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Setting the scene



Light pulse atom interferometry (physical-space)

Kovachy et al, Nature
528,530-533(2015)

- Launch ultra-cold cloud of atoms in an atomic fountain
- Sequence of optical pulses manipulate the atoms

- Quantum superposition over macroscopic distances
(>50cm achieved)

- Interfere using a final optical pulse when they spatially
overlap

- Image the two interferometer output ports

- Repeat: aim for ~Hz sampling rate

Christopher McCabe



Light pulse atom interferometry (space-time)

3Po [2)
698 nm
1 mHz W,
‘clock’

1)

12)

Position

1)

0 T

Time
Abe et al (MAGIS-100), Quant.Sci.Technol., arXiv:2104.02835

27

Two-level system separated by optical
frequency difference ws;

Initial pulse: ‘beamsplitter’
Middle pulse: ‘mirror’
Final pulse: ‘beamsplitter (interfere)’

Atom evolves extra clock phase:
1 1

NI

Phase sensitive to changes in timings,
atomic structure, and local accelerations

|2>€—@wa7’
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New atom interferometers across the world coming online

82
l MAGIS-100

MIGA [

Stanford
10m tower

MAGIS-100, arXiv:2104.02835; MIGA, arXiv:1703.02490; AION, arXiv:1911.11755; VLBAI, arXiv:2003.04875; ZAIGA, arXiv:1903.09288
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AION: Atom Interferometer Observatory and Network

-
-~

A AT N e
3 ez &S

© Autimn 2021
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Collaboration ~65 people
Cold atom: fundamental physics ratio is ~2:1

Badurina, CM, et al (AION), JCAP, arXiv:1911.11755
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AION: key features

L L L L
] c -z T+¢ 2T-%
_ s |
=l
[
@)
o A
Z;t
0 0 T 2T
Time

Badurina, CM, et al (AION), JCAP, arXiv:1911.1

1755

Image from Abe et al (MAGIS-100),Quant.Sci.-Technol, arXiv:2104.02835

Run two atom interferometers
simultaneously with the same laser
(‘eradiometer’)

State-of-the-art single photon strontium
atom interferometry with large
momentum transfer (LMT) techniques

Most sensitive to ‘mid-band’ (0.1 - 10 Hz)
frequencies

Partnering with MAGIS-100 in the US
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AION: envisaged as a multi-stage project

| Y 0N N

n | location for
AION-10

Stage 1: AION-10

~10m tower in the Beecroft
building in Oxford

Now: 5 new Sr labs and design
'24-'26: construction

'26-'27: commissioning
2028+: science

AION Sr |lab design and
production: arXiv:2305.20060

Christopher McCabe 8



AION: envisaged as a multi-stage project

AION-10 AION-100 km-instrument Space-instrument
2020s ~10m 2030s ~100m 2040s major 2050s
Instrument in Instrument at international detectors with

Oxford Boulby/CERNY/...? project ~107km baseline
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| U I I

HeE
HiV =
!.’:_,_/1;15:"
oy
| [
I[P
-
&
e
e
’
<
[
o
g
5

Boulby SHAFT 3
CERN study: arXiv:2304.00614 ; AEDGE, arXiv:1908.00802; Cold atoms in Space, arXiv:2201.07789
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Probing dark matter

Badurina, Blas, CM, PRD, arXiv:2109.10965;
Badurina, Beniwal, CM, arXiv:2306.16477
Badurina, ..., CM, et al, Phil.Trans.Roy.Soc.Lond.,
arXiv:2108.02468



Ultra-light dark matter

10722 eV 1072 eV 107 %eV 10° eV 10'% eV
-4+) )t

mMpwMm

DM lighter than ~few eV behaves as a classical wave

Angular frequency set by the ULDM mass: W == 1, (1 O(UQ))

e.g., Foster et al, PRD, arXiv: 1711.10489
Derevianko, PRA, arXiv:1605.09717

puLDM (t) ~ cos(m,t + 0)

N\
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Induced time-dependent signhals

An oscillating ULDM field can induce several signals testable with Als:
1. Changes in fundamental constants (scalar ULDM)
2. Accelerations on test masses (vector ULDM)

3. Precession of spins (pseudoscalar ULDM)

¥YULDM (t) ~ COS(mgpt | 9)

