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• Muon g-2: A Window into the Quantum Vacuum 
• Stern/Gerlach, CERN à BNL à FNAL
• The four miracles that make the modern muon g-2 experiment possible

• Production of longitudinally polarized muons (parity violating pion decays)
• Parity violating muon decays probes the muon spin direction by detecting the electron 

energy
• The g-2 precession is independent of the muon momentum
• The “magic” muon momentum: 3.09 GeV/c, g-2 freq. independent of electric focusing field

• Status of the experimental and theoretical results; future options
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Yuri F. Orlov (1924-2020)
• Recipient of the APS Wilson Prize 2020 for his invaluable 

and numerous contributions to muon g-2 experiment.

• First complete analysis of storage-ring EDM systematic 
errors in 1996 and with a contribution to AGS-2000 
workshop. He set us on the right path.

• Non-linear analysis of beam and spin dynamics
• Spin coherence time (SCT) estimation including three independent 

parameters (hor., vert., and longitudinal oscillations)
• In electric rings with RF set the correct analysis of conserved 

parameters-verified by benchmarked simulations

• Geometrical phases, establishing superiority over      
neutron EDM case due to special geometry
• Wien-filter with partially frozen spin method
• Resonance EDM method for the deuteron case
• Comprehensive study of gravitational effects 2
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ЮРИЙ ФЕДОРОВИЧ ОРЛОВ (1924-2020) 
 

C тяжелым сердцем восприняли мы печальную 
новость о том, что 27 сентября 2020 года в возрасте 96 
лет в г.Итака, штат Нью-Йорк, США, скончался 
выдающийся советский и американский физик Юрий 
Федорович Орлов.   
 

Юрий Федорович Орлов родился 13 августа 
1924 года в Москве. Его детство прошло в 
подмосковной деревне, потом он учился в школе в 
Москве. В войну работал на танковом заводе,  
выпускавшем Т-34, затем служил артиллерийским 
офицером, вступил в партию. После войны работал 
кочегаром и закончил экстерном среднюю школу в 
Москве. Поступив в 1947 году  на физико-
технический факультет МГУ, он изучал физику у Берестецкого, Будкера, Капицы, Ландау 
и Ландсбергаю После окончания МГУ в 1952 году он стал сотрудником Теоретического 
отдела Института теоретической и экспериментальной физики (тогда – Теплотехническая 
лаборатория АН СССР), где работал в 1953-1956 гг над проектом протонного-синхротрона 
ИТЭФа, создавая теорию нелинейных бетатронных колебаний - впервые используя 
гамильтонов подход в этой области. 
 

В 1956 году, после критического выступления на партсобрании в ИТЭФ, где 
обсуждались решения XX съезда КПСС, Орлов был исключен из партии и уволен из 
института. В том же году он начал 16-летнее сотрудничество с Ереванским физическим 
институтом в Армении, где он спроектировал Ереванский электронный синхротрон с 
энергией 6 ГэВ, опубликовал статьи по квантовому затуханию и возбуждению излучения 
(включая т.н. “теорему о сумме декрементов”, совместно с Е.К.Тарасовым из ИТЭФ), по 
спиновым резонансам и спиновой деполяризации, и стал начальником лаборатории 
электромагнитных взаимодействий. В 1963-64 Юрий Федорович, по приглашению 
Г.И.Будкера, параллельно работал в Институте Ядерной Физики СО АН в Новосибирске, 
где открыл, совместно с В.Н.Байером, эффект квантовой деполяризации, а в 1967 году 
выдвинул идею создания электрон-позитронного коллайдера с энергией 100 ГэВ x 100 ГэВ, 
которая в то время не была реализована. Он защитил кандидатскую диссертацию в Ереване 
(1958 г.) и докторскую в Новосибирске (1963 г.), стал профессором, был избран членом-
корреспондентом Армянской академии наук (1968, исключен 1979 году из-за 
правозащитной деятельности). 
 

