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The Muon μ

• elementary particle: no known substructure
• lepton → does not interact via the strong force (force that 

holds atoms together)
• charged: has electric charge equal to that of electron
• has an antiparticle called an anti-muon, which is  positively 

charged
• mean lifetime  after which is decays to an 

electron and two neutrinos
• spin 1/2 (an intrinsic angular momentum) → fermion
• charge + spin → an intrinsic magnetic moment - it acts like 

a small dipole magnet

τμ = 2.2 μs
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Image courtesy of Symmetry magazine, a joint Fermilab/SLAC publication. Artwork by Sandbox Studio, Chicago.

Particles of the Standard Model

μ− → e− νē νμ

Very much like an electron but ~207 times heavier, mass is 106 MeV/c2

1936: Seth Neddermeyer and Carl D. Anderson (of CalTech) observe energy loss of 
particles in cosmic-ray showers in 1cm plate of platinum in a cloud chamber - they 
observed “penetrating particles” (those that go deeper into the plate) and concluded that 
“there exist particles of unit charge, but with a mass (which may not have a unique value) 
larger than that of a normal free electron and much smaller than that of a proton”.



Angular Momentum and Magnetic Moment
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• A charged particle with spin angular momentum  has a magnetic moment  given by 
 where  is the charge of the particle and  is the mass -  is the g-factor 

of the particle and is particle-dependent (note: g is a unit-less number) (If charge is negative, 
spin and magnetic movement are anti-parallel)

• For an electron,  where the corrections to the value of 
2 come from quantum field theory (the factor of 2 comes from the fact that the electron is a 
quantum particle)

• We define the anomalous magnetic moment  as

 (ie. all the stuff beyond the ‘+’ sign in the expression for g)

⃗S ⃗μ
⃗μ = g Qe/2m ⃗S Qe m g

ge = 2 (1 + α/2π + . . . ) ≈ 2.0023193

a

a =
g − 2

2

• A charged particle moving with orbital angular momentum  
has a magnetic moment  given by  where 

 is the charge of the particle and  is the mass

⃗L
⃗μ ⃗μ = Qe/2m ⃗L

Qe m



The Muon Anomalous Magnetic Moment aμ
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• For a muon, there are also quantum corrections to its g-factor, 

• If we consider only the physics that we know right now, the Standard Model, then we can write 
 in terms of the type of physics responsible for the correction

                                  

QED: Quantum Electrodynamics (photons and leptons)
EW: Electroweak (W, Z, Higgs)
Hadron: physics of Strong force (quarks and gluons)

aμ = 0.001 165 9...

a
aSM

μ = aQED
μ + aEW

μ + aHadron
μ = 0.001 165 9...



The Muon Anomalous Magnetic Moment aμ
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QED EW
HVPHLbL

aSM
μ = aQED

μ + aEW
μ + aHadron

μ = 0.001 165 9...
Hadronic contributions

In terms of Feynman diagrams representing the various interactions:

+ + + + …

• QED and EW contributions can 
be precisely calculated

•  relies on other 
measurements and thus has 
more uncertainty in it

aHadron
μ



The Muon Anomalous Magnetic Moment: What does it tell us?
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• By doing better calculations of  and making better 
measurements of  we get a better understanding of the 
underlying physics. Does the Standard Model tell the whole 
story or it is an incomplete picture?

• Why the muon? Strength of new particle interactions are 
generally proportional to , so muon is ~40,000 times more 
sensitive to new physics that the electron. Tau lifetime too short.

• First measurements date back to the 1960s at CERN, and over 
the course of three experimental campaigns, their precision 
improved from 4,300 ppm to 10 ppm — all results were in 
agreement with the Standard Model

• This changed when the E821 experiment at Brookhaven 
National Laboratory reported a slight tension with predictions

aHadron
μ

aμ

m2
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The Muon Anomalous Magnetic Moment: What does it tell us?
taken from November 2002
Canadian Journal of Physics 80(11):1355-1364• By doing better calculations of  and making better 

measurements of  we get a better understanding of the 
underlying physics. Does the Standard Model tell the whole 
story or it is an incomplete picture?

