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Muon g-2
● The muon anomaly aµ encodes all the possible virtual interations

● E989: measure the muon anomaly to 140 parts per billion

● A discrepancy with the value predicted by the Standard Model 
would be a sign of new physics

● BNL experiment found 3.7σ 
discrepancy with theory

● Repurposed the magnetic ring, 
upgraded everything else

● Took data from 2018 to 2023
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Experimental technique
B⃗

μ⃗

● This “anomalous” precession frequency is 
proportional to g-2 and to the magnetic field

● ωa is entirely due to the virtual interactions 
between the muon and the field

● Measure ωa and B → obtain aµ

● In a magnetic storage ring, the muon 
spin precesses slightly faster than its 
cyclotron frequency

>

Momentum
Spin
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Measurement principle

Momentum
Spin

Muon decays in a 
positron and 2 neutrinos

Parity violation → positrons 
emitted preferably in the 
direction of the muon spin

Spin precession → the e+ 
spectrum in the lab frame 
oscillates through time

Spin

g-2 frequency

Eth

Integral 
above Eth
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Formula

ω
a ρ(r)ω

p

Constants known from 
other experiments with 
high precision (25 ppb)

Three key measurements:
● ωa: Muon anomalous 

precession frequency
● ωp: Larmor precession 

frequency of protons (B field)
● ρ

r
: Muon distribution
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Measuring ωa

Run-1 wiggle plot

FFT of fit 
residuals

● Positrons above 1 GeV are counted vs time and 
weighted by their asymmetry A(E)

● Histogram fitted with 27-parameter function

– Muon precession and beam oscillations
● 7 independent blinded analyses to extract the 

muon anomalous precession frequency ωa

Horizontal betatron oscillation

Vertical waist

Horizontal breathing

Vertical oscillation

Lost muons
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Measuring the field
● Field intensity measured with Nuclear Magnetic Resonance (NMR) 

probes in terms of proton precession frequency ωp

● Continuously monitored around the storage region and periodically 
measured inside the storage region

378 fixed probes 
continuous monitoring

17 probes on a trolley to 
3D map every ~3 days

Trolley cross-calibrated 
to absolute probes
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Measuring the beam

● Trackers at 180° and 270° reconstruct the positron trajectory to extrapolate 
the decay vertex in the storage region

● Muon distribution maps extrapolated to the entire ring azimuth with Geant4 
simulation (gm2ringsim)

● Calorimeter hit energy matching to perform particle identification
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Run-1 result (2021)

        a
µ
 (FNAL) = 0.00116 592 040(54) [460 ppb]

a
µ
 (World avg)  = 0.00116 592 061(41) [350 ppb]

● First aµ measurement, 462 ppb, from 2018 data

● In agreement with BNL and increased tension with 2020 theory

● Great success and paved the way for subsequent analyses

https://doi.org/10.1103/PhysRevLett.126.141801 

https://doi.org/10.1103/PhysRevLett.126.141801
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Run-2/3
● 4.7x more data wrt Run-1

● Statistical error reduced from 
434 ppb in Run-1 to 201 ppb in 
Run-2/3

● 185 ppb when combined

● Magnet blanket installed after 
Run-1 to mitigate day-night 
temperature fluctuations

● AC unit installed in experiment 
hall after Run-2 for complete 
temperature stability

● AC unit installed for laser hut too
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Run-2/3
● Damaged quadrupole resistors in 

Run-1 have been re-designed 
and replaced before Run-2

● More stable beam storage

● Cpa uncertainty reduced by ~6x

● Kicker upgraded and operated at 
nominal voltage toward the end of 
Run-3

● Beam distribution much more 
centered

● Smaller beam oscillations

● Lower beam dynamics corrections
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Run-2/3
● Pulsing quadrupoles vibrate, 

generating an oscillating 
magnetic field

● New NMR probe to measure these 
oscillations at more locations

● 5x reduction of uncertainty with 
respect to Run-1

● Pileup is a major uncertainty for 
ωa determination

● Improved positron reconstruction 
in calorimeter

● Improved pileup correction 
algorithms

● Uncertainty reduced by 5x
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Run-2/3 result
● Run-2/3 measurement published on 10 Aug 2023

● Excellent aµ  agreement with Run-1

● Tension with data-driven theory (2020) at 5.1σ level

       a
μ
 (FNAL) = 0.00116 592 055(24) [203 ppb]

a
μ
 (World Avg) = 0.00116 592 059(22) [190 ppb]

Measurements at different magnetic fields
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Run-2/3 papers

https://doi.org/10.1103/PhysRevLett.131.161802 https://doi.org/10.1103/PhysRevD.110.032009 

17 October 2023 8 August 2024

https://doi.org/10.1103/PhysRevLett.131.161802
https://doi.org/10.1103/PhysRevD.110.032009
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Uncertainties