Вскоре после возвращения в Москву в 1972 году Юрий Федорович присоединился к 
диссидентскому движению, стал членом первого состава советской секции Международной 
Амнистии, написал письмо генеральному секретарю ЦК КПСС Л.И,Брежневу в поддержку 
А.Д.Сахарова и выступал за гласность и экономические реформы. Несмотря на 
международную репутацию и авторство более 50 научных статей,  он был уволен с 
должности научного сотрудника в Институте земного магнетизма и распространения 
радиоволн и  зарабатывал внештатной работой автора и редактора научных диафильмов и 

Cornell University



Space quantization (spin)



Quantization of space by Walter Gerlach and Otto Stern

W. Gerlach

Z. Phys. 8, 110 (1922)

• They guided a beam of silver atoms through an 
inhomogeneous magnetic field.

• Surprise: the beam split in two distinct lines (non-
continuous distribution)





Without Magnetic field With Magnetic field
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Symmetries (parity)



Parity violation in weak interactions 

The θ-𝜏 problem resolved: seemingly, two particles with same mass and 
lifetime decayed to states with opposite parity
Weak interactions don’t conserve parity! θ-𝜏 à same particle K+ positive kaon.



Parity violation in weak interactions 

• Electrons and neutrinos come out 
left-handed

• Positrons and antineutrinos right 
handed

• In beta decay, a neutron transforms 
into a proton, an electron and an 
antineutrino.



Parity violation in weak interactions 

right handed left handed



Definition of g-Factor

g-2 measures the difference between the charge and 
mass distribution. g-2=0 when they are the same all the 
time…
From Dirac equation g-2=0 for point-like, spin ½ particles, 
e.g leptons.

  

€ 

g ≡

magnetic moment
e! /2m

angular momentum
!



MDM can also tell us about 
Quantum Field Fluctuations

• A “soup” of virtual particles is coming in and out of existence 
affecting the MDM interaction of particles with B-fields.

• The interaction is estimated using Feynman diagrams.
• It is expressed with the so-called g-2 factor: a = (g-2)/2, the 

anomaly.



g-factors:

• Proton (gp=+5.586) and the neutron (gn=-3.826) are composite particles.
• The ratio gp/gn=-1.46 close to the predicted –3/2 was the first success of 

the constituent quark model.

• The ge-2 (of the electron) is non-zero mainly due to quantum field 
fluctuations involving QED. A “soup” of virtual particles coming in and 
out of existence…

• The anomalous magnetic moment of leptons can be estimated with high 
accuracy



Electron Magnetic Dipole Moment
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The Muon
“a particle of uncertain nature”

Paul Kunze,
Z. Phys.  83, 1 (1933)

First observed in cosmic rays in 1933



Identified in 1936

Study of cosmic rays by Seth 
Neddermeyer and Carl Anderson



Confirmed by: Street & Stevenson, Nishina, Tekeuchi & Ichimiya

It took 10 years to conclude that the muon interacted too 
weakly with matter to be the “Yukawa” particle which was 
postulated to carry the nuclear force



Properties of the Muon

• Lifetime ~2.2 μs, practically forever
• mμ/me = 206.768 277(24)
• produced polarized (first miracle)

• in-flight decay: both “forward” and “backward” 
muons are highly polarized

I.I. Rabi



The Standard Model (Our Periodic Table)

Interact weakly through the

Leptons
e μ τ
νe νμ ντ

Interact strongly through the gluons  g

Electroweak gauge bosons γ Z0 W±

Quarks
u c t
d s b

Latest addition: the Higgs boson



g-factors: Muon acts as an amplifier of Quantum Vacuum

• The gμ-2 is more sensitive to a class of particles than the ge-2 by 
(mμ/me)2~40,000.  A thicker “soup” of virtual particles coming in and 
out of existence…

• Muons are sensitive to W, Z, and new physics, e.g. SUSY: neutralino



Radiative corrections change g from its Dirac value of 2.  We 
symbolically express these corrections as Feynman diagrams

Dirac            
Stern-Gerlach

Schwinger
Kusch-Foley

We have a pertubation expansion:

Lee B. Roberts



Yannis Semertzidis

g - 2 for the muon, SM contributions

Largest contribution : 
!""
#

$
≈=

π
α

µ!

Other standard model contributions :

QED hadronic weak



Yannis Semertzidis

Muons (heavier than electrons) are more sensitive 
to weak interaction forces (standard model (SM))

Muons become (sometimes) 103 times heavier!  

