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1. What is > 80% of matter ?
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http://earthsky.org/space/

http://scienceblogs.com/startswithabang/files/2012/04/rotationCurve.jpeg



Sean Carroll’s blog

• …there is no DM, but we do not get gravity?
• Perhaps, not



¨ A gross misunderstanding of gravity (MOND, …) 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 ??? 
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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)
¨ Cannot be lighter than ~ 10-22 eV
¨ … (e.g., BEC ?)               
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² How to search for axions (or Axion-Like Particles) ?

² Cosmic Axion Spin Precession Experiment

² Global Network of Optical Magnetometers for 

Exotic physics searches

²Dilatons

² Scalar sourcing by masses

² Cosmic Parity Violation

² Dark Sector searches and fundamental symmetries

² Conclusions
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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

QCD axion
(CASPEr-E)

Axion-like Particles 
(CASPEr-Wind, GNOME, QUAX)

Most
Searches

P. Graham
S. Rajendran

2017 
New Horizons 

In Physics 
Prize
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The principle of the microwave-cavity haloscopes:
ADMX, ADMX-HF, CAPP, ORGAN

Karl van Bibber
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New Haloscope Proposals: ABRACADABRA (MIT) and DM Radio 

Peter Graham



15Phys. Rev. A 95, 032505 (2017) Pachucki & Yerokhin
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Sm

4f66s2 → 4f66s6p 

King plots

4f66s2 → 4f55d6s2

Plots from DB’s Diploma Thesis (Novosibirsk, 1985) 
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arXiv:1704.05068



Proposal:
Peter Graham

Surjeet Rajendran
Alex Sushkov

Micah Ledbetter
Dmitry Budker

PRD 88 (2013) arXiv:1306.6088, 
PRX (2014) arxXiv:1306.6089,

PRD 84 (2011)  arXiv:1101.2691

Cosmic Axion Spin Precession Experiment 
(CASPEr)

102 Hz 1012 Hz104 Hz 106 Hz 108 Hz 1010 Hz

ADMXCASPEr

axion mass (frequency)



CASPEr Overview
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Key ideas:

• Axion (ALP) field oscillates

• at a frequency equal to its mass (Hz to GHz)

• è time varying CP-odd nuclear moments:

• nEDM, Schiff, …

• Also: axion wind (like a magnetic field)

• v ~ 10-3 c (virial velocity)

• Coherence time: [ma(v/c)2]-1 è Q~106

CASPEr-Electric

CASPEr-Wind
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Resonance:

Nuclear Magnetic Resonance (NMR)
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SQUID
pickup
loop

Larmor frequency = axion mass ➔ resonant enhancement

CASPEr

axion “wind”
OR

SQUID measures resulting transverse magnetization

Example materials: liquid 129Xe, ferroelectric PbTiO3
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Prof. A. Sushkov
Deniz Aybas

Alex Wilchewski
(JGU Mainz)
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ALPs may form domains (or clumps, strings, …) 

But how to detect them?



Issue edited by: Klaus Blaum, Holger Müller, Nathal Severijns

Prof. Derek F. Jackson Kimball
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¨ Synchronized separated, shielded mags

¨ Detect pseudomagnetic field from wall crossing

¨ Modern atomic magnetometers are sensitive ! 
<1 fT/Hz1/2

¨ Electron and nuclear spin based mags
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Mainz GNOME team

Hector Masia Roig

Arne Wickenbrock

Samer Afach
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budker.uni-mainz.de/gnome/

¨ Taking data now! (Coordinated runs: July&Nov, 2016; also NOW)
¨ Also clocks! (A. Derevianko and M. Pospelov, 2014)



2017 
New Horizons 

In Physics 
Prize



A B

Δè3 MHz – 2 
GHz

transitions
in 5 isotopes

Δ(t)

dΔ/dt ~2.0 x 1015 Hz Ÿ

V. Dzuba et al, Phys. Rev A 77, 012515 (2008)

• Limits on alpha variation
• Dependence on gravitational potential
• Lorentz-Invariance violation (for electrons)
• …



arXiv:1503.06886

Phys. Rev.Lett.
115, (2015)





Constraints on Scalar/Pseudoscalar 
Quadratic Interaction with the Photon

BBN, CMB and Dy: [Stadnik, Flambaum, arXiv:1503.08540 + arXiv:1504.01798]
Supernova energy loss bounds: [Olive, Pospelov, PRD 77, 043524 (2008)]

Victor V. Flambaum

Yevgeny Stadnik
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Prof. H. Katori
Jan. 2017
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Does heavy weight affect 𝜶 ?



Does heavy weight affect 𝜶 ?
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Z

e
e

γ

Weak 
interaction

(violates parity)

Electromagnetic
interaction

(conserves parity)

• Main Source: Z exchange

• P-odd, T-even correlation  σ
!"
⋅ "p



• Is parity conserved by gravitation ?
• How to check? è centrifuge (EEP)

• Can we test gravity via APV ?
• Probably not…
• … but can look for exotic cosmic fields

 
σ
!"
⋅
"
Ω× "r( ) =σ!" ⋅ "v =σ!" ⋅ "p /m



From nuclear anapoles

Phys. Rev. Lett. 113; Phys. Rev. D 90 (2014)



² DM and Axions/ALPs

² How to look for Axions/ALPs

² Sneaky ways (atomic spectroscopy)

² Cosmic Axion Spin Precession Experiment

² Global Network of Optical Magnetometers for 

Exotic physics searches

²Beyond Axions: dilatons, scalar sourcing by masses

² Dark Sector searches and fundamental symmetries






