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FNAL final measurement

and Standard Model update
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HVP: two competing methods

Data-driven

1 unitarity + causality

2 Im =
∑
had

∫
dΦ
∣∣∣∣ ∣∣∣∣2

2 measure e+e− → hadrons

σ ∝
∣∣∣∣e−
e+

γ∗
∣∣∣∣2 extract−→

and correct for ISR, virtual correction,
efficiencies, backgrounds, ...

3 dispersion integral

aHVP
µ = α

π2

∫ ∞

s0

ds K(s) Im{Π(s)}

lattice QCD

1 generate gauge configurations

2 euclidean correlator (Q2 = −s)

Π(Q2) ∼
∫

d4x ⟨jµ(x)jν(0)⟩ e−iQx

and correct for iso-spin breaking, fermion
doublers, finite volume, ...

3 dispersion integral

aHVP
µ = α

π2

∫ ∞

0
dQ2 f(Q2)Π(Q2)
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HVP: two competing methods

Data-driven

•multiple experiments (WP20 average):
SND06, CMD-2, BaBar, KLOE, BESIII

=⇒ all consistently below lattice
•since 2024: CMD-3
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lattice QCD

•first complete result from BMW⇝ 2020,
but not included in WP20 average
•WP25: many additional results from 8
independent collaborations
=⇒ average consistent with aexp

µ ,
but also some tensions between groups

700 710 720 730 740 750

1010 aHVP,LO
µ

RBC/UKQCD-24+18

Mainz/CLS-24

BMW-20

•ongoing efforts: comparisons, IB, LD, ...

0 1 2 3 4 5

   [GeV]s

0

1

2

3

4

5

6

R
(s

)

ρ ω φ ψJ/ (2S)ψ

3770
ψ

4040
ψ

4160
ψ

4415
ψ

 hadrons data→ -e+e
(HVPTools compilation)

BES
KEDR
pQCD (massless)

Davier-Hoecker-Malaescu-Zhang, 2019

0 2 4 6 8 10

Q
2
/GeV

2

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

- 
Π

(Q
2
)

Model
Numerical integration
Model

Numerical 
Integration

Fit Function
Perturbation 
Theory

Q
2

low
/GeV

2
Q

2

high
/GeV

2

Muon g − 2 and the status of BSM
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Is BSM dead?

BSM papers 2021 vs 2025

P. Athron et al. [2104.03691] P. Athron et al. [2507.09289]

=⇒ N

yr ∼ 3∆aµ

10−10 + 15

∆aµ ∼ 25 × 10−10, N2021 ∼ 100 ∆aµ ∼ 4 × 10−10, N2025 ∼ 30
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Kilian Möhling • BNL Seminar, 30.07.2026 3 / 19

https://arxiv.org/abs/2104.03691
https://arxiv.org/abs/2507.09289


Is BSM dead?

BSM papers 2021 vs 2025

P. Athron et al. [2104.03691] P. Athron et al. [2507.09289] =⇒ N

yr ∼ 3∆aµ

10−10 + 15
∆aµ ∼ 25 × 10−10, N2021 ∼ 100 ∆aµ ∼ 4 × 10−10, N2025 ∼ 30

Open questions:
tensions between data and lattice!
⇒ missing systematic or BSM?

−30 −20 −10 0 10 20 30

1010 × (aSM
µ − aexp

µ )

WP25

Avg. 4

Avg. 3

Avg. 2B

Avg. 2A

Avg. 1

BMW-20

Mainz/CLS-24

RBC/UKQCD-24+18

BMW/DMZ-24

τ

CMD-3

SND20

BESIII

KLOE

BaBar

CMD-2

SND06

Ψ

BSM

Muon g − 2 and the status of BSM
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Outline

1 Complementary observables
muon mass and chiral enhancement
Dipole observables
H → µµ
Neutrino masses and Dark matter

2 Specific BSM scenarios
2HDM and Supersymmetry
Leptoquarks and Vector-like leptons
Light-dark sectors, HVP problem
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The role of chirality flips

Leff ⊃ −mµ ψLψR︸ ︷︷ ︸
dim-4 mass term

+ aµe

4mµ

ψLσ
µνψR Fµν︸ ︷︷ ︸

dim-5 dipole term

+ h.c.

connection: both break chiral symmetry ψR → eiαψR and EW gauge-invariance

µR µL

v(B)SM

µR µL

v(B)SM

µR µL

v(B)SM

∆aµ ∼ mµ ×
[
v(B)SM × ψL↔R-flip param.

