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Outline

* Wavelike DM
-Scalar-like: Optical-cavity-based detectors
-Vector-like: Accelerometer detectors

* Particle/extended-object DM
-Gravitational Wave detectors for DM (also Axions)
-Levitated microspheres
-Windchime experiment

 Roadmap, Other techniques, and Discussion
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Ultra-light scalar Dark Matter

e Dark Matter mass scales:
>1022 eV (size of dwarf galaxies)
» Ultralight DM looks like coherent field rather than particle

Pp(r.t) = pocos (st —ky -r+...).

Po = M/ 2ppm/ (mye)

» Techniques for detecting oscillating scalar DM:
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Ultra-light scalar DM
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Detecting ultra-light Dark Matter with optical
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Reach for variation of electron mass d_ .
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Recent DM limits from other cavity experiments

Experiments are already constraining scalar dark matter!
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Quantum enhanced sensing: Squeezed light
for improved sensitivity ~10kHz

Borrow proven methods from GW community (LIGO, VIRGO):
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Quantum enhanced sensing: Squeezed light
for improved sensitivity ~10kHz

Borrow proven methods from GW community (LIGO, VIRGO):
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Quantum enhanced sensing: Squeezed light
for improved sensitivity 1-100 kHz
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Under development: Cryogenic quantum-
imited cavity network between Fermilab/NU

Center for Fundamental Physics (CFP)

3FFermilab < Most sensitive technique proposed so far to search for ultra-light scalar DM
in the audioband 10 Hz- 100 kHz
* Able to determine spatial dependence of DM fields
» Search for correlations between distant experiments
* Search for transient DM signals passing through both sites



Vector-like DM search using optomechanics

Differential acceleration between materials (e.g. if coupled to B-L)
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Manley et al. PRL 126, 061301 (2021).



A membrane-based dark photon detector

Differential acceleration between materials (e.g. if coupled to B-L)
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Gravitational waves

Ripples in space-time

* Discovered by LIGO Sep 2015 !!

* Sources:
* Inspirals of astrophysical objects
* |Inflation, Phase transitions, etc.

B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration)
Phys. Rev. Lett. 116, 061102 (2016).
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The Dark Sector

 GW detectors are a probe of the Dark Sector

-2 Axions

* Peccei-Quinn Axion (QCD) solves “strong-CP
problem” 6y, <107

EDM

e Dark matter candidate

R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977); S. Weinberg, Phys. Rev. Lett. 40, 223 (1978); F.
Wilczek, Phys. Rev. Lett. 40, 279 (1978).

—>Primordial Black Holes (PBHs)
* Remnant from early universe

* Wide range of possible masses (sub-M

sun)



GWs from Dark Matter?
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Levitated optomechanical sensors

nanoparticle standing-wave trap (opftical lattice) in UHV

.. ] ' T 3

PZT-bead
launcher
assembly 10-16 =
s
*® 2e-, 2 torr L 10}
2e-, expected E
Dual-beam fiber-based trap 1 0_17 le-. 2 torr NS 1k
with focusing optics /2 p— o
= &0 le-, HV -
v
le- ted 0.1}
E 18 i €-, expecte
10 mEg 1 ) e 3 T
o 10 107 10 10
g Frequency (Hz)
-19
10t . 6zZN -
Fmin’
-20
1077 F .
1 s sl PEEPEE R TTT | PEET SR ITT | PR E T | a2 2 saasasl
0 2 4
10 10 10

b (s)
S¢, =1.63+.37 aN/+/Hz

G. Ranjit, et.al., Phys. Rev. A, 93, 053801 (2016)
C. Montoya et. al. arXiv:2103.03420 (2021)

18



Frequency landscape for gravitational waves

Unexplored

COSMIC CREATORS OF
STARS to date
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A novel high-frequency GW detector

tm

1-100m

GW Strain h = AL/L

* Laser intensity changed to match trap frequency to GW frequency

e For a 10m cavity, h ~ 1022 Hz /2 at high frequency (100kHz)

* Limited by thermal noise in sensor (not laser shot noise) 2 much
better at high frequency!!

