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Simple Example: Two Atomic Clocks

Courtesy of Jason Hogan!
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Simple Example: Two Atomic Clocks

Courtesy of Jason Hogan!
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Simple Example: Two Atomic Clocks
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AION Project in the UK
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Feed thr‘ogh To push the state-of-the-art single photon Sr Atom Interferometry, the
to laser lab AION project builds dedicated Ultra-Cold Strontium Laboratories in:
Birmingham, Cambridge, Imperial College, Oxford, and RAL
> S am e o The laboratories are expected to be fully operational in summer 2023.
L. Badurina et al., AION: An /‘-\ton; Irnterferometer Observatory and 6

Network, JCAP 05 (2020) 011, [arXiv:1911.11755]
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The AION Programme consists of 4 Stages

\ SR
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C Stage 1: to build and commission the 10 m detector, develop existing technology and the
infrastructure for the 100 m. L ~10m

C Stage 2: to build, commission and exploit the 100 m detector and carry out a design
study for the km-scale detector.

U AION was selected in 2018 by STFC as a high-priority medium-scale project.

ua Al ON will work in equal partner shi p -swiylhe VA (
network & collaboration, providing a pathway for UK leadership.
Stage 1 is now funded with about £10M by the QTFP Programme and other
sources and Stage 2 could be placed at national facility in Boulby or
Daresbury (UK), possibly also at CERN (France/Switzerland).
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Large Scale Al For Fundamental Physics

C Stage 3: to build a kilometre-scale terrestrial detector. L ~ 1km

C Stage 4: long-term objective a pair of satellite detectors (thousands of kilometres scale) —
[AEDGE proposal to ESA Voyage2050 call]

U AION has established science leadership in AEDGE, bringing together collaborators
from European and Chinese groups (e.g. MIGA, MAGIA, ELGAR, ZAIGA).

Stage 3 and 4 will likely require funding on international level (ESA, EU, etc) and AION
has already started to build the foundation for it.
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Ground Based Large Scale O(100m) Projects

MIGA: Terrestrial detector using atom

ZIGA:
interf

interferometer at O(100m) VI_.BAI: A_ION : Terrestrial shaft detector
(France) Terrestrial tower LASER using atom interferometer at 10m
using atom Al i O(100m) planned
interferometer (UK)

O(10m)

-

Example of large-scale CA projects that act as demonstrators for

GW mid-frequency band and DM detectors.
All these projects are represented in the AEDGE consortium and now are also part of the Cold
Atoms in Space Community.

Each project requires an investment of O(10M) currency units.
All projects (AION, MAGIS, MIGA, VLBAI, ZIGA)
are funded by national funding agencies and foundations.

Timeline 2020 to 2025ish

MAGIS: Terrestrial shatt detector
using atom interferometer at
ATOM O(100m)

SOURCE (US)

Planned network operatjpn




Mar 13 — 14, 2023 > CERN

Terrestrial Very-Long-Baseline
Atom Interferometry

The event will take stock of the developing international
landscape of large-scale Atom Interferometer prototypes and
discuss their synergies and complementarity. Such devices
will be able to detect ultralight dark matter and gravitational

waves in the mid-frequency band, complementing the
capabilities of optical interferometers on Earth and the

future LISA space mission, and offering unique sensitivity to

ultralight bosonic dark matter.

Organisers:

Kal Bongs, University of Birmingham, UK
Philippe Bouyer, CNRS, Institut d'Optique, France
Ofiver Buchmueller, imperial College London, UK
Benjamin Canuel, CNRS, Institut d'Optique, France
Marilu Chiotalo, University of Pisa and INFN Pisa, ltaly
John Ellis, King's College London, UK
Naceur Gaaloul, Leibniz Universitit Hannover, Germany
Jason Hogan, Stanford University, US

!

