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Summer Collaboration meeting at University of Liverpool  July 24-28, 2023
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7 countries 
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Collected statistics from Muon g-2: x21.9 BNL datasets

On 27 February 2023: proposal Goal of x21 BNL datasets!
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Run6 endend on 9th July  2023
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7 April 2021: We released our first result
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4 Phys Rev journals on April 2021(>1700 citations)  
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10 August 2023: We released our new result
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submitted to PRL on 10 August 2023 
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Wide coverage!
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Run-4/5/6: more than x3 Run-1/2/3 data 

• Analysis in progress
• Results expected in ~2025 à ~x2 improvement
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ωa =ωs −ωc = a
eB
m

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

• 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

Current experiments daµ
< 1ppm

Momentum

𝒈𝝁 > 𝟐, 𝒂𝝁 > 𝟎

Spin

How to measure aµ =(g-2)/2…
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However there are beam dynamics effects

• The muon beam oscillates and 
breathes  as a whole

• The full equation is more complex and 
corrections due to radial (x) and 
vertical (y) beam motion are needed

𝜔' = 𝜔( −𝜔)=

= −
𝑒
𝑚𝑐

𝑎*𝐵 − 𝑎* −
1

𝛾+ − 1
𝛽×𝐸 − 𝑎*

𝛾
𝛾 + 1

𝛽 ⋅ 𝐵 𝛽

• Running at gmagic=29.3 (p=3.094 GeV/c) this 
coefficient is null

• Because of momentum spread (<0.2%)à
E-field Correction 

• Vertical beam 
oscillation à
Pitch correction
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All these quantities have been evaluated throughout in the analysis of  Run2/3 
data: Total correction is 622 ppb, dominated by E-field & Pitch

Measured Values Corrections due to 
transient magnetic fields

Corrections due to beam dynamics

×

Extracting aµ

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023
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If you want to know more…

Saskia’s talk

On’s talkSean’s talk

Sean Foster: Anomalous precession frequency

On Kim: Beam dynamics corrections

Saskia Charity: Magnetic field

𝜔!"

𝜔#"
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https://indico.desy.de/event/34916/contributions/147730/
https://indico.desy.de/event/34916/contributions/149028/
https://indico.desy.de/event/34916/contributions/149027/


Run-2/3 Improvement: Statistics

Number of e+
with E > 1 GeV

t > 30 µs

• Factor 4.7 more data 
in Run-2/3 than Run-1

Dataset Statistical Error [ppb]

Run-1 434

Run-2/3 201

Run-1 + Run-2/3 185
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Analysis 
Improvements

Running 
Conditions

Improved 
Measurements
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Run-2/3 Improvement: Systematics

• Systematic improvements in all parameters
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Running Conditions: Damaged Quad Resistors

Vertical beam width change

ωa phase change

• Run-1 had damaged resistors in 2/32 quad 
plates leading to unstable beam storage

• Resistors replaced before Run-2

• Cpa uncertainty is reduced (75 ppb → 13 ppb) 
thanks to a more stable beam

• Beam oscillation frequencies are also more 
stable
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• Running conditions:
– Improved cooling of the hall and added insulation of the magnet 

which made the magnetic field more stable
– Improved kicker strength which made the orbit more centered and 

reduced the E-field correction 

• Improved measurements:
– Extensive measurement of vibration the quadrupoles in multiple 

locations around the ring
– Reduced vibration noise for kicker transient field measurement 

• Analysis improvements:
– Improved treatment of the pileup for wa analysis
– Improved analysis of E-field correction including correlations 

between momentum & time of injection.

Other systematic improvements

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 19



Run-2/3 Uncertainties

• Total uncertainty is 215 ppb

Systematic uncertainty of 70 ppb surpasses 
our proposal goal of 100 ppb!

