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Strange Recipe for a Universe

Neutrinos: 0.1% — 5%
Baryons: 4 +1% \

old Dark Matter:
S i 40 )

— CMB: 0.01 o/o

Dark Energy: 67 £ 6%

The ‘Standard Model’ of the Universe

indicated by astrophysics and cosmology



Search for Ultralight Dark Matter

Higgs
Known particle masses: neutrino electron proton
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Gravitational Waves

* General relativity proposed by Einstein 1915

* He predicted gravitational waves in 1916

Niherungsweise Integration der Feldgleich
der Gravitation.
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Albert Emstein, Naherungsweise
Integration der Feldgleichungen der
Gravitation. 22.6. Berlin 1916

* Tried to retract prediction in 1936!



Cumulative period shift (s)

Indirect Detection

* Binary pulsar discovered 1974 (Hulse & Taylor)
 Emits gravitational waves S

* Change in orbit measured

for years
Perfect agreement with Einstein
Nobel Prize 1993

1975 1980 1985 1990 1995 2000 2005
Year




Gravitational Wave Spectrum

Binary Supermassive Black

Holes in galactic nuclei AStrOphySiCS
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LISA (+ Taiji, TianQin)




Gravitational Wave Spectrum

NANOGrav 2018
IPTA early-mid 2020s
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* Gap between ground-based optical interferometers & LISA
— Formation of supermassive black holes (SMBHSs)?
— Electroweak phase transition? Cosmic strings?

 Gap between LISA & pulsar timing arrays (PTAs)



Quantum Science & Technology Programmes

Quantum Canada United Kingdom Germany China Russia ‘
A$1b = $7 - Netherlands - _
CAS$1b = $766m £1b = $1.3b 150m € = $177m 2.6b € =33.1b $10b PS0b = $663m
. Korea
% ﬁ : W44.5b = $37m
‘ . Japan
G lO b Q |_ . A ; ‘ ' ¥50b = $470m
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- Australia
(estimate) AUS$130m = $94m

India
¥73b = $1bn

Initiative $1.2b
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Quantum Flagship
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UK National Quantum Technology Programme

* Phase 12015-2019, Phase 2 2020-24 (total investment Phase 1+2= £1B)
 Phase 2 investments:

* Industry led projects to drive innovation and commercialisation of QT (£173m over
6 years)

e Renewal of the QT Research Hubs (£94m over 5 years)

* Research training portfolio (E25m over 5 years)

(Quantum Sensors for Fundamental Physics programme (£40m over 4 years) >

* National Quantum Computing Centre to drive development in this new technology

Seven samurai ...




AION Collaboration

1 . Balashov?, E. Bentm Boehm?, K. Bongd A Beniwal'J
C.B v

D. Borto Rawcocks, W. Bowdens* . Buchmueller®, J. Colern

. R hazov2 M. LangI0|s4 h4 YH L|en4 R Malolmo7
P. Majewski2, S Malik®, J. March- RusseID. Newbold?, R. Preece?,
B. Sauer$, U. Schneider’, I. Shipseys3, NI Tarbutt®, M. A. Uchida’,
T. V-Salazar?, M. van der Grinten?, J. Vossebeld4, D. Weatherill3, I. Wilmut’,

J. Zielinska®

Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
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Network with MAGIS project in US
MAGIS Collaboration (Abe et al): arXiv:2104.02835




AION

Principle of Atom Interferometry
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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
 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
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AION Project: Physice D=t £atlidass Anmenin

Planned Location of AION-10m

AION-10 @ Beecroft building, Oxford Physics

AION

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

Laser lab for AION

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

| nnIITI][[]_‘[V
Ground level [




Planned Location of AION-lOmA|@




Laboratory
Equipment

.,]

I
|

—_—

. ' ) -—2*_ L S = 5
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University of Birmingham

University of Cambrldge



AION Project: Physics Beyond Colliders Annual Workshop

AION

AION Design Objectives

Hybrid “clock accelerometer”

Clock transition in candidate atom ¥’Sr

L/c T+L/c

2T+L/c

Vertical distance

iw“ €)' Excited state
Aqﬁ ~ WA (2L/C)
Two ways for phase to vary:

dw A Dark matter

1z

0oL = hl  Gravitational wave

0

T T+2Ll/c

Time

2T+2L/c

Clock: measure light travel time = remove laser noise with single baseline

Sensitivity L Tint 5¢noise LMT
Scenario m] | [sec] | [1/v/Hz] | [number n]
AION-10 (initial) 10 1.4 1073 100
AION-10 (goal) | 10 | 1.4 104
AION-100 (initial) | 100 | 1.4 10~4
AION-100 (goal) | 100 | 1.4 10-5
AION-km 2000 | 5 |03x107°

Used for sensitivity projections

For ultimate sensitivity we need to push
each basic parameter by ~O(10).

