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• The muon g-2 result was announced at Fermilab on April 7, 2021. 
• The results are consistent with the BNL result 20-years earlier.  
• There is a serious tension with the SM.
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Muon g-2 on the cover of Phys. Rev. Letters
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Subjects
• Historical overview, how muon g-2 is done

• What matters in a real muon g-2 experiment

• Ideal vs. real experiment

• The results and what to expect in the future

• Outlook
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Way back at the beginning, discovering spin
From Phys. Org., 2021 on muon g-2
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CERN, BNL & FNAL
From Phys. Org., 2021 on muon g-2
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CERN, BNL & FNAL
From Phys. Org., 2021 on muon g-2

6



Magnetic Dipole Moments 
probe 

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 anomaly of the magnetic moment of leptons can be estimated with 
high accuracy, it’s the same to first order for all leptons: 800
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Electron Magnetic Dipole Moment
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g-factors: Muon case

• 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
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g - 2 for the muon, SM contributions

Largest contribution : 
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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
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Challenging but can link to experimental data! 
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Hadronic vacuum polarization
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§ A lot of precision data already available from many experiments 
§ Future improvements from VEP-2000, KLOE, BaBar, Belle, BES-III, ...

P. Winter



Beyond standard model, e.g. SUSY
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Muon g-2 sensitivity to the 
“image world” of SUSY
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Historical overview of the muon g-2 experiment



Brief history
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A brief history of the 
CERN muon g-2 
experiments
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CERN I, 1958-1962
• Top view of first magnet, 1.6T dipole

21

With 100 MeV/c muons



CERN I, 1958-1962
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CERN II, 1962-1968
• Top view of the second magnet 1.7T, proton injection.
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CERN II, 
1962-1968.
270ppm in a.
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CERN III, 1969-1976
• The third magnet, second storage ring 1.47T. 
• Pion injection, E-field focusing, Magic momentum

25



CERN III, 1969-1976.  7.3ppm in a.
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Storage Ring Muon g-2:
Rigorous Test of the Standard 
Model 



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
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There is a large asymmetry in this
equation:  μ is relatively large, 
d is compatible with zero
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The Principle of g-2

Spin vector Moving: Thomas precession!

• B
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Spin Precession in g-2 Ring
(Top View)
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Reality check: need vertical focusing!

Focusing implies field gradients!  Magnetic focusing would 
require knowledge of the muon distribution with micron 
resolution.  Not a starter…

Electric fields look like magnetic fields in the muon rest frame, 
similar problem, unless…



Flavour at LHC era, 7 November, 2005 Yannis Semertzidis

Effect of Radial Electric Field

• Low energy particle

• …just right

• High energy particle

Spin vector



Flavour at LHC era, 7 November, 2005 Yannis Semertzidis

Effect of Radial Electric Field

• …just right

Spin vector

, g»29.3 
for muons
(~3GeV/c)

Momentum vector



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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Flat, Aluminum plate Quadrupoles

• Pulsed (for ~1ms) electrostatic quadrupoles focus the muon beam vertically



The tune plane



B. Lee Roberts, P5: 27 March 2006 - p. 38/25

slide by B. Lee Roberts

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

µnµ -Pions

Target

Protons π −

p=3.1GeV/c

!"#$%&'$()*+,-$./(&01$

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

d=9cm

(1.45T)

Electric Quadrupoles
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BNL E821: Muon injection, beamline not quite 
long enough to get rid of all pions at injection



BNL E821: Muon injection and kicker

40

Need to kick the muons onto stable orbit

P. Winter



Upper Pole Piece

Space limitations prevent matching the inflector exit to 
the storage aperture

Lee B. Roberts



Muon decay
• Decay is self analyzing

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



Yannis Semertzidis, BNL

Detectors and vacuum chamber

Lee B. Roberts
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Energy Spectrum of Detected Positrons 
depends on spin direction

