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A charged particle with spin carries a magnetic moment µ

From Dirac equation: 𝑆 = ⁄! " ➝ 𝒈𝝁 = 𝟐

Going beyond tree level, contribution from loop

The Muon Anomaly
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Theory and Experiment
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space and time. The analyses employ one of three
data-driven techniques to correct for pileup, which would
otherwise bias ωa.
A χ2 minimization of the data model of Eq. (5) to the

reconstructed time series determines the measured (m)
quantity ωm

a . The model fits the data well (see inset to
Fig. 2), producing reduced χ2s consistent with unity.
Fourier transforms of the fit residuals show no unmodeled
frequency components, see Fig. 2. Without the ηi terms and
the muon loss function in the model, strong signals emerge
in the residuals at expected frequencies.
The dominant systematic uncertainties on ωa arise from

uncertainties in the pileup and gain correction factors, the
modeling of the functional form of the CBO decoherence,
and in the ωCBOðtÞ model. Scans varying the fit start and
stop times and across individual calorimeter stations
showed no significant variation in any of the four run
groups [59].
The measured frequency ωm

a requires four corrections,
Ci, for interpretation as the anomalous precession fre-
quency ωa of Eq. (2). The details are found in Ref. [60].
Ce.—The electric-field correction Ce from the last term

in Eq. (1) depends on the distribution of equilibrium radii
xe ¼ x − R0, which translates to the muon beam momen-
tum distribution via Δp=p0 ≅ xeð1 − nÞ=R0, where n is the
field index determined by the ESQ voltage [60]. A Fourier
analysis [60,76] of the decoherence rate of the incoming
bunched beam as measured by the calorimeters provides
the momentum distribution and determines the mean
equilibrium radius hxei≈6mm and the width σxe≈9mm.
The final correction factor is Ce ¼ 2nð1 − nÞβ2hx2ei=R2

0,
where hx2ei ¼ σ2xe þ hxei2.
Cp.—A pitch correction Cp is required to account for

the vertical betatron oscillations that lead to a nonzero
average value of the β⃗ · B⃗ term in Eq. (1). The expression

Cp ¼ nhA2
yi=4R2

0 determines the pitch correction factor
[60,77]. The acceptance-corrected vertical amplitude Ay

distribution in the above expression is measured by the
trackers.
Extensive simulations determined the uncertainties δCe

and δCp arising from the geometry and alignment of the
plates, as well as their voltage uncertainties and non-
linearities. The nonuniform kicker time profile applied to
the finite-length incoming muon bunch results in a corre-
lation introducing the largest uncertainty on Ce.
Cml.—Any bias in the average phase of muons that

are lost compared to those that remain stored creates
a time dependence to the phase factor φ0 in Eq. (5).
Beamline simulations predict a phase-momentum correla-
tion dφ0=dp¼ð−10.0%1.6Þmrad=ð%Δp=p0Þ and losses
are known to be momentum dependent. We verified the
correlation by fitting precession data from short runs in
which the storage ring magnetic field, and thus the central
stored momentum p0, varied by %0.67% compared to its
nominal setting. Next, we measured the relative rates of
muon loss (ml) versus momentum in dedicated runs in
which muon distributions were heavily biased toward high
or low momenta using upstream collimators. Coupling the
measured rate of muon loss in Run-1 to these two
correlation factors determines the correction factor Cml.
Cpa.—The phase term φ0 in Eq. (5) depends on the

