What are we?
Where do we come from?

Where are we going?

ING'S

The aim of particle physics:
What 1s matter 1n the Universe made 0f7
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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




The Rotation Curves of

Galaxies

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

stronger gravitational field ‘
° N N “ "
than provided by the visible matter ==

Also:
—Structure formation, cosmic background radiation,




(Galactic Rotation Curves

In the Solar System * In galaxies
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* Mass lumped at centre * Dark matter spread out




Biggest Collider in the Universe?
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f- Collision between 2 clusters of galaxies:

Gas interacts, heats and stops
Dark matter passes through

Dark matter weakly self-interacting




The Spectrum of Fluctuations 1n the
Cosmic Microwave Background

The position of the first peak
—> total density Qr,

The other peaks
depend on density of |
ordinary matter €2, .

& dark matter Qp, |
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Multipole moment, /




The Content of the Universe

* According to

—
o
/1

— Supernovae

— Structures (galaxies,
clusters, ...) in the
Universe
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There 1s dark matter




Strange Recipe for a Universe

Neutrmos 0.1% - 5%
CMB 0.01%

Baryons: 4 +l"/o

old Dark Matter: “ e
9 + 49

Dark Energy: 67 = 6%

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




The Origin of Structures in the Universe

dark matter falls into the
gravitational potential wells,
visible matter follows

False Vacuum
(metastable)

"Wrinkles"
or Hills

True
Vacuum

1

&

Magnitude of Scalar Field  (#) Accumulation in Valleys

Become density fluctuations  Become structures in Universe




Dark Matter Generated Structures

Dark matter distribution today (simulated)
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Primordial quantum perturbations as Millenniuro Ran:, |
10.077.696.000 particles ~ |

seen in the Cosmic Microwave L ;
Background ey t




A Successtul Theory of the Formation
of Structures 1in the Universe

Wavelength A [h-! Mpe]
1000 100

Dark matter:

Visible matter:

m Cosmic Microwave Background

% Cluster abundance

Dark energy:

m Weak lensing

=
(a9
E
=
b=
-
]
Qo
)
r5]
=
1b]
=
@]
(o)
4
B
w
B
&
=
[

AlLyman Alpha Forest

ol Lol Lol L1
0.001 0.01 0.1

Wavenumber k [h/Mpc]




Properties of Dark Matter

* Should not have (much) electric charge
 Otherwise we would have seen i1t

* 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 1n the Universe: galaxies, clusters, ...




Particle Dark Matter Candidates
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Neutrinos

* They exist! *
* They have weak 1nteractions %
* They have masses *

* As indicated by neutrino oscillations

* But their masses are very small o
« <1eV (=1/1000,000,000 of proton mass)

* Not able to grow all structures in Universe o
* (run away from small structures)

* Maybe some other neutrinos beyond the
Standard Model?




Particle Dark Matter Candidates
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Weakly-Interacting Massive Particles
(WIMPs)

Expected to have been numerous in the primordial
Universe when 1t 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 6 =2 lower Y &

increasing (o,|v|

0)]

log[Y/Y(x

1 30 100 300 1000
x=m/T




‘Standard’ Thermal History of Early

Universe
00T WIMP, e.g., SUSY |
100 | .
| o SM

QCD_ B [ recze-out at
transition e (10) GeV?

e

2 4 6
10 10 10

T I(MeV] Tkachev, arXiv:1802.02414




The WIMP ‘Miracle’

* The TeV scale from cosmology:

* Generic density from freeze-out:

| 1 1 1
103¢av) MpX2. 7K~ 103¢ov) TeV?

.(2)(/?(2) o

. ey ey : co”
* Generic annihilation cross-section: =

— =
mx /M X37K 160/C \/‘éxzfso

: gth(?}
~ TeV léa\/C\/O.zs .

 (Generic relic mass:

* Putting the numbers 1n: ,
m<3./10C TeV<S TeV

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 1n attempts to understand strength of weak
interactions, mass of Higgs boson

* Examples:

e Extra dimensions of sEace




What lies beyond the Standard
Model?

Supersymmetry

- New motivations
e Stabilize electroweak vacuum From LHC Run 1

» Successtul prediction for Higgs mass
— Should be < 130 GeV 1n simple models

* Successtul predictions for couplings
— Should be within few % of SM values

. string, ...Jdark matter




What 1s the Dark Matter in the Universe?

