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April 7th 2021: 
First results from the Muon g-2 experiment at Fermilab
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4 Phys Rev journals on April 2021(>1000 citations)  

Muon g-2 Coll, Phys. Rev. Lett. 126 (2021) 14, 141801
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New York Times: 8th April 2021

- News reported  in all newspapers, socials
(>3000 media outlets covered the story)
- Huge public engagement (3 billions 
views in the 24h following  the release)



April 7 2021

"DOES THE MUON G-2 EXPERIMENT 
OPEN A NEW ERA FOR PHYSICS?"

“What monsters might be lurking
there?” (Chris Polly, April 7 2021)



Two ways to look for New Physics

• High Energy: increasingly high-
energy machines (LHC, ILC / Fcc) are
designed and new high-mass
"particles" are searched (direct
observation). Large detectors and
collaborations

• High Intensity: through precision
measurements, new low-energy
physics effects are sought
(deviations from theory). Small scale
detectors and collaborations, very
high statistics

LHC

g-2

G. Venanzoni, Liverpool, 7 Nov 2022



The Muon (µ)

The Standard Model of
elementary particles describes
all known particles and their
interactions via electromagnetic,
weak and strong forces. The
particles which constitute the
matter are grouped in 3 families
and nobody knows why

G. Venanzoni, Liverpool, 7 Nov 2022

The muon is an elementary
particle similar to the electron,
with the same electric charge,
but with a mass about 200 times
larger. As the electron It has an
intrinc angular and magnetic
moment

mµ~200 me , Lifetime ~2.2 µs, Sµ= 1/2



Discovered in 1936 (in cosmic rays)

Who ordered that?

Isaac Rabi Nobel Prize 1944

µ

Muon trace in a cloud chamber 
(Anderson and Neddermeyer
1936)

Pike’s Peak, CO

cloud chamber (1935)

Seeth
Neddermeyer

Carl Anderson



“A Ten-years joke”
• After the discovery the muon (called at that time

mesotron) was confused with the particle
responsible for the nuclear force (Yukawa particle)

• This confusion was clarified by an epic experiment
done by Conversi Pancini Piccioni in Rome in 1944-
1945 under the bombs

• They had to move the equipment in a School (close
to the Vatican) because the Laboratory was not
safe

Hideki Yukawa

Marcello Conversi and Oreste Piccioni in 
the basement of the Virgilio high school



• A charge particle in a plane orbit has angular momentum 𝐿
and magnetic moment �⃗�

The Muon g-2

• The ratio
!
!
"# "

is called gyromagnetic ratio g. Classically g=1

• For an elementary particle of Spin = 1/2 (e,µ) Dirac equation
predicts g = 2

• The magnetic anomaly is defined as a = (g-2)/2. g=2 à a=0
according to Dirac

�⃗� =
𝑞
2𝑚

𝐿

�⃗� =
𝑒
2𝑚

�⃗� ≡ 𝑔
𝑒
2𝑚

𝑆; 𝑆 =
�⃗�
2
; 𝑔 = 2

G. Venanzoni, Liverpool, 7 Nov 2022



1948: Measurement of g of the electron

g = 2(1.00119± 0.00005);a = (g− 2)
2

= 0.00119± 0.00005

a= 0 according to Dirac  



1948: Triumph of Quantum Field Theory (QED)

a = (g− 2)
2

=
α
2π

= 0.001161
g

e– e–
g*

a>0; g>2

G. Venanzoni, Liverpool, 7 Nov 2022



At the end it’s all the Quantum Vacuum

• The vacuum is filled with pairs of
particles and antiparticles that exist
for a very short time and are
therefore called virtual.

• They produce tangible effects on
the physical phenomena we
observe à g ≠2

e+

e-

e-
e+

e+e-

e+

e-
e-

e+

c+c-



aµ = (g-2)/2 can be computed very precisely!