muon decay coordinate ðx; y;ϕÞ and positron energy, but
the precession frequency ωa does not. If the stored muon
average transverse distribution and the detector gains are
stable throughout a fill, that average phase remains con-
stant. The two damaged resistors in the ESQ system caused
slow changes to the muon distribution during the first
∼100 μs of the measuring period. An extensive study of
this effect involved (a) generation of phase, asymmetry, and
acceptance maps for each calorimeter as a function of muon
decay coordinate and positron energy from simulations
utilizing our GEANT-based model of the ring (GM2RINGSIM);
(b) extraction of the time dependence of the optical lattice
around the ring from the COSY simulation package and
GM2RINGSIM; (c) folding the azimuthal beam distribution
derived from tracker and optics simulations with the phase,
asymmetry, and acceptance maps to determine a net
effective phase shift versus time-in-fill, φ0ðtÞ; and (d) appli-
cation of this time-dependent phase shift to precession data
fits to determine the phase-acceptance (pa) correction Cpa.
The use of multiple approaches confirmed the conclusions;
for details, see Ref. [60]. The damaged resistors were
replaced after Run-1, which significantly reduces the
dominant contribution to Cpa and the overall magnitude
of muon losses.

IV. MAGNETIC FIELD DETERMINATION

A suite of pulsed-proton NMR probes, each optimized
for a different function in the analysis chain, measures the
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FIG. 2. Fourier transform of the residuals from a time-series fit
following Eq. (5) but neglecting betatron motion and muon loss
(red dashed), and from the full fit (black). The peaks correspond
to the neglected betatron frequencies and muon loss. Inset:
asymmetry-weighted eþ time spectrum (black) from the Run-
1c run group fit with the full fit function (red) overlaid.
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Measure spin precession frequency:
• Frequency determined by aµ

• Measured at BNL and FNAL
• Precision: 0.19 ppm
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The SM Prediction
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1.4. Standard model prediction of aµ 11

function K(s) [47]. Both, K(s), as well as �(e+e� ! hadrons), have a 1/s dependence. Due to
this, ahad,VP

µ [LO] is dominated by lower s values, mainly s < 1 GeV2. Therefore, the ⇢, !(782),
and �(1020) resonances are of utmost importance. Graph 1.12 represents the distribution of
contributions of hadronic cross sections from different energy regions to a

had,VP
µ [LO]. Displayed

is the contribution to the mean value (left side) and the error (right side). The ⇢ and !

resonances contribute with more than 75% to the mean value. As the ⇢(770) resonance decays
to almost 100% to the final state ⇡

+
⇡
�, the cross section �(e+e� ! ⇡
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�) is the most

important input for the calculation of ahad,VP
µ [LO]. For its error, hadronic channels with higher
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�, become also very important.

Figure 1.10: Hadronic vacuum polarization (left) and light-by-light scattering (right).

Figure 1.11: Second order contributions to a
had,VP

µ [HO] [16].

The leading order hadronic contribution, using the world averages of these hadronic cross
sections, is found to be [3]

a
had,VP

µ [LO] = (6 923± 42) · 10�11
. (1.14)

Higher order contributions a
had,VP
µ [HO] can also be computed via dispersion relations and

using �(e+e� ! hadrons) measurements as input [49, 50, 51]. However, they are found to be
negligible compared to the LO case [16].

The light-by-light scattering contribution as shown in Fig. 1.10 is also small compared to the
hadronic vacuum polarization part. However, it can only be estimated with model-dependent
methods and, thus, its relative error is in the order of 25%. Therefore, it adds a main part to the
uncertainty of aSMµ . One can use methods from large-NC QCD [52] or a dispersive relation for
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4 Chapter 1. Introduction

1.2 The anomalous magnetic moment of the muon

A muon is a charged lepton with a mass of mµ = (105.6583715 ± 0.0000035) MeV [4], about
200 times heavier than an electron. It is a fermion and, thus, carries a spin |~S| = 1

2
. Its

magnetic moment ~µ can be described as

~µ = gµ
e

2mµ

~S , (1.1)

where gµ is the gyromagnetic factor, and e the elementary charge. ~µ describes the coupling
of the muon to a magnetic field ~B. Dirac’s theory predicts gµ = 2 [5]. However, quantum
fluctuations, described by Quantum Electrodynamics (QED), Quantum Chromodynamics
(QCD), and weak interaction, yield to a difference aµ = (gµ� 2)/2 from this exact value, called
muon anomaly. Figure 1.2 shows on the left side the case of Dirac’s theory, i.e. the interaction
of a muon with a ~B field without any quantum correction, represented by a Feynman graph.
On the right side, the first order quantum correction is displayed, called Schwinger term, which
is the first order QED correction and accounts for more than 99% of aµ. As Schwinger has
calculated analytically, it has the exact solution ↵

2⇡
[6], where ↵ is the electromagnetic coupling

constant.