Christopher McCabe
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Changes in fundamental constants (Scalar)

de

F“VF#I/ M (t, X) = M -]. + dpp, \/47rGN¢(t, X)

L D VarGno [dmemeée

T a(t,x) = a 1 + d, /471G No(t, X)

-
—

Oscillations in the field lead to oscillations in optical transitions:

IwA | I Aw(t) ~ |dm, + Eade] cos(myt + 6)
Ig} —— ULDM VWWWAAAAAAAAMAAAAAMAAAAAAA
Interactions

See e.g., Geraci et al, PRL, arXiv:1605.04048
and Arvanitaki et al, PRD, arXiv:1606.04541
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Phase induced by Scalar ULDM

Phase is accumulated by the
excited state relative to the
ground state along all paths:

to
b, :/ Aw 4 (t) dt
t

1

Aw(t) ~ |dm, + Eade] cos(met + 0)

t;, t2 = time in excited state

Position
N
N

L L L L
c -z T+¢ 2T-¢

g
excited state

2N

Time

Ar
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AION-10 sensitivity projections

Signal Frequency (f,) [Hz|

1

ezfd

|

.
Iy
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L/

Badurina, Blas, CM
PRD, arXiv:2109.10965

Jbest (1)5/4 1 (At)l/2< 1 )1/4 _210_1
Me T)] CnAr \ N, T 1077~
e Z }sa
< 7 g,
Handles to optimise (in order of priority): \%5 O3 h pEAS

I ~ |s (interrogation time) % 10_3—f§0-% ‘%,
C ~ 0.1 - | (constrast) O P )47\1@
n~ 1000 (LMT) S ' 0'%4 g
Ar ~ Al separation E %V@%
At ~ sampling time -
N, ~ atoms in cloud 10~4 L—
Tt ~ 107s (integration time) 101

iOL14

DM Mass (my) [eV]

Christopher McCabe
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Longer-term sensitivity projections (Scalar)

Sensitivity L Tint ODnoise LMT
Scenario m] | [sec] | [1/+/Hz] | [number n]
AION-10 (initial) 10 1.4 10— 100
AION-10 (goal) | 10 | 1.4 10— 1000
ATON-100 (initial) | 100 | 1.4 10— 1000
ATON-100 (goal) | 100 | 1.4 10~ 40000
AION-km 2000 o 0.3 x 107° 40000

Badurina, CM, et al, arXiv:1911.11755, 2108.02468

Electron Coupling (d,,,)

10~

Signal Frequency (fs) [Hz]

10~

102

1

Shot noise only

1

1029
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1014

DM Mass (mg) [eV]

10~12

2020s

12030s

2040s

_20505

Christopher McCabe
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Signal reconstruction (Scalar): aliasing is important

711?& > Tey Ngtacks = 10

n fgio.in_m
Atomic fountain has ~Hz sampling rate 6 - dp =210
1 Hz sampling
Signals above the Nyquist frequency are aliased... . frequency
9 \
..but signal width oc f, (or ULDM mass) and this .

width stays the same when aliased

Qo

f¢ — 84 HZ
dé — 4 x 1078

@)
]

Implication: we still have discrimination power for
super-Nyquist signals

Power Spectral Density /107! [Hz™!]

S
]

1 Hz sampling
frequency

DO

10 —9H 0 5) 10 15 20
(f —0.4)/107° [Hz]
Badurina, Beniwal, CM
arXiv:2306.16477
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Signal reconstruction (Scalar)

—10

1 L L L L |
— | 7.60 local sig. fs = 0.3 Hz |
_ | 9.40 global sig.| | | -
| | |
Fucoscore |
|
u | _
- | —
— I —
|1
- l ' | —
B n | 95.4%C.L. 7
— ¢ Injected signal: |-
_ Jo = 9.1 Hz
, d7 = 1.4 x1077
— 1 km baseline —
A T N N T N T TN N N NN M A N

5 10 15 20
fs [Hz,

Because of aliasing:

multiple ‘islands’ in parameter space
consistent with the injected signal

High precision within each island: ~10-¢ Hz

(No aliasing of sub ~Hz signals)

Badurina, Beniwal, CM, arXiv:2306.16477

Christopher McCabe

18



Other exciting work...