QED Weak

Precisely known
Large uncertainty
(significant work going on)

Hadronic contribution

HLbLHLO

Theory Initiative (WP20): T. Aoyama et al. Phys. Rept. 887 (2020)

G. Venanzoni, Liverpool, 7 Nov 2022



• The frequency with which the spin moves ahead of the
momentum in a magnetic field B (anomalous precession
frequencywa) is:

• If g=2 (a=0) spin remains locked to momentum

ωa =ωs −ωc = a
eB
m
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aµ can be measured very precisely …

Momentum

Spin

𝒈𝝁 = 𝟐, 𝒂𝝁 = 𝟎

G. Venanzoni, Liverpool, 7 Nov 2022



ωa =ωs −ωc = a
eB
m

By measuring directly aµ
x800 more sensitive than
an experiment which
measures g

16
Current experiments daµ
< 1ppm

Momentum

𝒈𝝁 > 𝟐, 𝒂𝝁 > 𝟎

Spin

• The frequency with which the spin moves ahead of the
momentum in a magnetic field B (anomalous precession
frequencywa) is:

• If g>2 (a>0) spin advances respect to the momentum

aµ can be measured very precisely …

G. Venanzoni, Liverpool, 7 Nov 2022



History of muon g-2 experiments (1960-2000)

• The storage ring method was developed at CERN and improved at BNL through a series
of experiments with increasing precision which allowed to test the SM at the level of
strong (CERN) and EW (BNL) effects

J. Miller, E. De Rafael, L. Roberts, Rept. Prog. Phys. 70 (2007) 795
G. Venanzoni, Liverpool, 7 Nov 2022



Let’s go through the history of the muon 
g-2 experiments

G. Venanzoni, Liverpool, 7 Nov 2022



The Muons

highest energy e± carry µ spin  information                                                                                  

– produced polarized in “forward”  direction 

– decay with information on where their spin was at the 
time of  decay 



Lee and Yang (1956)

The rate of high energy decay
electrons is time modulated by the
precession of the magnetic moment
with a frequency which depends on g

B

µ

+

favoured

+

disfavoured

momentum

The parity violation in the production and decay 
of the muon offers a way to measure the muon 
magnetic moment

G. Venanzoni, Liverpool, 7 Nov 2022



History: the first measurement of gµ

• 1957: Garwin, Lederman, Weinrich at Nevis (Just after
Yang and Lee parity violation paper - confirmation)

21

muons behave
like electrons5% uncertainty

Fit to

85 MeV p+, µ+

degrader to stop 
p+ before C target

e+ detector 
counters

e+ detector 
counters

Direct measurement of g -- asym vs field



Cassels, et al. (Liverpool) 1957
Stopped       from decay 

• Counted e+ decays vs. time in 
a 100.9 G B field.

- p. 22
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stopped µ then decay !"e+
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156 inch Cyclotron in Liverpool

“The value of g itself should be sought in a comparison of the precession and cyclotron
frequencies of muons in a magnetic field. The two frequencies are expected to differ 
only by the radiative correction” à Birth of Storage Ring method!

0.7% uncertainty

W. E. Bell and E. P. Hincks, Phys. Rev. 84, 1243 (1951)



The CERN muon g-2 experiments (1960-1979)

23

F. Farley, E. Picasso The Muon (g−2) Experiments at CERN
Ann. Rev. Nucl. Part. Sci. 29 (1979) 243-282

They measure aµ since 
the measure the spin 
relative to the 
momentum

aµ=(gµ -2)/2~ gµ/1000



CERN I, 1958-1962

B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 24

• Inject polarized muon into a long magnet (B ≈ 1.5 T) with a small gradient 
– particles drift in circular orbits to the other end: 7.5 µs = 1600 turns

• Extract muons with a large gradient into a polarization monitor where 
they stopped

• Time in the magnetic field was measured by counters
• Measure the time dependent forward-backward decay asymmetry

3

Be

Incident µ Exiting µ

Top view of first magnet

With 100 MeV/c muons



𝑎µ(expt) = 0.001162(5)
𝑎µ(theory) = 0.001165

25

QED, second order
𝑎! ≈ 0.5

𝛼
𝜋

+ 0.766
𝛼
𝜋

"

' 103 µ+ recorded
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https://link.springer.com/book/10.1007/978-3-319-63577-4

CERN I, 1958-1962

(4300 ppm)

https://link.springer.com/book/10.1007/978-3-319-63577-4


10.5 
GeV/c
Proton 
beam

production 
target

Background flash in 
the counters was 
horrendous! 