Figure 1.2: Left: Feynman diagram illustrating the prediction of Dirac’s theory: There are no quantum
corrections and it is gµ = 2.
Right: First order QED correction, called Schwinger term. This correction contains over 99% of
aµ and has the exact solution ↵

2⇡ .

Experimental measurement and SM prediction yield the following values for aµ [3, 7]:

a
exp

µ = (116 592 091± 63) · 10�11 [3], (1.2)

a
SM

µ = (116 591 803± 49) · 10�11 [7], (1.3)

which have an accuracy better than the parts per million (ppm) level. However, theory and
experiment differ by 3.6 standard deviations [3]. Is this a hint for New Physics beyond the
standard model?

QED

10 Chapter 1. Introduction

and it dominates the value of aSMµ by far. Its negligible error, compared to the experimental
precision, is mainly due to the uncertainty in the fine structure constant ↵.

The weak contribution a
weak
µ contains heavy W

±, Z0, and Higgs boson contributions. Fig. 1.9

shows the leading order diagrams. They are suppressed by a factor of ↵

⇡
·
m

2
µ

M
< 10�9, whereas

M is the mass of the W , Z0 or Higgs boson. They are computed up to the second order, higher
orders are found to be negligible [34, 35]. The number of computed diagrams is comparable
to the 5th order QED computation. The calculation is limited by input parameters like
the Weinberg angle sin2 ✓W and the Higgs boson mass. This leads to a total contribution
of [34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46]:

a
weak

µ = (153. 6± 1. 0) · 10�11 (1.11)

Figure 1.9: Leading order weak contributions to a
SM

µ [16].

The hadronic contribution a
had
µ contains quark-loops and, hence, hadronic interactions come

into play. At low energies the strong coupling constant ↵s ⇠ O(1), and therefore, perturbation
theory can not be used for the calculation of ahadµ . Instead, one needs experimental measured
quantities as input. For this reason, this contribution dominates the uncertainty of aSMµ . The
two different hadronic contributions are, on the one hand, the hadronic vacuum polarization
(VP) in leading (LO) and higher orders (HO) and, on the other hand, the hadronic light-by-light
scattering (LBL) [16]:

a
had

µ = a
had,VP

µ [LO] + a
had,VP

µ [HO] + a
had,LBL

µ . (1.12)

Their feynman graphs can be found in Fig. 1.10 and 1.11. The a
had,VP
µ contribution can be

calculated via a dispersion relation, using hadronic cross sections of the form �(e+e� ! hadrons)

as input [16]

a
had,VP

µ [LO] =
1

4⇡3

Z 1

4m2
⇡

K(s)�(e+e� ! hadrons)ds , (1.13)

with the center of mass energy (cms) squared s of the hadronic reaction and the QED Kernel

+

EW99.993% 0.0002%

(Phys.Rept. 1143 (2025) 1-158)

0.006%

(Phys.Rept. 1143 (2025) 1-158)



The SM Prediction: HVP
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Dispersive evaluation

Lattice QCD

(Phys.Rept. 887 (2020) 1-166)

(Phys.Rept. 1143 (2025) 1-158)

Discretization

Optical Theorem



The HVP Puzzle
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(Phys.Rept. 887 (2020) 1-166)

(Phys.Rept. 1143 (2025) 1-158)

