
𝑔! − 2:
Dawn of new physics or its sunset?



Possible Discrepancy with Theory?

𝛿𝑎 = ±0.47ppm
BNL E821 experiment, 2001 - 2006



Theory Initiative
• Comprehensive review of 

calculations of the Standard 
Model contributions to 𝑔! − 2

• Including discussion of the 
uncertainties

• Particularly in calculation of 
leading-order vacuum 
polarisation

Aoyama et al, arXiv:2006.04822



Hadronic Vacuum Polarization

• Most important contribution is from 

low energies ≲ 1 GeV, dominated by 
𝜌 and 𝜔 peaks, taking account of 
interference effects

• Uncertainties dominated by 𝜌 and 𝜔
region, and by region between 1 and 2 
GeV (𝜙, etc.)

• High energies under good control from 
perturbative QCD

Aoyama et al, arXiv:2006.04822



Fermilab Measurement

Abi et al, arXiv:2104.03281

FNAL result:
Combined result:
Difference from Standard Model:



Interpretation Papers



• One-loop contribution from 
smuon/neutralino loop

• where

• and

𝑔! − 2 in 
Supersymmetry

(1982)



LHC vs Supersymmetry
• LHC favours squarks & gluinos > 2 TeV (but loopholes)

• Does not exclude lighter electroweakly-interacting particles, e.g., sleptons

• Most models have 𝑚
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: relevant constraint
ATLAS Collaboration

Can explain
𝑔! − 2 Opportunity for

ATLAS/CMS?



Recent Lattice Calculations





Updated CMD-3 
Measurement 

of HVP

(𝑔! − 2) −HVP discrepancy
Δ𝑎! = (49 ± 55)×10"##

Consistent with no BSM signalCMD-3 Collaboration, arXiv:2309.12910

𝑒&𝑒' → 𝜋&𝜋' form factor

Comparison with previous results



The Dark Matter Hypothesis

• Proposed by Fritz Zwicky, based on observations of the Coma galaxy cluster

• The galaxies move too quickly

• The observations require a

stronger gravitational field

than provided by the visible matter

•Dark matter?



The Rotation Curves of Galaxies

• Measured by Vera Rubin
• The stars also orbit ‘too quickly’
• Her observations also required a

stronger gravitational field
than provided by the visible matter

• Further strong evidence for dark matter
• Also:

– Structure formation, cosmic background radiation, 
…



The Spectrum of Fluctuations in the Cosmic
Microwave Background

The position of the first peak
à total density ΩTot

The other peaks
depend on density of
ordinary matter Ωatoms

& dark matter ΩDark



Strange Recipe for a Universe

The ‘Standard Model’ of the Universe
indicated by astrophysics and cosmology



Properties of Dark Matter
•Should not have (much) electric charge

•Otherwise we would have seen it

•Should interact weakly with ordinary matter
•Otherwise we would have detected it, either 

directly or astrophysically

•Should be non-relativistic
•Needed for forming and holding together 

structures in the Universe: galaxies, clusters, …



Neutrinos
• They exist! ☺
• They have weak interactions ☺
• They have masses ☺

• As indicated by neutrino oscillations

• But their masses are very small ☹
• < 1 eV (= 1/1000,000,000 of proton mass)

• Not able to grow all structures in Universe ☹
• (run away from small structures)

•Maybe some other neutrinos beyond the Standard Model? 
Sterile neutrinos?



Candidates for Dark Matter

Atom Interferometers LHC



Weakly-Interacting Massive Particles (WIMPs)

• Expected to have been numerous in the primordial Universe when it 
was a fraction of a second old, full of a primordial hot soup

• Would have cooled
down as Universe 
expanded

• Interactions would 
have weakened 

• WIMPs decoupled 
from visible matter

• “Freeze-out”
• Larger σ à lower Y



• Could have right density if weigh 100 to 1000 GeV (accessible to LHC 
experiments?)

• Present in many extensions of Standard Model

• Particularly in attempts to understand strength of weak interactions, mass 
of Higgs boson

• Examples:

•Extra dimensions of space
•Supersymmetry

WIMP Candidates



Loop Corrections to Higgs Mass2

• Consider generic fermion and boson loops:

• Each is quadratically divergent: ∫Λd4k/k2

• Leading divergence cancelled if Supersymmetry!

2

x 2

Naturalness of hierarchy of mass scales



What lies beyond the Standard Model?

