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Let’s maximise quantum sensor phenomenology

New couplings

New signatures
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Massive graviton dark matter

Based on D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282



A lot of parameter space!
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A lot of parameter space!

Mass
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What about spin-27?

Mass
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Massive gravity field theory
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Massive gravity field theory

O
D
Y
+
-
D
©
| -
=
)
A
k=
(@X
wn
)
2
n
n
©
=
©
| -
Q
9
n
-
O
O
2
)
Q
-

-

—-— -~ A~ —
.......:’
7
([ J
(J

Express as irreducible fields:

Tensor
Vector

')

Po; — Uy

¥00

Scalar

0;

TT
tJ

— ¥

]




Coupling to light and matter

Tensor Vector Scalar

Ling = k20" O, = k17 O + K" OF; + ks O

1 Non-relativistic limit 1

(2) - (0) a(0) B
5—¢5TFZJFJ (6/\ F2—|_m¢ ww)

In all theories Only in Lorentz violating theories!



to light and matter

Coupling

Scalar modes

Tensor modes

Modifies atomic

Bends space-
time like

energy levels
just like scalar

gravitational



All the possible couplings

Matter couplings
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Light couplings

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

"



All the possible couplings

Matter couplings

Atom propagation

variation delay
a® U
H = /DM | TUZA%MM@)) M0 (T — Za(t))
5 0; s . R
—|— ,ODM( FO’LF ZYQ(t))—I—TFGOFZUWZ(t) TFZGFgNZJ(t)

Fine structure nght cou pllngs Laser propagation

variation delay

Electron mass
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D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282 12




Three sensitivity channels in atom interferometers!

L/c T 2T — L/c ‘
T T : T 6T ..,

7

N\

]
¢
]

Laser
propagation
delay
(tensor)

L

Atom
propagation
delay
(vector)

r; + Ar

Electron
energy level
modification

(scalar)

0 T—-L/c T+ L/c 2T



Projected detection limits Frequency [HZ]

107 107" 10° 10" 10°

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

O VNewt X (a(o))2e_msr

In this range, from lunar laser ranging

ISpin-2 coupling strengthl?, ly, I
S

10
In absence of scalar mode, 10-17
Nno constraints on vector
and tensor modes! 107 Higuchi bound Tin = lyr
/ Atom shot noise limited
10_23 { 1A | o | RN | | ol | |
-17 -16 -15 -14 -13
10 10 10 10 10

Spin-2 mass, m, [eV]

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282 14




Part of a global network!

TVLBAI

MAGIS-100
Ve

Stanford
10m tower

Terrestrial very-long baseline atom interferometry workshop summary: arXiv: 2310.08183 15




Dark matter in the solar system

Based on J. Carlton, S. Gardner. (In progress)



Kim et al. (2112.05718), Budker et al. (2306.12477)
Widrow et al. (Astrophys.J.Lett. 416 1993)

Gravitational focusing of wave dark matter

4

Under Schrodinger-Poisson formalism find

P/Pom
analytic solutions to wave dark matter scattering
analogous to Coulomb scattering -1.2913
. . SN -1.2469
w(’r? k) X 1F1 (ngOC/Qﬂ-? 17 Zk’?“(l - k ) I‘)) -1.2025
2
< 1.1581
Controlled by focusing parameter 1.1137
Croe — AdB B AdB B 2rGMompwm 1.0693
- —— = = -2
°° R, 1/GM@TTL2DM UDM 1.0249
0.9805

Etoe K1 Etoe >1  Efoe ~ 1

No focusing Too focused Just right

=2 0 2 4 6
x/AU  JC, SG (in progress)

ULDM focused by the Sun 17



Budker et al. (2306.12477)

Sub-halo formation around celestial bodies

15F
DM self-interactions can cause focused DM to slow R. (the Sun) moy = 1075 eV,
down and become captured by celestial objects 0
Assume quartic self-interactions V D — 904
4! 5|
_ 2 2
Where: A = —mpa/ fo _
< 0
=
-5}
Relaxation time tracks sub-halo capture and
growth process - o 0
_64AMm o UDMm
PDM -1}, . . . . . R
-15 -10 -5 0 5 10 15

XIAU jC, SG (in progress) 18



Budker et al. (2306.12477)

