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Dark matter candidates

« There is astrophysical evidence for dark matter spanning from galactic to cosmological length scales

«  WIMPs and Axions are compelling candidates for this DM

Dark matter mass: GUT
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Wave-like (n/A3 > 1) Particle-like (n/13 < 1)

Adapted from US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report, arXiv:1707.04591
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Dark matter candidates

« There is astrophysical evidence for dark matter spanning from galactic to cosmological length scales

WIMPs and Axions are compelling candidates for this DM... but a much larger set of models is consistent with
astrophysical observations

Dark matter mass: GUT
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV EeV Zzev scale M 30M_
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Compton Pre-inflation | Post-inflation Mostly ruled out
wavelength fits in Axions WIMPs Composite/macroscopic DM by “micro™-
smallest galaxies lensing surveys
o : Sterile v
Axion-like particles
> _ Q-balls
. . Hidden sector DM
Ultra-light scalar fields WIMPzillas Black
holes(?)
Dark photons
+ many more...
Wave-like (n/A3 > 1) Particle-like (n/13 < 1)

Adapted from US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report, arXiv:1707.04591
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Model independent search

« Thinking big, one can at least imagine what a model-independent terrestrial search for dark matter might

look like
Gravitational impulse: Array of sensors: Thermal noise (levitated sensor @ 10-'2 mbar):
v Dark matter ~ Sensor mass
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’ . Array of d =1 mm
\. ‘ \. ‘ ‘ -> 109 sensors!
Carney et al., "Proposal for gravitational direct detection of dark matter,” PRD 102, 072003 (2020), arXiv:1903.00492
* For sufficiently heavy dark matter (m, ~ mp;) this might be possible, at least in principle

 Measurement limits are a key issue = need at least 30 dB beyond the “standard quantum limit!!!
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Levitated optomechanics

 Nano- to micro-sized dielectric masses can be
optically trapped with ~100 mW of laser power

» Optical tweezers are a common tool in
biophysics to measure ~pN forces

Photographs of trapped nano/micro
particles at Yale:

« Levitated masses are isolated both electrically
and thermally

- Force sensitivities at the zN level and
acceleration sensitivities near a nano-g

Force and acceleration sensitivity vs particle mass:

S S
10-19 (W 14n-6

> =
= 10204 1107 %
2 & ; o
5 G ”
Q 1021 108
s (&)

(]
u? : : : <

fg Pg ng

Particle mass

Levitation trap
(~1 =30 um):
~1 pg — 30 ng

4
+ £ 7
\?' /4
9 N oy
ey,
@ 7
Nl

Arthur Gérard Donna
Ashkin Mourou Strickland

“for groundbreaking inventions
in the field of laser physics”

THE ROYAL SWEDISH ACADEMY OF SCIENCES

D. Moore, Yale YCIU - May 30, 2025



Rearrangement example (10 um spheres @ ~1 mbar):

Microsphere arrays

* Microsphere trap has been upgraded
~10 x 10 arrays

« Similar technology to tweezer arrays fo
- Real time control over trap positio

7x7 array of spheres (~1 mbar):

\/

Played at 8x speed

D. Moore, Yale Siegel et al. PRA 111, 033514 (2025) YCIU - May 30, 2025



Kinematic detection of (particle) dark matter

« While the momentum sensitivity is sufficient to detect dark matter scatters, the rate of

scatters can be very small

« Most sensitive to dark matter models that primarily interact conerently with entire objects

Ton-scale WIMP detectors (e.g. LZ, DarkSide, ...):

Xe (A~100)

Coherence only over a single nucleus:

Rate x N; A% g,
/ X\
D. Moore, Yale >1023 ~104

fg-ng scale trapped objects:

Long range force: Low momentum transfer:

-
v~ 200 kmls .o \{__JUW
Neutron DM Nugget q
Monteiro et al., PRL 125, 181102 (2020), Afek etal., PRL 128, 101301 (2022),
arXiv:2007.12067 arXiv:2111.03597

Coherence over an entire nano- or micro-sized object:

Rate « (N;)%0,,

Can rival Avogadro’s

~ (10°)% to (10%4) number!
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Dark matter search (long range force)

« Acquired 5 days of dark matter search data in June 2020, four candidate events remain in
non-Gaussian tail of distribution after all cuts

« Conservatively set limits on neutron coupling assuming candidates could arise from DM

Measured spectrum of impulses: Limits on generic DM-neutron coupling:
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Monteiro et al., PRL 125, 181102 (2020), arXiv:2007.12067
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Y M. Natural directionality = any detection
F UtU re Se n S Itl V I ty would be definitive!
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Summary

« Optomechanical systems may provide completely new methods for searching for dark
matter or other new weakly coupled particles

« We have recently performed searches for mechanical recoils from passing dark matter,
and similar sensors may have applications to neutrino physics

« Ambitious future extensions of these techniques are likely possible well beyond existing
searches, providing new tools to probe the invisible universe!

D. Moore, Yale
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