In 12 minutes, | don't have time to discuss all of the other great work by my PhD
students and postdocs:

e Challenges from working in a university building with multiple noise sources,

and mitigation techniques
From RATSs to riches: mitigating anthropogenic and synanthropic noise in atom interferometer searches for ultra-light
dark matter, John Carlton, CM, arXiv:2308.10731

e Challenges from seismic noise, and mitigation strategies
Ultralight dark matter searches at the sub-Hz frontier with atom multigradiometry, Leonardo Badurina, V. Gibson, CM,
J. Mitchell, arXiv:2211.01854 (PRD)

e Data analysis strategies to reconstruct signals
Super-Nyquist ultralight dark matter searches with broadband atom gradiometers, Leonardo Badurina, Ankit Beniwal,

CM, arXiv:2306.16477

Christopher McCabe
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Summary

Atom interferometers are a promising experimental technique to:

Probe ultralight dark matter
- Mass <10-12 eV
- Scalar-, vector- and pseudoscalar-coupled DM candidates
- Time-varying energy shifts, accelerations, and spin-coupled effects

Detect ‘mid-band’ gravitational waves (1 km - scale)
- LISA sources before they reach LIGO band
- Early-Universe cosmological sources

And more...
- Tests of quantum mechanics at macroscopic scales
- Probe of seismic activity...

Christopher McCabe
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Backup: operating in a university building



Short-termer challenge: operating in a university building

Moving ‘test masses’ contribute to the phase:

4'\‘1 ‘ ) o | - i’

,‘]——- s. RN — . o 10SES Daytime: 20 min time series
! I A - i o | i ‘.
. N P

| 2
. % O
— ,1 JULILE © . ¢ °
‘IW } = 2F — 2
Iocatlon for u\ ¥ S .l
AION-10 1 ¥
4 | | : -0 F

| | 1 |
9am 9:05am 9:10am 9:15am 9:20am
Time [s]

ULDM searches run for many months:
Could the busy environment hide a ULDM signal?

Carlton, CM, arXiv: 2308.10731
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trategy

ion s
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~

Transient identification: ‘Rolling standard deviation’
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Carlton, CM, arXiv: 2308.10731

24

Christopher McCabe



Mitigation strategy

10—16

Un'C’eaned

Carlton, CM, arXiv: 2308.10731

ULDM mass [eV]
My

Anthropogenic only

Cleaned

Mean (Cleaned)

Frequency [HZz]

10—15

Running at night, identifying transients,
masking, and de-trending time series
provides effective mitigation:

from the pink PSD to the purple PSD

Recover shot-noise limited sensitivity

Christopher McCabe
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Backup: seismic noise and mitigation



Longer-term challenge: seismic noise

Seismic activity induces Gravity Gradient

Noise (GGN)
Expectation: will limit low-frequency searches

Rayleigh waves give the largest density
variations so considered the most dangerous

Harms, Living Rev.Rel.18 (2015) 3, arXiv:1507.05850; Baker et al, arXiv:1201.5656; Vetrano et al, arXiv:1304.1702;
Harms et al, arXiv:1308.2074; Chaibi et al, arXiv:1601.00417; Junca et al (MIGA), arXiv:1902.05337

Christopher McCabe
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Rayleigh waves

Model wave travelling across the surface as:

£(0,0,2,t) = SfH(z)lAc — £y (2)E, ) elkecos(0=07)—wt)

Horizontal  Vertical
displacement  displacement

Induces density fluctuations below the surface: ﬁ’
y
Z

op(z > 0)

— [fv5(2) - R(Z)] ei(kQCOS(e—QI)—wt)
L0

“—1) (1+s*\ _ .,

Badurina, CM, et al, PRD, arXiv:2211.01854
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Rayleigh waves: induced phase

Density fluctuations imply a time dependent gravitational potential:

| 2
(00 (20,t)) = —2wGpo Ev et qik (1 j_L ;) ((1 4 \/q/s)e—kzo _ Qe—qkz())

Amplitude decays
exponentially
with depth

Vertical
displacement

Induces a phase in the interferometers:

PRayleigh = (A/e_qkzo T Ee_kzo) v cos(wT' + ©)