Weak interactions



Cannot be calculated from pQCD alone
because it involves low energy scales.

Hadronic contribution (had1)

However, by dispersion theory,
this aμ(had1) can be related to
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Physics Input from
e+e- colliders



A brief history of the 
CERN muon g-2 
experiments

26



CERN I, 1958-1962
• Top view of first magnet

27

With 100 MeV/c muons



CERN I, 1958-1962
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CERN II, 1962-1968
• Top view of the second magnet. Proton injection.
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CERN II, 1962-1968.
270ppm in a.

30



CERN III, 1969-1976
• The third magnet, second storage ring. Pion injection, E-field 

focusing, Magic momentum
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CERN III, 1969-1976.  7.3ppm in a.
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Brief history

P. Winter, High Precision Magnetic Field Measurement for the 
Muon g-2 Experiment, Seminar
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From CERN to BNL (1987)
• Much higher proton à pion à muon intensity
• One, large diameter (15m) superconducting magnet (1.5T)

• Direct muon injection (x10 more efficient), fast kicker (200 Gauss, ~200ns), 
measurement of eddy currents using Faraday effect on top of 1.5T main field.

• DC inflector magnet, uniform B-field to 1ppm, NMR trolley
• Electro-static quadrupoles with x2 field gradient and measure it.

• High-precision beam & spin simulation program for systematic error studies
• Continuous signal recording around signal à data-based pileup subtraction
• Study Coherent betatron oscillations



Pion vs. muon injections

Injection method Pion Muon
Light flash on detectors 
(neutrons, etc.)

Large!  Some dets did not 
gate on but after 140micro-
sec!

Down by alpha~1/137

Statistics Limited >10 improvement
Phase-space Uniform Large CBO*

Kicker needed? No, kinematics assisted Pulsed magnet needed 
(300Gauss, 100ns)

* CBO: Coherent betatron oscillations 



Storage Ring Muon g-2:
Rigorous Test of the Standard Model 



Producing pions and muons

Charged pion and muon stop in << 1 ns 



Polarized muon production (1st miracle)
1. Pion decays via weak (parity violating) interactions 

to a muon plus a muon neutrino.
2. A muon neutrino is left-handed, having its spin 

opposite to its momentum
3. Therefore, the muon, also has its spin opposite to 

its momentum to conserve momentum and 
angular momentum. (Note: muon neutrino is a 
particle, while the mu+ is an anti-particle.)

Pi+
muon+ Muon neutrino

Muon spin Muon neutrino spin



Muon decay (2nd miracle)
• Decay is self analyzing

• The highest energy e± from μ± decay carry information of 
the muon spin direction.



Muon decay

1. Muons decay via weak-interactions, violating 
Parity (P) symmetry. The electron spectrum from 
muon decays confirms the V-A theory, which 
predicts the helicity of the electron.



Muon g-2 experiment: major 
challenge to the Standard Model

• E821 at BNL: 1997-2004
• E989 at FNAL: first data in 2017



Spin Precession Rate at Rest

d!s
dt
=
!
µ ×
!
B+
"
d ×
"
E

There is a large asymmetry in this
equation:  μ is relatively large, 
d is compatible with zero



Yannis Semertzidis, BNL

The Principle of g-2

Spin vector Moving: Thomas precession!

• B
	
ω c =

eB
mγ

		
ω s =

g
2
eB
m

+ 1−γ( ) eBmγ

		
ωa =ω s −ω c =

g−2
2

⎛
⎝⎜

⎞
⎠⎟
eB
m

⇒ωa = a
eB
m

Momentum vector

  

€ 

At rest :  d! s 
dt

=
! 
µ ×
! 
B 

Independent of velocity (3rd miracle)!



Effect of Radial Electric Field

• Low energy particle

• …just right

• High energy particle

Spin vector

Momentum vector



Yannis Semertzidis, BNL

Effect of Radial Electric Field

• …just right

Spin vector

, γ~29.3 
for muons, 

“magic” 
momentum

(~3GeV/c)

g-2 precession independent of electric fields (4th miracle)!