]
× other couplings

16π2M2
BSM

Muon g − 2 and the status of BSM
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µR µL

v(B)SM

µR µL

v(B)SM

∆aµ ∼ mµ ×
[
v(B)SM × ψL↔R-flip param.

]
× other couplings

16π2M2
BSM

without chiral enhancement

chirality flip only from yµ × vSM

∆aµ ∼ mµ × mµ ×
|cL/R|2

16π2M2

O(10−9) for c ∼ 1, M ∼ 100 GeV
e.g. Dark Photon, Z′, ALPs, ...

with chiral enhancement

new chiral symm. breaking: v(B)SM × cLR

∆aµ ∼ mµ × v(B)SM × cLR × cLcR

16π2M2

=⇒ chiral enhancement Rχ ≡ v(B)SMcLR

mµ

e.g. 2HDM: Rχ ∼ v1
v2

, LQ: Rχ ∼ mt
mµ

, ...
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Chiral enhancement vs collider constraints

∆aµ = Rχ × cLcR

16π2
m2

µ

M2
WP25=⇒ M ≳ |RχcLcR| 1

2 × 250 GeV
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Dipole observables and flavour violation

•general dipole term L ⊃ Cij ψLiσ
µνψRjFµν ↷ di ∝ ImCii, Bi→jγ ∝ |Cij|2

SM: tiny CP and flavour violation
{

EDM ∼ 10−40 e · cm
BR(µ → eγ) ∼ 10−50 =⇒ clean signal for BSM!

dµ ≈
(∆aµ

10−9

)( tan θµ

2000

)
1.9 × 10−19e · cm, Bµ→eγ ≈

(∆aµ

10−9

)2( θ12

3 × 10−5

)2
3.1 × 10−13

naive scaling θij ∝ mi/mj

|dµ| ≲ 10−27e · cm

flavour anarchy θij ∼ 1

∆aµ ≲ 10−14

large µ-CPV still possible, LFV already strongly constrained
=⇒ either specific flavour/CP structure or ∆ae,µ ≈ 0

small ∆ae,µ ↷ often no ”dipole dominance”
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Muon–Higgs coupling

SMEFT: dim-6


Cµγ

[
ℓLσ

µνµRΦ
]
Fµν =⇒ ∆aµ ∝ Cµγv

CµΦ
[
ℓLµRΦ

]
Φ†Φ =⇒ ∆mµ ∝ CµΦv

3, ∆yµ ∝ 3 × CµΦv
2

Coefficients connected via chirality flips! CµΦ = κ × Cµγ

Φ

X Y

Z

µR lL

Φ Φ† Φ

X YµR lL

Φ Φ† Φ

X Y X Y

Z

µR lL

κ ∼ 16π2 κ ∼ |λXY |2

yµ

ySM
µ

= 1 − |κ|
728

(
∆aµ

10−9

) •tree-models: κ ∼ O(100), ∆yµ ∼ 100%
•loop-models: κ ∼ O(1), ∆yµ ∼ 1%

⇒ needs future colliders (HL-LHC, FCC-ee, ...)

