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Rabi oscillations

“Beam-splitter” pulse:
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Interferometer sequence

< “Beam-splitter
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/’ 7 “Mirror” / 7
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/2 T /2
lo=0 b =1 to = 2T

Mach-Zehnder
interferometer

Image atom fringes
and measure phase

vz = kgT?

Leading order phase depends
on gravitational acceleration
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Interferometer sequence

< “Beam-splitter
‘ ’
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’ ’
/’ 7 “Mirror” / 7
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’ ’
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/2 T /2
lo=0 b =1 to = 2T

Mach-Zehnder
interferometer

Image atom fringes
and measure phase

vz = kgT?

Leading order phase depends
on gravitational acceleration
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What can we measure”?

OMZ = k9T2

Atom-light
interactions

Gravitational field

Time

1




Atom L/c
gradiometer £

2T — L/c

e ) ﬂ

r; + Ar

Gradiometer phase
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Atom cloud

2T — L/c
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Gradiometer phase
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Test masses
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Gravitational
waves

GW strain modifies laser propagation

oL  oT

hN—r\J—
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Change in pulse timings
affects phase
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Gravitational
waves

s ‘Mid-band’ sensitivity
between LIGO and LISA.

characteristic strain

L. Badurina et al. arXiv: 2108.02468
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Dark matter




What we know

Mean speed ~ 10-3

Dispersion ~ 103

DM Speed distribution

0 1073 2x1073 3x107

DM Speed [natural units] 18



What we don’t

Standard Model of Elementary Particles and Gravity

charge | %

spin [/2

QUARKS

three generations of matter

interactions / force carriers

(fermions) (bosons)
| Il ]
mass | ~2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~124.97 GeV/c?
% % 0 0
up l charm l top gluon higgs
~4.7 MeVic? ~96 MeVic: Zsrsceve ) fo (2]
- - - 0 Z
@ ('@ | @ | >
l down l strange l bottom photon (@)
om
~05MMevie | (=10566Mevic: | (~17768Gevit | [~91.19 Gevice ) 3:(
-1 ; -1 -1 0 = _
5 a i ‘ 5 ‘ ! [e) <
electron muon tau Z boson 8 2 g
M3
<1.0 eV/ic? N lotrmevie ) (<ts2mevie ) [=80.360 Geviet w [e]
0 0 . 0 +1 IT) 2
N @ |- @ [ =1
electron muon tau Wb < 2}
neutrino neutrino neutrino oson (D g

LEPTONS

graviton

HYPOTHETICAL

TENSOR BOSONS

Spin=7?

Mass = ?

Parity = ?

Charge = ?

Interactions with SM = ?
Production mechanism = ?
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A lot of parameter space!

Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg
-t ! r r . e . . 1 |
~r T 11T 1T 1T 1T ‘*“ " "1 7 "1 'I"Y"Iul
A
0+ ;
]
Spin ;¢
2+ ?
|




A lot of parameter space!

Spin

Ultra-light dark matter

Mass

zeV aeV
] |

feV peV

neV ueV meVIeV keV
| ]

MeV

Particle dark matter

GeV TeV
L I L

PeV  30M,

&
<

I 1

1

?

1

I 1

?

AION Sensitivity

1

I Ll Ll I Ll

?
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?

?
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A lot of parameter space!

Mass
zeV aeV feV peV neV peV meV eV keV MeV GeV TeVv PeV 30Mg
11 1
N
OT Scalar dilaton ? ‘ ;
|
Spin |4+ Vector dark photon ’
2+ | Tensor: dark graviton 7
|




Id

A classical ULDM fie

PeV  30M,

MeV GeV TeV

keV

zeV aeV feV peV neV ueV meV|eV

Ultralight mass means a high occupation number

-~
-, =y
(]

oy

2 o

Can describe as a classical field

K
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) ~$--
! ] 7

)
A
e
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Yo an

AR W, 7,
W\ \ I/ 7%
AR AR 2o
O AL

I_l
™
N
5
S

(.4}902

Frequency given by ULDM mass
(with small velocity correction)
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Atoms in a scalar ULDM field

electron coupling

Z

photon coupling
/

.
ay,
(]