Momentum
vector

Spin vector

Momentum
vector

Spin vector

Software Energy Threshold
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Muon g-2: 4 Billion e+ with E>2GeV
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Sub-ppm accuracy,
statistics limited



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

P. Winter



Yannis Semertzidis, BNL

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

•Statistics limited… to improve 
sensitivity by a factor of 4 at Fermilab
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Courtesy of Themis Bowcock/Liverpool



The pitch effect

50



Precision spin/beam dynamics simulations

Precision beam/spin dynamics simulations often good to sub-part-per-billion
51



Precision tracking based on Predictor-
Corrector/Runge-Kutta integration; Benchmarking

Most common tracking programs may ignore second 
order effects!

Predictor-Corrector/Runge-Kutta integration: very 
precise with 1-10ps time step.

Benchmarked our method to sub ppb

Estimate pitch correction; dp/p effect, E-field 
correction; distortion of closed orbit,… 52



High precision spin and beam dynamics simulation
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ωa can be obtained by taking the scalar product of s and β.



Pitch effect: Uniform B-field plus E-field focusing

1. Farley’s formula can be used directly
2. Vertical oscillations have a small effect we need to correct for
3. 0.5mrad àC = 0.25 × <     > = 62.5 ppb

54
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Pitch effect: Uniform B-field plus E-field focusing
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Simulation results consistent 
with analytical estimations: 62.5ppb



Benchmarking, rigorous checking

Pitch correction, Electric field correction (folding in momentum dispersion):

1. Vertical oscillations in a uniform B-field, electric focusing
2. For off magic momentum muons we need electric field correction 

E. Metodiev et al., NIMA 797, 311-318 (2015)

Our high-precision spin and beam dynamics software estimates those to 
better than 1 ppb. Several independent programs are currently used.

56



Ideal experiment characteristics

• The ideal muon g-2 experiment has the beam-line 
and storage ring phase-space matched.

• All the stored muons have the same lifetime.
• All muons have same spin direction!
• No muon losses!



Muon g-2 experiment in practice

• Pitch effect:  Particle velocity component along the B-field

• Pileup events due to high rates

• Coherent betatron oscillations (due to lack of phase-space matching 
between beamline and storage ring with muon injection)



Pion vs. muon injections
Injection method Pion Muon
Light flash on dets
(neutrons, etc)

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

Down by alpha~1/137, 
when eliminate pions

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

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

* CBO: Coherent betatron oscillations 



Recasting aµ in fundamental constants
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Comparison of Theory/Experiment



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



The muon ring moved to Fermilab
(22 June – 25 July 2013)
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The muon g-2 coil moved in 2013 to 
Fermilab for more intense beam



The muon ring arrived at Fermilab
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The muon ring moved to Fermilab
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Current status of aµ in Standard Model

67

§ 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)

P. Winter



The muon ring at Fermilab, goal 140ppb, 20x the statistics
üMore injections per unit time, run longer. Statistics is being collected.

üLonger beam-line to double the number of muons/proton. No pion or proton 
contamination, minimal impact on electronics (gain stability). Elaborate laser 
system to improve detector gain stability as a function of time.

üThree times better B-field uniformity around the ring. Independently calibrate 
the absolute B-field of the ring using 3He magnetometry.

üInstrument the ring with effective tracker to monitor the position of the stored 
muon beam as a function of time.

üInstrument the ring for fast magnetic pickup (systematic error control) 68





Muon g-2 Project Overview
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First plot from engineering run of 2017



Cross section of the storage ring magnet

73
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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

P. Winter



Shimming goal achieved as of September 2016: 

75Calibrations                     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 ✓

P. Winter



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

76

September 2017 with SCC

P. Winter



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 77 ?

