
The aim of particle physics:
What is matter in the Universe made of?

What are we?
Where do we come from?

Where are we going?

John Ellis



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, 

…



Galactic Rotation Curves
• In the Solar System

• The velocities decrease with 
distance from Sun
• Mass lumped at centre

• In galaxies

• The velocities do not 
decrease with distance
• Dark matter spread out



Biggest Collider in the Universe?

Collision between 2 clusters of galaxies:
Gas interacts, heats and stops
Dark matter passes through
Dark matter weakly self-interacting



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



The Content of the Universe

There is dark matter

And dark energyD
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en
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• According to
– Microwave 

background
– Supernovae
– Structures (galaxies, 

clusters, …) in the 
Universe



Strange Recipe for a Universe

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



The Origin of Structures in the Universe

Small primordial
quantum fluctuations:
~ 1/105

Gravitational instability: 
dark matter falls into the
gravitational potential wells,
visible matter follows

Become density fluctuations Become structures in Universe



Dark Matter Generated Structures



A Successful Theory of the Formation 
of Structures in the Universe

Dark matter:
ΩCDM ~ 0.25,

Visible matter:
Ωb ~ 0.05,

Dark energy:
ΩΛ ~ 0.7



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 not be too light
• Needed for forming and holding together 

structures in the Universe: galaxies, clusters, …
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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?
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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



Freeze-out at
O(10) GeV?

Tkachev, arXiv:1802.02414

‘Standard’ Thermal History of Early 
Universe

WIMP, e.g., SUSY



The WIMP ‘Miracle’
• The TeV scale from cosmology:
• Generic density from freeze-out:

• Generic annihilation cross-section:

• Generic relic mass:

• Putting the numbers in:

Dimopoulos, PLB246, 347 (1990)



WIMP Candidates
• 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



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

New motivations
From LHC Run 1



What is the Dark Matter in the Universe?

We are
searching for
them at the 

LHC

Astronomers say
that most of the
matter in the
Universe is
invisible 
Dark Matter
Made of unknown particles?



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



Direct Dark Matter Detection

Scattering of dark
matter particle in 
deep underground 
laboratory



Direct Dark Matter Searches
• Compilation of present and future sensitivities

Neutrino
“floor”

SUSY
models



You must be joking!

We still believe in supersymmetry 



Search for Ultralight Dark Matter

AION/AEDGE/STE-QUEST



Ultralight Dark Matter



Ultralight Dark Matter



Principle of Atom Interferometry



Principle of Atom Interferometry

Interference patterns sensitive to interactions with
dark matter & modulation of light travel time caused by GWs 

Space-time diagram of operation of
pair of cold-atom interferometers 

Use single-photon transitions
between ground state (blue)

and excited state (red dashed)

Laser pulses (wavy lines) 
divide, redirect, and recombine 

atomic de Broglie waves



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



Partnership with MAGIS
could be extended 

Atom Interferometer Observatory & Network

MIGA (France)

ZAIGA (China)



MAGIS Collaboration (Coleman et al): arXiv:1812.00482 



AION – Staged Programme

• AION-10:  Stage 1 [year 1 to 3]
▪ 1 & 10 m Interferometers & site investigation 

for 100m baseline
• AION-100: Stage 2 [year 3 to 6] 
▪ 100m Construction & commissioning
• AION-KM: Stage 3 [> year 6] 
▪ Operating AION-100 and planning for 1 km & 

beyond
• AION-SPACE (AEDGE): Stage 4 [after AION-km] 
▪ Space-based version 

AION Collaboration (Badurina, …, JE et al): arXiv:1911.11755

Initial funding from UK STFC



Planned Location of AION-10m  





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

AION-100
& AION-1km:

Beware of
Gravity

Gradient
Noise
(GGN)

time

DM 
induced 
oscillationDark matter 

coupling

Abou El-Neaj, …, JE et al:, arXiv:1908.00802 



Gravity Gradient Noise



Gravity Gradient Noise



Unimportant 
for AION-10

AION-100 & AION-1km: Beware of Gravity Gradient Noise (GGN)

Abou El-Neaj, …, JE et al:, arXiv:1908.00802 

Not large 
for AION-100

Important
for AION-1km

Gravity Gradient Noise






