 value represents evidence of physics
beyond the Standard Model. Each new approach brings unique strengths and different systematic
considerations, creating a robust framework for testing our understanding of fundamental physics.
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