Breakthrough concept: Freezing the 
horizontal spin precession due to E-field

Muon g-2 focusing is electric:  The spin precession due to E-
field is zero at “magic” momentum (3.1GeV/c for muons, 
0.7 GeV/c for protons,…)

p = mc
a

, with G = a = g − 2
2

The “magic” momentum concept was used in the muon g-2 
experiments at CERN, BNL, and now at FNAL.
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The electric focusing does not influence the g-2 precession rate

Spin Precession in g-2 Ring
(Top View)

µ

!
"
#$$

!!
=ω

Momentum
vector

Spin vector



B. Lee Roberts, P5: 27 March 2006 - p. 48/25

slide by B. Lee Roberts

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

µνµ −Pions

Target

Protons π −

p=3.1GeV/c

Experimental Technique

!
!

• Muon polarization
• Muon storage ring
• injection & kicking
• focus by  Electric Quadrupoles
• 24 electron calorimeters R=711.2cm

d=9cm

(1.45T)

Electric Quadrupoles



Upper Pole Piece

Space limitations prevent matching the inflector exit to 
the storage aperture

Inflector magnet shielding design by W. Meng (BNL)



Cross section of the storage ring magnet

P. Winter, High Precision Magnetic Field Measurement for the 
Muon g-2 Experiment, Seminar

50



Yannis Semertzidis, BNL

Detectors and vacuum chamber



Yannis Semertzidis, BNL

Detectors and vacuum chamber



Yannis Semertzidis, BNL

Energy Spectrum of Detected Positrons 
depends on spin direction

Momentum
vector

Spin vector

Momentum
vector

Spin vector

Software Energy Threshold



Yannis Semertzidis, BNL

•Muon g-2: Precision physics 
in a Storage Ring

•Statistics limited… to improve 
sensitivity by a factor of 4 at Fermilab



Yannis Semertzidis, BNL

Muon g-2: 4 Billion e+ with E>2GeV

( )[ ]!!

"

"#A%&"&% φωτ ++=
−

!"#$% &

Sub-ppm accuracy,
statistics limited



The ± 1 ppm uniformity in the average 
field is obtained with special shimming 
tools.



57

Field vs. Azimuth
Azimuthally Averaged 

Field vs r,z

Bennett et al. 10.1103/PhysRevD.73.072003

Goal: +/- 25 ppm Goal: +/- 0.5 ppm

Goal for the shimming of the storage 
ring magnet



Yannis Semertzidis

Comparison of Theory/Experiment



Current status of aµ in Standard Model

59

§ New E989 experiment will reduce experimental uncertainty by a 
factor of 4 to 16 x 10-11 (140 ppb)

§ If current discrepancy remains this would yield >7s
§ Together with theory improvements could give >9s

Value (x 10-11)

QED 116 584 718.951 ± 0.009 ± 0.019 ± 0.007 
± 0.077 

HVP (lo) 6949 ± 34

HVP (ho) -98.4 ± 0.7

HLBL 105 ± 26

EQ 154 ± 1

Total SM 116 591 818 ± 43

aµExpt. - aµSM = (271 ± 73) x 10-11    (3.7 s)



Beyond standard model, e.g. SUSY
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W. Marciano, J. Phys. G29 (2003) 225



Muon g-2 sensitivity to the 
“image world” of SUSY
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Mass of Neutralino! 



The muon g-2 coil moved to 
Fermilab for more intense beam



From BNL to FNAL (2012)
• Higher proton and more pulses/cycle & segmented calorimeters à 

higher muon intensity with ~same pileup rate

• High resolution tracker for real time muon position monitoring

• More B-field uniformity (x3)

• Several high precision beam/spin dynamics simulations

• Reduced CBO amplitude by an order of magnitude
• Reduced muon losses during storage by x5



Slide by Peter Winter, co-spokesperson
Fermilab, June 3
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Announcement talk by Simon Corrodi, June 3, 2025

Blind analysis!

65Beautiful experimental results (High-precision in storage rings) 



Slide by Simon Corrodi

Blind analysis!

66Theory results under intense progress (applying blind analysis) 



Status of theory and experiment of Muon g–2

67



Peter Boyle, colloquium on the theory of muon g-2;
BNL, July 22, 2025

• He predicted that lattice QCD 
will match the experimental 
error within five years!