Timothy Y. y

Emst Rasel, Leibniz Universitat Hannover, Germany

Guglieimo Tino, Universita di Firenze and LENS, Italy

Wolf von Klitzing, IESL-FORTH, Greece

Mingsheng Zhan, Wuhan Institute of Physics and Mathematics, China

Gianluigl Arduini, CERN, Geneva, Switzerland

Serglo Calatroni, CERN, Geneva, Switzerland

Albert De Roeck, CERN, Geneva, Switzeriand, and University of Antwerp,
Michael Doser, CERN, Geneva, Switzerland

Elina Fuchs, CERN, Geneva, Switzerland

https://indico.cern.ch/event/1208783/ % ) \
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" Possible site for a vertical VLBAI at CERN: 140 m deep pit at LHC Pt AION
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A Long-Baseline Atom Interferometer at CERN:
Conceptual Feasibility Study

G. Arduini'*, L. Badurina®, K. Balazs', C. Baynham?®, O. Buchmueller’**,
M. Buzio', S. Calatroni'*, J.-P. Corso', J. Ellis"'>* Ch. Gaignant',
M. Guinchard', T. Hakulinen', R. Hobson>, A. Infantinol, D. Lafargel,
R. Langloisl, C. Marcel', J. Mitchell’, M. Parodi', M. Pentella', D. Valuch',
H. Vincke'

! CERN,  King’s College London, > Imperial College London, * University of Oxford,
3 University of Cambridge
* Editors

Abstract

‘We present results from exploratory studies, supported by the Physics Beyond Col-
liders (PBC) Study Group, of the suitability of a CERN site and its infrastructure
for hosting a vertical atom interferometer (AI) with a baseline of about 100 m. We
first review the scientific motivations for such an experiment to search for ultralight
dark matter and measure gravitational waves, and then outline the general technical
requirements for such an atom interferometer, using the AION-100 project as an ex-
ample. We present a possible CERN site in the PX46 access shaft to the Large Hadron
Collider (LHC), including the motivations for this choice and a description of its in-
frastructure. We then assess its compliance with the technical requirements of such
an experiment and what upgrades may be needed. We analyse issues related to the
proximity of the LHC machine and its ancillary hardware and present a preliminary
safety analysis and the required mitigation measures and infrastructure modifications.
In conclusion, we identify primary cost drivers and describe constraints on the exper-
imental installation and operation schedules arising from LHC operation. We find no
technical obstacles: the CERN site is a very promising location for an Al experiment
with a vertical baseline of about 100 m.

Geneva, Switzerland

August 7, 2023

CERN-PBC Report-2023-002
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A Long-Baseline Atom Interferometer at CERN:

Conceptual Feasibility Study

G. Arduini'*, L. Badurina®, K. Balazs', C. Baynham?, O. Buchmueller’**,
M. Buzio', S. Calatroni'*, J.-P. Corso!, J. Ellis'** Ch. Gaignantl,
M. Guinchard', T. Hakulinen', R. Hobson>, A. Infantinol, D. Lafargel,
R. Langloisl, C. Marcel', J. Mitchell’, M. Parodi', M. Pentella', D. Valuch',
H. Vincke'

! CERN,  King’s College London, > Imperial College London, * University of Oxford,
5 University of Cambridge
* Editors

Abstract

‘We present results from exploratory studies, supported by the Physics Beyond Col-
liders (PBC) Study Group, of the suitability of a CERN site and its infrastructure
for hosting a vertical atom interferometer (AI) with a baseline of about 100 m. We
first review the scientific motivations for such an experiment to search for ultralight
dark matter and measure gravitational waves, and then outline the general technical
requirements for such an atom interferometer, using the AION-100 project as an ex-
ample. We present a possible CERN site in the PX46 access shaft to the Large Hadron
Collider (LHC), including the motivations for this choice and a description of its in-
frastructure. We then assess its compliance with the technical requirements of such
an experiment and what upgrades may be needed. We analyse issues related to the
proximity of the LHC machine and its ancillary hardware and present a preliminary
safety analysis and the required mitigation measures and infrastructure modifications.
In conclusion, we identify primary cost drivers and describe constraints on the exper-
imental installation and operation schedules arising from LHC operation. We find no
technical obstacles: the CERN site is a very promising location for an Al experiment
with a vertical baseline of about 100 m.