LHC:
∣∣∣∣∣ yµ

ySM
µ

∣∣∣∣∣
2

≃ µ(H → µµ) = 1.21 ± 0.35

yµ ≃ +ySM
µ

yµ ≃ −ySM
µ
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Neutrino masses
Neutrinos are have tiny masses mν ≲ O(eV)! ... why?
=⇒ correlation: interaction with νµ ↔ interaction with muon

SMEFT L ⊃ cνν

Λν
(ℓc

LΦ̃∗)(Φ̃†ℓL) + cµγ

Λ2
ν

ℓLσµνµRΦFµν mν ∝ cννv2

Λν
, ∆aµ ∝ cµγv

Λ2
ν

=⇒ ∆aµ ∼ 10−9 ×
(

1 TeV
Λν

)
×
(

cµγ

cνν
· 10−8

)

Two options for small mν :
{

mass suppression Λν ∼ 1012 TeV =⇒ ∆aµ = 0
suppressed L-violation, Λν ∼ TeV =⇒ ∆aµ ∼ 10−9 possible

E.g. type II: mν ∼ ν ν

⟨Φ⟩ ⟨Φ⟩

∆0

µ

yν

∆aµ ∼

γ

µL µL µR

∆

lL ×
y y†

=⇒ cµγ

cνν
∼ − yν

16π2
M∆

µ

... some models with TeV-scale origin (scotogenic, Zee, LQs, VLFs, ...) are constrained!
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Dark Matter
DM exists! ...but what is it m = 10−21 ... 1073 eV?
=⇒ correlation: thermal production ΩDM ∝ 1

⟨σv⟩ ↔ interaction with muon

single-field models: WIMP, ALP, RHN, DP/Z ′, ...

two-field models: ⟨σv⟩ ∝ n3

M2 , ∆aµ ∝ n

M2
ΩDM∝ 1

n2

ϕ0

ϕ0

µ+

µ−

ψ±

ϕ0

ϕ0

W+

W−

ϕ±ψ±

ϕ0

γ

µ µ

=⇒ large ∆aµ ∼ incompatible with ΩDM

complicated models: both possible (e.g. SUSY, ...)
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Outline

1 Complementary observables
muon mass and chiral enhancement
Dipole observables
H → µµ
Neutrino masses and Dark matter

2 Specific BSM scenarios
2HDM and Supersymmetry
Leptoquarks and Vector-like leptons
Light-dark sectors, HVP problem
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Two-Higgs-Doublet Model

SM + second scalar doublet Φ2
motivation: ρ-parameter, strong CP/ PQ, baryogenesis,

EW phase transitions/ GW, SUSY, g − 2, ...

=⇒ 3 heavy states H, A, H± with yµ ∝ ζl mµ

@ one-loop

∆a1ℓ
µ ∼ ζ2

l

8π2
m4

µ

v2M2
S

×

{
+1 S = H

−1 S = A

@ two-loop

∆a2ℓ,τ
µ ∼ +− ζ2

l

8π2
α

π

m2
τ m2

µ

v2M2
S

, ∆a2ℓ,t
µ ∼ −ζlζu

6π2
α

π

m2
t m2

µ

v2M2
S

H,AµL µR

µµ

νµµL µR

H±H±

µL µR

A,Hγ

τ, t
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2HDM: allowed and excluded regions

•previously: ∆aWP20
µ

MA ∼ O(10 GeV), ζl ∼ O(10)

↪→ constraints τ/Z decay, theory, B-physics
⇒ only possible in type-X / FA2HDM

•new LHC exclusion limits (2022)
p

p

τ̃/H−

¯̃τ/H+

τ−

χ̃0
1/ν̄τ

τ+

χ̃0
1/ντ

=⇒ MH± ≳ 340 GeV, (MA ≃ MH±)

•now: complementary bounds from ∆aWP25
µ
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Supersymmetry

many realisations −→ (N/R/C)MSSM, mGMSB, SUGRA, ...
motivation: hierarchy problem, String theory/ QG, GUTs, DM,

Coleman – Mandula, ...

