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Anomalous Magnetic Moment
● The magnetic moment for the charged muon is given by:

● Dirac predicts ; additional contribution from quantum effects changes the g-factor values:

γLoop contribution to aμ+

● Quantum effects can be measured via anomalous magnetic moment
● Sensitive to new physics contribution at mass scale:
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● FNAL result yields 5σ disagreement with WP (2020).
● However, HVP prediction is different, depending on the
methods:
● Swaps HVP value from BMW into WP (2020)
reduces the discrepancy with the experimental value.

● Result results using e+e− data from CMD-3 further
reduces the discrepancy.

G. Colangelo et. al, arXiv:2308.04217

Theoretical Prediction andMeasurement

https://arxiv.org/abs/2308.04217
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Measuring aμ In Storage Ring

aμ= 0: spin and momentum precessat the same rate aμ> 0: spin has precession motion aroundthe momentum vector

Stored polarized 𝛍+ in dipole field

Measuring the difference, anomalous spin precession frequency between the spin precession andcyclotron frequencies:
measure 𝛚𝐚 and B as precisely as possible, ~O(200ppb)
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The Storage Rings
CERN1960s - 19767.3 ppm

BNL1990s - 20010.54 ppm

FNAL2009 - 20230.14 ppm
J-PARC2009 - 2030s0.45 ppm
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Magnetic Kicker

kicker magnets were used to correct theangular offset of muon momentum (10.8mrad)

90o

● For every 1.2 s, one fill consists:● 16 bunches of muon● boosted muon lifetime: 64 μs● Cyclotron period: 149.2 ns● Storage time: 700 μs● Expected ~ 5000 stored muons in one fill.

𝛍+

77mm offset

Ideal storage orbit

Orbit withoutkicker
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Dipole Magnetic Field
C-shape magnet faces towardinterior of the ring, so thatpositrons from muon decay spiralinward unobstructed.
The ring dipole magnetic fieldof 1.45 Tesla, provide radialconfinement.

However,

non-negligible vertical oscillation
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Electrostatic Quadrupoles
Uses Electrostatic Quadrupoles(ESQ) to provides weak focusingfor vertical confinement.

The ESQ Covers 43% of the ring’scircumference

Q1

Q2

Q3

Q4

ESQ

ESQ

Muon experience motional magnetic fieldHowever,

~ 0
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Magic Momentum

Q1

Q2

Q3

Q4

Cancel higher order contribution by allowing E-fieldvertical focusing at pμ = 3.1 GeV (magic momentum)
~ 0 for γ = 29.3 (pμ=3.1 GeV)ESQ ~ 0

The none-zero pitch and motionalfield motivates the pitch and E-field Corrections.
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Stored Muon Beam

Everything seem to be in order, how do wemeasure ωa , and B in the storage region?

Storage ring magnetic fieldfocuses on radial confinement

ESQ focuses on verticalconfinement

Collimator
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Positron Detection in Calorimeter

● Positrons from muon decays are detected in 24 calorimeters.
● Each PbF2 crystal is read out by Geiger-mode avalanche photodiode (SiPM), >99% operational in the experiment.
● Decay positron hit times and energies are derived from reconstruction of the
waveforms.

X 24

Calorimeter

SiPM

𝐏𝐛𝐅𝟐
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● Above certain energy threshold, the time distribution of detected positrons
demonstrates the muons exponential decay, modulated by 𝛚𝐚.● Prior to a fit, the corrections are accounted for:● pile-up● Gain-like slow term due to reconstruction issues.● The distribution is fitted to extract 𝛚𝐦

𝐚 , including:○ Coherent betatron oscillation (CBO) terms that distort the modulation signal.○ Lost muons that distort the exponential shape of the distribution.

𝛚𝐚 Measurement

YoungHao’s posterZejia’s poster

SJTU’s contribution
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Magnetic Field Measurement

Trolley “Run”, with 17 pNMR probes,every 3 days (No Beam present)

x 8000 2D field maps

Variation < 1 ppm

378 fixed probes monitor field(Beam or no beam time)

AzimuthallyAveraged

● A field map in the storage region is interpolated using fixed probes and trolley data.

