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The experimental 
principle 

B⃗

μ⃗

g=2 g>2
Momentum

Spin

Spin precession frequency Cyclotron frequency

The muon interactions with the vacuum manifest with a 
difference between the spin and the momentum frequencies
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Added complexity

γ~29.3

● Muons are naturally focused horizontally

● Vertical focusing provided by electrostatic quadrupoles

– Effect on ωa minimized by using magic momentum of 3.094 
GeV/c

● The beam oscillates and breathes both horizontally and 
vertically

– Beam dynamics analysis and pitch correction address these 
effects
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Final formula

Constants known 
with high precision

ω
a

ρ(r)ω
p

● ωa: Muon anomalous 
precession frequency

● ωp: Larmor precession 
frequency of protons in water 
(mapping B)

● ρ
r
: Muon distribution in the 

storage ring

Goal: measure a
µ
 with 140 ppb 

accuracy (100 stat + 100 syst)
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How to measure g-2

Key ingredients:

– A beam of polarized muons

– A magnet to store the beam

– A way to measure the muon spin, the magnetic field 
and the beam through time
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The beam
P → π+ → µ+ → e+

● 16 bunches of 1012 
protons @8 GeV get 
boosted and handled by 
the recycler ring
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The beam
P → π+ → µ+ → e+

● 16 bunches of 1012 
protons @8 GeV get 
boosted and handled by 
the recycler ring

● Each bunch hits a fixed 
Inconel 600 target
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extracted and decay in 
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The beam

● 16 bunches of 1012 
protons @8 GeV get 
boosted and handled by 
the recycler ring

● Each bunch hits a fixed 
Inconel 600 target

● Pions from shower 
extracted and decay in 
delivery ring

● Muons enter g-2 ring

P → π+ → µ+ → e+
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How to measure g-2

Key ingredients:

– A beam of polarized muons

– A magnet to store the beam

– A way to measure the muon spin, the magnetic field 
and the beam through time
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Magnet
● 7.112 m radius C-shaped 

superconducting magnet 
operating at ~5 K

● Highly uniform 1.45 T 
magnetic field (14 ppm 
RMS across the full 
azimuth)

● 8000 iron foils for precise 
shimming

µ+
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Beam injection
● 3 IBMS (Inflector Beam 

Monitor System) with 
scintillating X and Y fiber 
planes

● 1 T0 detector for 
triggering and time profile 
measurement

● Inflector to cancel the 
magnetic field so that 
muons can enter the ringInflector

IBMS3

µ+
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Kicker
● 3 fast magnetic kickers to 

put muons in the correct orbit
● 4 kA current in 200 ns pulse

µ+
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Quadrupoles
● 8 aluminium electrostatic 

quadrupoles cover ~40% 
of the circumference

● Focus the beam vertically
● 3.094 GeV/c momentum 

minimizes the effect on aµ

µ+
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How to measure g-2

Key ingredients:

– A beam of polarized muons

– A magnet to store the beam

– A way to measure the muon spin, the magnetic 
field and the beam through time
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Measuring the field
● Need to determine B at < 100 ppb to determine aµ

– Use NMR to assess B-field in terms of proton precession 

frequency ωp

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
● 2 tracker stations with 8 

modules each
● Each module has 128 Argon-

Ethane filled straw tube in a 
U-V plane configuration

● Traceback positrons to their 
decay point

● 100 µm hit resolution

µ+
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Measuring the positrons
● 24 omogeneous 

electromagnetic 
calorimeters along the ring

● Each is a 9 x 6 array of PbF2 
crystals 2.5 x 2.5 x 14 cm

● Each crystal is coupled with 
a SiPM digitized at 800 MHz

● The positrons produce an EM 
shower and the SiPMs collect 
the Cherenkov light

µ+

Positron 
pulses
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Laser Calibration 
System ● Very stable laser system 

to calibrate and 
synchronize the detectors

● Gain calibration of the 
SiPMs at the 10-4 level at 
all timescales

µ+
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Two gifts from nature
● Pions have no spin and decay in a muon and a neutrino

– Parity violation dictates that the muon has left elicity

– Since beam is boosted, higher energy muons are highly 
polarized (~97%)

π+ µ
+

ν
µ

● Muon decays in a positron 
and two neutrinos

● Parity violation dictates that 
high energy positrons are 
emitted preferably in the 
direction of muon spin

● The decay asymmetry is 
observed as an oscillation of 
the positron count over time
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The final formula ω
a

ρ(r)ω
p

E-field & pitch corrections

Muon loss & phase-acceptance corrections

Field transients Field calibration

Blinding

=

● 2.5 years of complex and extensive analysis of the data since the 
acquisition to the public release

● Two new effects from the field transients and the phase-acceptance 
discovered and calculated

● Systematics calculated with excruciating detail to the ppb level
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2.5 years of analysis
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Run 1 release
● Data unblinded on 25 February 

2021 on a zoom session with 
170+ collaborators

● Publicly released on 7 April 2021

● 4 papers released at the same 
time (PRL, PRD, PRA, PRAB)
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Run 1 release

     a
µ
 (Th) = 116 591 810(43) × 10-11 (0.37 ppm)

a
µ
 (FNAL) = 116 592 040(54) × 10-11 (0.46 ppm)

   a
µ
 (Exp) = 116 592 061(41) × 10-11 (0.35 ppm)

(3.7σ)

(3.3σ)



09/14/21 P. Girotti | Muon g-2 experiment 26

Summing up...
● Truly interdisciplinary experiment, 

touching many aspects of particle 
physics

● The analysis of Run-1 data 
produced a result with 460 ppb 
precision

● FNAL confirms BNL

● A lot more data to be analyzed. 
Run 2-3 result coming in 1-2 years, 
with a factor 2 improvement – still 
statistically limited

● Run 4 concluded this June, Run 5 
starting soon ~6% of total data
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What’s next

MuonE experiment at CERN
New QCD Lattice calculations

Muon g-2 experiment at J-PARCRun2-4 (and 5-6) analysis
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