µL

W̃ 0 H̃0
u

H̃0
d

µ̃L

W̃ 0

µR

∆aµ ≈ 5 × 10−10
(

1 TeV
MSUSY

)2 tan β

40

LHC bounds =⇒ either MSUSY ≳ TeV or small ∆MSUSY

e.g. Higgsino DM

∆aµ ≲ 10−10

e.g. Bino DM

tan β ≲ O(1)
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Leptoquarks

new scalar/ vectors coupling to lepton + quark
motivation: GUTs, flavour structure, B-physics and ∆aµ

⇒ chiral enhancement: S1 ∼ (3̄, 1, 1
3 ), R2 ∼ (3, 2, 7

6 ), Uµ
1 ∼ (3, 1, 2

3 )

L ⊃ −
[
λL qc

Lℓc∗
L + λR uc

RµR

]
S1 =⇒ ∆aµ ∝ λLλRyu

q q

LQ

γ

µ µ

LQ LQ

q

γ

µ µ

tL tR

S1
µR µL

×v
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motivation: GUTs, flavour structure, B-physics and ∆aµ

⇒ chiral enhancement: S1 ∼ (3̄, 1, 1
3 ), R2 ∼ (3, 2, 7

6 ), Uµ
1 ∼ (3, 1, 2

3 )

L ⊃ −
[
λL qc

Lℓc∗
L + λR uc

RµR

]
S1 =⇒ ∆aµ ∝ λLλRyu

q q

LQ

γ

µ µ

LQ LQ

q

γ

µ µ

tL tR

S1
µR µL

×v
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Vector-like leptons

new fermions (with Dirac mass) coupling to lepton + Higgs
motivation: (extra dimensions), GUT, flavour structure, DM

asymptotic safety, H → µµ and ∆aµ, ...

⇒ chiral enhancement: at least 2 VLL with Yukawa coupling

L ⊃ −
[
λL ℓLE + λR LµR + λ̄ LE

]
Φ =⇒ ∆aµ ∝ λLλRλ̄

γΦ

Φ

L EeRi lLj

× h ×

L EeRi lLj
•strong correlation with H → µµ

+ CPV

∣∣∣∣ yµ

ySM
µ

∣∣∣∣2 ≈
(

1 − ∆aµ

Q 10−9

)2

+
(

dµ [e cm]
2Q × 10−22

)2

=⇒ ”opposite sign” case excluded by ∆aWP25
µ

=⇒ ∆aµ complementary with future measurements of dµ
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Outline

1 Complementary observables
muon mass and chiral enhancement
Dipole observables
H → µµ
Neutrino masses and Dark matter

2 Specific BSM scenarios
2HDM and Supersymmetry
Leptoquarks and Vector-like leptons
Light-dark sectors, HVP problem
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Axion-like Particles

pseudo-scalar, shift-invariant (effective) couplings
motivation: strong CP problem, DM, cosmology, string theory

like WIMP but different, ...

⇒ ALP: dim-5 coupling to gluon ⇝ photon and muon

L ⊃ cγγ

fa

α

4π
aF̃µνF µν − cµµ

2fa
(µγνγ5µ)∂νa

two competing contributions (similar to 2HDM):

@ one – loop ∆aµ ∼ −
c2

µµ

16π2
m2

µ

f2
a

@ ”two” – loop ∆aµ ∼ −
cµµceff

γγ

2π2
α

4π

m2
µ

f2
a

µ µ

a

γ

µ µ

a γ

µ

γ

µ µ

a γ

µ

γ

µ µ
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Axion-like Particles: constraints
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Dark Photon and Z ′

broken U(1)X ⇝ light gauge-boson + coupling to muon
motivation: accidental symmetries, cosmology, DM mediator,

HVP problem (?), ...

Z ′
Lµ−Lτ

γ

µ µ

gZ′ gZ′

⇒ Z ′: kinetic mixing and gauge coupling to muon

L ⊃ ϵ

2 F ′
µνF µν − gZ′(µγνµ)Z ′

ν

1 U(1)B−L,Le−Lµ
, ... ↷ couplings to e±:

∆aµ ≃ ϵ2 × α
2π ≲ 10−10

2 U(1)µ−τ with MZ′ ∼ O(10 MeV)

∆aµ ≃ g2
Z′

12π2
m2

µ

M2
Z′
≲ 2 × 10−9

10-4 10-3 10-2 10-1
10-5

10-4

10-3

10-2
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BSM solutions to the HVP problem?