• It may be possible to do better 
by a factor of ~2 in the 
experiment with mostly present 
equipment, significantly more 
with muon collider technology. 
It would be fun to design an 
upgrade!

68
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• Multipurpose instrument
• 25 NMR Probes for field
• 4 capacitive gap sensors 

• Measure pole alignment
• 70 nm resolution
• Few micron reproducibility

• Laser tracked position with µm resolution

Shimming tool



Shimming goal achieved as of September 2016: 

71Calibrations                     Poles                Wedges           Laminations

§ Many improvements on entire experiment to reach 140 ppb
§ Precision alignment to reach dipole gradients of DB < ±25 ppm

– 72 poles
– 840 wedge shims
– 9000 thin iron foils

10 months of improving the dipole field in 1 minute...
Shimming completed with DB < ±25 ppm ✓



Surface coils and power supply feedback
• 200 continuous current traces around the 

ring individual tunable between +-2A
• Used to cancel higher multipoles

• Power supply feedback stabilizes main 
dipole field to ±15 ppb

P. Winter, High Precision Magnetic Field Measurement for the 
Muon g-2 Experiment, Seminar

72

September 2017 with SCC



Systematic errors for the muon g-2 exp. at BNL and at FNAL 
(projections)



Younggeun Kim 2021.11.30 Doctoral Dissertation Defense

RF-Phase Matching: Tracking Simulation

• Muon phase-space matching with RF quads.  Korean contribution
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Soohyung Lee (C
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10,000 muons, ideal beam

X

Y

Voltages of Vx=375 V and Vy=125 
V are applied to horizontal and 
vertical plates in each quadrupoles

20 quadrupoles in total

1 m long each



On Kim    (bigstaron9@gmail.com) Colloquium in Korea University

Motivation and status of muon 𝑔 − 2 Original research contributions Run-1 unblinding result and prospectsMuon 𝑔 − 2 experiment at Fermilab

2021 Apr. 9th               75    ?

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

fast non-ferric kicker magnet system.

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

𝜇!

Yannis K. Semertzidis, IBS-CAPP and KAIST 75



The Electrostatic Quadrupoles: µ + polarity

+

- -

+

~ ± 24 kV at full power,   17 kV for beam scraping after injection



Courtesy of Themis Bowcock/Liverpool



Coherent betatron oscillations influence the g-2 phase
• CBO frequency	𝑓#$%= 𝑓# 1 − 1 − 𝑛 . Radial oscillations, through aliasing, 

became a problem
• A very high-frequency, cascaded through various effects down to g-2 frequency 

Yannis K. Semertzidis, KAIST 78



On Kim    (bigstaron9@gmail.com) Colloquium in Korea University

Motivation and status of muon 𝑔 − 2 Original research contributions Run-1 unblinding result and prospectsMuon 𝑔 − 2 experiment at Fermilab

2021 Apr. 9th               79    ?

Straw trackers

▶ Straw trackers
- Measures trajectories of the decay positrons and extrapolates to find the muon distribution.

Coherent Betatron Oscillation

Yannis K. Semertzidis, KAIST 79



CBO in the 2001 Data Set

Residuals from fitting the 5-parameter function

Yannis K. Semertzidis, KAIST 80



CBO in the Data Set
The effect depends on 
the CBO frequency

Yannis K. Semertzidis, KAIST 81



Yannis K. Semertzidis, KAIST

Yuri Orlov suggested to fix it by using a pair of plates (PE) as 
mini-kicker: We tried his method at Fermilab; it worked.

PE plates are 1m long
Apply rf E-field 470KHz

82
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On Kim’s slide
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On Kim’s slide



Linear simulation from reconstructed beam (SIM) versus tracker data (DATA)

- Good agreement. Thus, the reconstruction reproduces observed beam. 
- Ignore tiny time gap in video between SIM and DATA. It’s from the reconstruction with 0.149us-wide bins. 85

movie. Hit play…



RF CBO amplitude reduction (data from muon g-2 experiment)

New J. Phys. 0 (2020) 000000 O Kim et al

Figure 25. The tests with the dipole RF fields showed a factor of 15 reduction in 13.9 µs, shown with the green dashed line.
Then, the CBO amplitude increased with the opposite phase as the RF was not stopped. This feature was exploited for scraping
the beam. Finally, at t = 21.9 µs, the phase was flipped by 180◦ and then turned off at t = 26 µs. The sinusoidal fits at each epoch
are shown in red.

reduced back to 1 mm after scraping. The whole CBO reduction and the scraping process took around
22 µs.

