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Optically levitated nanospheres

Harmonic motion at 50 kHz (natural
directionality); precision ~0.1 pm/,/Hz
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e Strongly focused “tweezer” trap with a NA=0.77 aspheric lens at
A=1064 nm

e Extreme isolation: UHV (~10°® mbar) operation with feedback

Silica nanosphere (5 fg) » cooling of center-of-mass motion
i‘diamet‘er=166 nm e " :
e Quantum-limited position measurement with homodyne

backscatter z detection




ImpU|Se SenSIng This talk: particle-like DM <E> ’
with a generic long-range
Gravitational detection (Windchime) neutron coupling
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vpm ~ 200 km/s Measurement added noise

Carney et al., Phys. Rev. D 102, 072003 (2020) - (imprecision and backaction)

e Signal of interest is instantaneous momentum transfers (“impulses”)

e Standard quantum limit for impulse measurement
(Ap)sor = Vhm )y, Ap~ F - 0(t).
=~ 25 keV/c (5 fg sphere @ 50 kHz)

C. M. Caves et al., Rev. Mod. Phys. 52 (2), 341 (1980)
A. A. Clerk et al., Rev. Mod. Phys. 82 (2), 1155-1208 (2010)
A. A. Clerk, Phys. Rev. B 70.24, 245306 (2004)

¢ Not a fundamental limit; ways to surpass the SQL are under active study
E.g., S. Ghosh et al., Phys. Rev. A 102, 023525 (2020), T.-C. Lee et al., arXiv:2502.05168



Impulse calibration
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Net charge control in UHV with single-e precision
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Example calibration pulses: Ap = 1.3 MeV/c

Averaged response

over many| pulses
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Calibrated impulse resolution o, <180 keV/c.
That is ~6x the SQL.

Optimal filter reconstruction, S/N~7
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Dark matter search (5 fg silica-month)
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95 % C L u p per I i m itS See also F. Monteiro et al., Phys. Rev. Lett. 125, 181102 (2020)

Start losing coherence at

mg ~ 1 eV ~ (200 nm)’ T WIMP searches (large form factor suppression)
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e (Constrain generic DM-neutron coupling down to the 10 nm scale
o

Outperform existing direct detection searches for certain composite DM models
o DM coherently scatters off the entire nanosphere (rather than a single nucleus)



Light dark matter (heavy mediator)

G. Afek et al., Phys. Rev. Lett.. 128, 101301 (2022)
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e Arrays of levitated sensors probe MeV-scale light dark matter 2m/q ~ Tsp
[ J

Smaller, 15 nm spheres probe impulses <100 eV/c, with DM scattering coherent over .
the entire sphere )) \
o Similar sensitivity extends to the case of a light mediator —

15 nm




See also Kyle Leach’s talk on Tuesday

Sterile neutrino searches

D. Carney, K. Leach, and D. C. Moore, PRX Quantum 4, 010315 (2023)
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e Mechanical measurement of v momentum
o Isotope doping (*°Y, °'Cr, 3"Ar), secondary particle detectors, and 3D optical recoil measurement

e Search for kev-MeV sterile neutrino dark matter and new particles in nuclear decays
o Probe|U_J* > 10" with a moderate exposure, ultimately [U_,* 2 107°

e Proof-of-principle a detection J. Wang et al., Phys. Rev. Lett. 133, 023602 (2024)



Summary

e We have demonstrated impulse sensitivity <180 keV/c with quantum-limited position measurement of
silica nanospheres optically trapped in vacuum.

e We have performed a dark matter search based on the developed sensors. Future applications include
MeV-scale light dark matter and sterile neutrino searches.
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Noise budget (preliminary)
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Optimal position detection

e We collect only part of the scattered photons in experiment

e |n addition, some scattered photons carry more information than
others

S..lw] = SZPF[w] + 57 /naetection + S 2| x[w] |

e For a dipolar scatterer, most z information is carried by the
backward-scattered photons, giving n, > 0.5

Ap~2-(2m/X) -z Ap~7/2
Ap ~ 2hk Ap ~0
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F. Tebbenjohanns et al., Phys. Rev. A 100, 043821 (2019)
P. Maurer et al., Phys. Rev. A 108, 033714 (2023)




Background: gas collisions

G. Afek et al., Phys. Rev. Lett.. 128, 101301 (2022)
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Existing constraints on steriles

A wide variety of searches have been
performed for sterile v:

Mass range (laboratory): R

~eV: Short-baseline oscillations,
reactors, 3H spectrum

~keV — MeV: Beta decay spectra

>MeV: Heavy neutral leptons at
accelerators )

.

If sterile v constitute significant fraction
of DM, strong x-ray constraints exist

~keV sterile v with mixing ~10-1%are a
viable DM candidate

Experimental limits on sterile v mixing with v,:
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Bolton et al., JHEP 2020, 170 (2020), arXiv:1912.03058
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