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Status of theory vs. experiment before April 7th, 2021 

The Muon g-2 experiment at FNAL 
• The measurement principle 
• The muon source 
• The muon storage ring and its instrumentation 

The data analysis chain 
• The anomalous spin precession frequency and its corrections 
• The precision magnetic field and its corrections  

The result

Outline
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Charged particle with magnetic dipole moment and spin 

For a point-like charged lepton with spin 1/2 Dirac predicts  
(P. Dirac, The Quantum Theory of the Electron, Proc. R. Soc. Lond. A 1928 117) 

g = 2

The magnetic moment of a charged lepton
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(P. Dirac, The Quantum Theory of the Electron, Proc. R. Soc. Lond. A 1928 117) 
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The magnetic moment of a charged lepton
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EDM searches are another powerful SM test!
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4

Experiment (BNL E821):   (540 ppb)aBNL
μ = 116592089 ± 63

Total SM prediction:           (368 ppb)aSM
μ = 116591810 ± 43

Discrepancy:                       Δaμ = aexp
μ − aSM

μ = (279 ± 76) × 10−11

Evolved to 3.7 σ deviation between SM and BNL experiment!

Goal of the Muon g-2 experiment at Fermi National Laboratory

Reduction of experimental uncertainty 

by a factor 4!
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For muons moving relativistically in a superposition of general electric and magnetic fields

Clock frequency shifts for muons in motion
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The Muon g-2 collaboration
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A bright source of pulsed polarized muons is needed!

8 GeV p+ strike target, 120 ns bunch length

8 bunches spaced by 10 ms, second bunch train 200 ms later

Pion production in the target:

Focus the “debris” into a momentum selective beam line

Figure courtesy: M. Convery

p+ + p+ → p+ + n + π+

Figures: K.S. Khaw, PhD thesis, ETH Zürich, 2015

 must be left-handed →  also left-handed! νμ μ+
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The weak interaction is not left-right-symmetric!

11Figure: R. Hahn, Fermilab in the context of “Charge-parity violation“ 
https://www.symmetrymagazine.org/article/charge-parity-violation

Muons are a self-analyzing  
spin polarimeter!
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M2/M3 optimized to transport positive particles with                               

Figure courtesy: M. Convery

p = 3.094 GeV/c ± 2 %
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M2/M3 optimized to transport positive particles with                               

At the end of M2 and M3 beam line:
• 80% of pions have decayed to muons (polarization ~95%) 
• 20% beam contamination:

decay , surviving ,  from the primary beame+ π+ p+

Beam purification in energy-dispersive delivery ring:
    outrun ,  decay awayμ+ p+ π+

Pure lepton beam: 60 - 70% , 30 - 40% μ+ e+

Figure courtesy: M. Convery

p = 3.094 GeV/c ± 2 %
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Particles from delivery ring
2017 Magic momentum:  

3 cryostats with 4 superconducting coils (5300 A) 
1.45 T vertical magnetic field 
90 mm muon storage region 
180 mm gap for vacuum chambers

pmagic
μ = 3.094 GeV/c ± 0.5 %
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The muon inflector magnet
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Particles from delivery ring
2017 Superconducting inflector magnet cancels return B field  

in iron yoke to make muon travel straight! 

Field free region
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2017 Pulsed “electrostatic” quadrupoles 

Vertical focusing and confinement 
of muon beam 

Quasi-penning trap cover 43% of the ring 
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2017 Pulsed “electrostatic” quadrupoles 

Vertical focusing and confinement 
of muon beam 

Quasi-penning trap cover 43% of the ring 

positive high voltage
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18

2017

24 calorimeter stations to detect the decay positrons 
9 x 6 arrays of PbF2 crystals (Cherenkov detectors!)
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The positron calorimeter system

18

2017

24 calorimeter stations to detect the decay positrons 
9 x 6 arrays of PbF2 crystals (Cherenkov detectors!)

