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Muon g-2 
>200 collaborators
35 Institutions
7 countries 

Many experts 
from BNL E821
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Aida El-Khadra and Chris Polly 
Christoph Lehner and Grazianio Venanzoni

April 7-8
Announcement 
Talks at Fermilab 
and CERN

Thomas Teubner, David Hertzog, Dominik StoeckingerApril APS 
Meeting Talks

40+ seminars/colloquia worldwide; public interest

g-2 Theory Initiative Consensus (WP20) https://arxiv.org/abs/2006.04822
Measurement to 0.46 ppm: https://arxiv.org/abs/2104.03281
Muon Precession Frequency: https://arxiv.org/abs/2104.03247
Magnetic Field:  https://arxiv.org/abs/2104.03201
Beam Dynamics:  https://arxiv.org/abs/2104.03240
Kicker:  https://arxiv.org/abs/2104.07805
+ methods and apparatus in theses, arXiv, proposals, ….

A Measurement 20 years in the making
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Why measure the magnetic moment of the muon so carefully?

Motivation
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Probing High Energy Scales 
with Quantum Corrections

Magnetic Moments of Particles

𝝁𝝁 = 𝑔𝑔𝑥𝑥
𝑒𝑒

2𝑚𝑚𝑥𝑥
𝑺𝑺

Dirac Theory Predicts  𝑔𝑔𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 2

However, Quantum Corrections 
predicts 𝑔𝑔𝑥𝑥 ≠ 2

Schwinger was the first to calculate 
the 1-loop QED correction.



• Dirac’s prediction for a point particle:  2
• 𝝁𝝁 = 𝑔𝑔𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑒𝑒
2𝑚𝑚𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑺𝑺

• Measured Proton:  5.6 (Otto Stern, 1933)
• Measured Neutron:  -1.9 (Luis Alvarez and Felix Bloch 1940)

• Measured for the Electron
• 2.00238 (Henry M. Foley and P. Kusch 1947)

• Theoretical calculation for the Electron
• Agreement!  (Julian Schwinger 1948)

Now, agreement is to 10 significant digits
We understand how electrons and photons work.

A few examples of g
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For the Electron, superb agreement

0.001 159 652 181 643(764)       Theory PRD 91,033006 (2015) Aoyama, Kinoshita, Nio

0.001 159 652 180 73(28)            Measured PRL 100, 120801 (2008) Henneke, Fogwell, Gabrielse

The measurement was carried 
out with a single electron that 
was suspended for months at a 
time in a cylindrical Penning trap

Use a = (g-2)/2 for convenience

6354 tenth-order Feynman diagrams
6318 previously published tenth-order diagrams



Why We Like Muons



Muons are more sensitive 
than electrons
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…this is one of the most promising places 
to look for evidence of new physics.

200 * 200 = 40,000

The muon g-2 theory initiative 
has done the calculation 
(much more carefully) and 
concludes:



Muons PRECESS in a magnetic field
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Spinning Charge In
Magnetic Field

Spinning Top In
Gravitational Field

Precession Frequency depends on:
• Applied Magnetic Field
• ½ * g

Precession Frequency depends on:
• Gravitational Field
• Angular momentum



Muons: spin directions line up:  90% polarized
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Fermilab
Muon

Campus
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Fermilab
Muon 
Campus



Overview of Muon 𝑔𝑔 − 2 Experiment at Fermilab (E989)



▶ Injection
- 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.

Overview of Muon 𝑔𝑔 − 2 Experiment at Fermilab (E989)
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▶ Injection
- 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.

▶ Kick
- Muons are kicked onto the design orbit by the 

fast non-ferric kicker magnet system.

▶ Vertical focusing
- Electrostatic Quadrupoles (ESQ) focuses the 

beam vertically.
- 4 Quadrupole sections (long and short for each) 

cover 43% of the circumference.

▶ Detection
- Muons decay into positrons which curl into 24 

electromagnetic calorimeters surrounding the 
storage ring.

Overview of Muon 𝑔𝑔 − 2 Experiment at Fermilab (E989)

𝜇𝜇+
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Muons are made with the spin pointing forward
Muons decay to positrons, aligned with the spin
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Muon Beam Muon Beam

For convenience, use a=(g-2)/2, the
“Anomalous Magnetic Moment of the Muon”

g=2.0 g=2.2

𝝎𝝎𝒂𝒂 = 𝝎𝝎𝒔𝒔 −𝝎𝝎𝒄𝒄 = −
𝑞𝑞
𝑚𝑚𝜇𝜇

𝑎𝑎𝜇𝜇𝑩𝑩



Measuring Muon Longitudinal Polarization
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Select

Decay Positron

Decay Positron



Here is what we see from the decays of muons

24 7/8/2021

𝑓𝑓 𝑡𝑡 = 𝑁𝑁0𝑒𝑒−𝑡𝑡/𝜏𝜏 1 + 𝐴𝐴 cos 𝜔𝜔𝑎𝑎𝑡𝑡 + 𝜙𝜙

𝜔𝜔𝑎𝑎 = −
𝑞𝑞
𝑚𝑚𝜇𝜇

𝑎𝑎𝜇𝜇𝐵𝐵

𝑎𝑎𝜇𝜇 = −𝜔𝜔𝑎𝑎 𝑚𝑚𝜇𝜇

𝑞𝑞 𝐵𝐵



If all the muons saw the same calibrated magnetic field perpendicular to their momentum, and all detectors had 
100% acceptance and efficiency, then this would be a much shorter talk!