• Why the muon? Strength of new particle interactions are 
generally proportional to , so muon is ~40,000 times more 
sensitive to new physics that the electron. Tau lifetime too short.

• First measurements date back to the 1960s at CERN, and over 
the course of three experimental campaigns, their precision 
improved from 4,300 ppm to 10 ppm — all results were in 
agreement with the Standard Model

• This changed when the E821 experiment at Brookhaven 
National Laboratory reported a slight tension with predictions

aHadron
μ

aμ

m2

https://www.researchgate.net/journal/Canadian-Journal-of-Physics-1208-6045
https://www.researchgate.net/journal/Canadian-Journal-of-Physics-1208-6045


8

The Muon Anomalous Magnetic Moment: Status before April 2021
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9.4 ppm

10 ppm

13 ppm

5 ppm

1.3 ppm

0.7 ppm

0.7 ppm

aμ = 0.001 165 920 80(63) (0.54 ppm)Experimental Value:                       
Standard Model Theoretical Value: aμ = 0.001 165 918 10(43)

taken from https://arxiv.org/pdf/hep-ex/0602035.pdf

https://arxiv.org/pdf/hep-ex/0602035.pdf
https://arxiv.org/pdf/hep-ex/0602035.pdf
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The Muon Anomalous Magnetic Moment: Status before April 2021
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aμ = 0.001 165 920 80(63) (0.54 ppm)Experimental Value:                       
Standard Model Theoretical Value: aμ = 0.001 165 918 10(43)

taken from https://arxiv.org/pdf/hep-ex/0602035.pdf

DISCREPANCY of  !> 3.5σ

https://arxiv.org/pdf/hep-ex/0602035.pdf
https://arxiv.org/pdf/hep-ex/0602035.pdf


The Muon Anomalous Magnetic Moment: How do we measure it?
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• Much like a spinning top precesses when it experiences a 
torque (in a gravitational field), a particle with a magnetic 
moment will precess when it experiences a torque in a 
magnetic field

• Physics of precession is related to the magnetic moment

• If we inject a beam of polarized muons into a region that 
has a very uniform magnetic field - they will precess and 
eventually decay

• Due to parity violation of the muon decay, the highest 
energy decay electrons will preferentially have their spin 
lined up with their momentum

• So, we can choose to measure the electrons whose spin 
directions we know (via their momentum) and can 
therefore ‘observe’ the precession
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Spin Precession in the Storage Ring without the Anomaly g = 2

Magic momentum (3.1 GeV/c) ensures the spin 
precession rate with respect to the momentum is 
proportional to  - cancels the effect from the E-
field

𝑎𝜇

momentum

spin



momentum

spin

𝑔 ≠ 2

𝜔𝑎 =
𝑞
𝑚

𝑎𝜇𝐵

Spin Precession in the Storage Ring with the Anomaly g ≠ 2

Anomalous Precession Frequency ωa



momentum

spin

𝑔 ≠ 2

𝜔𝑎 =
𝑞
𝑚

𝑎𝜇𝐵

Measuring aμ

Anomalous Precession Frequency ωa

• Magnetic field is obtained by measuring the 
proton Larmor frequency ( ) with the NMR 
probes.

Using the above relations, one obtains (as a 
simplified version): 
 
 
 

 
So we measure two fundamental frequencies: 

 and .

𝜔𝑝

𝜔𝑎 𝜔𝑝

  and  𝐵 =
ℏ𝜔𝑝

2𝜇𝑝
𝜇𝑒 = 𝑔𝑒

𝑒ℏ
4𝑚𝑒



Measuring : More Detailaμ
What we measure.