In the muon rest frame
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Spin precession in muon rest frame 

transforms to 

above-energy-threshold count rate  
modulation in laboratory frame

1.7 GeV 
energy threshold
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Wiggle plot basics and laser calibration system

19

Spin precession in muon rest frame 

transforms to 

above-energy-threshold count rate  
modulation in laboratory frame

1.7 GeV 
energy threshold

Dedicated laser calibration system 
to ensure energy calibration of  

calorimeter system
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Determine e+ trajectory to decay 
position and extrapolate to find 
muon beam distribution! 

Input for beam dynamics simulations
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All the analysis is available for you to look at in detail

21

arXiv:2104.03240v1; Accepted by Phys. Rev. Accel. Beams
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The data set collected so far
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The four Run 1 datasets

23

Dataset Date Field index n 
ESQ HV [kV] Kicker HV [kV] Number of 

positrons

1a Apr 22, 2018 - 
Apr 25, 2018

0.108 

18.3 130 0.9 x 109

1b Apr 26, 2018 - 
May 02, 2018

0.120 
20.4 

137 1.3 x 109

1c May 04, 2018 - 
May 12, 2018

0.120  
20.4 132 2.0 x 109

1d Jun 06, 2018-  
Jun 29, 2018

0.108 

18.3 125 4.0 x 109
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The master formula and the uncertainty table

28

R′ =
ωa

ω′ p
=

fclock ωmeas
a (1 + Ce + Cp + Cml + Cpa)

fcalib ⟨M (x, y, ϕ) ω′ p (x, y, ϕ)⟩ (1 + Bk + Bq)
Uncertainty dominated 

by statistics!

Already surpassed the 
anticipated goal!

Work in progress 
for runs 2-5!

Total uncertainty  
dominated by statistics!
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Extract  from the wiggle plotωmeas
a

29

Histogram of decay e+ arrival times (wiggle plot)

3 independent event reconstruction schemes
11 different and independent analyses 
6 independent groups

Complex beam dynamics encoded in wiggle plot

Separate analyses for Runs 1a-1d

Extensive systematic checks passed:
→ “Software” unblinding to check consistency,
     hardware blinding still in place 

•434 ppb sta_s_cal uncertainty
•56 ppb systema_c uncertainty



M. Fertl - Stavanger, April 22nd 2021

The long-known corrections: E-field and pitch correction

30

⃗ω a = ⃗ω s − ⃗ω c = −
e
m [aμ

⃗B − aμ ( γ
γ + 1 ) ( ⃗β ⋅ ⃗B ) ⃗β − (aμ −

1
γ2 − 1 )

⃗β × ⃗E
c ]
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The long-known corrections: E-field and pitch correction
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Pitch correction 

Trackers measure vertical oscillation amplitude

Correction: 180 ppb, Uncertainty: 13 ppb

Cp =
n

4R2
0

⟨A2⟩

⃗ω a = ⃗ω s − ⃗ω c = −
e
m [aμ

⃗B − aμ ( γ
γ + 1 ) ( ⃗β ⋅ ⃗B ) ⃗β − (aμ −

1
γ2 − 1 )

⃗β × ⃗E
c ]
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Electric field correction

The long-known corrections: E-field and pitch correction

30

Correction: 489 ppb, Uncertainty: 53 ppb

Pitch correction 

Trackers measure vertical oscillation amplitude

Correction: 180 ppb, Uncertainty: 13 ppb

Cp =
n

4R2
0

⟨A2⟩

“Fast rotation analysis"

⃗ω a = ⃗ω s − ⃗ω c = −
e
m [aμ

⃗B − aμ ( γ
γ + 1 ) ( ⃗β ⋅ ⃗B ) ⃗β − (aμ −

1
γ2 − 1 )