The project aims to demonstrate in funding
period e.g.

o LMT: ~1000 hbar*k

« Squeezing ~ 20dB for > 1e6 Atoms



Laser Stabilisation AION
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AION

Laser Stabilisation

How useful is 7 x 10715 ?

Possible number of LMTs
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Average fractional detuning

* Plot shows the possible
number of LMTs assuming
* A Rabi frequency of 8 kHz
* A desired contrast of 90%

* That the laser is detuned
throughout the atoms’
flight by the amount shown

e At a 3 Hz linewidth, that’s
Mgy = 350 000

Exceeds science objective
by large margin

14



AION Project: Physics Beyond Colliders Annual Workshop

AION

Possible CERN Location of AION-100m
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Other site options that are
currently investigated are the
national facility in Boulby
and Daresbury (UK).

PX46 — P4 Support shaft
Lengths 143m
D=10.10m
> ldeal 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
(Gianluigi Arduini et al)
on feasibility study:
Seismology
Temperature
Ventilation
Radiation protection
Electromagnetic interference
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The MIGA Large-Scale Atom Interferometer

Under construction in
former nuclear bunker

Atomic fountains
illuminated by
laser beams
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Following step?
FCC Layout has > 500m Vertical Shaft AI@
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Gotthard Base Tunnel has Two 800m Vertical Shaft
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AEDGE:
Atomic Experiment for Dark Matter and Gravity

Exploration in Space Beyond LISA
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White paper
submitted to
ESA Voyage
2050 Call

Abou El-Neaj, ..., JE et al:

arXiv:1908.00802




AEDGE: Abou El-Neaj, ..., JE et al: arXiv:1908.00802

Conceptual Design of Space Experiment

Two satellites in Medium Earth Orbit

Satellite 1 Satellite 2

Table 1. List of basic parameters of strontium atom interferometer designs for AEDGE and a benchmark
1-km terrestrial experiment using similar technologies: length of the detector L; interrogation time of the atom
interferometer Tin:; phase noise d¢noise; and the total number of pulses n,**, where n is the large momentum
transfer (LMT) enhancement and @ the resonant enhancement. The choices of these parameters predominately
define the sensitivity of the projection scenarios[45].

Sensitivity L T 0D poise npex = 2Q(2n—1)+1
Scenario [m] [sec] | [1/v/Hz] [number]
Earth-km 2000 5) 0.3 x 107° 40000
AEDGE 4.4 x 107 | 300 10—° 1000




Voyage 2050

Final recommendations from
the Voyage 2050 Senior Committee

Ch

Large missions:

M+ Moons of the Giant Planets
ae Exoplanets

Fundamental physics
and astrophysics

Possible Medium missions:
* ...QM & GR (cold atoms?)

Technology development
recommendations for Cold Atom
Interferometry

* for gravitational wave detectors
in new wavebands ..., detectors
for dark matter candidates,
sensitive clock tests of general
relativity, tests of wave function
collapse ....

must reach high technical
readiness level, be superior to
classical technologies

start with atomic clocks, on free-
flyer or ISS?

| M-mission?



“Per audacia ad astra”

® Letter sent to ESA’s Director of Science, Guenther Hasinger:

® to underline that the community is prepared to work actively with ESA as it shapes a roadmap for developing
Cold Atom technology for space.

® Cold Atom community virtual workshop September 23/24:

® to formulate a roadmap for the development programme

Sipmat: Virtual Wolfks{_'n»c‘ip
'+ ‘Sepfember:23/24 2021

"’ Supported b‘y_CERN ,Quan;um' Technb_log'y In'itia_tj\)e an®

.
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Search for Ultralight Dark Matter

Higgs
Known particle masses: neutrino electron proton
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‘Ultra-Light’ dark matter ‘Massive’ dark matter



Searches for Light Dark I\/IatterA|@|

Linear couplings to gauge fields and matter fermions
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AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755; Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468



AEDGE: Bertoldi, ..., JE et al: arXiv:1908.00802

Sensitivities to Quadratic DM Interactions Al@
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Gravitational Wave Spectrum

102

NANOGrav 2018
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* Gap between ground-based optical interferometers & LISA
— Formation of supermassive black holes (SMBHs)?
— Electroweak phase transition? Cosmic strings?