]
\
\

-

-~

17175

Z

»,
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Atoms in a scalar ULDM field

photor} coupling electron coupling
Z
d, -
L5 LowH[Ly] = |Lo Delta)/inGy | {5 Fub™ ~ du.meiit

a(t,z) ~ «a [1 + de/ATGN (1, a:)] :

me(t, ) = me [1 + dim, VAT GN (1, m)}
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Badurina et al. arxiv: 2109.10965 25




Two sensitivity
channels L

Interrogation
time
(GWs)

Atomic
transition
frequency

(Scalar ULDM)

2T — L/c

AL TRL >] ﬂ

T—L/e T+ L/c 2T



What about spin-27?

Spin

Mass

zeV aeV feV peV neV ueV meV eV keV MeV

GeV

TeV

PeV  30M,

P | ] ] | L1
D D B |

- | Scalar: dilaton \ ? ‘

Vector dark photon

“Tensor: dark grawton

?

?

?

R
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Massive graviton dark matter



Massive gravity field theory
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Massive gravity field theory
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Lorentz /nvariant massive spin-2 field
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Massive gravity field theory
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massive spin-2 field

Lorentz

Puv — Puv + 0u& + 0E,

Need to recover usual gauge
transformations of GR
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Massive gravity field theory
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Need to recover usual gauge
transformations of GR
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TNIHD
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Express as irreducible fields:
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Massive gravity field theory

Let’s consider a massive spin-2 ultra-light field SOIUJ/

Express as irreducible fields:

Tensor

Vector

Scalar

1

-+ 28(2143) - 0,,;(’93-0 —+ 57;]'7'('

TT
]

g
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Massive gravity field theory
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Massive gravity field theory
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Lorentz violating massive spin-2 field
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Phases of massive gravity

(mieto + 2mied, — miet + mie

1
)

o’ — 2mi¢oo¢§)

General LV Lagrangian has 6
propagating DOF with a ghost
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Phases of massive gravity

4

FP :

(masoao 2R, — mld, +mip

mg:(),m%:mg:

Recover Fierz-Pauli case

1
)

o’ — 2mi¢oo¢§)

2 _ 2 _
ms = My =

m

2
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Phases of massive gravity

1 (m?ywﬁo + 2migg; — mies; + mipie — 2mi¢oo%)

LV1: m;=0,mg+#0 LV2: m; =0, mg=0

39



Phases of massive gravity

1 (m?)w%o + 2migg; — mies; + mipie — 2mi¢oo%)

LV1: m;=0,mg+#0 LV2: m; =0, mg=0
Tt — x4 £(t) t — f(t)

Protected by residual symmetries

Only tensor modes Tensor, vector, and scalar

propagate modes propagate! 0



Massive gravity field theory

Let’s consider a massive spin-2 ultra-light field SOIUJ/

Express as irreducible fields:

Tensor

Vector

Scalar

1

-+ 28(2143) - 0,,;(’93-0 —+ 57;]'7'('

TT
]

g

M



Three normalised fields

~ ) ~ ~
Pij — My %j%j)

~

|
Tensor Et p— 5 (SOZ]
1 ~
Vector LU _— — AZ
>
1
calar ES — T
seo > (7

A; — m%KZAVO
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Three classical oscillating fields...

Tensor gpzj t X Z ©0 )\623 kt) COS(CUtt — kt )

Vector Z AO )\@ COS(CUUt — k X)

scalar (¢, X) = T cos(wst — kg - X)



Three classical oscillating fields...

