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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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¨ Galactic DM density: ~0.4 GeV/cm3 (10 GeV/cm3 d.g.)
¨ Has to be nonrelativistic: v/c ~ 10-3 (cold DM)
¨ Has to be bosonic if  m < ~ 20 eV (1 keV dwarf galaxies)
¨ ”Bosonic Oscillator” with Q ~ (v/c)-2 ~ 106

¨ Cannot be lighter than ~ 10-22 eV
¨ … (e.g., BEC ?)               
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Density

Coherence time and length

Spatial pattern = speckle

From: D. Budker and A. Sushkov Physics on Your Feet, 
2nd Edition, OUP (forthcoming)
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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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Global Network of Optical Magnetometers for Exotic 
searches

• Network of shielded, GPS-synchronized magnetometers + clocks, interferometers,...

• Sensitive to topological Dark Matter: domain walls, axion (ALP) stars, Phys. Rev. D (2018)

• Multi-messenger astronomy (e.g., look for ALPs from sources of gravitational waves)

• Sensor-correlation techniques resembling those of LIGO/Virgo

• Status: Science Run 2 complete, results to be announced; Run 3: ongoing

Idea and proof-of-concept:
Annalen der Physik 525(8-9), 659–70 
(2013);
Phys. Rev. Lett. 110, 021803 (2013)
System description: Physics of the Dark 
Universe 22, 162-180 
(2018), arXiv:1807.09391
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.043002
http://prl.aps.org/abstract/PRL/v110/i2/e021803
https://doi.org/10.1016/j.dark.2018.10.002
https://arxiv.org/abs/1807.09391


10Animation: Arne Wickenbrock



Physics of the Dark Universe28, May 2020, 100494; arXiv:1912.08727

11

arXiv:2102.13379

https://www.sciencedirect.com/science/article/abs/pii/S2212686419303760
https://www.sciencedirect.com/science/journal/22126864/28/supp/C
https://arxiv.org/abs/1912.08727
https://arxiv.org/abs/2102.13379
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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

Prof. Xing Rong (USTC) 13
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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) Phys. Rev. Lett. 127, 010501 (2021)

15Prof. Xing Rong (USTC)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.010501


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.

16Prof. Xing Rong (USTC)

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 < 10-15Res
olve
d?
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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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LT = frame dragging

dS = geodetic



20Phys. Rev. A 95, 032505 (2017) Pachucki & Yerokhin

http://journals.aps.org/pra/abstract/10.1103/PhysRevA.95.032505


Also: 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



26

• 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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Part II : let us dig in!



Ø Big clean-up ?
§ Strong CP problem
§ Dark Matter
§ Dark Energy
§ Baryon asymmetry of the Universe
§ Hierarchy?
§ …
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http://earthsky.org/space/



Axion (ALP) Interactions
Gravity

+

Gauge Fields Fermions

(nEDM, CASPEr-E) (CASPEr-Gradient, GNOME, QUAX)Most Searches,
DM radio
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Key Ideas:
• Dark Matter could be a “classical” field
• Not screened by shielding
• Oscillating at frequency: mc2/h
• Relatively narrow line: Δ𝜈/ 𝜈 ~10-6
➟ Cosmic Axion Spin-Precession Experiment(s)

CASPEr



31A. 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
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(PMNPT)

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



34A. 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+2021) 
comagnetometer

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



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

40 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):

42 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
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Gary P. Centers et al , arXiv:1905.13650 (2019-2021)

https://arxiv.org/abs/1905.13650
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Thermal light source Polarizer Detector

Ø Q: What is the most probable instantaneous intensity ?
ØA: zero !

From: D. Budker and A. Sushkov Physics on Your Feet, OUP 2015
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Gary P. Centers, John W. Blanchard, Jan Conrad, Nataniel L. Figueroa, Antoine 
Garcon, Alexander V. Gramolin, Derek F. Jackson Kimball, Matthew Lawson, 
Bart Pelssers, Joeseph A. Smiga, Yevgeny Stadnik, Alexander O. Sushkov, Arne 
Wickenbrock, Dmitry Budker, and Andrei Derevianko, Stochastic fluctuations 
of bosonic dark matter, arXiv:1905.13650 (2019)

Ø Also velocity
(magnitude and direction)