Geneva, Switzerland
August 7, 2023

AION

\am loss
)f TX46

— gy 10
103
104

L{10°

L4102

—{E410t

Ambient Dose Equivalent [mSv]

10

101

102

_I'Mp3
40

13



Imperial College
London . . _ AI@
Possible GW Experimental Landscape: 2030ish
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Mar 13 — 14, 2023 > CERN

Terrestrial Very-Long-Baseline
Atom Interferometry

Jason Hogan, Stanford University, US

Timothy L

Emnst Rasel, Leibniz Universitat Hannover, Germany

Guglieimo Tino, Universita di Firenze and LENS, ltaly

Wolf von Klitzing, IESL-FORTH, Greece

Mingsheng Zhan, Wuhan Institute of Physics and Mathematics, China

April 3-5, 2024 > Imperial College - London

Terrestrial Very-Long-Baseline
Atom Interferometry

AR

The primary objectives of the workshop are to discuss
the technology and physics drivers for large-scale Atom
Interferometry as well as to establish the foundation for
an international TVLBAI proto-collaboration. This proto-
collaborative effort aims to bring together researchers
from diverse institutions, fostering strategic discussions
and securing funding for terrestrial large-scale Atom
Interferometer projects. The goal is to develop a
comprehensive roadmap outlining design choices,
technological considerations, and science drivers for one
or more kilometer-scale detectors, expected to become
operational in the mid-2030s.

Imperial College
London

Sergio Calatroni, CERN, Geneva, Switzerland

Benjamin Canuel, CNRS, Institut d'Optique, France
Maril Chiofalo, University of Pisa and INFN Pisa, italy
Michael Doser, CERN, Geneva, Switzerland

John Ellis, King's College London, UK

Naceur Gaaloul, Lelbniz Universitit Hannover, Germany
Jason Hogan, Stanford University, US

Peter Knight, imperial College London, UK

Timothy y L us

Ernst Rasel, Leibniz L
1an Shipsey, Oxford University, UK

Guglieimo Tino, Universita di Firenze and LENS, italy

Wolf von Kiitzing, IESL-FORTH, Greece

Mingsheng Zhan, Wuhan Institute of Physics and Mathematics, China

Charles Baynham, Imperial College London, UK

Ofiver Buchmueller, Imperial College London, UK

John Eliis, King's College London, UK

Richard Hobson, Imperial College London, UK

Adam Lowe, Oxford University, UK

Christopher McCabe, King's College London

Sean Paling, Boulby Underground Laboratory, UK

Ulrich Schneider, C L y, UK

Dennis Schiippert, Leibniz University Hannover, Germany
Maurits van der Grinten, Rutherford Appleton Laboratory, UK

hitps://indico.cern.ch/event/1369392/
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Unlocking the potential for observation of Ultra-Light Dark Matter and Gravitational Waves from

Imperial College
London

Physics Potential

cosmological and astrophysical sources in the unexplored mid-frequency band

Signal Frequency (fs) [Hz]

DM Mass (my) [eV]

E 15
£ 106 10t 10 1 102 10t 10~
— 1 K 1 LI T 1 1 T T T ,,l _
74 10710k
£ _9 E
< 10 /i 5 10—17
£ A7, f; = F
U 73 a4 SN\, hig o/ —18 T
L £ 10 NS /) @ 107 °E
- AND v -3 19
Z '_'i 1076 @6(54\\\ // '}é; 10_ =
¢ = — ) \\\ 7/ o . N
(Z | *I\/le% X 4 § 10 20
7z ~
: § o@_@ =t 10—21
- T 10 Y =
— i U _ _ _
- 1z 10722 z=0.1
10712 2oy —z=1
: 1072 —2z=10
10—14 L
00 10-® 10 10-% 1012 10_24 -6 -5 -4 -3 -2 0.1 1 10 2 3 4
10™ 10™ 107 10~ 10 - 10© 10° 10

f1Hz]

