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Muon g-2

Introduction 
Spin and magnetic moment of leptons 
History of the muon 
Why is muon g-2 interesting? 

History of muon measurements (1960-today) 
Brookhaven (2004) 
Fermilab (today) 

Future: J-PARC, tau leptons 
Diving into the theory to interpret experiment - Graham

2



Jim Brau     -     2021 U.Oregon Quarknet     -     June 30, 2021

Stern-Gerlach Experiment
1921-1922

Demonstrated spatial orientation of angular momentum is quantized. 
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Note: Spin 1/2 not yet realized. 

Furnace

Beam of silver atoms

Inhomogeneous magnetic field

Expected

Observed
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Uhlenbeck–Goudsmit model 
1925

Uhlenbeck & Goudsmit explained quantization of emission spectra 
of alkali metals based on assumption electrons are spinning around 
axis, with magnetic moment  

Pauli had proposed (1924) two quantum states for electron to 
explain emission spectra of alkali atoms, but at first poo-poo’d idea 
that particles could be spinning since he thought the motion would 
exceed the speed of light. 

1927 - Pauli formalizes theory of spin. 

Spin  was important element in Dirac’s theory of the 

electron, relativistic quantum mechanics (1928). - suggests anti-matter, 
also!

μ = qℏ/2m

(
+ℏ
2

,
−ℏ
2

)
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Magnetic moment - current loop

Torque on a current loop: 

 

Magnetic moment of 
current loop 

⃗τ = ⃗μ x ⃗B

⃗μ = IA ̂n

5



Jim Brau     -     2021 U.Oregon Quarknet     -     June 30, 2021

Magnetic moment - current loop

Magnetic moment of current loop 

 

or 

 

 

Since   : 

⃗μ = IA ̂n

⃗μ = (
q

2π/ω
) (πr2) ̂n

=
q

2m
mr2ω ̂n

⃗L = mvr ̂n = mr2ω ̂n

⃗μ =
q

2m
⃗L

6

 = angular frequency
m = mass

 = speed

ω

v = rω
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Magnetic moment of electron (or muon)

Magnetic moment of current loop 

 

Magnetic moment of electron (muon) 

 

So if , 

,     g = 2!! 

1928. g=2 explained in Dirac theory or electron.  
"an unexpected bonus for me, completely unexpected." quoted by A. Pais    

Therefore, g-2 expresses deviation from Dirac theory.

⃗μ = q/2m ⃗L

μ = qℏ/2m

| ⃗L | = | ⃗s | = ℏ/2
⃗μ = g (q/2m) ⃗s
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Dirac explains g=2, but is g exactly 2?
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Dirac explains g=2, but is g exactly 2?

g≠2.      g = 2  +  0.00238 +/- 0.00010. -    too large! - why?

8
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Modern theoretical understanding

9

g = 2 + α/π = 2(1.00116), α = 1/137
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Modern theoretical understanding

There’s much more - Graham will get into 
that in the next talk, especially for the muon.
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Discovery of the muon
1932-1947

1932 - Paul Kunze observes traces of an 
unknown, positively charged particle (too 
weak for proton & too strong for positron). 

1937 - Carl Anderson & Seth 
Neddermeyer publish discovery of muon.  
(suspected to be pion of Yukawa theory). 

1947 - pi plus is discovered, revealing 
muon as another fundamental particle. 
''Who ordered that?'' Isidor I. Rabi 
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Muon magnetic moment

11

g ≈ 2 ⃗μ μ = g (
q

2mμ
) ⃗s
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Muon magnetic moment

Define anomaly: 

  aμ =
(g − 2)

2

11

g ≈ 2 ⃗μ μ = g (
q

2mμ
) ⃗s
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Muon magnetic moment

Define anomaly: 

  aμ =
(g − 2)

2

Effects of virtual processes larger than for electron due 
to larger mass, and therefore larger phase space and 
bigger potential for impact of beyond SM physics.
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g ≈ 2 ⃗μ μ = g (
q

2mμ
) ⃗s
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How to measure muon g-2:
Storage ring

12

Lorentz force

     

Centripetal force 

⃗F = Qe( ⃗v x ⃗B )

⃗F =
−γmv2

r
̂r

μ-

Momentum

⃗B
̂r
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How to measure muon g-2:
Storage ring

