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Wave-like Dark Matter Candidates

Wave-like Definition: Mass < 1 eV


Broad Candidate Categories: 
• Pseudo-scalar


• Scalar


• Vector


Production: Athermal production (misalignment).


Detection: Coherent interaction of the wave with 
the detector. Resonant amplification often key. 
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The most famous candidate in this group is the QCD axion. 
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The QCD Axion
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QCD axion

* DFSZ is the benchmark for the field. 

A. Berlin and others

• U(1)PQ introduced to preserve CP symmetry 
in the Strong Interaction. 


• The QCD axion is a psuedo-Nambu-
Goldstone boson produced by the breaking 
of U(1)PQ.


• Couples to photons, nucleons, electrons.
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Axion-Photon Searches

4

r⇥Br =
@Er

@t
+ ga��B0

@a

@t)

r⇥Br =
@Er

@t
+ ga��B0

@a

@t

r⇥Br =
@Er

@t
+ ga��B0

@a

@t

⇢Je↵

Cavity regime: �Comp ⇠ Rexp

Quasistatic regime: �Comp � Rexp

Radiation regime: �Comp ⌧ Rexp

2

sensitive to the QCD axion. This Article presents data
collected in 2020 that is up to an order of magnitude
more sensitive than our previous results [29] and places
strong limits on ADM in the 0.41 � 8.27 neV range of
axion masses.

ABRACADABRA-10CM DETECTOR

The ABRACADABRA-10 cm detector is built around
a 12 cm diameter, 12 cm tall, 1 T toroidal magnet fab-
ricated by Superconducting Systems Inc [30]. The ax-
ion interactions with the toroidal magnetic field B0 drive
the e↵ective current, Je↵ , which oscillates parallel to B0

and sources a real oscillating magnetic field through the
toroid’s center. The oscillating magnetic flux is read
out with a two-stage DC-SQUID via a superconducting
pickup in the central bore. Unlike other axion detector
designs, this novel geometry situates the readout pickup
in a nominally field-free region unless axions are present
[15]. The detector can be calibrated by injecting fake ax-
ion signals (i.e., AC currents) through a wire calibration
loop that runs through the body of the magnet. The
detector, illustrated schematically in Fig. 1, is located on
MIT’s campus in Cambridge, MA.

In 2019, we performed several detector upgrades from
the Run 1 configuration in order to improve our sensitiv-
ity [29, 31]. In this Article we report the results of the
subsequent data campaign (Run 3), collected after the
detector upgrade. Run 3 data consists of ⇠430 hours of
data collected from June 5 to June 29, 2020.

Before the upgrades were complete, we took additional,
uncalibrated data (Run 2), which is not presented here.
A subset of that data was instead used to develop our
data analysis procedure in order to run a blind analysis
on the Run 3 data, as described in detail below.

The total expected axion power, A, coupled into our
readout pickup is related to the axion-induced flux �a as

A ⌘ h|�a|2i = g2
a��⇢DMG2V 2B2

max, (2)

where G is a geometric coupling, V is the magnetic field
volume, Bmax is the maximum value of |B0|, and the an-
gle brackets denote the time average [15, 32]. Run 1 uti-
lized a 4.02 cm diameter pickup loop made from a 1 mm
diameter wire, giving G ⇡ 0.027. In 2019, we replaced
this readout with a 10 cm tall, 5.1 cm diameter supercon-
ducting cylinder pickup centered in the toroid bore. This
consisted of a 150 µm-thick Nb sheet wrapped around
a polytetrafluoroethylene (PTFE) cylinder. This design
yields a stronger geometric coupling to Je↵ of G ⇡ 0.031
and decreases the inductance of the pickup [15]. We com-
pute G using electromagnetic simulations in the COM-
SOL Multiphysics package [31, 33].

