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The 17 Elementary Particles of the Standard Model
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Figure adapted and updated from https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg
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Fundamental Questions
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Andromeda galaxy, WISE space telescope, 3.4 μm, Credit: NASA/JPL-Caltech/UCLA

Baryon asymmetry of the Universe:
Why is there not more anti-matter?

Why are we even here?

What is Dark Matter made of ?

Neutrinos do have mass!
How heavy are they?

How do they obtain mass?

Dark energy:
What is it?

How does gravity fit
into a common

framework with the 
other three forces?

The Standard Model of Particle Physics 
does not provide any answers

to these fundamental questions!
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What are muons?
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The heavier cousin of the electrons:

• 200 x heavier than an electron
• Same “spin” (intrinsic angular momentum)
• Same electric charge than e

• Unstable: lifetime ≈ 2 μs
• Production in large numbers at accelerators
• Decay: Prototype of weak interaction
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Charged particle with magnetic dipole moment and spin

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

Interactions with virtual particles cause the “anomalous magnetic moment”

The g factor of a charged lepton
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Feynman diagrams: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D98, 030001 (2018)
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Prediction meets the experiment !?
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Prediction meets the experiment

8

Total SM prediction:          𝑎!,- = 116591810 ± 43 (368 ppb)
Phys. Rept. 887 (2020) 1-166

Experiment (BNL E821):  𝑎!+./ = 116592089 ± 63 (540 ppb)
Phys. Rev. D 73, 072003, 2006

Discrepancy:                       Δ𝑎! = 𝑎!
&01 − 𝑎!,- = 279 ± 76 ×10233

Check the experiment:

Reduce uncertainty 

by a factor of 4 @ FNAL

with 20x more muons! 

3.7 σ deviation

Check the prediction:

Are all interactions and 

particles accounted for?

Or is this a hint for #18

lurking to be discovered?
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Units:  xxx 10-11

QED (𝒪 𝛼! , > 12000 digrams): 116584718.931 ± 0.104
Electroweak:                                                                                   153.6 ± 1.0

LO hadronic vacuum polarization:                                               6931 ± 40
NLO HVP:                                                                                       −98.3 ± 0.7
NNLO HVP:                                                                                        12.4 ± 0.1

LO hadronic light-by-light scattering:                                               92 ± 19
NLO hLbL scattering:                                                                              2 ± 1

Uncertainty dominated by hadronic physics contributions!
Total SM prediction:                                     𝑎!"# = 116591810 ± 43 (368 ppb)

Recent evaluations of the SM prediction of aμ
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Numbers taken from “Muon g-2 Theory Initiative White Paper”: Phys. Rept. 887 (2020) 1-166
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The muon g-2 experiment at Brookhaven
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The long journey from Brookhaven to Fermilab (2013) !
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On the road … On the river …

By the sea …

If the short route isn’t feasible… 
… a little detour is needed!

Making friends in Chicago!
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FNAL muon campus: the new home base!
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The muon g-2 experiment at Fermilab
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Looks very sim
ilar to

 the BNL E821 experim
ent

But only the magnet and its 
ste

el are reused!

Everything else is n
ew!
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Muons spin like elementary tops in the storage ring
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Precessing top: cropped from Hill Science videos
https://www.youtube.com/watch?v=cquvA_IpEsA

https://www.youtube.com/watch?v=cquvA_IpEsA
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A relativistic charged lepton circulating a homogenous magnetic field experiences two effects:

The two clocks of a charged lepton
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Cyclotron motion

Equilibrium between centrifugal and Lorentz force     

Cyclotron frequency

Spin precession

Coupling of magnetic moment and field

Larmor frequency

Anomalous spin precession frequency:

Independent of

particle momentum!