Tensor gpw t X Z L0 )\CZTZJ kt) COS(th — kt )

Sum over polarlsatlons

Vector Z AO )\ COS((,U,Ut — k X)

scalar (¢, X) = T cos(wst — kg - X)



... each contributing to the local dark matter

~ V2 ftppMm
Tensor 0O —
g
- 27,
Vector AO — \/ f pDM
My,
Scalar ~ \/sz IODM
Ty —

ms
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.. each contributing to the local dark matter

Tensor

Vector

Scalar

V2f 2|_|/0DM

Vv 2V_|PDM

U

V4 2[7 fIIODM

ms

Fraction of total
dark matter

ft—"fv—"fs:l
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Coupling to light and matter

['int = K? Sp,uz/ O,UI/

]

Symmetric Standard Model operator
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Coupling to light and matter

Tensor Vector Scalar

Ling = ¢90MVOMV > /{tgpijogj + RUSOOiO(?)}i - /‘33900008
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Coupling to light and matter

Tensor Vector Scalar

Lintg = QSSO'UJVOW/ — /{tgpw Ot + "‘%SOOZOO@ + /‘33900008

vater O, = —puma + TSO“VPA:QAV
(0) (2)
Light “VOZ BA SOIUJFQ BA SOHVFMQFQ



Coupling to light and matter

Tensor Vector Scalar

Lintg = ¢90MVOMV — /itgpw Ot + "’%SOOZOO@ + /‘33900008

NO Ne)

v t VpA/LpAI/
Matter " sz]/ A WA+ TQO'LL o
SOZ = 0 inFP case
B© 3

F2

W o
A AT Ta

Light " V@L
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Coupling to light and matter

Tensor Vector Scalar

Ling = QSSO'UJVOW/ > /{tgpijofj + “vgpmogi - /‘33900008

‘ Non-relativistic limit ‘

(2) - (0) NONEN
s ()
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Coupling to light and matter

Tensor Vector Scalar

Ling = liquOWOW m—> /itSOUOt + Ky O, + k5" OF

‘ Non-relativistic limit ‘

(2) - (0) o(0) N
BA gpgTFng (%FQ +m¢—¢¢>

In all theories Only in Lorentz violating theories!
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Coupling to light and matter

Tensor modes

time like

gravitational



to light and matter

ing

Coupl

Scalar modes

Tensor modes

J
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E =0 s
dme|
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= o L a
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o mtegt g
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time like
gravitational



What can we measure”?

OMZ = k9T2

Atom-light
interactions

Gravitational field

Time
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What can we measure”?

OMZ = k9T2

Atom-light
interactions

Gravitational field

v

Scalar
mode

Time

Tensor
modes
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Other couplings

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282 &7



Matter couplings

Light couplings

D. Blas, J. Carlton, C. McCabe.

arXiv: 2412.14282

FP LV1 LV2
NOPI — @2 V5 cos(4s (1)) 0 a{QV5% (a1 4 Auy) cos(¢s(2))
(2)
_9%rP [UDM -,/%cos(qs ®)) 2¢, -
D)y, 't s s i1+
aVVi(e) | m 3 0 afj Y2 TR S cos(6, (1)
- et e (t))]
@ My (1) 0 2y, 37, e v/ cos(e(2)) 0
FP LV1 LV2
BOY;(1) 0 0 DV (a4 ) cos(gs(1))
BOY;(2) @b DAty /2 £, cos(ga(1) 0 QLI (40" + ha) cos(6(8)
BOW (1) 0 0 B VAL St 345 cos(n (1)
(2) 2 (2)
% ((51'1 — 30pmi9DMy) |/ 3 fs cos(¢s()) 52 v Z COS(¢s(t))
e A 2L S e reoste0)
— DM z; €5/ 2fy cos(¢y(t)) (615 — 4%y) \/;/3]05 cos(e(t))
. zezﬂcoswt(t»)
A
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Other couplings

Electron mass Matter couplings
variation
Oé(l) . a(2) . . (3) (= .
H = /ppDM + 'quvi(t) + TU%UJAMM (t)) m a0\ (& — Za(t))

) (1) . 6
+ v/ PDM % FOiFO"Y2(t)) + BTFUOF“’Wi(t)

Fine structure

variation Light couplings

Laser propagation
delay

D. Blas, J. Carlton, C. McCabe. arXiv: 241214282 59




Other couplings

Matter couplings

a0 a® .
H = +/ppum (TX(t) TUAUAM (t )) mad3 (T — Za(t))