▶ 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 77



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, IBS-CAPP and 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, IBS-CAPP and KAIST 79



CBO in the 2001 Data Set

Residuals from fitting the 5-parameter function

Yannis K. Semertzidis, IBS-CAPP and KAIST 80



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

Yannis K. Semertzidis, IBS-CAPP and KAIST 81



Coherent betatron oscillations

• Coherent betatron oscillations affect the acceptance (N0), 
the decay asymmetry (A), and the g-2 phase (φ).



Yannis K. Semertzidis, IBS-CAPP and 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

83



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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RF-CBO reduction and RF-scraping
>5mm gap from aperture! Great promise for significantly 
less muon losses
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Stroboscopic analysis method by Yuri Orlov
• When we realized the extent of the problem we had already taken the data. 

Actually, as it turns out, we were stuck with the CBO.

• What do you do with the data?

• Yuri Orlov: this is not a real resonance, but an observational one.

• Look at it at its own frequency… hence stroboscopic method, without 
needing to know the CBO functional form.

Yannis K. Semertzidis, IBS-CAPP and KAIST 85



Stroboscopic method (a.k.a. Jumping Windows), by On Kim, KAIST

On Kim bigstaron@kaist.ac.kr 2019 Oct 18th 8 / 12    2021 Mar. 31st 8 / 17

MC simulation (Constant 𝑓CBO)

• Ordinary fit vs. Stroboscopic fit (with five-parameter function)
- Systematic biases are reduced by an order of magnitude!

• When our results are 
checked out using this 
method, we know our 
CBO models are correct 

Yannis K. Semertzidis, IBS-CAPP and KAIST 86
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Motivation and status of muon 𝑔 − 2 Original research contributions Run-1 unblinding result and prospectsMuon 𝑔 − 2 experiment at Fermilab

2021 Apr. 9th 87 ?

▶ Revisited 𝑎$ expression

Measuring 𝑎$ (detailed)

11 ppb 0 ppb 22 ppb 0.3 ppt

Unblinding conversion factor
Corrections from

the beam dynamics systematic effects

Corrections from
the transient magnetic field

Magnetic field weighted over
the muon distribution and

azimuthally averaged

NMR probe calibration factor

Measured 𝑔 − 2 frequency



On Kim    (bigstaron9@gmail.com) Colloquium in Korea University
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Measuring 𝑎$ (detailed)

𝜔%&

𝜔' 𝑥, 𝑦, 𝜙 ×𝑀(𝑥, 𝑦, 𝜙) : ~6% of the target statistics
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Challenge in Run-1: Damaged ESQ resistors

▶ Damaged ESQ HV resistors
- The HV resistance together with the Quad plate capacitance 

determines the RC time constant of the Quad charging (designed 
to be ~5 us).

- 2 resistors were discovered to be damaged and have far larger 
resistance than the desired value → induced slow changes to 
beam dynamics.

▶ Estimated effects
- Most noticeably, the CBO frequency drifted in time (designed to 

be constant during the 𝜔! fit time window).

- Vertical width changed slowly in time.
- Amplified the phase-acceptance systematic effect.



Experimental systematic errors seem to be under control

• Experiment:

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.
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Chris Polly: The two highest systematic 
errors are associated with the QUADs.
They will be reduced by large factors 
with the next data analysis. Essentially, 
the experiment has reached its 
systematic error goals. 
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• Theory :

A. El-Khadra JETP 07 April 2021

Muon g-2: SM contributions

8

aµ = aµ(QED) + aµ(Weak) + aµ(Hadronic)
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aQED
µ (↵(Cs)) = 116 584 718.9 (1)⇥ 10�11
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QED

Weak
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Muon g-2 announcement, theory vs. theory

• Theory :

A. El-Khadra JETP 07 April 2021 14

Hadronic Corrections: Comparisons
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Theory status

• Theory:

Theory based on lattice QCD (BMW 
collaboration) changed value significantly. 
Needs to be checked out first before 
considered seriously.
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Muon g-2: experiment vs theory

aSMµ = aQED

µ + aWeak

µ + aHVP

µ + aHLbL

µ = 116591810 (43)⇥ 10�11
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Experiment and theory 4.2 sigma (theory based on e+e-

data)
• Experiment:

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.
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Muon g-2 announcement

• Physics: >8500 participants dialed in on “zoom” and Youtube channel during the 
announcement on April 7. It was estimated that the muon g-2 news reached ~2.7B 
people. Chris Polly gave a great presentation of the experiment. 