16



Imperial College
London

Large Scale Al For Fundamental Physics

THE SCI ENCE CASE

UNEXPLOREBRMIQUWENCY
GRAVI TATI ONAL WAVES

AION

17



Imperial College
London _ AI@
Pathway to the GW Mid-(Frequency)

Large Scale Al For Fundamental Physics
Characteristic Strain
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Characteristic Strain

_ AION
Pathway to the GW Mid-(Frequency)
| |
1077 5 Mid -band science
61 10°M A Detect sources BEFORE they reach the
10718 high frequency band [LIGO, ET]
A Optimal for sky localization: predict
10 19 when and where events will occur (for
multi-messenger astronomy)
10" 20 A Search for Ultra-light dark matter in a
similar frequency [i.e. mass] range
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Mid -band science

A Detect sources BEFORE they reach the
high frequency band [LIGO, ET]

A Optimal for sky localization: predict
when and where events will occur (for
multi-messenger astronomy)

A Search for Ultra-light dark matter in a
similar frequency [i.e. mass] range

AION:
Terrestrial
detectors can start
filling this gap

20
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Sky position determination

Large Scale Al For Fundamental Physics

Images: R. Hurt/Caltech-JPL; 2007 Thomson-Higher Education

Mid-band advantages
- Small wavelength

- Long source lifetime
(~months) maximizes
effective R

Benchmark Vs [deg]

GW150914 0.16
GW151226 0.20
NS-NS (140 Mpc) 0.19

Courtesy of Jason Hogan!

Ultimate sensitivity for terrestrial based detectors is achieved by operating 2 (or more)
Detectors in synchronisation mode 21
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Ultimate Goal:

Establish International Network

Large Scale Al For Fundamental Physics

lllustrative Example:
Network could be further extended
or arranged differently

AION

22
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Probe formation of SMBIHSynergies with other GW experiments (LIGO, LISA), test

Fundament
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AION Collaboration (Badurin@BX 2ohn\Hliset al): arXiv:1911.1175

Badurina OB bhnHlis, Lewicki, McCabe & Vaskonen: arXiv:2108.02
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ULTRA-LIGHT DARK MATTER

AION

24
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© Search for Ultra-Light Dark Matter
= Higgs
° Known particle masses: neutrino electron proton
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‘Ultra-Light’ dark matter ‘Massive’ dark matter 25
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Search for Ultra-Light Dark Matter
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Photon Coupling (d,)

Linear couplings to gauge fields and matter fermions
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Other Fundamental Physics

Ultra-high-precision atom interferometry may also be sensitive to other
aspects of fundamental physics beyond dark matter and GWSs, though
studies of such possibilities are still at exploratory stages.

Examples may include: E

U The possibility of detecting the astrophysical neutrinos

U Probes of long-range fifth forces.

U Constraining possible variations in fundamental constants.
U

U

For Fundament a

Large Scale Al

I Probing dark energy.

I Probes of basic physical principles such as foundations of quantum
mechanics and Lorentz invariance.

A very exclting new research av.
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Possible CERN Site for AION 100m
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FOURREAL

Other site options that are
currently investigated are the
national facility in Boulby
and Daresbury (UK).

PX46 a P4 Support shaft
Lengths 143m
D =10.10m
U Ideal basic parameters for
AION100

First radiation studies are also
Looking promising but more work is
needed to determine if PX46 could be a
valid option for AION 100.

We are working with PBC Team on
this feasibility study

Physics

‘Beyond
“Colliders
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A 100 Detector at CERN a Site Investigation

U Ud erground General view of LHC Point4 ~ Possible layout in PX46 shaft
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Spectrum similar to that measured at Fermilab for MAGIS
More about the site investigation in the backup 30
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Community Proposal for an ESA Road-Map for Cold Atoms in Space
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£

©

L With more than 130 participants

- the workshop was very well attended!

o

LL

_ The full agenda can be accessed via: The main scope was to review the
< https://indico.cern.ch/event/830432/timetable/ Iandscape of Cold Atom

© experiments on ground AND in
¢ space to eventually establish a
cn roadmap for technology readiness
o for space.

.
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