● Published results are still 
statistically limited

● Both statistical and systematic 
uncertainties have been 
halved from Run-1 to Run-23

● Total systematic uncertainty 
(70 ppb) exceeded design 
goal of 100 ppb

● Excellent performance of the 
apparatus
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Uncertainties
ωa systematics BNL

FNAL 
TDR

FNAL 
Run-1

FNAL 
Run-2/3

Gain + residuals 120 20 19 11

Pileup 80 40 37 7

Lost muons 90 20 5 <4

CBO 70 30 40 21

E-field/pitch 50 30 55 34

Phase acceptance - - 75 13

Total ωa 180 70 108 41
ωp systematics BNL

FNAL 
TDR

FNAL 
Run-1

FNAL 
Run-2/3

Trolley calibration 90 30 32 18

Trolley meas 50 30 40 38

Fixed probes 70 30 23 17

Muon weighting 30 10 20 9

Absolute calib 50 35 19 9

Configuration - - 23 22

Kicker transients - - 37 13

Quad transients - - 92 20

Other 100 50 - -

Total ωp 170 70 114 52

● All systematic uncertainties 
are now at or below the TDR 
level

● Enourmous effort from the 
entire collaboration

● Crucial contribution from 
aMUSE researchers (*)

*

*

*

*

*

*

*

*

*
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Run-4/5/6
● Three more datasets taken from 2020 to 2023

● They account for ~70% of total statistics

● TDR goal achieved in February 2023

● Second half of Run-6 mostly dedicated to systematic studies

● Analysis in progress, final publication expected in 2025
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Data production
● Collaboration-wide effort to increase the production speed and 

efficiency and produce the large Run-456 datasets in time for analysis 
and publication schedule

● Production increased by ~5x with respect to Run-2

● Run-6 pre-produced in parallel with data acquisition (new!)

● New compact data skims to reduce the reconstructed output from 7 PB 
to 1.3 PB for faster and easier data analysis
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Reconstruction

            100% Pile-up

Decay 
end point

● Three positron reconstructions techniques – a new one by INFN 
added since Run-4

● All have been upgraded to further improve pulse fitting and 
positron cluster separation

● Pileup has been reduced by 2x or more, and is no longer a 
dominant systematic

● Improved energy reconstruction accuracy
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Quadrupole RF
● A quadrupole radio-frequency dampening 

system has been installed and tuned at 
the end of Run-4

● The RF pulsing scheme reduces the radial 
and vertical oscillations of the beam

● Turned on starting from Run-5

● Coherent Betatron Oscillation (CBO) 
amplitude reduced by factor ~9

● CBO systematic uncertainties, among the 
largest ones in Run-23, will be reduced

● However, analysis is slightly more 
complicated to fully characterize CBO 
frequencies
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Mini-SciFi detector
● Two Minimally intrusive Scintillating Fiber 

detectors have been installed before Run-6 to 
measure the beam distribution distructively

● Fibers can be mechanically moved to scan the 
entire storage region

● Horizontal fibers to measure the decay time – 
momentum correlation and compare with 
calorimeter data

● Vertical fibers to measure the CBO envelope and 
phase, and measure the momentum distribution 
and compare with calorimeters/trackers

● Many successful campaigns during Run-6

● Analysis in progress…
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Field calibrations
● Excellent performance of field 

determinations in Run-23, already 
exceeding TDR goals

● Some improvements and cross checks in 
Run-456 analysis to increase trust in 
methods

● New test on absolute calibration with 3He 
probe

● Cross calibration measurements with Japan 
collaboration

● Improved trolley position algorithms

● More systematic studies on time and 
configuration changes
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Kicker transient
● The three kickers produce a 120 ns pulse 

to correct the injection orbit during the 
first turn

● However, they induce slowly decaying 
eddy currents in the surrounding 
aluminum

● Two Faraday magnetometers to measure 
the effect, one designed and operated by 
INFN since end of Run-5

● New studies on mechanical vibrations 
and measurements at multiple radial 
positions to improve estimate of Bk term

Kicker
charging

Eddy currents

ω
a
 fit regionKick

(1000x higher)
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Projected uncertainties
● Run-4/5/6 statistics is ~3 times higher with respect to Runs 1-3

● Run-4/5/6 analysis is ongoing on all thrusts

● Systematic uncertainties are being evaluated right now

● What we can expect:

Run-23
~100 ppb for entire Runs 1-6

~10x reduction of CBO systematics
Pileup systematics reduced

New algorithms and new MiniSciFi detectors

New tracker-based analysis for cross checking

Improved analysis, calibration, and cross-checks

Improved measurements, cross checks, and spatial models

Already below TDR, possibly even better in Run-456!
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Slide from Dominik S.