~200 µ stored/fill

B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 26

• Go to pµ = 1.27 GeV/c, gµ = 12; gt = 27 µs; 
• Used a weak-focusing magnetic storage ring; Bz = 1.71 T

• p + N

0     1m    2m

→ p → µ which are stored → e which are detected

polarization 26%

CERN II, 1962-1968:
The First Storage Ring (proton beam)

p production 
target inside

Top view of the second magnet



𝑎µ(expt) = 0.00116616(31)
𝑎µ(theory) = 0.00116587(3)
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QED, third order

𝑎" ≈ 0.5
𝛼
𝜋 + 0.766

𝛼
𝜋

#
+ 24.050

𝛼
𝜋

$

CERN II, 1962-1968

https://link.springer.com/book/10.1007/978-3-319-63577-4

(266 ppm)

https://link.springer.com/book/10.1007/978-3-319-63577-4


The concept of magic momentum

28

• How to keep the muons vertically confined?
• 2nd CERN used radial variation in B field (big systematic)

àUse electrostatic quadrupoles - but adds complications

If we choose then coefficient vanishes! The MAGIC momentum!

So we can worry less about the electric field (but still will need corrections)

Had aμ been, say 100x smaller, would need p ~ 30 GeV/c



B. Lee Roberts - Tau2018 – 27 September  
2018 - p. 29

• Inject pions at 3.2 GeV 
• Use p!"µ decay to kick muons onto stable orbits
• Magic momentum and Electric field for vertical focusing

40 separate 
magnets

p beam

Electric 
quadrupoles

Still have 
pion flash 
at 
injection!

Not as bad 
as for 
CERN2

Muon lifetime dilates to 64 μs

CERN III, 1969-1976



EXP

3rd Muon g-2 experiment at Cern



𝑎µ(expt) = 0.001165924(9)
𝑎µ(theory) = 0.001165921(13)
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HVP (hadronic 
vacuum 
polarization)

https://link.springer.com/book/10.1007/978-3-319-63577-4

(7.3 ppm)

aµ
HAD ~ 700-10 (~60 ppm) 

CERN III, 1969-1976

https://link.springer.com/book/10.1007/978-3-319-63577-4


In 1984 QED was calculated to fourth order

Hadronic uncertainties were greatly reduced

Time for new experiment at Brookhaven AGS at sub ppm 

Improvements:

Much higher intensity

3 superconducting coils

Circular aperture

Inject muons into ring with 
inflector and kicker 

In-situ B measurements with 
NMR probes

Setting the stage for Brookhaven E821



1984-2001: Measurement of aµ at BNL

The measurement of the g-2 of the muon has been repeated with
x15 better accuracy at Brookhaven National Laboratory (USA)



B. L.  Roberts,  Fermilab , 3 September 2008 - p. 34/68

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

Pions

-π

p=3.1GeV/c

E821 Experimental Technique

!
!

• Muon polarization

R=711.2cm
d=9cm

(1.45T)

Electric Quadrupoles

xc ≈ 77 mm
b ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R b

Target

25ns bunch of       
≥ 1 X 1012
protons

•injection & kicking
•Muon storage ring

• focus with  Electric Quadrupoles

•24 electron calorimeters



Waveform digitizer 
gives  #, $

Picture of a Lead-Scifi
Calorimeter from  E821



𝑎µ(expt) = 0.00116592089(63)
𝑎µ(theory) = 0.00116591820(73)
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EW