Spin precession frequency with respect to the muon momentum (  frequency).
Reference temperature (34.7 ℃).
Proton Larmor frequency measured in a spherical water sample.
Proton Larmor frequency measured in a spherical water sample, weighted by the muon distribution.

𝜔𝑎 𝑔 − 2
𝑇𝑟
𝜔′ 𝑝(𝑇𝑟)
~𝜔′ 

𝑝(𝑇𝑟)



Spin precession frequency with respect to the muon momentum (  frequency).
Reference temperature (34.7 ℃).
Proton Larmor frequency measured in a spherical water sample.
Proton Larmor frequency measured in a spherical water sample, weighted by the muon distribution.

𝜔𝑎 𝑔 − 2
𝑇𝑟
𝜔′ 𝑝(𝑇𝑟)
~𝜔′ 

𝑝(𝑇𝑟)

Measuring : More Detailaμ



0 ppb
Bound-state QED

Rev. Mod. Phys. 88, 035009 (2016) 

Spin precession frequency with respect to the muon momentum (  frequency).
Reference temperature (34.7 ℃).
Proton Larmor frequency measured in a spherical water sample.
Proton Larmor frequency measured in a spherical water sample, weighted by the muon distribution.

𝜔𝑎 𝑔 − 2
𝑇𝑟
𝜔′ 𝑝(𝑇𝑟)
~𝜔′ 

𝑝(𝑇𝑟)

Measuring : More Detailaμ



22 ppb
Muonium hyperfine structure

Phys. Rev. Lett. 82, 711 (1999)

Spin precession frequency with respect to the muon momentum (  frequency).
Reference temperature (34.7 ℃).
Proton Larmor frequency measured in a spherical water sample.
Proton Larmor frequency measured in a spherical water sample, weighted by the muon distribution.

𝜔𝑎 𝑔 − 2
𝑇𝑟
𝜔′ 𝑝(𝑇𝑟)
~𝜔′ 

𝑝(𝑇𝑟)

Measuring : More Detailaμ



0.3 ppt
Quantum cyclotron spectroscopy
Phys. Rev. A 83, 052122 (2011)

Spin precession frequency with respect to the muon momentum (  frequency).
Reference temperature (34.7 ℃).
Proton Larmor frequency measured in a spherical water sample.
Proton Larmor frequency measured in a spherical water sample, weighted by the muon distribution.

𝜔𝑎 𝑔 − 2
𝑇𝑟
𝜔′ 𝑝(𝑇𝑟)
~𝜔′ 

𝑝(𝑇𝑟)

Measuring : More Detailaμ



Muon g-2 Collaboration
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MC-1 building  
(where the muon  storage ring is located)𝑔 − 2



Muon g-2 Experiment at Fermilab
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• Re-uses the storage ring magnet and superconducting inflector from BNL
• Re-furbished NMR trolley and magnetic field measurement system
• Pure muon beam with no hadronic component
• Segmented calorimeters consisting of a 6 × 9 array of lead fluoride crystals - permit observation of 

minimizing ionizing particles such as muons lost from the storage ring
• New fast muon kicker using a Blumlein pulse-forming network
• Improved magnetic shimming - has improved the magnetic field uniformity by a factor of two
• Two straw tracker arrays inside of the vacuum chamber upstream of two of the calorimeters
• More rapid rate of filling the storage ring from the Fermilab accelerator facility

• Goals:
- accumulate 21 times more data than BNL
- improve the systematic errors by a factor of ≃ 3
- improve overrall uncertainty a factor of four over BNL 
-

460
210
170
540

100
70
70

140



Muon g-2: The Big Move, Summer 2013

Storage Ring was moved from BNL to FNAL over several weeks in June andJuly 2013 



Muon g-2: The Big Move, Summer 2013
I-88 was closed for several



Muon g-2: The Big Move, Summer 2013

My picture taken in Costco Parking lot near Argonne National Lab



Muon g-2: The Big Move, Summer 2013



Fermilab Muon Campus
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MC-1 building  
(where the muon  storage ring is located)𝑔 − 2