• Blind analysis, meaning the frequency has a constant offset, so you don’t know the 
result when analyzing. The offset was set by Fermilab people outside the 
collaboration.

• The result is right on with the BNL value. An experimental triumph!

• The theory on hadronic contribution based on e+e- and lattice are at odds. The 
lattice work needs to be cross-checked and confirmed. Until then, we use e+e-.
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Significance of the muon g-2 new results
• The field is mature, the storage ring method can be considered mainstream

• The resources on this experiment were larger than at BNL having the critical 
mass and time to go further in-depth. The systematic errors have been understood 
at much higher level, analyzed independently by several groups.

• The experiment has proven that we can reliably estimate things to <10ppb, which 
is the level required, e.g., for better sensitivity muon g-2 experiments, for the 
storage ring proton EDM (SR pEDM), etc., see 
https://indico.fnal.gov/event/48469/timetable/?view=standard

• SR pEDM is ready for prime time, goal 10-29e-cm, physics reach ~103TeV.

• The JPARC muon g-2 experiment uses lower energy muons in a 3T field, cold 
muon source (muonium) and very weak magnetic focusing.
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J-PARC Muon g-2 
experiment with very 
weak magnetic focusing.
B-field: 3T
𝛾= 3

• Totally independent experiment, storing cold muons, lower energy, more muons
• Very different systematic errors
• Much more uniform B-field
• Accepting all muon decays
• Planned start data taking in 2025



Summary
• Measuring the energy and time of the decay positrons defines the “muon g-2” 

frequency.

• At Fermilab, the systematic errors have been understood in depth. Different 
approaches have been used to understand the effects of potential systematic 
error sources. There is a serious tension with the SM.

• Much more data to be analyzed soon. 

• Next level experiments, e.g., SR pEDM are being considered
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Extra slides
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J-PARC muon (g-2) experiment



With RF in the g-2 ring
• Francis Farley new g-2 ring idea works, without RF it doesn’t
• Next generation muon g-2 experiment: larger energy muons, more g-2 cycles, use 

protons to map the magnetic field.

• Problem: muon and proton 
average radius to sub-
micron level.  It can be done 
with RF!



More precisely (Y.O.), and electric field 
correction for quads covering 43% of the 
ring
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• f, the muon revolution freq., f0, the revolution frequency at 
E=0, fm, the rev. freq. of the magic mom. muons. 



Checking the approximations
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• Beam dimensions stable at the 4% level around the 
ring

• F(n) is 1 within ~1%.



Pileup effect in g-2 experiment



Yannis Semertzidis, BNL

Energy Spectrum of Detected Positrons 
depends on spin direction
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Pileup: View from top
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Decay positron energy spectrum
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Decay positron time spectrum

108

Question: what is the frequency of 
the pileup spectrum?

A. 0.5 x Omega_a
B. 1.0 x Omega_a
C. 2.0 x Omega_a
D. 3.0 x Omega_a

Can we fit for it in the data?
Answer: yes, with a loss in
statistical sensitivity of 2.  In 
practice we don’t! 



Two pulses can be too close!

109



Pileup subtraction procedure

110



Plan at Fermilab
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Blue option is chosen



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
!



Magnetic Dipole Moments: μ
• Nuclear Magnetic Resonance: a new direct method of 

detecting NMR, I. Rabi et al., 1938

• Used in Magnetic Resonance
Imaging

d!s
dt
=
!
µ ×
!
B



Electric field correction (FF) for continuous quads
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The change of the g-2 freq. for off-momentum muons:
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