E821, 1984-2001

Hadronic light-by-light

https://link.springer.com/book/10.1007/978-3-319-63577-4

aµ
EW ~ 15.3-10 (~1.3 ppm) aµ

HLbL ~ 9.2-10 (~0.8 ppm) 

(0.54 ppm)

(HMNT 03)

(2006)

https://link.springer.com/book/10.1007/978-3-319-63577-4


𝑎µ(expt) = 0.00116592089(63)
𝑎µ(theory) = 0.00116591820(73)

37

E821, 1984-2001

(0.54 ppm)

(HMNT 03)

(2006)

𝒂𝝁𝑩𝑵𝑳 − 𝒂𝝁𝑺𝑴 =
= 𝟐𝟕𝟗 ± 𝟕𝟔 ×𝟏𝟎<𝟏𝟏 𝟑. 𝟕𝝈

~3 “standard deviations” with SM 
à Hint of new physics?
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Muon g-2 Storage Ring at Femilab (2009 - present)



4 key elements for E989 at FNAL

• Consolidated method (same ring of the BNL experiment)
• More muons (x20)
• Improved beam and detector à Reduced systematics 
• New crew à new ideas

• E821 at Brookhaven

• E989 at Fermilab

0.07waÅ 0.07wp

0.2waÅ 0.17wp
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June 2013: The ring leaves from BNL

40
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The magnet reassembled and powered in Fermilab



Creating the Muon 
Beam for g-2

• 8 GeV p batch into 
Recycler

• Split into 4 bunches

• Extract 1 by 1 to 
strike target

• Long FODO channel 
to collect p àµn

• p/p/µ beam enters 
DR; protons kicked 
out; p decay away

• µ enter storage 
ring

42
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muons
APRIL 2017

Inflector

Kicker

RING

43

S

L
QUADS

43

24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring

FIELD

PRECESSION
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Result

3.3 s

3.7 s

4.2 s



Are we seeing something new ?

g(expt) 2.00233184g(expt) 2.002331840g(expt) 2.00233184080
B

µ
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?

e+

e-

e+

e-
e-

e+

µ+µ- q+

q-q+q-

q+

q-
q-

q+

q+q-
W+

W-W+W-

W+

W-
W-W+

Z
-
Z

c+

c-c+c-

c+

c-

c+c-

µ

?

New Physics?



The J-PARC approach

Injection of an ultra-cold, low-energy, muon beam into a small, but highly 
uniform magnet



Is the SM calculation “correct”?

• The  contribution from the strong interaction (Hadronic Vacuum Polarization, 
HVP) is challenging

• Tension between two different methods: 1) “lattice calculation”; 2) “dispersive 
approach”

• Ongoing work to clarify the tension

1)

2)

aµ
HLO

(HVP)



A “novel” way for HVP…MUonE experiment at CERN

Alternative (competitive) measurement of HVP for aµ 

-C. M. Carloni Calame et al  PLB 746 (2015) 325
-G. Abbiendi et al Eur.Phys.J.C 77 (2017) 3, 139
-LoI https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf

µ µ

e e
µe àµe 



• Straw tracking detector (UK) and laser 
calibration system (INFN)

• Management roles (Mark Lancaster and G.V. 
co-spokes); Ops managers, Run coordinators; 
Detector responsibility; Analysis conveners

• Analysis roles: Precession frequency 
(”Omega_a” Europa team); magnetic field; 
Beam dynamics; Search for Electric Dipole 
Moments 

• DAQ, Offline/data reconstruction
• Data taking

49

UK & Italian (INFN) contribution on g-2: Experiment

Laser calibration system

Tracking detector modules installed in 
the storage ring vacuum chamber



• A > 20 years common activity on the 
evaluation of the Muon g-2 (>1000 citations)

• Evaluation of HVP and Radiative corrections 
in e+ e- data 

• Participation to Working groups

UK & Italian (INFN) contribution on g-2: Theory

Muon g-2 Theory Initiative



Meeting in Liverpool in 2010

8th Radio MonteCarLow WG meeting, http://agenda.infn.it/conferenceDisplay.py?confId=2770

http://agenda.infn.it/conferenceDisplay.py?confId=2770


• 5 years grant funded by the Leverhulme Trust 
• Rich Experimental and Theory program  (dipole moments, Lepton 

Flavour violation decay)
• Built on the experience and synergy of UK and INFN groups 
• Advance on technological aspects 
• Mentoring and training of students and early-career researchers
• An unique opportunity to advance this exciting field!