Magnetic field is expressed in term of the
shielded proton precession frequency, ωp′
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Muon Decay Position Reconstruction

● The 2 tracker stations track the positron decay, extrapolates to the muon decay
position, thus measuring the muon distribution M(x,y,ϕ).

● The field map is then weighted with the muon distribution measured in the storage
region:

X =
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Visualizing the Measurement

External factors are ofhigh precision, (25ppb)

• The fclock and fcalib are blinding factors.• The 𝛚𝐦
𝐚 (𝛚′

𝐩) receives several corrections from the beam dynamics (transient fields).• Transient field’s correction:• Bk: Correction due to kicker eddy current.• Bq: Correction due to vibration caused by quad pulsing.

• The 𝛚𝐦
𝐚 is extracted from the fit to the time distribution of decayedpositron.• The 𝛚′𝐩 is obtained from weighting 𝛚′𝐩 with M.
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Corrections related to Frequency Shift

Electric field Correction 𝐂𝐞:- Not all muons are at magic momentum, due to finitewidth of momentum distribution.- Radial distribution is measured using timing data from
calorimeters.

Pitch correction 𝐂𝐩- non-zero pitch motivates this correction.- The vertical betatron oscillation is measuredfrom the tracking detectors.

These corrections account for the shift effect in ωm
a

SJTU’s contribution

Ce ≈ O(500 ppb)
δCe ≈ O(30 ppb)

Cp ≈ O(200 ppb)
δCp ≈ O(5 ppb) 

Muon trajectory
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Corrections related to Phase Shift
These corrections account for the shift in 𝜙0 over time.

Phase-acceptance correction, 𝐂𝐩𝐚:
- Correlation between muon decay position and 𝜙0.- Measuring the beam's spread over time and simulating how it

affects the average phase at the calorimeters.

Differential decay Correction, 𝐂𝐝𝐝:- low momentum has shorter lifetime, the
change in momentum over time couples
to phase-momentum correlation (from lost
muon) causes bias in 𝜙0.

Lost muon Correction, 𝐂𝐦𝐥- low momentum muon tend to be lost, the
average stored muon phase will change over
time.

SJTU’s contribution Jun kai’s poster SJTU’s contribution

Cpa =− 27(13) ppb

Cml = 0(3) ppb

Cdd =− 15(17) ppb
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Improvements for Run-2/3
Hall/Ring temperature stabilized

Stronger kick

Fix failed HV resistor in quad

• More center beam.
• Better Ce measurement• higher Homogeneity of
muon to magnetic field.

• Stable beam• small Cpa• lower muonloss, less Cml

Improved pileup reconstruction

Improved transient field measurement
• Complete quad transient
field measurement.

• Improved kicker transient
field measurement with
fiber magnetometer.
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Achieved Precision and g-2 Data

X 2.2 improvement

Surpassing proposedgoal of the experiment!After improvements, total systematiccomes from multiple sources

210 ppb
460 ppb
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Improvements for Run-4+

Higher Statistical power ~ x 4 Run-1/2/3

Throughoutmeasurement of quadmain and transientfields continue post-Run6

Run-1 MeasurementRun-2+ Measurements

Additional new detectors employed in Run-4/5/6

Continuous improvedexperimental condition.Quad RF in Run-5reduces CBO amplitude
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Conclusion and Outlook
● Run-2/3 analysis improves uncertainties by a factor of 2.2, in particular, the
total systematic uncertainty surpasses proposed goal (100 ppb)!

● Analysis efforts on Run 4/5/6 data are on the way, full result expected to be
released in 2025. (on track to achieve/surpass 140 ppb!)

● Theoretical efforts:
○ Lattice QCD results are under strict scrutiny.
○ Clarification among collaboration on the 5σ difference with CMD-3 is
ongoing.