(0) . (1) .
+ \/pPDM (BA (F2Y1(t) + Fo; FO'Y5(t)) + BTFUOFMWi(t) +

Light couplings

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282 4o



Atom propagation delay

o)

—vilmAVL-(t)é(S)(
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Three sensitivity channels'

2T — L/c
T

LA ;
r; + An
r; _.:
Uy 7% /2
0 T—L/c T+ L/c 2T

Laser
propagation
delay
(tensor)

Atom
propagation
delay
(vector)

Electron
energy level
modification

(scalar)



Projected detection limits _ - rrequeney

10 107" 10° 10" 10°

107

|
(¢}

10m, 100m and 1km example
atom interferometers

-
o

-
o
&

I
-
N

|Isotope|L [m]|T [s]| n |[Ar [m]| S, [Hz"'] |

7Sr | 10 |0.74]1000] 5 10-° 14
87Sr | 100 | 1.4 |1000| 90 10~ 10 10
7Sr 1000 | 1.4 |1000| 980 [0.09 x 10~ .

RN
o

ISpin-2 coupling strengthl?, Iy, I
o

|
N
o

10 Higuchi bound Tint= lyr
/ Atom shot noise limited
10_23 = ] |/I16 ] ] |||||||15 ) ) |||||||14 ] ] |||||||13 ] L
10 10 10 10 10

Spin-2 mass, m, [eV]

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282 &3




Frequency [Hz]

Projected detection limits - ’ 0 | 2

10 10 10 10 10

10m, 100m and 1km example
atom interferometers

Generic coupling gamma

Yy = o BU) for all 1,9

ISpin-2 coupling strengthl?, Iy, I
o

10 Higuchi bound Tine= lyr
/ Atom shot noise limited
A

10 10 10°° 10 T

Spin-2 mass, m, [eV]

D. Blas, J. Carlton, C. McCabe. arXiv: 241214282 g4




Leading constraints on scalar mode
come from *fifth force’ experiments

5lﬁqewtcx:(ofo))2e'””sr

In this range, from lunar laser ranging

Projected detection limits _ - L reaueney B 1 :

10 10 10 10 10

—

-1

w

-14

ISpin-2 couplifig strengthl?, Iy, I

0 /
. 1S A ! LIGO

10” “”1" ,

-20 . .
10 Higuchi bound Tint= lyr

% Atom shot noise limited

10_23 17 { | |/I16 | | |||||||15 | | |||||||14 | | |||||||13 | [

10 10 10 10 10

Spin-2 mass, m, [eV]

D. Blas, J. Carlton, C. McCabe. arXiv: 241214282 45




Frequency [Hz]

Projected detection limits - . : o o

10 10 10

Leading constraints on scalar mode
come from *fifth force’ experiments

OVNewt X (oz(o))2e_msr

In this range, from lunar laser ranging

Higuchi bound sets a lower

bound for mass of spin-2 field 107%° Higuchi bound T = Iyr
9 9 T Atom shot noise limited
_ _23 Il Il ) Il Il ) Il Il ) ' Il Il L
m~ > 2H 10 ' ' o

— in f 107" 107" 107" 10" 10
Least stringent bound from BBN Spin-2 mass, m, [eV]
D. Blas, J. Carlton, C. McCabe. arXiv: 241214282 46




Advantages of networking!

AION plans to network with MAGIS-100 to
enhance sensitivity in ULDM/GW searches.
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Advantages of networking!

AION plans to network with MAGIS-100 to
enhance sensitivity in ULDM/GW searches.

gp;l;-T(t, X) = Z wagef‘j(kt) cos(wit — ki - x)
2

Distinguish dark matter models through
directional dependence.
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Progress towards a global network! tvibai.org

MAGIS-100
Ve

Stanford
10m tower

Terrestrial very-long baseline atom interferometry workshop summary: arXiv: 2310.08183 69
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3rd Workshop tvibai.org
Terrestrial Very-Long-Baseline Atom Interferometry

20.—22. August 2025 @ Leibniz University Hannover
v 4 ’ 3

. L. - !“
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Terrestrial very-long baseline atom interferometry workshop summary: arXiv: 2310.08183
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Challenges




What can we measure”?