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

SNRs for Gravitational Waves in AION-100
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The MIGA Large-Scale Atom Interferometer

Sensitivity to gravitational waves
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How to Make a Supermassive BH?

SMBHs from mergers of intermediate-mass BHs (IMBHs)?

12 . 2 . /
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AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755 @
Gravitational Waves from IMBH Mergers Al
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Characteristic Strain

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

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



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

GWs from IMBH Mergers: SNR = 8

Darker shading:
Measure merger
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AION complementary to LIGO, Einstein Telescope (ET)

Operation before LISA
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AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755

GWs from IMBH, BH-NS Mergers AI@
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BH-NS mergers
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Detect
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AEDGE complementary to LIGO, LISA, Einstein Telescope (ET)

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



e M1 =29Mo, m2=36Mo, D =420Mpc
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e Current LIGO/Virgo limit: 1.76 x 10-23 eV
e Future sensitivity with

mi1=29Mo, my =36Mo, D =420Mpc  |SNR
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JE & Vaskonen: arXiv:2003.13480 102 10 1 0.1
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Probing Extensions of
the Standard Model
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GW:s from a First-Order Phase Transition

Transition by percolation of bubbles of new vacuum
Bubbles grow and collide

Possible sources of GWs:
— Bubble collisions
— Turbulence and sound waves in plasma

Models studied:
— Standard Model + H8/A2 interaction
— Standard Model + U(1);, Z’

These also have prospective collider signhatures



Gravitational Waves from AI@I
U(1)z, Phase Transition

mz=100TeV, gg. . =0.274

Total
- - - - Bubble collisions
_ Sound waves

....... Turbulence

JE, Lewicki, No & Vaskonen:
arXiv:1903.09642
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AEDGE: Bertoldi, ..., JE et al: arXiv:1908.00802
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Pulsar Timing Arrays

-

NANOGRav
\ has observed 47 pulsars
over 12.5 yrs

\‘ ) NANOGrav Collaboration: arXiv:2009.04496
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Pulsar Timing Data from NANOGrav
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“the amplitude ... may imply that the black hole mass function is underestimated, specifically
when extrapolated from observations of the local supermassive black hole population”



NANOGrav Collaboration: arXiv:2009.04496

Pulsaor Timing Data from NANOGrav
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Probing Cosmic Strings
Hint from the NANOGrav pulsar timing array?




JE & Lewicki: arXiv:2009.06555

Cosmic String Interpretation of NANOGrav

charactenistic strain amplitude Log,4
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spectral index y

“Rainbow curve”
is cosmic string prediction as a
function of the cosmic string tension G
Vertical line is SMBH merger prediction
Previous PTA upper limits for
this value of y
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Fits to NANOGrav signal
at 10 (68%), 20 (95%) levels
Compared to previous
upper limits
(previous NANOGrav superseded)



AEDGE: Bertoldi, ..., JE et al: arXiv:1908.00802 Al @

Gravitational Waves from Cosmic Strings

Effects of
modified
expansion:
Kination,
Matter
Dominance
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Spectrum ~ flat from PTA/SKA to LIGO/ET

Tension Gu < 10-11 from PTA limit




Badurina, Buchmueller, JE et al: arXiv:2108.02468 AI @
Gravitational Waves from Cosmic Strings
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Different experiments sensitive to different
values of cosmic string tension



Perspectives for Future Experiments AI@

SNR

2020 2025 2030 2035 2040

AION Collaboration (Baduring, ..., JE et al): arXiv:1911.11755



Explore Beyond Dark Matter & GWs

High-precision measurement of the gravitational
redshift, probes of Bell inequalities and the equivalence
principle

Probing fundamental “constants”, chameleons, dark
energy

Detecting astrophysical neutrinos?
Long-range fifth forces?

 orentz violation?

~undamental (# environmental) decoherence?



AION

* Modified dispersion relation: E? = p? + Ap®

Lorentz Violation
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JE & Vaskonen: arXiv:2003.13480



Summary AI@

Experience with electromagnetic waves shows the advantages of
making astronomical observations in a range of different
frequencies, and the same is expected to hold in the era of
gravitational astronomy

Many opportunities to search for new fundamental physics
Hint of cosmic strings from NANOGrav pulsar timing array?

AION offers a programme for exploring deci-Hz GW based on
atom interferometry (IMBHSs, 1st-order phase transitions, ...)

AEDGE is a concept for a space mission that would complement,
and have synergies with, other future GW experiments

Other possible opportunities in fundamental physics,
astrophysics and cosmology have been identified, but not yet
explored in detail

Unique interdisciplinary science!