52

The “Muon Precision Physics Program”
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Today (7th November)
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Tuesday 8th November: HVP

HVP MUonE

HVP “lattice” vs 
“dispersive” approach
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Wednesday  9th November: dipole moments, LFV

Muon Dipole Moments

Muon Lepton 
Flavour Violation 
decay



Conclusion

• A +60years rich history of the muon g-2 experiments which allowed 

to test the SM at <0.5 ppm precision.

• An intriguing discrepancy is present. Possibly a sign of new Physics?

• New (and current) experimental (and theory) initiatives on muon 

physics  ongoing

• The “Muon Precision Physics Program” funded by Leverhulme Trust 

will play a central role and will act as an icebreaker to free a path for 

further experimental and theoretical progress. 

• An important part of this project will be the mentoring and training 

of students and early-career researchers
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• Ben Alston
• Ian Bamber
• Rachel Bearon
• Themis Bowcock
• Saskia Charity
• Julie Clarke
• Karl Coleman
• Rick Cosstick
• Laura Harkness-Brennan 
• Louise Hobson
• Anthony Hollander
• Joe Price
• Thomas Teubner
• Wiebe Van Der Hoeck
• Joost Vossebeld
• Carsten Welsch

For continuous support and
funding over all these years
and the Italian colleagues for
>20 years of common
activities and friendship



Muon g-2 @ Fermilab Muon g-2 @ J-Park 

MUonE @ CERNTheory Initiative

Stay tuned!
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t [µs]

END



History of muon g-2 experiments (1960-2000)
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1 Loop

2 Loops

3 Loops

4 Loops

HVP

HLbL

𝛼
𝜋

𝛼
𝜋

!

𝛼
𝜋

"

𝛼
𝜋

"
+ ℎ𝑎𝑑𝑟𝑜𝑛𝑖𝑐

𝛼
𝜋

#
+ ℎ𝑎𝑑𝑟𝑜𝑛𝑖𝑐 + 𝑤𝑒𝑎𝑘+ ?

Nevis

CERN I

CERN II

CERN III

BNL

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑜𝑛 𝑎" × 10%&&

𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑎! (×10#$$):
116 584 712… 6937 (44) 153.6(1)𝑎!%&' = 116 592 089 63 ×10#$$ (2001)

(0.9999…) (5.9 × 10$%) (1.3 × 10$&)

0.54 × 10%'

saµ/aµ=12.4%

saµ/aµ =4300 ppm

saµ/aµ =265 ppm

7.3 ppm

0.54 ppm



Comparisons of g-2 experiments

JPARC-E34

G. Venanzoni, SchwingerFest, 14 Jun 2022



aµ
HLO calculation, traditional way: time-like data 

Traditional way: based on precise 
experimental (time-like) data: 

K(s) = dx x2 (1− x)
x2 + (1− x)(s /m2 )0

1

∫ ~ 1
s

aµ
HLO =

1
4π 3 σ

e+e−→hadr
(s)K(s)ds

4mπ
2

∞

∫

• Main contribution in the low energy
region (highly fluctuating!)

• Current precision at 0.6%

aµ
HLO = (693.1±4.0)10-10  (TI) 

R = σ had

σ µµ
0

[C. Bouchiat, L. Michel,'61; N. Cabibbo, R. Gatto 61; L. Durand ‘62-’63; 
M. Gourdin, E. De Rafael, ’69; S. Eidelman F. Jegerlehner 95, Davier
et al ’97, Hagiwara et al 2003,…]


