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1. Who is doing long baseline atom interferometry?
2. What Is an atom interferometer?

3. How can they search for new physics?
AMid-band gravitationalvaves
AUIltra light darkmatter

4. Challenges



100m
detector site
@ Boulby?
@ CERN?

AION

Atom Interferometer
Observatory Network

10m detector
@ Oxford
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3rd Wofkshop ’
Terrestrial Very-Long-Baseline Atom Interferometry

20.—22. August 2025 @ Leipniz University Hannover
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i | 3 . See also: Abdalla, A.,et al. Terrestrial
! See also: Abend, Sven, et al. "Terrestrial verlong- Baseline Atom Interferometry: summary of the

baseline atom interferometry: Workshop summary." y second workshop.EPJ Quantum Technoll2, 42 -
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Position / mm

Ultracold atoms

t=0ms t=18 ms t=37ms

Above: Strontium atoms in a magneoptical trap

Expansion under gravity temperature measurement:
T =812(43pK

Right: Atoms loaded into a dipole trap in preparation for
interferometry

t I al GSYo ZrxRtab (@024pA¢/8 Quantum Sciendél)



e @ Atom interferometry AION
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Each interferometer
measures

Atoms are imaged at
both output ports

1 %0 %0 %0

Image credit: Alex
SugarbakePhD thesis,
Kaseviclgroup, Stanford 0 : n iz 2
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perialColege Atom interferometry AION

Imperfect overlap of
wavepackets Phase of laser

imprinted during
/pulses
%0 900 %00 %00

P

%0 (L 0O)Qo

\ Energy of optical

transition

Classical Lagrangian for

movement in a ) & ST

gravitational field in a 0 QE a QO o
Qo

rotating frame

=> |nterferometers are
clocks!
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Imperial College | - Gravitational waves N

London
i ,(“' - woave,
Known sources

ACompact Binary Inspiral

e.g. merging black holes

AContinuous Gravitational Waves

e.g. spinning neutron stars

~ AStochastic backgrounds

E.g. big bang relics
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Imperial College Gravitational waves
London :
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. ,. 4 Gravitational waves cause
2 change in length

'“"‘?;;- The phase of light is used
' - as a proxy for length
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A2 (or more) separate atom
Interferometers

ADirect measurement of
changes in the flight time
of light pulses

ASingle arme>No phase
noise fromlaser(=>
requires long lifetime as T
Increases)

AThink of this as two freefall
atomic clocks
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Sofor one interferometer,

| /g [0 0]Qo

We define a sensitivity function
“(¥0) such that:
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Imperial College

London +1

_____ ” ___________ Differential  AION
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Iz ! waves, L fluctuates
I S P DI i :-.: ........ durlng the
L = Interferometer
& T S W N sequence:
gA . t
;: T e D D Q ’Q 69 <-| 0
z", 1
O 36 ‘] 0
30/10/2025 DRD5 2025 15



Excitation / %

Differential interferometry

ICL34056-2024-12-13T20:10:03-6387505
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Cosmic Microwave 17
Background
~380,000 years
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First stars
300-500 mn years

v

Age of
universe

Formation of
solar system
~4.6 bn years

102 163 1(')4 105 1(')6 30/10/2025

Merger mass [Mo ] DOI:10.48550/arXiv.2504.09158



https://doi.org/10.48550/arXiv.2504.09158

Ultralight dark matter

18

Higgs
Known particle masses: neutrino electron proton

ooooooooooooooooooooo

zeV aeV feV peV neV ueV meV eV

QCD Axion WIMPs

Ultralight Dark Matter e Hidden Sector Dark Matter

C————————lp
Pre-Inflationary Axion *. Hidden Thermal Relics / WIMPless DM
H - .. .
Post-Inflationary Axion 1 Asymmetric DM

Freeze-In DM

e
SIMPs / ELDERS

ooooooooooooooooooooooooooooo

® 5 5 5 .5 .5 5.5 8850 0.0 0.0 0. 0.0 00 0 0

30/10/2025

Clowe ,D., Br a d,aMl, Gonzalez, A. H., Markevitch ,
M., Randall, S. W., Jones, C., & Zaritsky, D. (2006).
The Astrophysical Journal , 648(2), L1096L113.




Ultralight dark matter

@) \/\/\
<k N 4 3
> DM
Dark matter induced
coupling changes
v
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Derevianko, A., &ospeloyM. (2014).
Nature Physicsl(0(12), 938936.
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Differential
sensitivity:

Dark matter

With dark matter:

NQQo0 m

O

3

Tt




ULDM sensitivity

Signal Frequency (fs) [Hz] Signal Frequency (f;) [Hz] 1 O
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Increasing cost] 2 km

1010 10-10

Photon Coupling (d.)
Electron Coupling (d,, )

10712 4 1012

] 10—14

10—1-1

Tc 40,000 km

0° 100 107 102 0F 10° 100
DM Mass (my) [eV] DM Mass (my) [eV]

l'Lhb /2ttF02Nr0A2Y 6. I RAdNAYIFXZ X W9 S FftO0Y NI AGYMPMMOPMMTPpPT . I RdzNA
Lewicki, McCabe &askonenarXiv:2108.02468
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Other tests

A Einstein Equivalenderincipletests

(a) " ka

Ih g, 85Rp % gl

0 T 2T t

AsenbaumPeter, et al. "Atomnterfefometric test of the equivalence principle
0 UKS w™sPhysicalHReview Bet@® 1P (2020): 191101.

A Gravitational AharonoBohm effect

0 T 2T ¢

Chris Overstreegt al. Observatiorof a gravitational Aharoneohm
effect.Scienc875,226-229(2022).D01:0.1126/science.abl7152
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https://doi.org/10.1126/science.abl7152
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High flux
More atoms Efficient cooling
Continuous loading

Low temperatures
Atom optics

H OW d O We Low temperatures -
< -CIEE MBI ) oy frequency stability
get there?

Longer flight

transter Pulse wavefront quality

Squeezed states

[} More resolution .
Interleaved interferometers

Longer baselines
More scale Scalable engineering
Centralized infrastructure



How do we get there?

The technology

Sensitivity L T 0 Proise LMT
Scenario m] | [sec] | [1/v/Hz] | [number n]

AION-10 (initial) | 10 | 1.4 10~3 100

ATON-10 (goal) 10 | 1.4 10— 1000

AION-100 (initial) | 100 | 1.4 10~ 1000

ATON-100 (goal) | 100 | 1.4 107° 40000

ATON-km 2000 | 5 | 0.3x 107 40000

Badurina, L2pet@k (262Qournal of Cosmology and Astroparticle Phy&ie205).
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How do we get there?
The instrument

A10m prototype
Ain Oxford
APreliminary design completed
AFinal designs underway

A100m systent options being investigated:
ALHC point 4 access shaft in CERN
ABoulby Underground Laboratory mine shaft

Alkm system
AlInternational protecollaboration memorandum of understanding in progress

I 0 Sy R CHARAI (ZDX4AVS Quantum Sciend2), 102.



<= | =
Engineered design for 10m tower available on
arXiv
DOI:10.48550/arXiv.2508.03491

= A Mechanical stability

| A Magnetic field control
2 A Vacuum design

A Optics delivery

) _ A Detection

= . A Construction plan

B N - AXlIF YR Y2NB
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https://arxiv.org/abs/2508.03491