−40 −30 −20 −10 0 10 20

1010 × (aSM
µ − aexp

µ )

CMD-3

SND20

BESIII

KLOE

BaBar

CMD-2

SND06

τ

Lattice HVP Avg. 1

WP25

BNL-06

FNAL-21

FNAL-23

FNAL-25

dσhad
ds

= Nhad −Nbg
ϵ(s)L(s)

1 BSM effect in e+e− → had

X

e−

e+

π+

π−

X

e−

e+
γ

π+

π−

=⇒ mostly excluded
[Di Luzio, Masiero, Paradisi, Passera ’22;

Coyle, Wagner ’23]

2 BSM effect in luminosity

X

e−

e+

e−

e+

Xe−

e+
γ

µ−

µ+

=⇒ DP/Z ′ ∼ 1 GeV can work for WP20
(even KLOE/BaBar), but not CMD2/3
[Darmè, di Cortana, Nardi ’22]
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Conclusion
Fermilab exp. finished + updated SM value! =⇒ ∆aµ = (3.8 ± 6.3) × 10−10

∼ 5σ discrepancy ⇝ now consistent with SM (but: Data vs Lattice, theory uncertainty)

Models with small ∆aµ → again viable
e.g. (CM/MR)SSM, Z2-2HDM, see-saw models,
two-field DM, anarchic flavour/CP violation, ...
Models with large ∆aµ → now constrained
e.g. vector-like leptons, lepto-quarks, ALPs, Z ′, ...
↪→ relevant if ∆aµ ∼ O(10−10) re-emerges

Complementary observables
strong correlations with: mµ, H → µµ, µ → eγ, EDM

Outlook:
improvements in computational methods, experiments,
cosmological obs. → more complete picture of BSM
∆aµ will remain useful to understand BSM in the future
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Details on BSM effect in HVP

•energy scan: SND, CMD-2, CMD-3 =⇒
√

s ∼ 0.1 . . . 1 GeV
•radiative return: BaBar (√s ∼ 10.6 GeV), KLOE (√s ∼ 1 GeV), BES III (√s ∼ 3.8 GeV)

aHVP,LO
µ = 1

4π3

∫ ∞

s0

K(s)
(

σSM
had(s) + ∆σBSM

had (s)
)

=⇒ ∆σBSM
had (s) !

≈ −5%

1 Z ′ coupling to e and q: ∆σBSM
ππ (s) = σSM

ππ (s) 2s(s − M2
Z′)ϵ + s2ϵ2

(s − M2
Z′)2 + M2

Z′ΓZ′
, ϵ = ge(gu − gd)/e2

requires MZ′ ∼ few × 0.1 GeV and |ϵ| ≈ 0.01
constraints: m2

π± − m2
π0 ∝ (gu − gd)2 =⇒ |gu − gd| ≲ 0.06 . . . 0.1 LEP: ge ≲ 10−4 . . . 10−2

caveats: resonant feature ↷ either MZ′ ∼ mρ,ω or ΓZ′ ̸= 0 (⇝ DM)

2 ISR measurements: σππ = σµµ × NππγISR/NµµγISR/X =⇒ ∆σππ ≈ σππ
σµµX

σµµ

ϵNP

ϵSM

caveats: some experiments calibrate to Bhabha scattering instead / measure σππ directly
=⇒ in general very specific (highly coincidental) scenarios required...
=⇒ old energy scan experiments (SND/ CMD2) unaffected (i.e. must be wrong for this to work.)
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MSSM: maximum ∆aµ
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∆aHVP
µ vs ∆αhad

aHVP
µ = α

π2

∫ ∞

s0

dsK(s) Im{Π(s)}

∆αhad = M2
Z

π

∫ ∞

s0

ds
Im{Π(s)}
s[M2

Z − s]

Shift in σhad increases both. But K(s) is
more strongly peaked at low energies
=⇒ tension in ∆α slightly increases,
but the overall EWPO fit becomes
better.

also: small decrease of MW

∆M2
W ∼ M2

W s2
W

s2
W − c2

W

∆αhad < 0

DD (KNT)

DD (DHMZ)

DD (KNT/CMD3)

lattice (Mainz)

lattice (BMWc)
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