 
γmv2

r
= − QeBv

v
r

= ωc =
−QeB

mγ
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Lorentz force

     

Centripetal force 

⃗F = Qe( ⃗v x ⃗B )

⃗F =
−γmv2

r
̂r

μ-

Momentum

(Relativistic angular 
cyclotron frequency)

⃗B
̂r
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Momentum

Spin

Spin in storage ring

For g=2, spin is synchronized 
                 with momentum

13

Measure spin - momentum mismatch 
                to determine g-2
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Measurements of Muon g-2

14
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Measurement at Brookhaven
2004

15

Phys. Rev.D 73(2006) 072003 [hep-ex/0602035].
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How to make measurement

16
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Spin Zero Pion decay 
produces polarized muons

Pion spin = 0

17

Neutrinos are left-handed. - 
     so. -  μ+ must be left-handed, since pion has no spin.

(Opposite for  π-, anti-neutrinos and μ-)
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Muons in storage ring

Inject polarized muons into a very uniform magnetic field (storage 
ring). 

Muon momentum turns with cyclotron frequency: 

 

Spin turns with a different frequency: 

ωc =
−QeB

mγ

ωs = g
−QeB

2m
− (1 − γ)

QeB
γm
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Anomalous frequency

19

ωa = ωc − ωs =
−QeB

mγ
+ g

QeB
2m

+ (1 − γ)
QeB
γm

= (
g − 2

2
)
QeB

m
= aμ

QeB
m
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Detecting the Muon spin

20
Measure electrons above threshold
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Brookhaven E821

Muon lifetime 
     tμ = 64.4 μs
     (pμ = 3.1 GeV/c)

(g-2) period 
     ta = 4.37 μs

Cyclotron period 
     tC = 149 ns

21
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Brookhaven
E821

Muon lifetime 
     tμ = 64.4 μs
     (pμ = 3.1 GeV/c)

(g-2) period 
     ta = 4.37 μs

Cyclotron period 
     tC = 149 ns
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Measurement at Brookhaven
2004

~3.5 σ discrepancy.  Is this new physics?   

Improve and repeat experiment.

23

Phys. Rev.D 73(2006) 072003 [hep-ex/0602035].
Phys. Rev. Lett. 126, 141801 (2021). 
arXiv:2104.03281 [hep-ex]
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Storage ring moved to Fermilab

24
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Moving to Fermilab

25
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June 25 - July 20, 2013

26
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Lemont, IL
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Arriving at Fermilab, July, 2013
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Fermilab - now

Many 
improvements 
at Fermilab

29

Brookhaven
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Many upgrades from Brookhaven effort

PbF2 crystals  
Cherenkov detectors 
24 stations, 9x6 arrays 

Laser calibration system 
Energy calibration of crystals 

Straw trackers for beam dynamics 
simulation studies.

30
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Fermilab g-2 results

Muon lifetime 
     tμ = 64.4 μs
     (pμ = 3.1 GeV/c)

(g-2) period 
     ta = 4.37 μs

Cyclotron period 
     tC = 149 ns

31

Phys. Rev. Lett. 126, 141801 (2021). 
arXiv:2104.03281 [hep-ex]
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Phys. Rev. Lett. 126, 141801 (2021). 
arXiv:2104.03281 [hep-ex]
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Phys. Rev. Lett. 126, 141801 (2021). 
arXiv:2104.03281 [hep-ex]
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There are two theoretical approaches

34

Nature volume 593, pages 51–55 (2021)
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More data to analyze

5 times 
Run-1 data 
already 
acquired. 

Run-5 to 
start in Fall.
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J-PARC Experiment

36
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Fantasy?  Measure tau lepton g-2

Higher mass → larger BSM effects! 
But tau lifetime = 2.3 x 10 -13 seconds

37
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Conclusion

Muon g-2 anomaly, aµ, was recently measured at Fermilab with 
unprecedented precision, 460 ppb. 

This results from numerous upgrades on Brookhaven 
experiment, after it was transported to Fermilab. 

Results are inconsistent with theory by 4.2 σ (perturbative 
expansion approach)  

However, lattice QCD estimate agrees with experiment. 

Future - 5 (and increasing) times more data from Fermilab. 

Also, Japanese experiment at J-PARC (farther future: tau g-2??) 
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