210 ppb
200 ppb

190 ppb

460 ppb

540 ppb
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谢谢！Backup
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The FNAL Accelerator Complex
● LINAC produces 400 MeV proton beams
● Protons are accelerated to 8 GeV in Booster.
● Protons are batched into Recycler Ring, transported one at a
time to the Target Station.

● Protons are smashed onto the nickel target, producing π+
particles.

● Protons, μ+, π+ beam enters delivery ring.
● Proton aborted, π+ decays away.
● μ+ beam is selected in momentum, 3.094 GeV/c.
● polarized μ+ (~96%) are extracted and entered g-2 storage ring.

TargetStation

BeamTransport
8 GeVbooster

● g-2 storage ring:● 7.1 meter radius storage ring.● 1.45 Tesla uniform magnetic field. Skip this
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Pile-up and Lost Muon
● Low energy positrons with different phase measured in calorimeter, contributing to pile-up event; compares
to high energy positron, a single event.

𝛟𝟏
𝛟𝟏 pileup modeluncertainty, ~ 3 ppb

● Muons impact on vicinity of the SR, losses energy, exits the SR before decaying into positrons.
● Lost muons introduce time-dependent distortion of measured positrons.

Muon lost timedistribution for differentsub-datasets.
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Parity Violation in Muon Decay
● Parity Violation provides access to study the 𝛚𝐚 in the storage ring.
● Highest energy positron has the strongest correlation with its momentum and muon spin direction
(Vice Versa)

Muon spin precesses inmagnetic field
Emitted positron’s directionfollows muon spin’s Number of high energypositron detected

ωs
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• ωp Larmor precession frequency of the free proton• μp is the proton’s magnetic dipole moment• μe is the electron’s magnetic dipole moment• ge is the g-factor for electron.

External Factors
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Muon Magnetic Anomaly in SR
Measuring the difference between spin precession and cyclotron frequencies:

-

Larmor frequency forspin vector precession Cyclotron frequency formomentum vector rotation

=

Anomalous spin frequencyfor spin vector precession

Relativistic Correction
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Fermilab Muon g-2 Experiment
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History of Muon Anomaly
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Laser Calibration
● Sends laser pulse synchronously on all calorimeter channels:

○ provide calibration for the SiPMs response,
○ short and long term calibration of the SiPM gain function,
○ troubleshoot calorimeter and DAQ systems,
○ additional synchronization signals.

Stable gain 10-4 achieved
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Run-2/3 Uncertainty Improvement
● Hardware Improvement:

○ Replacement of damaged ESQ resisters:
■ Less beam motion (vertical width) in the measurement, improving Cpa correction anduncertainty.

○ Hall/Ring temperature stabilized:
■ The storage ring magnet shape is insensitive to the temperature fluctuation, less prone
to changes in beam behavior via the changes in magnetic field.

■ less changes to the detector gain.
○ Kicker strength improved:

■ No underkick relative to its ideal orbit, reduce oscillation around the center of the
storage region.
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Run-2/3 Uncertainty Improvement
● Analysis Improvement:

○ Field Transient Measurement:
■ Complete Quad transient field measurement around the ring.
■ Improved kicker transient field measurement with fiber
magnetometer.

○ Analysis technique improvement:
■ New positron reconstruction algorithms.
■ Improved pile-up subtraction technique.
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Run-2/3 Systematic
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Standard Model Prediction of aμ

● QED is the dominant processes contributing to the interaction.
● EW contribution is suppressed by (mμ/MW)2.● Non-perturbative terms , HLbL, HVP, are calculated with:

○ Lattice-QCD (ab initio, via numerical simulations in Euclidean
spacetime.)

○ data-driven dispersive relation (input data from experiment)
● The prediction’s uncertainty is dominated by HVP’s term.

Phys. Rep. 887, 1 (2020)

82%
18%

https://www.sciencedirect.com/science/article/pii/S0370157320302556?via%3Dihub
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