L 2
oMz =,kgl!
Atom—llght Gravitational field
Interactions ‘
Scalar Background
mode noise

Time

Tensor
modes
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Gravity Gradient Noise (GGN)

!
A

Atom gradiometer
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The AION-10 Experiment

University of Oxford, Beecroft Building
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t

The AION-10 Experimen

UNIVERSITY OF
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The AION-10 Experiment

14
k;

| All these people
| are a problem!

e A
P ST oo
= & > =4
oy UNIVERSITY OF 3
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/r/(‘ o
L
{J«.\w B
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Anthropogenic and synanthropic noise

Side-on view Top-down view

Many potential sources of noise

surround the detector: ‘ L J
Large anthropogenic sources ° o
People walking on the stairs/in the foyer 0o ® o 0
Traffic on the road outside

@

Lift moving next to the tower

Small synanthropic sources
Random animal transients (RATS)

- 9

Beecroft building, University of Oxford .

J. Carlton, C. McCabe
Phys.Rev.D (108, 123004); arXiv: 2308.10731 [astro-ph.CO]



Anthropogenic and synanthropic noise

Many potential sources of noise
surround the detector:

Large anthropogenic sources

People walking on the stairs/in the foyer
Traffic on the road outside

Lift moving next to the tower

Small synanthropic sources
Random animal transients (RATS)

J. Carlton, C. McCabe

ULDM mass [eV]
10716 mg

I I I I I | I I I | I 1

Anthropogenic only

10—15

I I 1 I

10 E Un-cleaned

vV PSDLS [rad/VHz]
o

Mean ( Cleaned)

Frequency [Hz]

Phys.Rev.D (108, 123004); arXiv: 2308.10731 [astro-ph.CO] 78




Anthropogenic and synanthropic noise

Many potential sources of noise
surround the detector:

Large anthropogenic sources

People walking on the stairs/in the foyer
Traffic on the road outside

Lift moving next to the tower

Small synanthropic sources
Random animal transients (RATS)

J. Carlton, C. McCabe

ULDM mass [eV]
10716 My

T T T

10—15

LI

U I I T T ] I T
Anthropogenic and

10 E Un-c|
“oned synanthropic

VPSDs [rad/VHz]
(@]

LTI

Mean (Cleaned)

10-2 10-1 iy
Frequency [Hz]

Phys.Rev.D (108, 123004); arXiv: 2308.10731 [astro-ph.CO] 79




Anthropogenic and synanthropic noise

ULDM mass [eV]

-16 10—15

Un-cleaned

SNR=1, 365 days 1
Nighttime running |

Many potential sources of noise 10
surround the detector: R
5 1 E
Large anthropogenic sources = -
People walking on the stairs/in the foyer § 10-1
Traffic on the road outside S
Lift moving next to the tower B -
L 1072k
Small synanthropic sources =
Random animal transients (RATS) 5 107°F
10~*

J. Carlton, C. McCabe
Phys.Rev.D (108, 123004); arXiv: 2308.10731 [astro-ph.CO]

Frequency [HZz]

1

10
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Gravity perturbations
from nature?
Seismic GGN

Main types of seismic waves

P wave Love wave
compressions

expansions

s
L

medium

S wave Rayleigh wave

© Encyclopaedia Britannica, Inc.

L. Badurina et al. arXiv: 2211.01854 81




Gravity perturbations
from nature?
Atmospheric GGN

op  Op
Po  TPo
op 0T
po 1o

J. Carlton et al. arXiv: 2412.05379
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Vertical distance (As)

Why pressure matters?
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J. Carlton et al. arXiv: 2412.05379
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Why temperature matters?

Wavenumber spectrum ®(k)

>

Energy cascades

I

Wavenumber k

>

s

J. Carlton et al. arXiv: 2412.05379
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GGN limits sensitivity

107

—— Temperature GGN
~—— Infrasound GGN
—— Seismic GGN

----- Atom shot noise
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GGN limits sensitivity

—— Temperature GGN L = 100m, zo = 10m
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But we need continuous

Depth hel pS' active noise monitoring!