⃗β × ⃗E
c ]
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31

N (t) ≈ N0e−λt [1 + A cos (ωat + ϕ)]
If the phase of the muon ensemble is not stable, then:

cos (ωat + ϕ0 + ϕ′ t + . . . ) = cos ((ωa + ϕ′ )t + ϕ0 + . . . )
A possible frequency shift of   ϕ′ 

earl
y-t

o-l
ate

 effe
ct

• The decay positrons carry a particular phase 

• The phase depends on 
• Muon decay position 
• Decay positron energy   

• Not a problem if muon distribution is stable in time, but…

Extensive simulation campaign
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Systematic effect unique for Run 1 data (hardware fixed for 
run 2 and beyond): 

• 2 high-voltage isolators for ESQ failed 
• Time-dependent E-Field of on 2 ESQ plates 

   → Change of vertical beam position and width 

Phase acceptance correction: The voltage on the ESQs

32
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Systematic effect unique for Run 1 data (hardware fixed for 
run 2 and beyond): 

• 2 high-voltage isolators for ESQ failed 
• Time-dependent E-Field of on 2 ESQ plates 

   → Change of vertical beam position and width 

Phase acceptance correction: The voltage on the ESQs

32

Correction: -158 ppb, Uncertainty: 75 ppb

RMS of vertical position Mean of vertical position
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Lost muons correction

33

cos (ωat + ϕ0 + ϕ′ t + . . . ) = cos ((ωa + ϕ′ )t + ϕ0 + . . . )

dϕ0

dt
=

dϕ0

d ⟨p⟩
d ⟨p⟩

dt

Correction: -11 ppb, Uncertainty: 5 ppb

Another early-to-late effect:

Spin-momentum correlation 
from dipole magnets in beamline 

Momentum dependent losses 
High-p muons lost faster!Time-dependent phase shift
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Extracting aμ: the magnetic field distribution and calibration

34

R′ =
ωa

ω′ p
=

fclock ωmeas
a (1 + Ce + Cp + Cml + Cpa)

fcalib ⟨M (x, y, ϕ) ω′ p (x, y, ϕ)⟩ (1 + Bk + Bq)
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The magnetic field calibration chain

35

378 pulsed nuclear magnetic  
resonance probes 

measure 24/7 around µ beam 

“The fixed probe array” “The calibration”“The trolley”

17 NMR probes, 3-day interval “Plunging probe” to transfer  
absolute calibration to trolley probes
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The precision magnetic field: passive shimming

37

Novel to E989: Provide about 10000 iron foil strips to shim out the residual magnetic field inhomogeneities

Factor 3 better homogeneity after passive shimming
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The precision magnetic field: spatial mapping 

38

“The trolley”

17 NMR probes, 3-day interval

About 9000 azimuthal positions 
to make a field decomposition into  

2D spatial multipoles A typical  
azimuthally averaged  
magnetic field map
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The precision magnetic field: tracking in time

39

378 pulsed nuclear magnetic  
resonance probes 

measure 24/7 around µ beam 

“The fixed probe array”

Tracking of the temporal variations of fixed probe stations

Established relation between multipoles 
measured by fixed probe stations and trolley

Application of correction for residual relative drifts

magnetic dipole magnetic dipole

magnetic normal quadrupole
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Extracting aμ: the muon weighted average magnetic field

40

R′ =
ωa

ω′ p
=

fclock ωmeas
a (1 + Ce + Cp + Cml + Cpa)

fcalib ⟨M (x, y, ϕ) ω′ p (x, y, ϕ)⟩ (1 + Bk + Bq)
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The muon weighted average magnetic field

41

Beam tracker stations combined  
with beam dynamics simulations

 56 ppb uncertainty

Incl. probe calibrations, field map,  
tracker alignment, beam dynamics model

A muon’s perspective of the tracker
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Extracting aμ: transients from ESQ

42

R′ =
ωa

ω′ p
=

fclock ωmeas
a (1 + Ce + Cp + Cml + Cpa)

fcalib ⟨M (x, y, ϕ) ω′ p (x, y, ϕ)⟩ (1 + Bk + Bq)
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ESQ only static on the time scale of an muon beam bunch injection: 

