
DARK MATTER SEARCHES WITH 
MAGNETIC RESONANCE TECHNIQUES

DEREK F. JACKSON KIMBALL



OUTLINE

• Ultralight bosonic dark matter.

• NMR search for uniformly distributed bosonic 
dark matter (CASPEr). 

• Search for spin-dependent interactions mediated 
by ultralight bosons.

• Search for compact objects made of bosonic dark 
matter (GNOME). 



Ultralight dark matter
If dark matter is made of ultralight particles (m ≲ a few eV) 
they have long deBroglie wavelengths and high occupation 
number, thus manifest as waves at terrestrial detectors. 



Axions & axion-like particles (ALPs)
Pseudoscalar bosons that arise due to symmetries broken at an 
energy scale fa.

The axion/ALP mass is given by:

Appear in many extensions of the Standard Model (e.g., 
solutions to the strong CP problem and hierarchy problem, 
string theory, etc.). 

𝑚𝑎 ≈
Λ2

𝑓𝑎 For axions  = QCD confinement scale;
ALPs may have different  and f.



Astrophysical
constraints

ADMX

GUT scale Planck scale

CASPEr/GNOME

Probing high energy scales by 
searching for ultralight bosons



Axion couplings

Coupling to electromagnetic field

Coupling to gluon field

Coupling to fermion spins

CASPEr Electric

CASPEr Wind, GNOME



Dark photons
Low mass spin-1 bosons that couple weakly to standard model 
fermions.

Manifests as an oscillating dark electric field in rest frame:

There is a dark magnetic field due to the motion of Earth 
through the DM halo:

Can have dark electric dipole and 
dark magnetic dipole couplings.



Cosmic Axion Spin Precession Experiment

Cosmic Axion Spin Precession Experiment
(CASPEr)



D. Budker et al., Phys. Rev. X 4, 021030 (2014).
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Axion/ALP-induced spin precession



Axion field detection via NMR

Larmor frequency = axion Compton frequency
➔ resonant enhancement.





CASPEr Electric sample

Need maximum number of polarized spins, large electric field 
(also small Schiff suppression), and long T2.

Ferroelectric crystal, likely PMN-PT or PbTiO3.



Experimental strategy
(1) Thermally polarize spins in a 
cryogenic environment at high 
magnetic field (~ 10 T);

(2) Scan magnetic field down 
from 10 T -- Larmor frequency 
decreases from 45 MHz;

(3) Integrate for about 20 ms at 
each frequency, a complete 
scan takes around 1000 s  T1 to 
complete.



Experiments beginning!



CASPEr Electric sensitivity





CASPEr Wind sample: liquid Xenon

Relatively large sample can be 
hyperpolarized.

The enhancement factor can be 
on the order of 106.



Experimental
setup



Experiments beginning!



CASPEr Wind sensitivity





CASPEr ZULF sample: formic acid



Oscillating field → sidebands



Experimental setup



Procedure



Scanning phase for coherent averaging



Initial results: ALPs



Initial results: Dark photons



SEARCH FOR MONOPOLE-DIPOLE (SPIN-GRAVITY)
COUPLING BETWEEN PROTONS AND THE EARTH



THANKS TO MANY, MANY FANTASTIC 
UNDERGRADUATE STUDENTS



THESE EXPERIMENTS CAN TAKE A WHILE…





J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984);
B. A. Dobrescu and I. Mocioiu, J. High Energy Phys. 11, 5 (2006).

NEW SPIN-0 OR SPIN-1 BOSONS 
CAN GENERATE NEW FORCES



Hamiltonian in Earth’s field:
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SPIN-GRAVITY COUPLING

D. F. Jackson Kimball et al., Phys. Rev. D 96, 075004 (2017).
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DUAL-ISOTOPE RUBIDIUM COMAGNETOMETER



Form ratio of difference/sum of 
precession frequencies:

DUAL-ISOTOPE RUBIDIUM COMAGNETOMETER



Form ratio of difference/sum of 
precession frequencies:

= 0 if there is no spin-gravity interaction,

 0 if there is a spin-gravity interaction.

DUAL-ISOTOPE RUBIDIUM COMAGNETOMETER





TIME DOMAIN SIGNAL



FREQUENCY DOMAIN SIGNAL



FITS TO DATA



SUMMARY OF SYSTEMATIC ERRORS







Global Network 
of Optical 
Magnetometers 
to search for 
Exotic Physics 
(GNOME)



TRANSIENT SPIN INTERACTIONS

What can we say about 
exotic transient fields of 
astrophysical origin?

A transient event at a single 
sensor could not be 
distinguished from noise.

However, a global array of 
sensors could confidently 
detect transient events!



GNOME TODAY



GPS-DISCIPLINED DATA ACQUISITION



DATA TRANSFER TO SERVER IN MAINZ



https://budker.uni-mainz.de/gnome/



https://budker.uni-mainz.de/gnome/



https://budker.uni-mainz.de/gnome/



SEARCH TARGETS
Initial GNOME research will focus 
on searches for compact dark 
matter objects composed of ALPs:

• ALP domain walls

• ALP stars

Future search targets:

• ALP bursts from black holes, 
supernovae, neutron star 
mergers, fast radio bursts… ?

• Continuous oscillating signals

• Correlated stochastic 
background



DOMAIN WALL SIGNAL

Time

Beff

M. Pospelov et al., Phys. Rev. Lett. 110, 021803 (2013).



ALP DOMAIN WALLS:
QUADRATIC INTERACTION

proton & electron coupling



ALP STAR SIGNAL

Time

Beff

D. F. Jackson Kimball et al., arXiv:1710.04323 (2017).



ALP STARS QUADRATIC INTERACTION



ANALYSIS: BASIC IDEA • ALP domain walls: DC pulse.

• ALP stars: AC pulse.

• Coincidence analysis: look for 
common transient events 
within time window. 

• Coherent analysis: look for 
transient events with 
consistent temporal delays & 
amplitudes for common wall 
velocity.

• Background: Foreground is 
compared to time-shifted 
background to determine event 
significance, set limits.



COINCIDENCE ANALYSIS

B

t

• Define time window: all 
magnetometers should see 
signal within T ≈ 2RE/v . T



COINCIDENCE ANALYSIS

t

• Time window: all 
magnetometers should see 
signal within T ≈ 2RE/v .

• Threshold: find magnetometers 
with signals above threshold ΔB 
in each window.

ΔB



COINCIDENCE ANALYSIS

ΔB t

• Time window: all 
magnetometers should see 
signal within T ≈ 2RE/v .

• Threshold: find magnetometers 
with signals above threshold ΔB 
in each window.

N



BACKGROUND

ΔB t

• Time shift data sets >> T.

N

• Count coincidences.



SCIENCE RUN 1: JUNE 2017



SCIENCE RUN 2: NOW!



SCIENCE RUN 1: JUNE 2017



COHERENT ANALYSIS

Only events that are 
consistent with single 
values of v and n are 
counted.

Significantly lowers 
background for N > 4 
stations!



COHERENT VS. COINCIDENT ANALYSIS

Background coincident event rate (ΔB).

Background coherent event rate = (ΔB) × (dt/)N-4

where  is the average time between spikes
of size ΔB for the magnetometers and dt ≈ 10ms

is the GNOME time resolution.

More geographically separated stations &
new coherent analysis tools will be powerful!