Astronomers say
that most of the
matter in the
Universe 1s
invisible

Dark Matter

We are

searching for
them at the <« Supersymmetnc

LHC - ‘'shadow " particles j




Searches for Dark Matter

Annihilation
Dark Matter , particles > Standard Model

wosmic rays

Annihilation Production
in the early =>» € atparticle
Universe colliders

<)
Dark Matter Direct dark matter  Standard Model

detection
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Direct Dark Matter Detectlon

Scattering of dark
matter particle in

deep underground

laboratory
—_—

Outgoing
Particle

. / :
Incoming *
Particle




Direct Dark Matter Searches

* Compilation of present and future sensitivities

adapted from arXiv: 1310.8327

From talk by Baudis 2015+
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We still believe in supersymmetry '
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Search for Ultralight Dark Matter

30 M-
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV ~10582V
¢ +
QCD Axion
b
WIMP
o 4
Ultralight Dark Matter
# #
Hidden Sector Dark Matter
—
Black Holeg
+
Pre-inflationary Axion
L “
Hiddin Thermal Relics/WIMPless DM
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¢ +
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—t
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Ultralight Dark Matter

A scalar ULDM ¢(x, t) field would be present throughout the Solar System
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Ultralight Dark Matter

Interactions with the ULDM field lead to oscillations in fundamental ‘constants’
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Principle of Atom Interferometry

Mirrorl/ TT
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Principle of Atom Interferometry

Space-time diagram of operation of
pair of cold-atom interferometers
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Use single-photon transitions 12T+
between ground state (blue)
and excited state (red dashed)
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Laser pulses (wavy lines)
divide, redirect, and recombine
atomic de Broglie waves
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Interference patterns sensitive to interactions with
dark matter & modulation of light travel time caused by GWs




Effect of Dark Matter on Atom Interferometer

DM
= €) |:|'> €) » ’ induced Awa
- e oscillatior.
|g) Dark matter 19)
couplin _
Be — Time
NN
dark matter halo .
o= 04 Gevicm? DM cloud changes DM coupling
vou~300kmis [N sun TR atom frequency causes time-
Milky Way varying
atomic energy
Time levels:
= —i(w DM
|(>( twa 1 ‘(> e (wet+Aw, )T




AION Collaboration

_, Badurina: 3. Balashov?, E. Bentine3, D. Blas', J. Boehm2, K. Bong@RA Beniuaia

D. Bo gavcock’, W. Bowden®”, C. Brew?, O. Buchmueller?, J. Coleffte

G. Elerta GIEJIB 5, C. Foot3, V. Gibson’, M. Haehnelt’, T. Harte’, R. Hobson®”,
M. HolynSRISsSR™y hazov2 M. Langlois?, b4 Y.H. Lien4, R. Maiolino?,

P. Majewski?, S. Malik, J. March-RusseI. Newbold?, R. Preece?, .
B. Sauer$, U. Schneider’, I. Shipsey?, > Tarbutté, M. A. Uchida’,

T. V-Salazarz, M. van der Grinten?, J. Vossebeld4, D. Weatherill3, I. Wilmut?,
J. Zielinska®

Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
4University of Birmingham, *University of Liverpool, éImperial College London, "University
of Cambridge

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



Atom Interferometer Observatory & Network

Partnership with MAGIS
could be extended

ZAIGA (China)



2= Fermilab

-------

Quantum Science Program

Quantum computing for HEP

HEP technology for quantum
computing

Quantum technology for HEP v
experiments

Axion dark matter detection
Skipper CCDs for quantum imaging
MAGIS-100

Quantum networking
Partners

Fermilab QIS contacts and experts

In the news

Search
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Fermilab seeks to host MAGIS-100 — the 100-meter Matter-w:
Gradiometer Interferometric Sensor — which will test quantum
macroscopic scales of space and time.

ATOM
SOURCE

The laboratory is developing a sensitive prototype detector tha
precisely measure properties of the cosmos.

One of these is dark matter. Physicists have offered a number ¢
models describing dark matter, a mysterious substance that m
quarter of the universe. Some of these models suggest that da
made of ultralightweight particles. MAGIS-100 will be used to ¢

particular those that predict varying atomic energy levels. ATOM

SOURCE

*3l Alonger-term goal for MAGIS-100 is to establish the sensitivity
technique to gravitational waves in the frequency range around 1 hertz, where there are few existing or proposed d
waves, predicted by Einstein a century ago but discovered for the first time only in 2015, are ripples in space-time

accelerating masses, such as stars and galaxies. MAGIS-100 creates atom matter waves in superposition separate

The MAGIS-100 prototype would make use of an existing vertical shaft on the Fermilab site that leads to undergrol
will perform precision quantum measurements using clouds of ultracold falling atoms, whose phases can be manip
using lasers, aiding in the test for lightweight dark matter particles. The length of the 100-meter drop expands the ¢

technology by about a factor of 10 and provides opportunities for significant advances in the systematics of this im
ATOM

MAGIS-100 combines the unique physical features of the Fermilab site with the laboratory expertise in vacuum anc SOURCE

MAGIS Collaboration (Coleman et al): arXiv:1812.00482

¥ and University of Liverpool are pa



AION

AION — Staged Programme

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

for 100m baseline Initial funding from UK STFC

age Z[year 3toc

= 100m Constructlon & 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



Planned Location of AIC)N-lOmAIC@|

AMalon hop
[

AION Project: Physice P~ =t Fnttidaes Ammeenin

AION-10 @ Beecroft building, Oxford Physics

®
New purpose-built building (£50M facility)