The tests reveal that RF scraping produces results comparable to those of conventional scraping.
Measurement of the betatron frequencies shows that the RF scraping and the CBO reduction do not affect
the beam dynamics after the RF time is over.

6. Conclusions

This work represents the first successful development of the hardware necessary to apply RF cooling to a
tertiary particle beam. Unlike primary beams in storage rings, where RF manipulation can occur over
millisecond time scales, the muon time dilated lifetime of γτµ = 64.4 µs severely limits the time available
for beam manipulation, if there is to be a significant measurement time following the beam cooling period.

The RF reduction method described here has been shown to significantly reduce the CBO while
achieving loss of muons comparable to that which occurs during conventional scraping. This improvement
is essential to determine the muon spin rotation frequency, and thereby the muon magnetic anomaly aµ

with an unprecedented sensitivity.
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Muon g-2 experiment

• Successful demonstration of high-
precision physics in storage rings.

• The collaboration developed several 
new tools for systematic error probing. 

• High-precision numerical integrators for 
beam/spin dynamics simulations,…

• Bill Morse and Lee Roberts are the 
recipients of the APS 2023 Panofsky 
Prize.

Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)
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Yuri Orlov: 2020 Wilson Prize; Bill Morse & Lee Roberts: 2023 Panofsky Prize

On time, on budget

• We built the largest single diameter (15m) superconducting 
magnet coil at the time. Moved it across the country to repeat the 
experiment.

• Uniformity of B-field (1.5T) in cross-section to better than 10-6 
measured it (absolute) to better than 10-7 calibrated with two 
independent methods

• Developed a trolley system measuring the B-field in situ (>5000 
points)

• Introduced a new DC inflector with innovative B-field shield at 
3T without being detectable at storage region <10 cm away

• Built a fast (200ns, 300G) magnet (kicker) without ferrite, 
measured the pulsed B-field eddy currents to 10-8 requiring 
enormous dynamic range

• Developed electrostatic quads with twice the CERN gradient; 
measured the Electric field gradient.

• Our calorimeter detectors had to have time stability, early to late 
in storage, of <20ps, measured it <2ps; gain stability to 10-4

• Used combinatorics to remove pileup pulses; segmented calo 
detectors

• Traceback system monitoring motion in real time, without 
affecting muons

• Used RF, riding on the quads, for 30 us to adjust coherent beam 
motion and reduce muon losses, both by an order of magnitude

• …
• Project manager (Chris Polly, Fermilab) received DOE 

management Prize
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Muon g-2 
experiment 
and theory 

status

Boxing Gou: Is electron beam 
polarization playing a role in this analysis?
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J-PARC Muon g-2 experiment: Under construction

• Totally independent experiment
• Very different systematic errors
• Much more uniform B-field
• Accepting all muon decays



New proposal?
• For an experiment at HIAF: 2512.11486 [hep-ex]

• Phase I: 2-4 GeV muons with ~0.1 ppm precision (similar to FNAL)

• Phase II: 10-20 GeV muons with ~0.05 ppm precision (3x better than FNAL)
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Summary
• Space quantization and the four miracles made the muon g-2 experiments at BNL 

and Fermilab possible

• We have achieved our experimental target to collect data for reaching 0.14ppm 
precision, published in 2025

• The theory needs to improve in order to guide the New-Physics discovery

• Lattice QCD and additional experimental efforts are well underway.
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Hadronic vacuum polarization
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Challenging but can link to experimental data! 
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Hadronic vacuum polarization

102

§ A lot of precision data already available from many experiments 
§ Future improvements from VEP-2000, KLOE, BaBar, Belle, BES-III, ...

P. Winter
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