Muon g-2 Experiment at Fermilab
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protons from
accelerator complex



Muon g-2 Experiment at Fermilab
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Muon g-2 Experiment at Fermilab: Anti-muon Injection
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𝜇+ • A polarized anti-muon bunch (3.1 GeV) is 
injected into the storage ring (15 m diameter)

• Superconducting inflector magnet cancels the 
main focusing magnetic field (1.5 T) to inject the 
bunch into the storage ring tangentially



Muon g-2 Experiment at Fermilab: Kick
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Muons are kicked onto the proper orbit by the 
fast non-ferric kicker magnet system.

𝜇+



Muon g-2 Experiment at Fermilab: Vertical Focusing
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S

L

• Electrostatic Quadrupoles (ESQ) focuses the 
beam vertically

• 4 Quadrupole sections (long and short for each) 
cover 43% of the circumference

𝜇+



Muon g-2 Experiment at Fermilab: Detection
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Muons decay into positrons which curl into 
24 electromagnetic calorimeters 
surrounding the storage ring.

S

L

𝜇+



• Detected positrons time spectrum 
(over an optimized energy threshold) 
is oscillating with the spin precession 
frequency 

• Extract  by fitting the wiggle plot 
with a model function:

𝜔𝑎

𝜔𝑎

𝑓(𝑡) = 𝑁0𝑒−𝑡/𝜏(1 + 𝐴cos(𝜔𝑎𝑡 + 𝜙))

Muon g-2 Run 1 Results: Wiggle Plot (  counts vs time)e+
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Muon g-2 Experiment at Fermilab: Run 1 Results
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Both FNAL and BNL uncertainties are dominated by
the statistical uncertainties (minimally correlated)



Muon g-2 Experiment at Fermilab: Run 1 Results
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3.7σ

3.3σ

4.2σ



Muon g-2 Experiment at Fermilab: Run 1 Results

35

4.2σ



Muon g-2 Experiment at Fermilab: Run 1 Results
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4.2σ



Muon g-2: Four Run 1 Analysis Publications

Beam dynamics corrections: PRAB (TBD)  arXiv:2104.03240
Phys. Rev. Lett. 126, 141801

 analysis: Phys. Rev. D 103, 072002𝜔𝑎

 analysis: Phys. Rev. A 103, 042208~𝜔𝑝
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Where to Next?



Muon g-2: Our Goals

• Best measurement of muon g-2
- target 140 part-per-billion (ppb) uncertainty

• Confirm or refute the deviation seen at Brookhaven
- target 4x improvement over BNL sensitivity (450 ppb)

• Best measurements of muon g-2 for both positive and negative muons
- target 5x improvement over BNL sensitivity for mu+ (700 ppb), 2x for mu- (700 

ppb)



Muon g-2 Experiment at Fermilab

40



Muon g-2 Experiment at Fermilab
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results released
April 2021
~6% of target stats 



Muon g-2 Experiment at Fermilab
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results released
Next winter

Run 3 ~3.3 BNLs



Muon g-2 Experiment at Fermilab
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results released
2024?



Muon g-2 Experiment at Fermilab: Computing
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Raw Data

Processed Data

Production Grid Usage



Muon g-2 Experiment at Fermilab: Computing
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Offsite resources since start:
• ~17% of Production work
• ~10% of Analysis work 

Sum of Committed Time 



Summary
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• The Muon g-2 Experiment at Fermilab 
released a very interesting result in April 2021 
of the measurement of the muon anomalous 
magnetic moment 

• Confirmed the BNL measurement made in 
almost 20 years ago

• Found discrepancy of  between 
measurement and Standard Model theory

• Much more data to analyze!

• OSG resources have and will continue to play 
an important role 

4.2σ

4.2σ