—— Temperature GGN L =100m, z, = 100m
—— Infrasound GGN
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Site selection
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Site selection
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Gravitational
waves

s ‘Mid-band’ sensitivity
between LIGO and LISA.

characteristic strain

L. Badurina et al. arXiv: 2108.02468
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Summary

AION is an upcoming atom interferometer experiment, using quantum ‘
sensors for detecting ultralight dark matter and gravitational waves — in the
‘mid-band’ between LISA and LIGO.

Spin-2 ULDM can be probed by gravitational wave detectors — however,
atom interferometers can detect it through several different channels without
altering any of the experimental design! Other GW/ULDM experiments may
also detect other couplings not probed by atom interferometers.

Near term intermediate scale atom interferometers will provide leading
bounds on screened fifth force searches such as the chameleon and
symmetron.

GGN is a leading challenge in terrestrial long-baseline searches.
D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282 o
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Dark forces




What can we measure”?

OMZ = kgTQ

Atom-light
interactions

Gravitational field

v

v

Scalar
mode

Accelerations

Time

Tensor
modes
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Matter coupling

Screened fifth forces s, = / d*z /=g (—%(89@)2 —V(p) — A(vgp)pm)

Atom interferometers are
very good gravimeters/accelerometers Real scalar field

Source mass
Self-interaction

A potential

g\ \ | D— |
. 95



Screened fifth forces s, = / d*z /=g (—%(89&)2 —V(p) — A(gp)pm)

Atom interferometers are
very good gravimeters/accelerometers

A

Source mass

Vsym(ﬁp) —

Real scalar field

A° ©
V. = —, A = —
h(®) . h(®) A
Chameleon
L oo Ay o
_ — AS m p—
Symmetron o




Screened fifth forces s, = / d*z /=g (—%(59&)2 —V(p) — A(gp)pm)

Atom interferometers are

very good gravimeters/accelerometers Real scalar field
Source mass ‘
L dAd- |
Gp = —Aa——V(T)
de

Acceleration
A with screening factor

V) |
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Numerically modelling the fields
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Zatom [m]

Boosting sensitivity
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Zatom [m]

Boosting sensitivity
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Create a ‘moving’ source mass
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Zatom [M]
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Much improved chameleon sensitivity!

Al- 10m Tint

S¢ins [rad/+/Hz]

Benchmark ~2s
Intermediate ~ 400 s
Advanced ~ 11 hrs
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Competitive symmetron limits!

Levitated atom
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SySte m ati CS ------- l ' = Plate gra\'/ity + chameleon
: — Plate gravity .

= Chameleon

= Plate gravity

=  Patch potentials 0.100f-\¢
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=  Black body radiation
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Do we need a hole in the plate?

Presence of a ~40% reduces sensitivity by ~30%
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Phase shifts

¢ — ¢pr0p + ¢sep + ¢laser
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Phase shifts ¢ — ¢pr0p - ¢sep + ¢laser
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Phase shifts ¢ — ¢prop
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Phase shifts ¢ — ¢pr0p - ¢sep + ¢laser
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Phase shifts ¢ — ¢pr0p =+ ¢sep =+ ¢laser = kgT2
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Spin-2 sensitivity
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LMT pulses

Additional pulses
enhance sensitivity
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Atom gradiometer
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Signal Frequen Hz
Scalar ULDM sensitivity g1 o e Cyl(f¢) [Hz]
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L. Badurina, D. Blas, C. McCabe. arXiv: 2109.10965 13




Spin-1 dark matter

a ‘dark’ electric field

B-L coupling, which generates

A
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Aq

Z2
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Probe with a dual-species interferometer

M. Abe et al. arXiv: 2104.02835
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Other couplings

Matter couplings

(0) NON NOR
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Light couplings

D. Blas, J. Carlton, C. McCabe. arXiv: 241214282 15



1) |
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GZ]kEjBk

E cross B term probed by axion cavity experiments?
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AION-10 sensitivity projections
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