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• Dielectric particles (100 nm - 30 𝜇m) optically trapped in UHV (≲10-8 mbar)
 - extreme isolation, charge control, precise position measurement

Levitated optomechanical sensors

• ~10-12 m · Hz-1/2 position sensing, with
~10-21  N · Hz-1/2 force sensitivity

Silica nanospheres (~fg, 100-300 nm)

NA = 0.77 lens

166 nm sphere

Magrini et al., Nature 595, 373–377 (2021), 
See also Tebbenjohanns et al., Nature 595, 378–382 
(2021)

• Ground state cooling + quantum control

(Vienna)
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Position measurement

Magrini et al., Nature 595, 373–377 (2021)• Monitor sphere position via forward/backward 
scattered light

• Identify instantaneous momentum transfer 
that gives a “kick”
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Impulse sensing
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• “Standard Quantum Limit”

Smallest detectable momentum “kicks”
Impulse signal

Clerk, PRB 70.24, 245306 (2004)

~ 15  keV /c (150 nm sphere @150 kHz)

• Scattered light carries position information; “weak continuous measurement”



Recoil-based dark matter searches
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Dark matter: single particle or 
composite “nugget”

φ: light (long-range) 
mediator

• Generic “fifth force” DM-nucleon coupling

• Instantaneous impulses: Δt ≪ 1 ns, versus 
sphere response time ~10 𝜇s 

• Strategy: monitor sphere position and 
wait for rare, unexpected “kicks”

4 mm

Proof-of-principle search with a 10 𝜇m silica 
microsphere:

Monteiro et al., PRL 125, 181102 (2020)
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Sensitivity calibration

• Control on charge, spin, and COM temperature

• Direct calibration with 
known electric pulses
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DM sensitivities
• Low detection thresholds (Δp ~ 15 keV/c) with small sizes (d ~ 100 nm) probe lighter dark 

matter and heavier mediators

• Also probes sub-GeV single particle 
DM with a heavy/light mediator

See Afek et al., PRL 128, 101301 (2022)

• Coherent scattering cross section

d ~ 100 nm
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Sterile neutrinos
• With isotope-doping (𝛽 or EC emitters) and secondary particle detectors, a recoil 

measurement allows reconstruction of 𝜈 momentum

• Search for kev-scale sterile 𝜈 and “invisible” particles in nuclear decays

D. Carney, K. Leach, and D. C. Moore, “Searches for massive neutrinos with mechanical quantum 
sensors,” PRX Quantum 4, 010315 (2023) arXiv:2207.05883

𝛽 decay EC decay
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• Search for kev-MeV scale sterile 𝜈

Sterile neutrinos

• Moderate exposure with existing technologies gives orders of magnitude improvement

• Proof-of-principle 𝛼-recoil detection underway!

Example 𝛽 decay (32P) 1 sphere-month constraints with 𝛽-isotopes
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Summary
• We are developing new levitated optomechanical sensors, with applications 

at the precision frontier of particle and nuclear physics!

Collaborators at LBNL:
Dan Carney                         Xinran Li
Rebecca Carney                 Giacomo Marocco
Peter Denes                        Emil Rofors
Maurice Garcia-Sciveres    Peter Sorensen
Tsai-Chen Lee

The QuIPS team at Yale:
(Quantum Invisible Particle Sensor)
Cecily Lowe          Ben Siegel
Dave Moore         Yu-Han Tseng
Andrew Nupp       Jiaxiang Wang
Tom Penny           Molly Watts
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Existing constraints on steriles
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Proof-of-principle DM search
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• 10 𝜇m microsphere, 7 days of exposure

4 mm

• Direct calibration of impulse sensitivity (~150 MeV /c) Afek et al., PRA 104, 053512 (2021)
Monteiro et al., PRA 101, 053835 (2020)
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• Control on charge, spin, dipole orientation (if needed), and COM



LivetimeData quality

DM signal

Recon 
noise

15Constraining DM-neutron coupling

• Dominant background is spurious 
environmental noise

Sensitivity →

Coherence

Flux↗ 

• Coherence over entire detector is 
maintained for light mediators

• World’s best limits on some composite 
DM models with a moderate exposure

~1029

Monteiro et al., PRL 125, 181102 (2020)
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Scaling up: microsphere array 
• A large array of sensors probes smaller couplings and reject common background

Ben Siegel (Yale)

Can trap ~10 spheres with 
standard loading techniques

• Time sharing 2D array achieved by an acoustic-optic deflector (AOD) - independent 
control on each trapped microsphere

Auxiliary beam

Trapping beams
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Slide by Ben Siegel (Yale)
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Coherent scattering with nanospheres
• Trapped ~15 nm spheres offer even lower detection thresholds

○ Detectable impulses are coherent over the entire sphere, even for 
short-range interactions

Afek et al., PRL. 128, 101301 (2022)

200 nm sphere
(nuclear coherence)

15 nm sphere 
(full coherence)

Heavy mediator