Supersymmetry
• Stabilize electroweak vacuum
• Successful prediction for Higgs mass

– Should be < 130 GeV in simple models

• Successful predictions for couplings
– Should be within few % of SM values

• Naturalness, GUTs, string, dark matter, 𝑔! − 2, …

New motivations
from LHC



Higgs Mass in Supersymmetry
1990/1

JE, Ridolfi & Zwirner;
Haber & Hempfling

Pushed beyond reach of LEP2
by radiative corrections?

Could be 125 GeV!



Grand Unification
• At one-loop order without/with supersymmetry:

• At two-loop order without/with supersymmetry:

• At three-loop order …

1991

Dimopoulos, Raby & Wilczek,
Ibanez & Ross, 1982



LEP Data Consistent 
with

Supersymmetric 
Grand Unification

1991

Amaldi, de Boer & Furstenau

JE, Kelley & Nanopoulos



Lightest Sparticle as Dark Matter?
• No strong or electromagnetic interactions

Otherwise would bind to matter

Detectable as anomalous heavy nucleus

• Possible weakly-interacting scandidates

Sneutrino

(Excluded by LEP, direct searches)

Lightest neutralino χ (partner of Z, H, γ)

Gravitino

(nightmare for detection)



Minimal Supersymmetric Extension of 
the Standard Model

Dark 
Matter?



Annihilation
in the early   è

Universe

Production
ç at particle

colliders

é
Direct dark matter 

detection

Searches for Dark Matter 
Annihilation

to particles è
in cosmic rays

Dark Matter

Dark Matter

Standard Model

Standard Model



Classic Dark Matter Signature

Missing transverse energy 
carried away by dark matter particles



Nothing (yet) at the LHC
Nothing else, eitherNo supersymmetry

More of same?
Unexplored nooks?
Novel signatures?



Fraction of Models Excluded
Exclusions not 100%, not as strong as often stated

Lines = Exclusions in searches with simplifying assumptions on 
spectrum and decay modes

Black = < 10% of pMSSM models excluded
Cream = > 90% of pMSSM models excluded

Many low-mass pMSSM models consistent with constraints
Hope springs eternal!



Direct Dark Matter Detection

Scattering of dark
matter particle in 

deep underground 
laboratory



Direct Dark Matter Searches
Latest experimental results

Other candidates
for dark matter?



Ultralight Dark Matter



Principle of Atom Interferometry

Mach-Zehnder Laser Interferometer Atom Interferometer

Laser excitation gives momentum kick to excited atom, 
which follows separated space-time path

Interference between atoms following different paths



Principle of Laser Interferometers

Interference between 2 laser beams measures 
the expansion and contraction of space

Reinforce Cancel out

Mirror

Mirror

Laser

Mirror



Effect of Dark Matter on Atom Interferometer



AION Collaboration

Network with MAGIS project in US
MAGIS Collaboration (Abe et al): arXiv:2104.02835 

, A Beniwal1,
J. Carlton



Searches for Light Dark Matter
Linear couplings to gauge fields and matter fermions

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755; Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468

time

DM 
induced 
oscillationDark matter 

coupling

Orders of
magnitude

improvement
over current
sensitivities



Gravitational Waves
• General relativity proposed by Einstein 1915

• He predicted gravitational waves in 1916

• Tried to retract prediction in 1936!



Direct Discovery of Gravitational Waves

• Measured by the LIGO experiment in 2 locations

State of Washington State of Louisiana



Fusion of two massive black holes

Masses ~ 36, 29 solar masses
Radiated energy ~ 3 solar masses



Masses of Black Holes Deduced from 
Measured MergersIntermediate-Mass black holes

LIGO-Virgo-KAGRA Black Holes & Neutron Stars



Supermassive Black Holes in Active 
Galactic Nuclei: Image of M87

Mass ~ 6.5 × 109 solar masses



How to Make a Supermassive BH?
SMBHs from mergers of intermediate-mass BHs (IMBHs)?



Effect of Gravitational Wave on Atom Interferometer



Gravitational Waves from IMBH Mergers

Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468



The Biggest Bangs since the Big Bang



“Should the CERN Member States determine the FCC-ee is likely to be CERN’s next 
world-leading research facility following the high-luminosity Large Hadron Collider, 

the United States intends to collaborate on its construction and physics 
exploitation, subject to appropriate domestic approvals.”