Dilaton constraints

https://arxiv.org/abs/1905.13650
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Gilad Perez
Weizmann Institute



♦ Relaxion => solves hierarchy and strong CP problems

♦ Axion-like particle but mixes with the Higgs => has scalar interactions  

Flacke, Frugiuele, Fuchs, Gupta & Perez; Choi & Im (16)

Graham, Kaplan & Rajendran (15); Hook,Marques-Tavares; Gupta, Komargodski, Perez & Ubaldi (16); 
Davidi, Gupta, Perez, Redigolo & Shalit; Gupta; Nelson & Prescod-Weinstein (17)

♦ Minimal model provides viable axion-like dark matter (DM);                   
for:                                     

Banerjee, Kim & Perez (18)

♦ DM can form stars & halos around Earth \w large over densities

10!"#eV ≲ 𝑚$≡&'()* ≲ 10!+eV

Relaxion stars and their detection via atomic physics
Abhishek Banerjee, Dmitry Budker, Joshua Eby, Hyungjin Kim & Gilad Perez

COMMUNICATIONS PHYSICS (2020) 3:1 arXiv:1902.08212
54

https://www.nature.com/articles/s42005-019-0260-3
https://arxiv.org/abs/1902.08212


• Jun Ye et al: cavity-clock comparison
• Even faster: A “weekend” experiment @ Mainz ?

Dr. Dionysis Antypas Oleg Tretiak Prof. Roee Ozeri Antoine Garcon
Helmholtz Institute, JGU Mainz HIM, JGU Mainz Weizmann Institute HIM, JGU Mainz
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* Sensitive to variation  of 𝛂 and me

Cs D2 line (852 nm)

58

D. Antypas et al, PHYSICAL REVIEW LETTERS 
123, 141102 (2019);  arXiv:1905.02968

https://arxiv.org/abs/1905.02968
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• Projection: 10-18 (Cs)

• WReSL-molecules
with S. Schiller group

• Sensitive to oscill. of
nuclear mass

https://iopscience.iop.org/article/10.1088/2058-9565/abe472


¨ Dionysios Antypas, Dmitry Budker, Victor V. Flambaum, Mikhail G. 
Kozlov, Gilad Perez, and Jun Ye, 

ANNALEN DER PHYSIK 2020, 1900566; arXiv:1912.01335
¨ Old thinking: only dimensionless constants may vary
¨ New thinking: me /< me >; 𝛂/< 𝛂>, ...  are OK
¨ Origin of apparent variations: bosonic fields
¨ BSM (and BBSM) physics is tricky!
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https://doi.org/10.1002/andp.201900566
https://arxiv.org/abs/1912.01335
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• Tunnel-through-the-Earth problem (T≈80 min)
• Generalization to 

Hypothetical Internally Orbiting matter (HIO)

• Earth is NOT of uniform density 

• Small amplitude, near center:

arXiv:1912.01900Eur. Phys. J. D 74, 115 (2020

https://arxiv.org/abs/1912.01900
https://doi.org/10.1140/epjd/e2020-10069-8
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Figure credit: https://www.gfz-potsdam.de/en/scientific-
infrastructure/research-infrastructures/global-observatories/

https://www.gfz-potsdam.de/en/scientific-infrastructure/research-infrastructures/global-observatories/
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See also: C. J. Horowitz and R. Widmer-Schnidrig. 
Gravimeter search for compact
dark matter objects moving in the Earth; 
arXiv 1912.00940, PRL 2019
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¨ Collaboration with 
BASE

¨ Search for ALP-
induced antiproton 
spin precession

Stefan Ulmer

Ch. Smorra Y. Stadnik66
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Ariel Zhitnitsky
DFSZ (Dine–Fischler–Srednicki–Zhitnitsky)

No BSM physics (except the axion) and they explain everything ?
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https://arxiv.org/abs/2003.07363

https://arxiv.org/abs/2003.07363
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AQN 
detected?

Acoustic

Seismic
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Elephants…Ultralight bosonic DM
searches with networks

… with “clocks”

…with antimatter…with gravimeters
…with NMR

…with seismometers



72



73

From: Ultralight Bosonic Dark Matter, 
D. F. Jackson Kimball and Karl van Bibber, Springer 2021
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From: Ultralight Bosonic Dark Matter, 
D. F. Jackson Kimball and Karl van Bibber, Springer 2021
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