M. Fertl – Falling Walls Circle, November 8th 2021

Evolution of muon’s longitudinal polarization in a superposition of electric and magnetic fields

Clock frequency shifts for muons in motion

17

Non-relativistic and 
circular motion limit

Relativistically generated magnetic fields
“electric field correction”

“pitch correction”

FNAL E989: 𝐸 ≠ 0
suppressed at 𝛾 = 29.3

“magic momentum”

Reconstruction
of complex beam 

dynamics

Magnetic field
maps and temporal 

interpolation

Spin component 
perpendicular to 

velocity

By virtue of
the parity violation

of weak interactions

Accurate reconstruction
of decay positrons

for frequency extraction
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Extracting aμ - the external ingredients
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Anchor 𝐵, 𝑒 and mμ to other high-precision measurements and calculations
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Extracting aμ - the external ingredients
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Anchor 𝐵, 𝑒 and mμ to other high-precision measurements and calculations

𝜇!" 𝑇#
𝜇$ 𝐻

10.5 ppb uncertainty 
at Tr = 34.7°C

Metrologia 13, 179 (1977)

𝜇$ 𝐻
𝜇$

Bound state QED calculation 
exact

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

𝑚%

𝑚$

Muonium hyperfine splitting
22 ppb uncertainty
Phys. Rev. Lett. 82, 11 (1999)

𝑔$
2

Measurement with
0.28 ppt uncertainty

Phys. Rev. A 83, 052122 (2011)

Total uncertainty 
from external quantities:

24 ppb
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Extracting aμ - our challenge
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Extracting aμ - our tools
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Anomalous spin precession
frequency

Muon beam dynamics
corrections

Spatial distribution
of magnetic field

Spatial muon
distribution

Transient magnetic 
fields

Calibration

Clock blinding
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The Muon g-2 collaboration ready to unblind …
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Domestic Universities
Boston
Cornell
Illinois 
James Madison
Kentucky 
Massachusetts
Michigan
Michigan State
Mississippi
Northern Illinois
Regis
UT Austin
Virginia
Washington

National Labs
Argonne
Brookhaven
Fermilab

China
Shanghai Jao Tong University

United Kingdom
Lancaster
Liverpool
University College London

Italy
Frascati
Molise
Naples
Pisa 
Roma 2
Trieste
Udine

Germany
JGU Mainz
TU Dresden

Russia
JINR/Dubna
Novosibirsk

South Korea
CAPP/IBS
KAIST

… on February 25th, 2021!

The 40 MHz clock was really set to: 
39 997 784 MHz 
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Result from combined Run 1 datasets
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aµ(BNL) = 0.00116592089(63) à 540 ppb 

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

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

Both experiments uncertainty dominated by statistics:

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

4.2 σ discrepancy between experiment and
community approved SM prediction

BUT: the very recent results from lQCD vor HVP
would reduce the tension to 1.5 σ!

Borsányi et al., Nature 593, 51–55, 2021 
and arXiv:2002.12347

Figure: Zoltan Fodor
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A new era of aμ comparisons
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Prediction
based on SM 

theory and e+/e-
scattering data 

Measurement

Ab-initio
lattice QCD
calculations

Extre
mely excitin

g tim
es:

A three-way compariso
n for

the very fir
st t

ime!
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Particle #18: are you out there?
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Other mysteries: Hints for
lepton flavour universality violation

b→sμμ, Cabibbo angle anomaly

Muon really just the heavier cousin?
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The near future:
• Fermilab experiment ongoing with much improved

conditions → Factor 2 uncertainty reduction next year
• Intense scrutinizing of the lQCD calculation ongoing 

The intermediate future:
• Independent measurement of muon g-2 at J-PARC

• Different experimental technique
• Different beam energy → Different magnetic field

• Proposed new data-driven HVP determination: MUonE at CERN

Extremely exciting times…
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Thank you Chris for your leadership and congratulations!
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Thanks to the various funding agencies, in particular DOE, the excellence cluster PRISMA+ at JGU, and the WE Heraeus Foundation