To amplify our signal, �a is coupled into the read-
out SQUID through the pickup circuit (see Fig. 1) yield-
ing a transformer gain Min/LT , where Min is the input
coupling to the SQUID, and LT ⌘ Lp + Lin + Lwires is
the total inductance of the pickup circuit, with Lp the
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Figure 1. Top: Schematic of ABRACADABRA-10 cm show-
ing the e↵ective axion-induced current (blue), sourced by the
toroidal magnetic field, generating a magnetic flux (magenta)
through the pickup cylinder (green) in the toroid bore. Bot-

tom: Simplified schematic of the ABRACADABRA-10 cm
readout (full circuit diagram in Supp. Fig. S1). The pickup
cylinder Lp is inductively coupled to the axion e↵ective cur-
rent Je↵ . The power spectrum of the induced current is read
out through a DC SQUID inductively coupled to the circuit
through Lin. An axion signal would appear as excess power
above the noise floor at a frequency corresponding to the ax-
ion mass.

pickup cylinder inductance, Lin the input inductance of
the SQUID package, and Lwires the parasitic inductance,
dominated by the twisted pair wiring. The SQUID, man-
ufactured by Magnicon [34], is read out using Magnicon’s
XXF-1 SQUID electronics operating in closed feedback
loop mode. The Run 1 sensitivity was limited by par-
asitic inductance in the NbTi wiring of this circuit that
placed a lower limit on LT & 1.6 µH. During the upgrade,
we replaced this wiring, moving the SQUIDs closer to the
detector to reduce the wire length. Based on calibration
data, we found that the total impedance in the circuit is
⇠ 800 nH. Finally, the SQUID was operated at a higher
flux-to-voltage gain setting of 4.3 V/�0 in Run 3, com-
pared to the previous Run 1 which we ran at 1.29V/�0

due to higher levels of environmental noise. This change
does not directly improve the signal gain, but does reduce
system noise. We also improved our noise floor by re-
ducing the operating temperature of the SQUID package
from ⇠870 mK to ⇠450 mK. All together, the upgrade
campaign increased the expected power coupled into our

Y. Kahn

DMNI BRN



CF2: Wave-like Dark Matter

The QCD Axion
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QCD axion

* DFSZ is the benchmark for the field. 

A. Berlin and others

• U(1)PQ introduced to preserve CP symmetry 
in the Strong Interaction. 


• The QCD axion is a psuedo-Nambu-
Goldstone boson produced by the breaking 
of U(1)PQ.


• Couples to photons, nucleons, electrons.


• Broad Categories of models:


• KSVZ introduces heavy quarks.


• DFSZ introduces additional Higgs fields.* 
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Axion-Like Particles (ALPs)

• Similar particles produced in many 
higher order theories.


• Depending on the details of the 
theory and the cosmology, 
discovery possible in many 
intermediate scale experiments. 
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A. Berlin and others
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Status:  Previous Snowmass

• No Experiments had probed 
the QCD band.


Note: Astrophysical probes 
provide key constraints at high 
and low masses. 
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Status: Current

• ADMX G2 has reached 
DFSZ in some parameter 
space.


• HAYSTAC and CAPP are 
exploring the QCD band.
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Dark Matter New Initiatives (DMNI)

• The BRN for Dark Matter 
New Initiatives and 
subsequent call for 
proposals was very 
successful. 


• DMRadio-m3 and ADMX-
EFR are poised to make 
significant inroads into the 
QCD axion parameter space. 
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Technological Advancements

• We have developed 
techniques to address the 
full axion parameter space. 


• This includes techniques to 
probe the non-photon 
couplings (indicated in blue).


• These techniques vary in 
readiness from proof-of-
principle to operating 
experiments. 
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Community Roadmap
Pursue the QCD Axion by Executing the Current Projects 
The ADMX G2 effort continues to scan exciting axion dark matter parameter space and the experiments 
DMRadio-m3 and ADMX-EFR are prepared to start executing their project plans.