White Paper 2020 (WP20)
• Tension between data sets
• Underestimation of systematics?
• Combination with inflated uncertainty
• No precise Lattice QCD calculation 

CMD-3 Pion FF (2023)
• New result published after WP2020
• Result in strong disagreement to previous 

measurements
• Good agreement with lattice and 

experimental result

White Paper 2025 (WP25)
• Pion FF data sets are incompatible
• A combination is not possible 
• Only combination of Lattice QCD results

ρ(770)
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White Paper 2025 (WP25)
• Pion FF data sets are incompatible
• A combination is not possible 
• Only combination of Lattice QCD results

ρ(770)Initial-State-Radiation technique (ISR)

Uncertainty: 0.6% (on aµ)

Result is a combination of 3 measurements:
◦ Untagged analysis of 240 pb-1 @ mΦ (KLOE08)
◦ Tagged analysis of  250 pb-1 @ 1 GeV (KLOE10)
◦ KLOE08 with normalization to e+e- → µ+µ- (KLOE12)

Good agreement of σ(e+e- → µ+µ-) to QED predictions

Event generator: Phokhara

[JHEP 03 (2018) 173]

[Phys.Lett.B 720 (2013) 336-343]

KLOE

[JHEP 03 (2018) 173]

[Phys.Lett.B 670 (2009)]

[Phys.Lett.B 700 (2011)]

[Phys.Lett.B 720 (2013)]
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White Paper 2025 (WP25)
• Pion FF data sets are incompatible
• A combination is not possible 
• Only combination of Lattice QCD results

ρ(770)Initial-State-Radiation technique (ISR)

Tagged analysis (ISR photon at large angle)

232 fb-1 @ ϒ(4S)

Normalization to e+e- → µ+µ- 

Uncertainty: 0.7% (on aµ)

Analysis built to accept µµ𝛾(𝛾), ππ𝛾(𝛾) events 

Good agreement of σ(e+e- → µ+µ-) to QED predictions

Event generator: AfkQED + corrections from Phokhara

[Phys. Rev. Lett. 103 (2009)]

[Phys.Lett.B 720 (2013) 336-343]

BaBar
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(Phys.Rept. 887 (2020) 1-166)

(Phys.Rept. 1143 (2025) 1-158)

White Paper 2020 (WP20)
• Tension between data sets
• Underestimation of systematics?
• Combination with inflated uncertainty
• No precise Lattice QCD calculation 

CMD-3 Pion FF (2023)
• New result published after WP2020
• Result in strong disagreement to previous 

measurements
• Good agreement with experimental 

result

White Paper 2025 (WP25)
• Pion FF data sets are incompatible
• A combination is not possible 
• Only combination of Lattice QCD results

ρ(770)



CMD-3 Analysis Strategy
Data collected at VEPP-2000 collider
• CM : 0.3 < √s < 1.2 GeV 
• Three data sets (2013,18,20)
• Different data taking conditions

Simple selection conditions
• Back-to-back topology
• Timing

Three methods for signal extraction:
Momentum 
Energy deposit in LXe calorimeter
Angular distribution

 Careful check of systematic effects
Acceptance, Radiative corrections, …

30/06/2026 PION FORM FACTOR: STATUS AND PERSPECTIVES 9

Drift 
Chamber

LXe 
Calorimeter

BGO 
Calorimeter

TOF

π+

π-

[Phys. Rev. D 109, 112002 (2024)]
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• CM : 0.3 < √s < 1.2 GeV 
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• Different data taking conditions

Simple selection conditions
• Back-to-back topology
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Acceptance, Radiative corrections, …
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Momentum Energy

Angle

[Phys. Rev. D 109, 112002 (2024)]



CMD-3 Analysis Strategy
Data collected at VEPP-2000 collider
• CM : 0.3 < √s < 1.2 GeV 
• Three data sets (2013,18,20)
• Different data taking conditions