BMW/DMZ24 Jul 2024
arXiv: 2407.10913 
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Slide from Dominik S.
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Slide from Dominik S.
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Slide from Dominik S.
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Slide from Dominik S.
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Conclusions
● Fermilab Muon g-2 Experiment published Run-23 

measurement at 203 ppb in 2023

● New detailed paper on analysis published Aug 
2024: https://doi.org/10.1103/PhysRevD.110.032009 

● Systematic uncertainty goal reached and 
exceeded with Run-23 (70 ppb)

● Statistic uncertainty goal reached with Run-456 
(~100 ppb total)

● Still, many improvements on Run-456 hardware 
and analysis, and key contributions from aMUSE 
members

● Run-456 analysis will be completed by early 2025

● Theory Initiative Workshop at KEK past week – 
possibly a new White Paper early 2025

● New data-driven theory calculations to come from 
BaBar, KLOE, SND, BesIII, Belle II in the next years

g-2 physics week Ann Arbor July 2024

https://doi.org/10.1103/PhysRevD.110.032009
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Backup
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Lattice QCD
● Precise lattice QCD calculations are close to or compatible with the 

experimental value

● Many independent lattice calculations agree between each other by 
selecting energy windows – more complete calculations to come soon

BMW/DMZ24 Jul 2024
arXiv: 2407.10913 
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HVP Calculation: Dispersive (e+e−) Method
• Calculated from data for σ(e+e−→ hadrons)

• Uses data from different experiments from 20+ years
• 1/s weights low energy strongly: 73% from π + π − channel

Analyticity & Unitarity 
Hadronic R-ratio

(Data Driven)

~

• New results from SND2k and CMD-
3 since White Paper

• CMD-3 is discrepant
• More results from BaBar, KLOE, 

SND, BESIII, Belle II expected

Slide from J.Mott, Run23 release 10 Aug 2023
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Muon
source

● 16 bunches of 1012 protons 
@8 GeV get boosted and 
delivered via the recycler 
ring every 1.4 seconds

● Each bunch hits a fixed 
Inconel® (NiCrFe) target

● Positive pions from shower 
extracted and decay in 
delivery ring

● Pure and polarized muon 
beam enters g-2 ring

P → π+ → µ+ → e+

g-2
100 m
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The experiment

µ+

MC-1 building @Fermilab

Human 
for scale
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Beam injection
● Superconducting inflector ~8 cm 

offset from nominal orbit
● 3 fast magnetic kickers operated at 

~4 kA current for ~200 ns
● 8 aluminum electrostatic 

quadrupoles at 13.8 kV to provide 
weak vertical focus

2 m
 lo

ng

Inflector

Kicker plates Quadrupoles
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Magnet
● Superconductive magnet cooled at ~5 

K with LHe
● 7.112 m radius, highly uniform 1.45 T 

vertical magnetic field
● Shimmed passively and actively 

stabilized. Better than 14 ppm RMS field 
homogeneity across the full azimuth
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Detectors
● 24 electromagnetic calorimeters for 

positron energy and time measurement
● 2 tracker stations to extrapolate decay 

vertex location and measure beam 
distribution

Tracker module

Calorimeter
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Calorimeters

● 24 Electromagnetic calorimeters

● Matrix of 9x6 PbF2 crystals (25x25x140 
mm3, 15X0 length)

● Each coupled with Hamamatsu SiPM of 
1.2 mm2 active size (57344 pixels)

● Positrons generate EM shower

● SiPMs collect Čerenkov light, ~1 pe/MeV

● Waveform sampled at 800 Msps

● Online GPU-based trigger
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Laser Calibration System

● Built by INFN-INO
● Time synchronization at 

the ~50 ps level
● Gain calibration of the 

SiPMs at the 10-4 level 
within 1 fill and 10-3 over 
one run period

https://doi.org/10.1088/1748-0221/14/11/P11025  

https://doi.org/10.1088/1748-0221/14/11/P11025
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Pileup
● Pileup = two or more positrons 

reconstructed as one. Contamination 
subtracted statistically

● Clustering algorithm already reduced 
pileup by ~3x

● Improved pileup removal techniques

● Systematic uncertainty reduced from 
35 ppb to 7 ppb

Spectrum before/after correction

            100% Pile-up

Decay 
end point
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Not only aµ
● Electric Dipole Moment (EDM)

– If the muon has EDM, the spin precession plane 
will be tilted

– Analysis conducted with trackers

– Run-1 is being reviewed, Run-23 in progress

– Current limit (BNL): 1.8x10-19 e*cm

– Projected limit: <3x10-20 e*cm

● CPT and Lorentz Invariance violation

– Sidereal modulation of ωa frequency

– Run-2/3 in review

– Current limit (BNL): 1.4x10-24 GeV

– Projected limit: O(10-25) GeV

● Ultralight Muonic Dark Matter (scalar)

– ωa modulated at the DM compton frequency

– Run-2/3 in progress
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