Pursue the QCD Axion with a Collection of Small-Scale Experiments 
The entire axion mass range requires a variety of techniques. The community would benefit from a concerted 
effort to foster small scale projects. The DOE DMNI process has worked very well for this. 


Support Enabling Technologies 
Common needs include ultra-sensitive quantum measurement and quantum control, large high-field magnets,

spin ensembles, and sophisticated resonant systems. Strong synergies with other HEP needs.


Support Theory and Astrophysics Beyond the Standard QCD Axion 
Theoretical effort should be supported to understand models and cosmology beyond the QCD axion and to better

understand the roles axions play in astrophysical phenomena.
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New Horizons:
Scalar and Vector Dark Matter

• Wave-like < 1eV dark matter must be 
bosonic because its fermi velocity is 
greater than escape velocity of the 
galaxy.


• Beyond the pseudoscalar (Axion/
ALPs), we can have scalar and vector 
candidates. 


• A variety of mechanisms including 
misalignment.  
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Dark Matter Candidates
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New Horizons:
Scalar and Vector Dark Matter

Detection Signals: 
• Precession of nuclear or electron spins.


• Drive currents in electromagnetic systems, produce 
photons.


• Induce equivalence principle-violating accelerations 
of matter.


• Modulate the fundamental constants.


➡ Induce changes in atomic transition frequencies. 


➡ Induce changes in local gravitational field. 


➡ Affect the length of macroscopic bodies.
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New Horizons:
Scalar and Vector Dark Matter

Example Clocks: 
• Scalar candidate causes time varying α, me/mp, 

mq/𝚲QCD 

• Different types of clocks affected differently


• Compare different clocks or networks of clocks. 


• Could even send them into space! *
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* SpaceQ, see arXiv:2112.07674 
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Community Roadmap
Iniatiate/Maintain an Extensive Theory Program in Scalar and Vector DM  
There are many great scalar and vector DM candidates but there is significant work to do to develop more 
mature models, production mechanisms and astrophysical signatures.


Enable Strong Collaborations with Quantum Science 
Such collaborations are well-positioned to develop new detection signals and strategies including new quantum 
technologies dedicated to dark matter detection


Initiate Robust R&D Program 
The detection of scalar and vector DM requires novel detection strategies and complementary technology, 
example efforts include the MAGIS program and nuclear clocks. A robust R&D program from proof-of-principle 
to demonstrator-scale experiments is needed to advance the program. 
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Community Whitepapers
The community road map, theory, 
cosmology, and experimental details 
are  presented in our two community 
white papers. 

Axion Dark Matter  
arXiv:2203.14923 
Editors: J. Jaeckel, G. Rybka, L. Winslow 
New Horizons:  
Scalar and Vector Ultralight Dark Matter  
arXiv:2203.14915 
Editors: M. Safronova and S. Singh
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Thank you Wave-like Dark Matter Community!
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Growing Community

With advancements in cryogenics, 
magnet and quantum sensing 
coupled with better theoretical 
understanding of the cosmology of 
wave-like dark matter, the 
community has grown quickly. 
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J. Ouellet
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Conclusion:
Great Opportunity for Discovery!

• Significant parameter space for the highly motivated QCD axion ready to be 
explored. 


• A good mix of experiments at different scales (Projects, Demonstrators, 
Proof-of-Concept). 


• R&D opportunities with strong connections across the frontiers with 
particularly strong ties to quantum measurement and control. 


• Interesting theory from model building to cosmology and strong 
complementarity to astrophysical probes. 
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Quantum toolbox & future of quantum sensors for dark matter detection

Measurements beyond the standard quantum limit

Quantum logic spectroscopy

Dedicated quantum 
sensors for dark 
matter detection

Entanglement: Heisenberg-limited spectroscopy

151(2) nm

Nuclear 
clock

Image credits: MIT Vuletic group, Piet Schmidt, Nature 517, 592, Nature Physics 14, 198