Simple selection conditions
• Back-to-back topology
• Timing

Three methods for signal extraction:
• Momentum 
• Energy deposit in LXe calorimeter
• Angular distribution

 Careful check of systematic effects
• Acceptance, radiative corrections, …
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[Phys. Rev. D 109, 112002 (2024)]



CMD-3: Result and Comparisons 

Measurement accuracy of about 0.8%, close to KLOE and BaBar (0.6-0.7%)

Common (and flat) disagreement around ρ(770)

Consistency at larger and smaller energies

 Source of CMD 2 vs 3 disagreement still unclear
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ISR Scan
[Phys. Rev. D 109, 112002 (2024)]
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White Paper 2020 (WP20)
• Tension between data sets
• Underestimation of systematics?
• Combination with inflated uncertainty
• No precise Lattice QCD calculation 

(Phys.Rept. 887 (2020) 1-166)

(Phys.Rept. 1143 (2025) 1-158)

CMD-3 Pion FF (2023)
• New result published after WP2020
• Result in strong disagreement to previous 

measurements
• Good agreement with lattice and 

experimental result

White Paper 2025 (WP25)
• Pion FF data sets are incompatible
• A combination is not possible 
• Only combination of Lattice QCD results

ρ(770)
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White Paper 2020 (WP20)
• Tension between data sets
• Underestimation of systematics?
• Combination with inflated uncertainty
• No precise Lattice QCD calculation 

(Phys.Rept. 887 (2020) 1-166)

(Phys.Rept. 1143 (2025) 1-158)

CMD-3 Pion FF (2023)
• New result published after WP2020
• Result in strong disagreement to previous 

measurements
• Good agreement with lattice and 

experimental result

White Paper 2025 (WP25)
• Pion FF data sets are incompatible
• A combination is not possible 
• Only combination of Lattice QCD results

Resolving the pion FF “puzzle”  is crucial for the 
evaluation of a dispersive value of aµ 

ρ(770)



How to clarify the picture?
Several activities worldwide on-going to understand:

• Improvement of event generators (RadioMonteCarLow 2) 

•  New scan measurement:  SND

• New ISR measurements:  BaBar, BESIII, KLOE and Belle II

Joint effort to investigate the discrepancies from both experiment 

and theory perspective

30/06/2026 PION FORM FACTOR: STATUS AND PERSPECTIVES 15



Radiative Corrections
Investigation of events with 2 radiated photons by BaBar

• Phokhara is found to overestimate the contribution!

• Impact on various ISR analyses?

• Need dedicated studies, but which generators to use?

The RadioMonteCarLow 2 Working Group

•  Review of available generators and radiative corrections 

 Improve codes with new theoretical inputs

First beyond NLO generator for ISR: BaBayaga@NLO v2.0

Pion structure beyond scalar QED

 e+e- → µ+µ-𝛾 @ NNLO (work on going)

30/06/2026 PION FORM FACTOR: STATUS AND PERSPECTIVES 16

[Phys. Rev. D 108, L111103 (2023)]
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[Phys. Rev. D 108, L111103 (2023)]

[JHEP 05 (2026) 221]

[F. Piccinini @ muon (g-2) T.I. Meeting (2025)]

[ arXiv:2603.28621, arXiv:2603.13171]

[ Phokhara-Liverpool, McMule]

https://arxiv.org/abs/2603.28621
https://arxiv.org/abs/2603.13171


News from SND
Preliminary result presented at PhiPsi 2026 

Experiment on VEPP-2000 collider (as CMD-3)

Selection based on: 
• back-to-back topology

• PID with BDT

Uncertainty: ~0.7% 

In agreement with CMD-3

Hint: unaccounted tracking inefficiency in old analysis

 This would be the first confirmation of CMD-3

30/06/2026 PION FORM FACTOR: STATUS AND PERSPECTIVES 18

https://indico.sns.it/event/140/contributions/1450/attachments/390/1168/PHIPSI2026.pdf
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Reanalysis of old data

https://indico.sns.it/event/140/contributions/1450/attachments/390/1168/PHIPSI2026.pdf