• Pulsing with high-voltage: 
→ mechanical vibrations of electric conductors 
→ perturbation of B field 

• Measurement only after Run 2 → Conservative limit 
• Included pNMR probe head in special casing (non conductive) 
• Perform beam synchronized measurements

Transients from electrostatic quadrupoles (ESQ)

43
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ESQ only static on the time scale of an muon beam bunch injection: 

• Pulsing with high-voltage: 
→ mechanical vibrations of electric conductors 
→ perturbation of B field 

• Measurement only after Run 2 → Conservative limit 
• Included pNMR probe head in special casing (non conductive) 
• Perform beam synchronized measurements

Transients from electrostatic quadrupoles (ESQ)

43

Correction: 17 ppb 
Uncertainty: 92 ppb
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Extracting aμ: transients from kicker magnet

44

R′ =
ωa

ω′ p
=

fclock ωmeas
a (1 + Ce + Cp + Cml + Cpa)

fcalib ⟨M (x, y, ϕ) ω′ p (x, y, ϕ)⟩ (1 + Bk + Bq)
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Powerful kicker magnet induces eddy current in vacuum chamber walls: 

Faraday magnetometer: 

• fiber-based 
• non-conducting 
• non-magnetic  
• 3D printed structure 

Signal modeled as a single exponential function: 

Effect weighted by: 
• kicker coverage 
• spatial muon distribution

Magnetic field transients from kicker magnet

45

Kicker plates

Faraday magnetometer

ΔB (t) = ΔB (0) e−t/τk
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Powerful kicker magnet induces eddy current in vacuum chamber walls: 

Faraday magnetometer: 

• fiber-based 
• non-conducting 
• non-magnetic  
• 3D printed structure 

Signal modeled as a single exponential function: 

Effect weighted by: 
• kicker coverage 
• spatial muon distribution

Magnetic field transients from kicker magnet

45

Kicker plates

Faraday magnetometer

ΔB (t) = ΔB (0) e−t/τk

Correction: -27 ppb 

Uncertainty: 37 ppb
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Extracting aμ - our tools

46

R′ =
ωa

ω̃′ p
=

fclock ωmeas
a (1 + Ce + Cp + Cml + Cpa)

fcalib ⟨M (x, y, ϕ) ω′ p (x, y, ϕ)⟩ (1 + Bk + Bq)
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• Hardware: Detuning of 40 MHz reference clock in the range 
                     of ± 25 ppm(!) 

• Software: unknown offset for  analysisωa

The hardware blinding of the  dataωmeas
a

47

Greg Bock and Joe Lykken blinding the clock in 2018
Locked Clock Panel               
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After putting it all together, we are ready to unblind

48

February 25th, 2021

The 40 MHz clock was set really set to: 39 99X XXX MHz 
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Result from combined Run 1 datasets

50

aµ(BNL) = 0.00116592089(63) ! 540 ppb 

aµ(FNAL, R1) = 0.00116592040(54) ! 463 ppb  

aµ(Exp) = 0.00116592061(41) ! 350 ppb  

Both experiments uncertainty dominated by statistics:

aµ(SM) = 0.00116591810(43) ! 350 ppb  

4.2 σ discrepancy between experiment and 
community approved SM prediction
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Outlook to the future

51

Vastly improved temperature stability  
of the magnet an in MC1 overall

Full strength of kicker in Run 3 
Run 4 is currently ongoing  

Run 5 set to start in fall
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• We have determined aμ with unprecedented 460 ppb precision! 

• The Run 1 results represent: 
• 6% of ultimate data sample 
• 15% smaller uncertainty than BNL  
• 3.3 σ tension with SM 

• After 20 years, we confirm the BNL results  
• Combined result shows a 4.2 σ tension with SM prediction

Summary and Conclusions

52