20

A. Arvanitaki and AG, Phys. Rev. Lett. 110, 071105 (2013)



1-m prototype detector layout
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Fiber based FP Cavity

Trapped microdisk High reflectivity mirror
60 mW 1550 nm ! or distributed bragg reflector
) (e I;::;-.____/
Target finesse ~10
“ I‘free Mh L g
~4 mm ~ 100 m
w =21 X100 kHz

K =21 x 51 kHz

A. Pontin, L.S. Mourounas, AG, and P.F. Barker, arXiv:1706.10227New. J. Phys (2018)



Dark Matter search — Axions and PBHs

Axion mass (eV)
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Vision for HF gravitational wave astronomy
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Displacement [nm]

Composite DM search with Levitated
microspheres

Search for Composite Dark Matter with Optically Levitated Sensors

Fernando Monteiro, Gadi Afek, Daniel Carney, Gordan Krnjaic, Jiaxiang Wang, and David C, Moore
Phys. Rev. Lett. 125, 181102 — Published 28 October 2020

~
(@ (b)
X v~ 200 kmls e {._,\hﬂ*b
F.‘ -------- e
y A
. % :sf—*
MNeutron DM Mugget q
4
(c) — in-loop
2 = put-of-loop

0 10
Time [ms]

30

40

Limit on neutron coupling, a,

10~ -

[

(=]
h
1

10-° 4

=

[=]
4
1

10-8 3

mg =0eV
— my = 0.01 eV
—_— 1y = 0.1 eV
— 1y = 1 eV

102

103

T AR | o T T
10% 10° 108 10’

DM mass, My [GeV]

108

DM-neutron cross section, oy, [cm?]

-
=]

-
(=]

10

—27 ] e
i -
-~ -
28] . T, =
_29 T LE| LE|
102 103 104 10°

DM mass, My, [GeV]

25




g parlg Matter Dirg:ct I}qtection

el el

Axions WIMPs gravitational
Axion-Like Particles Thermal Relics interaction
e.g. Primakoff-Effect e.g. Z-mediation alone
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102leV eV GeV PeV / Mpianck K8 M, Mg

 Well-motivated parameter range

we know there’s new physics at the Planck scale
gravitational interaction is guaranteed

 Dark Matter particle flux still accessible
mass density 0.3GeV/cm?3 — Flux ~1/m?/year

 Experimentally not completely crazy
but difficult: long-term project
Carney+ 1903.00492, Ghosh+ 1910.11892

Rafael: Windchime 26




~ Windchime: Array of Mechanical Accelerometers @ ?

el el

Start with available
sensor frame
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. }Nindlcbime: GraLVi‘tatiolngl Detection of Planck-Mass Dark Matter

el el

quantum noise suppression: computing:
short signals (neutrinos/sub-GeV) __streaming analysis, ML-based design

Detectors
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Rafael: Windchime




Timeline for developments and physics reach

* next 20+ years of expected and necessary
developments/challenges/milestones to reach scientific goals

Cavity DM searches, Cryogenic methods Squeezed light techniques  Lower-loss materials

Accelerometer sensors 3 square decades 6 square decades Improved squeezing, 10
scalar/vector DM parameter space square decades parameter
parameter space scalar/vector DM space for scalar/vector DM

Levitated sensor GW 1 m instrument 10-m instruments 100-m instruments,

detectors >100 kHz axion, GW search, >30 kHz axion, GW search Cryogenic, >5 kHz axion,
PBH search 0.1 kpc PBH search 1 kpc GW search, PBH search 10

kpc
Particle DM detectors Searches at TeV - Planck Searches at TeV - Planck Searches at TeV - Planck
(Windchime, levitated scale...isolation, noise scale...isolation, noise scale...isolation, noise

particles) suppression suppression suppression



Other related physics topics and technologies

« Atom interferometer and matter-wave accelerometers for GWs
and DM (see e.g. Jason’s talk @17:15)

* Bar detectors arvanitaki et. at Phys. Rev. Lett. 116, 031102 (2016)

e Superfluid-helium based detectors for GWs and DM
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Ssummary

* Optomechanical detection of DM looks very promising

- narrowband mechanical resonators/accelerometers

- broadband cavities

- gravitational wave searches for the Dark Sector (axions, PBHs)

- search for composite or Planck mass DM with levitated microspheres
or arrays of sensors (e.g. Windchime)

(also torsion balances, atom interferometers, superfluid He...)

— Exciting road ahead in coming decade(s)!
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