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Charged lepton magnetic moments
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Muons are tiny magnets
A massive elementary particle w/ electric charge and spin behaves like a tiny magnet

Magnetic moment of the muon

µ⃗µ = ±gµ
e

2mµ
S⃗

gµ = Landé factor
(← Silver Swan)

In uniform magnetic field B⃗, S⃗ precesses w/ angular
frequency

ωS = gµ
e

2mµ
|B⃗|

7 × 106 rotations per second for |B⃗| = 1.45 T

→ same principle as for MRI
(Silver Swan)

Crucial point:

gµ can be measured & calculated very, very . . . precisely

measurement = SM prediction ?
→ Yes: another victory for the SM
→ No: we have uncovered new fundamental physics
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Experimental measurement of
aµ ≡ (gµ − 2)/2
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Fermilab’s Muon g − 2 Collaboration measurements

Beautiful experiment, very successful six-year data-taking campaign, hugely
impressive analyses and results

arXiv:2506.03069 [hep-ex]

aµ|expt = (11659207.15 ± 1.45)× 10−10 [124 ppb]

−→ see talks by Estifa’a Zaid, Elia Bottalico and Alberto Lusiani later in
session
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Reference standard model calculation of aµ

[Aliberti et al ’25 = WP ’25 [Muon g−2 Theory Initiative, member of SC]]

All three interactions and all SM particles are needed

aSM
µ = aQED

µ + ahad
µ + aEW

µ

= O
( α

2π

)
+ O

((α
π

)2
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)2
)
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QED contributions to aℓ

Loops with only photons and leptons: can expand in α = e2/(4π) ≪ 1

aQED
ℓ = C(2)

ℓ

(α
π

)
+ C(4)

ℓ

(α
π

)2
+ C(6)

ℓ

(α
π

)3
+ C(8)

ℓ

(α
π

)4
+ C(10)

ℓ

(α
π

)5
+ · · ·

C(2n)
ℓ = A(2n)

1 + A(2n)
2 (mℓ/mℓ′) + A(2n)

3 (mℓ/mℓ′ ,mℓ/mℓ′′)

A(2)
1 , A(4)

1 , A(6)
1 , A(4)

2 , A(6)
2 , A(6)

3 known analytically [Schwinger ’48; Sommerfield ’57, ’58; Petermann ’57; . . . ]

O((α/π)3): 72 diagrams [Laporta et al ’91, ’93, ’95, ’96; Kinoshita ’95)

O((α/π)4; (α/π)5): 891;12,672 diagrams [Laporta ’95; Aguilar et al ’08; Aoyama et al ’96-’19, Volkov ’19-’24]

Automated generation of diagrams
Numerical evaluation of loop integrals
Calculations cross-checked

Laurent Lellouch EPS-HEP, 7-11 July 2025, Marseille



5-loop QED diagrams

[Aoyama et al ’15, ’19]

aQED
µ × 1010 = 11 658 471.88(2) [1.7 ppb]

[99.994% of aµ]
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Electroweak contributions to aµ: Z , W , H, etc. loops

1-loop

W W

νµ Z H
µ

γ
a) b) c)

aEW,(1)
µ = O

(√
2GF m2

µ

16π2

)
= 19.479(1)× 10−10

(Gnendiger et al ’15, Aoyama et al ’20 and refs therein)

2-loop

γ Z

f

µ µ

γ

µ
f

γ

γ Z µ
f

γ

Z Z

W
Wf

f ′

µ νµ

γ

W Wf ′

f

µ νµ

γ

H γ
t

µ µ

γ

a) b) c)

d) e) f)

aEW,(2)
µ = O

(√
2GF m2

µ

16π2

α

π

)
= −4.038(30)× 10−10

(Gnendiger et al ’15 and refs therein)

aEW
µ = 15.44(4)× 10−10
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Hadronic contributions to aµ

µ

γ

had

µ

+

h e h h h
µ

γ

h

a) b) c) d)
→ aLO-HVP

µ = O
((

α
π

)2
)

h e h h h
µ

γ

h

a) b) c) d)