Amplitude decays Vertical
exponentially displacement

Badurina, CM, et al, PRD, arXiv:2211.01854

Christopher McCabe

29



(Partially) mitigated with multi-gradiometer configuration

GGN signal decays exponentially from the surface AL
(I)Rayleigh — (ﬁe_qkzo + Ee_kzo) Al=2, z2
AlI-3, z3
ULDM (or GW) signals scale linearly with Al separation
AZ Al-, z;
b ~ —
ULDM 7
AI-(N'I), Z A1

Cross-correlation with N-Al signals to find linear signal AL-A Z.,

Badurina, CM, et al, PRD, arXiv:2211.01854

Christopher McCabe

30



Multi-gradiometer configuration

Each box is one atom interferometer AT-1

s o ;

3 B o i AI-2

5 n=4 5

; ‘ — |e) ; AI-3
o é z S Lots of space for
S | ; = multiple atom
= ; | P interferometers

2 \ g Al

: S04 on km-baseline!

SRR
AI-(N-1)
0 T OT
Time AN |

Badurina, CM, et al, PRD, arXiv:2211.01854
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Multi-gradiometer: probe depth-scaling of signhal and background

ULDM mass (mgy) [eV]

10_2 10—17 10—16 10—15 10—14
—-— Equal

10-3 — Unequal (centre)
i -==+ Unequal (ends)
3
2 10-
= Z
© 2
% 10 ’ 4&/‘/ % ////-é
% g ‘/I/~\ ///
< ) T2 il
L 10~ 2
= =<
-
=

107"k

| Advanced
| N =5
_8 ] ] ] R T T I | ] ] ] g g a1 ] ] ] g g gl L1
003 1072 1071 10° 10!

Frequency (f3) |Hz|

Badurina, CM, et al, PRD, arXiv:2211.01854

ULDM Projections for km-baseline

ASN = best-case sensitivity

Blue: New High Noise Model with
two interferometers

Other curves: New High Noise Model
with five interferometers

Increased sensitivity for ~0.1to 1 Hz

Christopher McCabe
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Alternative suppression: Build in a favourable location

ULDM mass (mg) |eV]

10-17 1016 10-1 10—
1072 e . :
\ | Projections for km-long baseline
. 10—3—
£ ASN = target sensitivity
o0 .
| Orange: Peterson's New Noise Model
-
O ) o
- Blue: Peterson's New Low Noise Model
';',ﬁ cH parameterises decay length of Rayleigh
5| o e wave density variation:
G [ o A '5 250 ms 1\ ' (2.5 H
: vance : B :
(ke )\GGN:C—HleOm ( e > ( Z)
10-8 — o o o Wa CH Wq
1073 1072 101 10Y 10!

Frequency (fs) |Hz]

Badurina, CM, et al, PRD, arXiv:2211.01854
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Backup: other ULDM candidates and DM properties



A wide landscape of DM candidates

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
-—> <>
QCD Axion WIMPs
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
) S— -—
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
<> A ——————————————————————————————
Post-Inflationary Axion Asymmetric DM

— >
Freeze-In DM

<>
SIMPs / ELDERS

US Cosmic Visions
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Classifying atom interferometer signals

ULDM-induced signal
Static vs Time-dependent

/ \

Difficulty: high Difficulty: medium
Careful analysis of systematic effects Characteristic DM signal allows
needed, which may be hard to quantify for greater signal discrimination

Initial focus: time-dependent signals

Christopher McCabe
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Accelerations on test masses (Vector)

B - L coupled vector appears in many extensions of the Standard Model

As ULDM, this generates background ‘dark electric field’

Ep_1 ~ cos(mpmt + 6)

In a dual-species interferometer, isotopes experience a different
forces (accelerations):

/q /o
AFp_1 ~gp_ Ern_
B—L ™~ UB L(A1 Az) B—L

Graham et al, PRD, arXiv:1512.06165
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Near- and long-term prospects (Vector)

log10]95-L|

-23

-25

=27

-29
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! 7 1
/
//
EP ,
B /
/
/
/
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10~ *g/VHz y’
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/
/
/
/
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B /
/
/
’/
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| | |
~-16 -14 -12
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Abe et al (MAGIS-100),

Quant.Sci.Technol.
arXiv:2104.02835
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Precession of spins (Pseudoscalar)

