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Matter-antimatter Asymmetry Similar amount of matter and DM

Strong-CP problem Hierarchy problem

Dark Energy



¨ A gross misunderstanding of gravity (MOND, …) ???
¨ Proca MHD (finite photon mass)            L?
¨ Black holes, dark planets, interstellar gas, … L?
¨ WIMPS    J
¨ Ultralight bosonic particles

¡ Axions (pseudoscalar) J
¡ ALPs (pseudoscalar) J
¡ Dilatons (scalar) J
¡ Vector  particles J
¡ Tensor particles ???

¨ Antiquark Nuggets (AQN) !!!J!!!
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• NMR (CASPEr)
• Spin-based sensors for DM: masers, spin amplifiers
• Spin-based sensors for fifth-force searches (single NV, cells)
• GNOME, clock networks, hybrid networks
• Gravimeters
• Atomic spectroscopy 
• Antimatter

• Levitated magnets
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Cancel unwanted signals

ü Atomic scale

ü Near surface

ü Precise quantum control

ü NV + AFM

Shorter force range

Good sensitivity
Features

Utilizing single-spin sensor to search for exotic interactions

NV centers in diamond: single-spin sensors Diagram of the setup: NV sensor + AFM
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Previous catalogs:

• J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984)
• B. A. Dobrescu and I. Mocioiu, J. High Energy Phys. 11 (2006)



Monopole-dipole interaction Dipole-dipole interaction Velocity-dependent 
monopole-dipole interaction

Search results with NV sensors 

Phys. Rev. Lett. 121, 080402 (2018)Nature Communications 9,739 (2018) arXiv : 2009.09257 (2020)
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Possible sources Contribution to the 
phase factor（rad）

Tuning fork < 10-3

Charges on the mass < 10-4

Casimir Force < 10-5

Diamagnetism of the mass < 10-10

Effect due to the moving dielectric < 10-15

Nuclear spin in the mass < 10-15

Velocity-dependent monopole-dipole interaction

Non-zero phase factor  

arXiv : 2010.15667 (2020)

One search yields nonzero signal !

Velocity-dependent

We analyzed several possible sources of the observed 
signal and they cannot explain the nonzero signal. 
Further experiments are being carried out to figure out 
the possible source of this signal.
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”Exotic” potentials:
(P. Fadeev et al 2019 Phys. Rev. A 99 022113) 

Experiments @ SOTON, Trento, 
Paris, Harvard …

Promising projections!

Spin source:1 mm radius SmCo sphere; 1 mm from FG; integration time t = 106 s
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15Phys. Rev. A 95, 032505 (2017) Pachucki & Yerokhin

http://journals.aps.org/pra/abstract/10.1103/PhysRevA.95.032505
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In progress: antiprotonic He
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Sm

4f66s2→ 4f66s6p 

King plots

4f66s2→ 4f55d6s2

Plots from DB’s Diploma Thesis (Novosibirsk, 1985) 
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King Plot

Coming here soon

~300 Hz per isotope pair
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• D. Aybas, et al, Search for axion-like dark matter using solid-state nuclear magnetic resonance, Phys. Rev. 
Lett. 126, 141802 (2021)

• M. Jiang, H. Su, A. Garcon, X. Peng, and D. Budker, Search for axion-like dark matter with spin-based 
amplifiers, arXiv:2102.01448 (2021)

• H. Su, et al, Search for exotic spin-dependent interactions with a spin-based 
amplifier, arXiv:2103.15282 (2021)

• S. Afach, et al, Search for topological defect dark matter using the global network of optical magnetometers 
for exotic physics searches (GNOME); arXiv:2102.13379 (2021)

• N. L. Figueroa, et al, Dark matter searches using accelerometer-based networks, Quantum Sci. 
Technol. 6 034004 (2021)

• D. Antypas, et al, Fast apparent oscillations of fundamental
constants, ANNALEN DER PHYSIK 1900566 (2020)
• P. Fadeev, et al,Ferromagnetic Gyroscopes for Tests of 
Fundamental Physics, Quant. Sci. Tech. 6(2) 024006 (2021)
• C. Smorra, et al, Direct limits on the interaction of antiprotons 
with axion-like dark matter. Nature 575, 310-314 (2019)

https://doi.org/10.1103/PhysRevLett.126.141802
https://arxiv.org/abs/2102.01448
https://arxiv.org/abs/2103.15282
https://arxiv.org/abs/2102.13379
https://doi.org/10.1088/2058-9565/abef4f
https://doi.org/10.1002/andp.201900566
https://iopscience.iop.org/article/10.1088/2058-9565/abd892
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23A. Sushkov

DM 

Deniz Aybas, et al, PRL 126, 141802 (2021)
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D. F. Jackson Kimball et. al. in G. Carosi, G. Rybka (eds.), Microwave Cavities and Detectors for Axion Research,
Springer Proceedings in Physics 245, https://doi.org/10.1007/978-3-030-43761-9_13

https://doi.org/10.1007/978-3-030-43761-9_13


25

(PMNPT)

Deniz Aybas, et al, PRL 126, 141802 (2021)



26A. Sushkov Gen 3 :  Big Sample + Hyperpolarization !



Zero-field NMR 
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Recent strong limits (not CASPEr):

• I. M. Bloch, Y. Hochberg et al (2020) 
comagnetometer analysis

• Jiang Min et al (2021) 
spin amplifier + maser



¨ Higher frequencies: data runs start in 2021 (virus permitting)!

32 Cryogenics magnet; B < 0.15 T (<1.6 MHz for 129Xe)



CASPEr-gradient setup
Cryogenics Lt.
0.1 T (1 kG) superconducting
Cold, wet bore
Superconducting shield

H. Bekker
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¨ Even higher frequencies are in the plan (~2 years):

34 Cryogenics magnet; B < 14.1 T (166 MHz for 129Xe)
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arXiv:2102.01448

https://arxiv.org/abs/2102.01448
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arXiv:2102.01448

https://arxiv.org/abs/2102.01448
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Haowen Su, et al, arXiv:2103.15282

https://arxiv.org/abs/2103.15282


Schematic of experimental setup and damping feedback mechanism

Min Jiang et al. Sci Adv 2021;7:eabe0719



Maser-based magnetometry on the first-order Floquet
sideband of 129Xe

Min Jiang et al. Sci Adv 2021;7:eabe0719