+ + + · · · → aNLO-HVP
µ = O

((
α
π

)3
)

a) b) c)

hadhad had+ + + · · · → a HLbL
µ = O

((
α
π

)3
)

Involve q and g in low-energy regime of QCD ⇒ nonperturbative tools (̸= aQED
µ , aweak

µ )

Big challenge: needed to <∼ 0.2% to fully leverage Fermilab aµ measurement !
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Data-driven determination of HVP contribution
Πµν(q) = =

(
qµqν − gµνq2)Π(q2)

aLO-HVP
µ = weighted integral of Π̂(q2) ≡ Π(q2)− Π(0) for q2 = −Q2, Q2 = 0 → ∞

Π̂(q2) is real and analytic except for cut along real, positive q2 axis

Imq2 
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Analyticity: can get Π̂(q2) for q2 ≤ 0 from ImΠ(q2) w/ q2 > 0 via contour integral (QCD
asymptotics ⇒ [once subtracted] dispersion relation)

Unitarity [Bouchiat et al ’61]:

ImΠ(s) = −
R(s)
12π

, R(s) ≡
σ(e+e− → had)

σ(e+e− → µ+µ−)
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HVP results
→ for lattice HVP see talks by Alessandro Lupo and Pierre Vanhove
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Situation of data-driven results is currently very confusing

BMW ’20 [Nature 2021] gave first indication that there was a problem w/ data-driven results

σ(e+e− → hadrons) from CMD3 ’23 put nail in (temporary) coffin

WP20: HVP from σ(e+e− → hadrons) −→ WP25: HVP from lattice [BMW, ETM, Fermilab/HPQCD,

Mainz, RBC/UKQCD, . . . ]

aLO-HVP
µ |WP25 = 713.2(6.1)× 10−10 [0.85%]
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Data-driven determination of HLbL contribution

Master formula [G. Colangelo et al, ’17]

a HLbL
µ =

2α3

48π2

∫ ∞
0

dQ1

∫ ∞
0

dQ2

∫ 1

−1
dτ

√
1 − τ2

12∑
i=1

Ti (Q1, Q2, τ)Π̄i (Q1, Q2, τ)

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

Πµνρσ = Ππ0-pole
µνρσ +
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Data-driven determination of HLbL contribution

Master formula [G. Colangelo et al, ’17]
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Data-driven determination of HLbL contribution

Master formula [G. Colangelo et al, ’17]

a HLbL
µ =

2α3

48π2

∫ ∞
0
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∫ ∞
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∫ 1

−1
dτ

√
1 − τ2
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i=1

Ti (Q1, Q2, τ)Π̄i (Q1, Q2, τ)

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

Πµνρσ = Ππ0-pole
µνρσ +Ππ-box

µνρσ +Π2π
µνρσ + · · ·
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Data-driven determination of HLbL contribution
Master formula [G. Colangelo et al, ’17]

a HLbL
µ =

2α3

48π2

∫ ∞
0

dQ1

∫ ∞
0

dQ2

∫ 1

−1
dτ

√
1 − τ2

12∑
i=1

Ti (Q1, Q2, τ)Π̄i (Q1, Q2, τ)

Use: analyticity, unitarity, QCD asymptotics & experimental data [and models]

Πµνρσ = Ππ0-pole
µνρσ +Ππ-box

µνρσ +Π2π
µνρσ + · · ·

Much more complex analytic and QCD asymptotic behavior [e.g. J. Bijnens et al ’21]

Much less data and of lesser precision

Modeling needed for · · ·

However, "only" 10% precision needed to fully leverage Fermilab measurement
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HLbL results
→ for lattice HLbL see talk by Antoine Gérardin
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Lattice and pheno determinations of a HLbL
µ have agreed for years