Light pseudoscalar (axions) are ubiquitous in extensions of the Standard Model

7 § 5 4 10%1% <VCL/HZ2> 1 0 1 2
In a dual-species interferometer, N T —
- I = 15 cS0OIlall
pseudoscalars couple to the J— T = s (Broadband)
different spin of the isotopes: — T = 10s (Resonant)
— 4 —— T = 100s (Resonant)
-
~ — @)
Phase (mS,l mS’Q) COS(mat T 9) \% 9 Supernova Cooling Bounds
S
3 0]
Challenging: km-baseline, high-
repetition rate (10 Hz), long 1)
interrogation time, good control .

of magnetic fields 6B ~ 10~ "°T =R Nemaeyy T

Graham et al, PRD, arXiv:1709.07852
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Speed distribution in our galaxy

Mean speed ~ 10-3

Dispersion ~ 10-3

DM Speed distribution

2x107° 3x107°
DM Speed [natural units]

0 1073

Many models also predict some substructure in the distribution, see e.g.,
O’Hare, CM, et al, PRD arXiv:1807.09004, 1810.11468, 1909.04684
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Coherence of the field

ULDM Amplitude
ULDM Amplitude

0 10 20 30 40 50 0 10/ 2x10’ 3x10’

Time [s] Time [S]

Impact of the speed distribution apparent over long time-scales:
field amplitude evolves with a ‘coherence time’ 7 ~ (mpmo;) ™"

Al signals depend on the field amplitude = will also vary with a coherence time

Derevianko, PRA, arXiv:1605.09717
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Scalar ULDM abundance predictions (‘thermal misalignment’)

= [ [T REBEERREEEEIIEE I . IIIIIII‘ RN Illllll‘ll Illllll‘ 7] IWIIIII‘ | Illllll‘ | Illllll‘ | IIIIIII‘/III@
- i [ / [ AR
2_ I I I g‘\:\C}f s pe P
. = I I ,I I (%"3 s ’ =
L Pulsar |NS—NS I / | .”* —
10 : r s
= ® =
= ] :
__ | {b"
1% ] \;zrb
3 O
£ 107 s o W =
= V2 = ( ) .
- ’00 Q0 - Correct' relic
107" €17 ,* —= abundance
- — . -
107 =
10_4:_ [ Muon — ¢ coupling ] -
= < =
4 _
10_5 | II|II|I| IIIII|I| | IIIII|I| | IIIII|I| | IIIII|I| | IIIII|I| | IIIII|I| /IIIII» | IIIIIII| | I|IIIII| | I|IIIII| | I|IIIII| | I|IIIII| | I|I|III| | I|I|III| | L LI

10722 1072 1072 107" 107" 107Y 107 107 107" 1078 107" 107%™ 107 107 107® 1077

me eV

Batell & Ghalsaia, PRD, arXiv:2109.04476
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Backup: complementarity with other searches



Complementarity with atomic clocks

MICROSCOPE

p—

9

W
\

Photon coupling d.
—
<

AION-100

10-22 10-20 10-18 10-16 10—14 10—12
DM mass my (eV)
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Backup: gravitational wave searches




Baseline L

8 A2

& A

#

Gravitational wave detection

Passing gravitational wave causes a small modulation
in the distance

~ L |1+ hsin(wt)]

/'

strain amplitude GW frequency

Gives rise to time-dependent phase shift between the
Interferometers

T
1 ® oc hL sin? (wz )

Sensitive for large L (~km scale)

Sensitive to GW frequencies ~ 1/T ~ Hz

Dimopoulos et al, PRD arXiv:0802.4098, PRD arXiv:0806.2125
Graham et al, PRL arXiv:1206.0818, PRD arXiv:1606.01860

Christopher McCabe

46



GW soundscape today
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Conventional GW soundscape ~2040
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GW soundscape (~2040s) with atom interferometers

. —6
Terrestrial 10

sensitivity
(between

dashedand 107
solid lines)

L 10-10
2 10
C
G

10—12

Space-based

e 014
sensitivity

<0

r

0
yr 5

‘ |

AEDGE+

10-°

108

10~

1076

107

10~*

102
f [Hz]

0.01

10

100

Badurina, Buchmueller,
Ellis, Lewicki, CM, Vaskonen
Phil.Trans.Roy.Soc.Lond.,
arXiv:2108.02468
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GWs: sensitivity to binary mergers (equal masses)
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