Reality Check



Use protons to 
calibrate and monitor B

Free Induction Decay (FID) signals

Extracted 𝜔𝜔𝑝𝑝/2𝜋𝜋 ≈ 61.79 MHz which 
corresponds to 𝐵𝐵 ≈ 1.45 T.

B



Measure two frequencies; convert with  precision 
results from others
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10.5 ppb
Metrologia 13, 179 (1977)

22 ppb (muonium hyperfine splitting)
Phys. Rev. Lett. 82, 711 (1999)

Exact (Bound-state QED)
Rev. Mod. Phys. 88, 035009 (2016)

0.28 ppt
Phys. Rev. A 83, 052122 (2011)

𝑎𝑎𝜇𝜇 = −𝝎𝝎𝒂𝒂 𝑚𝑚𝜇𝜇
𝑞𝑞 𝐵𝐵

from previous slide becomes
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Repeat the measurement of this ratio many times.
Group together four similar run conditions
Apply the corrections below
Calculate combined average (with correlations)
Apply the actual clock frequency

The Measurement to 0.46 ppm arXiv:2104.03281v1



Electrostatic
Quadrupoles

Vertical Focusing

Horizontal Defocusing

−18 𝐾𝐾𝐾𝐾 −18 𝐾𝐾𝐾𝐾

+18 𝐾𝐾𝐾𝐾

+18 𝐾𝐾𝐾𝐾
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Beam Dynamics  
(arXiv:2104.03240v1)

B



Train of 8 Pulses of the Quad system
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Transient during Muon Fill

Small Correction with large error

Quadrupole Transient – Magnetic Field  (arXiv:2104.03201v1)
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Beam Dynamics  (arXiv:2104.03240v1)



32

Beam Dynamics  (arXiv:2104.03240v1)
Phase-Acceptance Correction

The delivered beam has a mild phase vs. 
momentum dependence

Losses during a fill depend on momentum

The resulting phase change can not be 
distinguished from a frequency shift



Beam Dynamics  
(arXiv:2104.03240v1)



Anomalous Precession Frequency (2014.03247v1)
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Magnetic Field  (arXiv:2104.03201v1)
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Magnetic Field  (arXiv:2104.03201v1)
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Kicker (arXiv:2104.07805v1)
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Kicker Transient – Magnetic Field  (arXiv:2104.03201v1)
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The Measurement to 0.46 ppm 
arXiv:2104.03281v1

Anomalous Precession Frequency (wiggle plot fit)

Electric Field Correction
Pitch correction
Muon loss  changing phase correction
Phase acceptance correction
Absolute calibration of NMR; B monitors; muon locations
Residual field from Kicker
Residual field from Quad Focusing

We quote all errors 
as “gaussian errors” 
and combine 
normally, with 
correlations.
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What does it all mean?



An “expert”
weighs in
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Conclusions

• The Fermilab g-2 experiment works!
• We are increasing statistics x16 or more
• We are reducing systematics
• Two challenges (non-centered beam and quad focusing) test 

our systematic corrections
• Both of these have been addressed
• We will do more systematic studies

• No evidence of anything worth changing in the BNL result.  
(Except for updating external constants.)
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Speculation
When two numbers that you think should agree do not agree, at least one of the 
following is true:

A) The first number (this measurement) is mistaken.
• Unlucky statistics; Extremely subtle systematics; Plain old mistakes
Continue running FNAL g-2
J-PARC experiment

B) The second number (theory) is mistaken.
• Hadronic corrections are notorious
• Lattice calculation
Motivation for renewed theoretical work
MUonE measurements of difficult terms

C) Our thinking (the Standard Model) is mistaken
• New particles/forces
 New physics explanations (via Dominik’s Stoeckinger)  arXiv:2104.03691v2
Speculation abounds on arXiv:

Supersymmetry!  Leptoquarks!  LHCb mu/e!  CKM non-unitarity!  Dark Matter! Fifth Force!
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The Future

Orthogonal experiment:  J-PARC https://g-2.kek.jp/portal/index.html
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https://g-2.kek.jp/portal/index.html


The Future

MUonE

The MUonE experiment aims at a completely 
independent and very precise measurement of the 
leading hadronic contribution to the muon magnetic 
moment, achievable with a novel method, as proposed 
in Eur.Phys.J. C77 (2017) 139.

https://www.bo.infn.it/gruppo1/en/the-muone-project/
46

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4633-z
https://www.bo.infn.it/gruppo1/en/the-muone-project/


Workshop:  Potential Muon Campus & 
Storage Ring Experiments

47

https://indico.fnal.gov/event/48469/

Virtual Workshop May 24-27 2021
This workshop provides a venue for exploring ideas to build short-, medium-, 
and long-term muon- and non-muon-based experiments that will have a small 
incremental cost on top of existing infrastructure investments. The goal of this 
workshop is to promote the development of proposals for the Fermilab 
PAC review process and current Snowmass exercise.

https://indico.fnal.gov/event/48469/
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