• Near-equal improvement: We’re still 
statistically dominated

[ppb] Run-1 Run-2/3 Ratio
Stat. 434
Syst. 157

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201
Syst. 157

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201
Syst. 157 70

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201 2.2
Syst. 157 70 2.2

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 20



• Muon g-2 analysis has software & hardware blinding
• Unblinding meeting in Liverpool:

• Unanimous vote from all collaborators to unblind!
• Secret envelopes were finally opened to reveal the hidden clock 

frequencies and the result…

July 24th 2023: Unblinding

Photo credits: McCoy Wynne
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Run-2/3 Result: FNAL + BNL Combination

aμ(FNAL) = 116 592 055(24) x10-11 [203 ppb]

aμ(Exp) = 116 592 059(22) x 10-11 [190 ppb]

• FNAL combination: 
203 ppb uncertainty

• Both FNAL and BNL 
dominated by 
statistical error

• Combined world 
average dominated 
by FNAL values.
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[215 ppb] (25)

[463 ppb] (54) 

[203 ppb] (24)

[190 ppb] (22)

[540 ppb] (63)



QED Weak

Precisely known Large uncertainty

Hadronic contribution

HLbL
HVP

Theory Initiative (wp20): 
T. Aoyama et al. Phys. Rept. 887 (2020)

SM Prediction in 2020=

SM prediction:

HVP based on e+e- hadronic cross 
section data

RUN1 result
(2021)

THEORY
(wp20)

4.2 s

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023
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aHVP,LO
µ =

↵2

3⇡2

Z 1

sth

K(s)

s
R(s)ds

HVP Calculation: Dispersive (e+e−) Method

• Calculated from data for σ(e+e−→ hadrons)

• Uses data from different experiments from 20+ years

• 1/s weights low energy strongly: 73% from π +π − channel

Analyticity & Unitarity Hadronic R-ratio
(Data Driven)

~

Keshavarzi, Nomura, Teubner: Priv. Comm. 

inc. in 
wp20

NOT inc. 
in wp20

• New results from SND2k and 
CMD-3 after wp20

• CMD-3 is different from all the 
other data

• Data from CMD-2, SND, KLOE, 
BaBar, BESIII and CLEO-C were 
included in wp20

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 24



• Ab-initio calculation of HVP on lattice

HVP Calculation: Lattice QCD Method

NOT 
inc. in 
wp20

inc. in 
wp20

• All lattice 
calculations were 
not included in 
wp20

• BMW is only high 
precision 
calculation: closer 
to exp. Result

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023

G. Colangelo et al. 
https://arxiv.org/pdf/2203.15810.pdf

25



Comparison with SM prediction (2023)

Comparison 
with wp20

New results 
after 2020

Disclaimer: prediction from 
Lattice taken from Lattice 2023 
talk; prediction from CMD3 
based on our specific 
assumption

• Comparison of FNAL Run1-3  result with the Theory Initiative’s calculation wp20 is at 
5 sigma

• Waiting for a clarification of the theory

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 26



Conclusions

• We’ve measured aμ to an unprecedented 203 ppb precision

• New result is in excellent agreement with 
Run-1 & BNL à new world average has an 
uncertainty of 190 ppb

• More than halved the total uncertainty from 
Run-1

• Went beyond our design goal with 
systematic uncertainty of 70 ppb.

• A factor ~ x 3 data from Run4-6 with a projected twofold improvement on the 
uncertainty (analysis should be completed by 2025)

• Expect theory improvement on a similar timescale (https://muon-gm2-
theory.illinois.edu/)

• Look out for other analyses too: EDM, CPT/LV and Dark Matter searches.

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 27
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• Muon g-2 experiment at Fermilab
Fermilab
Batavia, Illinois
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SM prediction 



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, SchwingerFest, 14 Jun 2022



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

2 Loops

3 Loops

4 Loops

More in Martin’s talk

HVP

HLbL
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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
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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

G. Venanzoni,  CERN Seminar, 8  April  2021
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muons Inflector

Kicker
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24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring
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