News from SND
Preliminary result presented at PhiPsi 2026 

Experiment on VEPP-2000 collider (as CMD-3)

Selection based on: 
back-to-back topology

PID with BDT

Uncertainty: ~0.7% 

In agreement with CMD-3

Hints of unaccounted tracking inefficiency in old analysis

If confirmed, first validation of CMD-3 result with explanation!
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Reanalysis of old data

https://indico.sns.it/event/140/contributions/1450/attachments/390/1168/PHIPSI2026.pdf


New BaBar Measurement
Preliminary results presented at Lepton Photon 2025 [arXiv:2601.16587]

Full BaBar data set:  460 fb-1@ ϒ(4S)

Normalization to e+e- → µ+µ- 

New technique for muon – pion separation
• Fit to helicity angle distribution
• Exploit different spins (µ = 1/2, π = 0) 
• Simultaneous measurement of µµ𝛾(𝛾) and ππ𝛾(𝛾)

30/06/2026 PION FORM FACTOR: STATUS AND PERSPECTIVES 21

Blind Analysis
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Preliminary results presented at Lepton Photon 2025 [arXiv:2601.16587]

Full BaBar data set:  460 fb-1@ ϒ(4S)

Normalization to e+e- → µ+µ- 

New technique for muon – pion separation
Fit to helicity angle distribution
Exploit different spins (µ = 1/2, π = 0) 
Simultaneous measurement of µµ𝛾(𝛾) and ππ𝛾(𝛾)

QED test accuracy: 0.5% 
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Blind Analysis



New BaBar Measurement
Preliminary results presented at Lepton Photon 2025 [arXiv:2601.16587]

Full BaBar data set:  460 fb-1@ ϒ(4S)

Normalization to e+e- → µ+µ- 

New technique for muon – pion separation
Fit to helicity angle distribution
Exploit different spins (µ = 1/2, π = 0) 
Simultaneous measurement of µµ𝛾(𝛾) and ππ𝛾(𝛾)

QED test accuracy: 0.5% 

 Pion FF in agreement with published result!

aµ
ππ(0.5 -1.4 GeV) =  4562(28)  vs  4556(33)  (x 10-11)  
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Blind Analysis



What comes next?
• BESIII: 
• New measurements on-going 

• Aiming to achieve a final accuracy of O(0.5%) 

• First results, with O(0.7%) accuracy, expected soon

• Belle II:
• Analysis of 427 fb-1 on-going

• BaBar 2009 approach

• Aim to O(0.5%) accuracy

• KLOE(-nxt): [L. Punzi@PhiPsi 2026]

• Analysis of full KLOE data set (2 fb-1 vs 0.25 fb-1)

• Aimed accuracy 0.4%, of which 0.2% from theory
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[Phys.Rept. 1143 (2025) 1-158]

[Q. Liu@Muon g-2 TI meeting 2025] All blind analyses

https://indico.sns.it/event/140/contributions/1269/attachments/407/1186/Punzi_PHIPSI.pdf
https://indico.sns.it/event/140/contributions/1269/attachments/407/1186/Punzi_PHIPSI.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39053/attachments/26140/38662/20250908_BelleII_ee2pipi_qyliu.pdf


Conclusion
• Muon g-2 is (still) one of the most promising channels to 

test the SM
• Extremely successful experimental measurement at 0.19 

ppm
• Now waiting for SM prediction to match the accuracy! 
• Main limitation from hadronic contribution (HVP): Pion FF
• Huge effort on-going to understand the origin of the 

tensions
• Theory: RadioMonteCarLow 2  initiative
• New measurements: SND, BaBar, BESIII, Belle II, KLOE

Preparing for the next step in accuracy!
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