AION-10 on basement level with 14.7m
headroom (stable concrete construction)

World-class infrastructure
Experienced Project Manager:
Engineering support from RAL (Oxfordshire)

10m

irea

Laser lab for AION

vibration criterion, VC-G =
10nm@ 10Hz. Temperature
(22+0.1)° C
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AION

Possible CERN Location of AION-100m

General view of LHC Point 4 Possible layout in PX46 shaft

«m»

We are working with PBC Team
(Gianluigi Arduini et al)
on feasibility study:
Seismology
Temperature
Ventilation
Radiation protection
Electromagnetic interference
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Searches for Ultralight Dark Matter Al

Linear couplings to gauge fields and matter fermions
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Gravity Gradient Noise

Seismic waves on the surface (Rayleigh waves) change the gravitational
field experienced by the atoms and lead to a phase shift

A y

i = (e + Bty conlu + 0

k
o £2
w

' Al(1.7]

oV

We consider the simplest scenario:
Isotropic sourcing around the shaft,
single geological stratum present
(so only the fundamental Rayleigh mode)

LB, V. Gibson, J. Mitchell, C. McCabe, in preparation



| | AION
ravity Gradient Noise

PRayleigh = (Ze‘qkz" + Be‘kz")fv cos(wT + ©)

/ \

Exponential suppression and frequency dependence Vertical displacement (Rayleigh distributed)
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ULDM-electron coupling (d,,,

AION
e

Unimportant Not large Important
for AION-10 for AION-100 for AION-1km

Gravity Gradient Nois
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STE-QUEST Phase 2 Proposal

STE-QUEST
Space Time Explorer and QUantum Equivalence principle Space Test

A M-class mission proposal in response to the 2022 call in ESA’s science program

Lead proposer: Peter Wolf
SYRTE, Observatoire de Paris-PSL, CNRS, Sorbonne Université, LNE
61 Av. de I’Observatoire, 75014 Paris, France
e-mail: peter.wolf@obspm.fr

June 28, 2022

Core Team:

Angelo Bassi, Department of Physics, University of Trieste, and INFN - Trieste Section, Italy

Kai Bongs, Midlands Ultracold Atom Research Centre, School of Physics and Astronomy University of
Birmingham, United Kingdom

Philippe Bouyer, LP2N, Université Bordeaux, IOGS, CNRS, Talence, France

Claus Braxmaier, Institute of Microelectronics, Ulm University and Institute of Quantum Technologies,
German Aerospace Center (DLR), Germany

Oliver Buchmueller, High Energy Physics Group, Blackett Laboratory, Imperial College London, London,
United Kingdom

Maria Luisa (Marilu) Chiofalo, Physics Department "Enrico Fermi” University of Pisa, and INFN-Pisa
Italy

John Ellis, Physics Department, King’s College Tondon, United Kingdom.

Naceur Gaaloul, Institute of Quantum Optics, Leibniz University of Hanover, Germany

Aurélien Hees, SYRTE, Observatoire de Paris-PSL, CNRS, Sorbonne Université, LNE, Paris, France
Philippe Jetzer, Department of Physics, University of Zurich, Switzerland

Steve Lecomte, Centre Suisse d’Electronique et de Microtechnique (CSEM), Neuchatel, Switzerland
Gilles Métris, Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, IRD, Géoazur, France
Ernst M. Rasel, Institute of Quantum Optics, Leibniz University of Hanover, Germany

Thilo Schuldt, German Aerospace Center (DLR), Institute of Quantum Technologies, Ulm Germany

Carlos F. Sopuerta, Institute of Space Sciences (ICE, CSIC), Institute of Space Studies of Catalonia
(IEEC), Spain

Guglielmo M. Tino, Dipartimento di Fisica e Astronomia and LENS, Universita di Firenze, INFN, CNR
Italy

Wolf von Klitzing, Institute of Electronic Structure and Laser, Foundation for Research and Technology
Hellas, Greece

Lisa Woérner, German Aerospace Center (DLR), Institute of Quantum Technologies, Ulm Germany
Nan Yu, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA
Martin Zelan, Measurement Science and Technology, RISE Research Institutes of Sweden, Boras, Sweden

Other contributors: Leonardo Badurina, Baptiste Battelier, Matteo Carlesso, Robin Corgier, Sandro Donadji,
Gina Kleinsteinberg, Sina Loriani, Dennis Schlippert, Christian Schubert, Christian Struckmann, Jens Grosse,
and the numerous colleagues who contributed to the past STE-QUEST proposals.



Photon Coupling

STE-QUEST Science:
Searching for Ultralight Dark Matter
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