Central value has barely changed since model-based 2009 Glasgow consensus

Now error reduced and fully under control

WP20 & WP25 use combination of lattice & pheno results

a HLbL
µ |WP25 = 11.26(96)× 10−10 [8.5%]
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SM vs experiment
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SM vs experiment

aµ|WP25 = (11659203.3 ± 6.2)× 10−10

aµ|BMW24+WP25 = (11659204.2 ± 3.4)× 10−10

[BMW ’24 a hybrid, lattice calculation of aLO-HVP
µ [2407.10913 [hep-lat], see A. Lupo’s talk]]
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Conclusions and outlook
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Conclusions and outlook

On June 3rd Fermilab announced measurement of aµ with incredible 127 ppb
precision [WA has 124 ppb]

. . . BMW ’24 + WP ’25 indicates that SM confirmed to within 0.3 ppb ( 0.4 ppb w/
WP ’25 alone)

Decades of perturbative QED & EW calculations combined w/ fully
nonperturbative QCD (+QED) ones predict gµ to a 0.3 ppb precision!

Stringent, single test of the complete SM (all particles & interactions)

HVP
WP ’20: SM prediction given by data-driven methods

WP ’25: SM prediction given by lattice calculations, w/ consolidated averages from
many independent calculations

Responsible for 92% of total error-squared (of aµ|BMW24+WP25)

BMW ’24 uncertainty must be reduced by factor ∼ 2 to match experiment ( ∼ 4 for
WP ’25)
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Conclusions and outlook

HLbL
WP ’20 & WP ’25: SM prediction given by lattice and pheno that agree well

Responsible for 8% of total error-squared (of aµ|BMW24+WP25)

Uncertainty small enough already

τ± → π±π0νℓ decays are making a comeback

Future

J-PARC entirely new method for aµ measurement

More lattice results for complete aLO-HVP
µ expected soon

New BABAR, KLOE, BES III, BELLE-II, SND-2 e+e− → hadrons analyses (and
data) for e+e− → hadrons & τ± → π±π0νℓ

MUonE @ CERN for spacelike HVP
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BACKUP
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Early history: the electron
1928 : Dirac’s new theory predicts the existence of the positron and

ge|Dirac = 2

“That was really an unexpected bonus for me” (P.A.M. Dirac)

1934 : Kinsler & Houston confirm ge = 2, w/ permil precision by studying spectrum of neon
atom

1947 : Nafe, Nelson & Rabi, then Kusch & Foley measure hyperfine structure of hydrogen
and deuterium, showing that ge > 2 by 0.1%

→ there is a problem w/ Dirac!

1947 : Schwinger understands very quickly that Dirac’s theory neglects quantum
fluctuations and manages to compute them to obtain the “anomalous” contribution

ae =
ge − 2

2
=

α

2π
= 0.00116 . . .

→ birth of QED and relativistic quantum field theory
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Why are aℓ interesting?

−→ Leff = −
Qe
2

aℓ

2mℓ

Fµν [ℓ̄LσµνℓR ] + hc

ae,µ are parameter-free predictions of the SM that can be measured very precisely
⇒ excellent tests of SM

Loop induced ⇒ sensitive to new dofs that may be too heavy or too weakly coupled to be produced
directly

Flavor and CP conserving, chirality flipping ⇒ sensitive to muon mass generation mechanism &
complementary to: EDMs, s and b decays, LHC direct searches, . . .

Contribution of particle w/ M ≫ mℓ is generically

aM
ℓ = C

(
∆LR

mℓ

)(mℓ

M

)2

In EW theory M ≃ MW and only source of chirality flipping is Yukawa

∆LR = yℓ⟨H⟩ = mℓ and C ∼
α

4π sin2 θW

In BSM, can have enhancements: e.g. SUSY M = MSUSY and C ∼ α/ (4π sin2 θW ) &
∆LR = (µ/MSUSY) × tan β × mℓ; or radiative mℓ model, ∆LR ≃ mℓ, C ∼ 1 and M = MNΦ

mµ/me ≃ 207 ⇒ aµ ∼ 43, 000× more sensitive to possible new heavy particles than ae
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White Paper ’25 result compilation
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