Sub-halo formation around celestial bodies

-3
DM self-interactions can cause focused DM to slow . Preliminary
down and become captured by celestial objects 4l %
=
. . : A 4 S =
Assume quartic self-interactions V D — 90 © a
4! s} &
* 2
oy — 2 2 L e
Where: )\ p— _mDM/fCL 5‘
5 ~6f
g Dense sub-halo
o s T < 10 Gyr
Relaxation time tracks sub-halo capture and £ > 1
oc =~
growth process f
64my v -8f > o
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DM B . . . . .
-16 ~14 -12 -10 -8

JC, SG (in progress)  log, mpy [eV] 19



Budker et al. (2306.12477)

Sub-halo formation around celestial bodies

DM self-interactions can cause focused DM to slow
down and become captured by celestial objects

A4

Assume quartic self-interactions V D — 90
4

Preliminary

Where: )\ — _m%)l\/[/fc%

Dense sub-halo

-7 Tret < 10 Gyr
Relaxation time tracks sub-halo capture and Eo > 1
growth process 64 7 2 Rfoc R
My U -8 o
7_ _ DM DM Vom = 1 km/s
rel — A2 9
PDM A . . . .
-16 -14 -12 -10 -8

JC, SG (in progress)  logio mpy [eV] 20




JC, SG (in progress)

Experimental signatures — over-densities

Unbound (gravitational focusing) Bound (gravitational atoms)
1.030F o 12.135
Preliminary Preliminary mpm = 10777777 eV
P/ Pom
I Earth Jupiter Saturn Uranus Neptune
1.025 6 63.0957
4 41.6869
= 27.5423
& 1.020 2 18.1970
: of o Q 12.0226
Q 7.9433
1.015} 5.2481
3.4674
2.2909
1.010} /AU 1.5136
0 1x 107 2x107 3x10’ 4x107
Time [s] Over-dense sub-halos form around the Sun and planets

potentially overlapping

Oscillating lighthouse effect of
solar-focused dark matter density on Earth
21



JC, SG (in progress)

Experimental signatures — coherence time

Unbound (gravitational focusing) Bound (gravitational atoms)

In bound states, velocity becomes

GM.,
R,

Vp —

Dispersion tends to zero,
coherence time tends to infinity

Velocity dispersion narrows, coherence time increases
22



Multi-axion halos and focusing

The string axiverse and other theories predict a spectrum

of axion masses that could make up dark matter

PDM = sz‘ = Z %m?ff@?

Each of these are a small subcomponent of the total

dark matter, relaxing constraints on self-interactions and

allowing many overlapping dense sub-halos to form!

/

/PSD [1/VHz]

. Overlapping features
1 ’to disentangle! ]

Wi o

Fre-quency [Hz]

JC, SG (in progress)
Arvanitaki et al. (0905.4720)

15
R, (the Sun) mpy = 107"° eV,

10}

mpy = 1071475 gV,

-10¢

~19L, , . , . . .
-15 -10 -5 0 5 10 15
x| AU

Solar onion with many overlapping halos
23



Badurina et al. (2505.00781)

Detection scenarios in space i
requency [Hz]
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Badurina et al. (2505.00781)

Detection scenarios in space Frequency [Ha1
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Summary

Upcoming quantum sensor experiments have an increasingly rich
phenomenology of candidates and signatures to explore!

Spin-2 ULDM is naturally probed by atom interferometers through
several different channels! Other GW/ULDM experiments may also
detect other couplings not probed by atom interferometers.

Generic features of ULDM in the solar system may lead to new
search strategies and motivate space-based quantum sensors.
Results are even more promising in multi-DM scenarios!

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282
J. Carlton, S. Gardner. (In progress) 26




Back up



Interferometer sequence

< “Beam—splitter”_,
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t // //
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to — 0 tl = T tQ — 2T

Mach-Zehnder
interferometer

Image atom fringes
and measure phase

OMZ = k’QTQ

Leading order phase depends
on gravitational acceleration

28



A classical ULDM field
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Ultralight mass means a high occupation number

Can describe as a classical field
p(t,x) ~ cos(w,t — ki, -

Frequency given by ULDM mass

(with small velocity correction) W ~2my | 1+ —

Badurina et al. arxiv: 2109.10965 29




Atoms in a scalar ULDM field

photon coupling electron coupling
/ Z

d,’ o
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me(t, ) = me [1 +d,, /7Gx (L, a,-)]

Badurina et al. arxiv: 2109.10965 30




Two sensitivity L/
it

channels

Interrogation
time
(GWs)

Atomic
transition

frequency
(Scalar ULDM)
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