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Muon g-2: SM value vs Experimental measurement 
• In 2021 FNAL confirms BNL result (final exp. 

precision goal 140 ppb 

aμ
SM = aμ

QED + aμ
weak + aμ

hadronic 

• 4.2𝜎 tension with SM from dispersive approach 
and 1.5𝜎 tension with SM from lattice QCD  
• Theory uncertanty dominated by hadronic term, 

now known to 0.57%:
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Experimental Technique
FNAL and BNL experiments use 
the same experimental 
technique, also in summer 2013 
BNL storage ring was moved to 
FNAL
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FNAL Muon g-2 
Experiment

• 3.1 GeV/c polarized 𝝁! beam (from FNAL 
AD) injected into the storage ring (same of 
BNL but achieved 50ppm uniformity thanks 
to active and passive shimming) trough 
inflector; beam time and spatial profiles 
measured by T0 and IBMS
• Beam deflected by 3 fast-pulsed kicker 

magnets into storage orbit
• Beam vertically focused by 4 ElectroStatic 

Quadrupoles: 

𝐸 −field component cancels out (at first order) when muons at magic momentum 
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Detectors and Probes
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Measuring the muon anomaly
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Run-1 Dataset
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Run1 Results
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Run-1 Main Syst. Uncertainties
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Status of FNAL Muon g-2 Exp.
21xBNL statistical 
goal reached !

2021
462 ppb On track for 

2023
220 ppb

Expected for 
2025

140 ppb

On track for ~140 ppb total uncertainty

Improvements after Run1:

• Quad resistors are fixed, so reduced 
CPA, reduced muon losses, and can 
take longer measurements of Bq

• Full kick, muons on central orbit. 
Reduced CE and δCE

• Magnet insulation, so less field drift 
from temperature variations

Run4 and beyond Improvements:

• New Radio Frequency System mounted 
on quadrupoles which reduces Beam 
Betatron oscillations 

- damps beam oscillations in the first 10 𝜇s 
- Tested during Run-4 and in use during Run-

5 and Run-6

• Improved knowledge of the time-
momentum correlation with simulation 
and a new detector 

Improvements in the analysis 

• Reconstruction algorithms, pileup…9



Muon g-2: SM value vs Experimental measurement 
• Final FNAL exp. precision goal 140 ppb 

aμ
SM = aμ

QED + aμ
weak + aμ

hadronic 

• SM uncertainty dominated by hadronic term:  

picture form Riccardo Aliberti - Muon4Future Workshop 

Needs to  be reduced to 0.23%	to match Fermilab precision 
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Hadronic Vacuum Polarization Contribution to g-2
• Data Driven approach: K(s) known kernel function, 

needed e+e- into hadrons data to evaluate R(s)
From optical theorem (unitarity) and analyticity: 

𝜎(𝑒 + 𝑒 −→ 𝜇 + 𝜇−)

Cross section measured via: 

• main contributions from low energies: 𝑠 ≲ 2GeV 
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Energy scan approach
• Direct measurment of 𝜎 𝑒.𝑒/ → ℎ𝑎𝑑𝑟𝑜𝑛𝑠
• performed at electron-positron collider by 

collecting data at different beam energy 
• At each energy point: 

ℎ𝑎𝑑𝑟𝑜𝑛𝑠 (+𝛾, ℓ, . . )

𝒆! 𝒆"

3. normalized to luminosity integral
- Use process with known                                

cross section to measure                                
the luminosity

2. correct for the detection efficiency 
(kinematical limits of detector) calculated usually 
using MC simulation
- need knowledge of energy and angular distributions of 

final particles (including all correlations) 
- High energy: inclusive approach - total cross section is 

measured directly 
- Low energy: exclusive approach (different 𝜀 per each 

final and intermediate hadronization states) –
measured single cross sections and sum them

1. select final states with hadrons and 
subtract  backgrounds 
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Energy Scan Measurements
• VEPP-2M (1993-2000) :

- Energy range: 0.36 – 1.4 GeV 
- Luminosity up to 5 1030 cm-2s-1

- Detectors: SND, CMD-2

• VEPP-2000 (2011-2013)  (2017-now)
- Energy range: 0.32-2.0 GeV
- Luminosity 1032 cm-2s-1

- 2013-2017 major upgrade : 
- Detectors: SND, CMD-3
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Initial State Radiation (ISR) Approach
• 𝜎(𝑒. + 𝑒/ → 𝑋) in the energy range is extracted 

looking for 𝑒.+ 𝑒/→ 𝑋 + 𝛾 events at a single 
energy point:
• Emission angle of 𝛾<=>: Effective luminosity:

• Small (𝛾<=> not detected 
but reconstructed in the 
final state) => untagged 
ISR

• Large (𝛾<=> detected) => 
tagged ISR

14
Slide from Ivan Logashenko - Data Input to HVP 



ISR Measurements
• BaBar Experiment:

- asymmetric 𝑒+𝑒− collider at SLAC 
with 9 GeV 𝑒− and 3.1 GeV 𝑒+

- between 1999-2008 collected 500 
fb-1

• KLOE Experiment:
- DAFNE phi-facility in Frascati
- Data collected between 2000-2006

• BES-III Experiment:
- BEPC-II collider in Beijing with c.m.

energy range from 2 to 5 GeV
- Still collecting data 
- Previous experiments BES-I and 

BES-II
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From measured cross section to 𝑎!input to calculation 

Slide from Ivan Logashenko - Data Input to HVP 

Radiative Corrections (RC):  
• to accunt for processes with 

photons emmitted by any of the 
particles

• Impact both cross-sections and 
final state

Vacuum polarization (VP):
• To account for higher order effects (loop 

corrections) in the experiment:

• Not needed if 𝑒!𝑒" ⟶ 𝜇!𝜇"is used for 
the luminosity measurements 
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Inclusive R(s) Measurements
• For cms energies > 2 GeV (large QED 

background below, low multiplicities)
• Select events with at least one hadron in the 

final state and any other particle: 
Depends on:
• event selection
• luminosity measurement
• calculation of radiative 

corrections 
• evaluation of detector 

efficiency 

Generally achieved 3% precision, main difficulty is modelling of 
hadronic events to evaluate efficiencies and radiative corrections 
=> dedicated MC generators 

Next talk:
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Monte Carlo generators
• In the last 20 years there has been a lot of effort to improve MC generators and RC to
𝑒.𝑒/ → 𝑙𝑒𝑝𝑡𝑜𝑛𝑠/ℎ𝑎𝑑𝑟𝑜𝑛𝑠 at low energy : reached accuracy of 0.2 - 0.5%

• New data and improved evaluation of 𝒂𝝁𝑯𝑳𝑶 requires improvement on MC generators at
~0.1% à NNLO needed!
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Inputs to White Paper for the HVP Calculation
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dominated KLOE/BABAR tension:



Hadronic Cross Sections Data after the White Paper

20



The 𝑒!𝑒" → 𝜋!𝜋" channel
• Largest contributor to both HVP and 𝜎DEF

• Measurement from KLOE, BaBar and BES-III 
ISR with 𝛿a /a ≤1%

• Long Standing KLOE-BaBar discrepancy
• Feb 2023: new CMD-3 energy scan 

measurement in tension with most of the 
previous results. After next talk:
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The “updated” Hadronic Vacuum Polarization Puzzle
• Discrepancy between Lattice QCD calculation 

and data-driven dispersive estimate

• Discrepancy within data-driven dispersive 
estimate on the 𝑒!𝑒" → 𝜋!𝜋" channel

• Another data driven evaluation of 𝒂𝝁𝑯𝑳𝑶 is to 
move from time-like to space-like: MUonE

Dedicated MUonE talks on Friday:

Tomorrow talks :

Taken from Fedor Ignatov 
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PrecisionSM: annotated database for low-energy 
hadronic cross sections in 𝑒!𝑒" collisions 

Steps used to make the annotated database:
1. DATA COLLECTION: inputs of hadronic 𝑒.𝑒/ data published
2. UPLOAD DATA IN PUBLIC REPOSITORY

- Collaboration point-of-contact (or STRONG2020 coordinator) submits data
- Reviewer appointed for cross-checks: no mistakes, HEPData.net prescriptions
- If validated: data is posted, can be catalogued and used

3. CATALOGUE DATA IN ACCESSIBLE WAY: https://precision-sm.github.io
4. Website files on GitHub

-Created with Nikola static website generator
5. PROVIDE EXAMPLES of TOOLS TO ELABORATE DATA

Deliverable of the STRONG2020 European project (http://www.strong-2020.eu)   
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Inputs collected for 𝑒!𝑒" → 𝜋!𝜋" data

• Almost all of them are finalized, only few in preparation (inserted on HEPData.net)

• We thank the Points-of-Contact of the experiments who are helping us very much!!
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PrecisionSM webpage (link)
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Input data

Annotate:
• available data
• energy ranges
• treatment of RC
• …
• Yaml file with info 

available for download

https://precision-sm.github.io/


PrecisionSM webpage (link) tools to elaborate 
the data 
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Summary
• FNAL Muon g-2 Run-1 data produced a result with 460 ppb, there is more data to analyze and 

so far we are on track for the 140 ppb uncertainty goal

• Experimental measurement is tension of 𝟒. 𝟐𝝈 with SM from dispersive approach and only 
𝟏. 𝟓𝝈 with SM from lattice QCD  

• There is a tension between data-driven and lattice calculations, MUonE is a third way to get 
𝒂𝝁𝑯𝑳𝑶 and could contribute to the resolution of the puzzle 

• Accuracy of the HVP contribution to muon g-2 from dispersive approach is limited by 2-pion 
channel; major challenge is to solve the KLOE-BABAR-BESIII puzzle and the new CDM-3 
measurement

• STRONG2020 is contributing with PrecisionSM database: a database for low-energy hadronic
cross sections with relevant information (RC treatment, systematic errors, … )
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