Axion dark matter searches
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The axion field has recently undergone a qualitative transition with the establishment of major
Centers around the world dedicated to its discovery. There are several critical improvements that
made the entire axion mass range possible to probe with high sensitivity. It seems, with high
probability, that within the next ten years we will know whether the axions are a significant part
of the local dark matter for a large fraction of the allowed axion mass range.
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The axions mix with π 0 and decay to two photons with a lifetime of about 1050 seconds for
10 µeV axion mass. It couples to electromagnetism, to gluon fields, and the gradient of the axion
field behaves as a, so-called, pseudo-magnetic field by its coupling to spins, see Figure (1).
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Figure 1: There are several ways the axions couple with ordinary matter: 1. Electromagnetic, where in
the presence of a strong magnetic field the axion field mixes with an electric field oscillating at the same
frequency, 2. Coupling to gluon fields, creating oscillating electric dipole moments, and 3. The gradient
of the axion field behaving like a pseudo-magnetic field. The axion field coherence length (De Broglie
wavelength) is approximately 1 m for an axion mass of 1 meV and it is inversely proportional to the axion
mass.
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Two of the most important problems in present day standard model (SM): the so-called strong
CP-problem, i.e., why the experimental limit on the neutron EDM is more than nine orders of magnitude smaller than naively expected from quantum-chromo-dynamics (QCD), and the question
of what is the dark matter, might have a common solution in the axion field. Peccei and Quinn
suggested [1] that the troublesome term in QCD could be dynamically balanced by a mechanism
exploiting allowable symmetries. Weinberg [2] and Wilczek [3] suggested that the price to pay
for this mechanism is the existence of a pseudoscalar particle dubbed the axion, with a mass inversely proportional to the PQ-mechanism scale. Initially it was thought that this scale is around
the EW-mass level, however, this possibility was experimentally ruled out soon afterwards. Jihn E.
Kim [4] suggested a new model which allows the axion mass to become much lighter, with much
smaller coupling constant and thus evading the experimental limits, which he called "the invisible
axion". This axion could also be an ideal cold dark matter candidate providing the required mass
density to keep the stars in the galaxy together even though they travel much faster than allowed by
Newtonian/Einstein gravity. Soon afterwards more models are published [5, 6, 7] and two major
models, the KSVZ and DFSZ from the initials of the authors, became the standard goals of the
axion experimental sensitivities. For recent theoretical overviews see [8, 9].
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1. Past efforts
The main experimental method looking for axion conversion in a magnetic field is based on
Sikivie’s haloscope method [10, 11], i.e. the inverse Primakoff effect inside a resonator immersed
in a large magnetic field. The same physics effect can be described as axion-electric field mixing
in the presence of a strong magnetic field with same result [12]. The generated E-field, depending
on the boundary and resonance conditions, can be enhanced by the quality factor of the resonator.
The power of the axion to photon conversion is given by:
Pa→γ =

gγ α
π fa
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(1.1)

where Qa ' 3 × 106 , V is the cavity volume, QL is the loaded cavity quality factor for the TM010
mode, ρa is the galactic halo axion density on Earth, and ma is the axion mass. The term C is a
geometrical form factor that depends on the mode:
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where εr (~r ) is the dielectric constant in the cavity. For the TM010 , the form factor can be evaluated
as C = 0.69, with smaller values for higher TM0m0 modes. The total axion to photon conversion
power is given by
P = 2 × 10−24 Watt
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The first major attempt to discover the axions as part of the dark matter was an experiment at
Brookhaven National Laboratory in 1987-92 by the Rochester, Brookhaven Fermilab (RBF) collaboration [13]. A conventional 6-7.5 T superconducting magnet of up to 10 cm aperture was used
together with an RF-amplifier with a 8-15 K noise temperature, all running at liquid helium 4 K,
resulting to a total noise of about 15 K [14]. The sensitivity was 1 to 2 orders of magnitude higher
than required to reach the DFSZ level. Soon afterwards, the University of Florida also published a
more narrow line capitalizing in integrating out the noise by long averages in time, using essentially
a similar experimental method [15]. Given that these efforts were the first attempts into searching
for axion dark matter, it was amazing that they could reach so close to the theoretically expected
levels. It was also very clear that to make the required improvement to reach all the way down to
DFSZ, there would have to be major technological improvements.
The next collaboration for an axion dark matter experiment (ADMX) was formed around 1992,
basing their goals into getting better SQUID-based RF-amplifiers, developed by John Clarke with
useful frequencies up to 1 GHz [16]. An additional breakthrough was the fact that dilution refrigerators became much more efficient and easier to operate, so temperatures below 0.1 K became
possible. The prospects of a low frequency (<1 GHz) low-noise amplifier also set the radius of the
resonant cavity and thus its volume. The ADMX schematic, with the outlining of the new improvements brought in, is shown in Figure (2), and the sensitivities of all those experiments are shown
in Figure (3).
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 Cryogenics (0.1K)

 Large volume cavity (140l)
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From 12K to 1K
Currently SQUID and JPA
(<1K)

Figure 2: The ADMX schematic and its improvements that made it possible to have better sensitivity than
the previous efforts.

2. Current efforts
Since we do not know the axion mass, we need to scan all possible axion frequencies. Using
Dicke’s radiometer equation [17]
r
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with T = Telectronic + Tphysical , i.e., the sum of the electronics plus physical temperatures of the system. When it is done properly, it is dominated by the electronic noise of the first amplifier and
the physical temperature of the cavity. The physical temperature could go down to 50 mK even
for a large system, the magnetic field could go up to 25 T using high temperature superconducting
(HTS) magnet technology, and even further up to 35-40 T when combined with low temperature
superconducting (LTS) magnets. Other improvements can result by phase-matching several axion
dark matter experiments even offline, and finally by improving the quality factor of the microwave
resonator, e.g, using superconducting thin film or superconducting tapes of HTS. Clearly, the technology is here and, when all these improvements are combined, can increase the sensitivity to tell
whether or not axions are locally 100% of the estimated average dark matter density.
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The possible axion mass range is too large to be able to cover it entirely using a single technology. Several ideas have been developed lately giving hope that it will be possible to achieve the
required sensitivities for the case where dark matter is composed entirely of axions. Some of the
efforts based on the a(ω0 )~E · ~B coupling and promising to reach all the way to DFSZ level are:
• ADMX, with a frequency range of 0.4 - 10 GHz, with the lowest frequency having the highest
priority and most likely to happen first.
• IBS/CAPP, a.k.a. CULTASK (CAPP’s Ultra-Low Temperature Axion Search in Korea), with
a possible frequency range of 0.7 - 10 GHz in the first phase and 10 - 20 GHz in the second
phase. The 20 - 50 GHz range may be possible by using open resonators.
• MADMAX, with a possible frequency range of 10 - 100 GHz using high quality dielectrics
and a large volume 10 T magnet.
• ABRACADABRA [18], and DM-Radio [19], which can be sensitive to low frequency axions
by looking for AC-magnetic flux induced by a DC-magnetic field interacting with the axion
4

PoS(ICHEP2018)729

Figure 3: The axion coupling to two photons vs. the axion mass is shown here as well as the limits from
various experimental methods. The KSVZ and DFSZ lines represent two models, which solve the StrongCP problem and the colored band denotes the overall uncertainty. Axion like particles (ALPs) are named
possible particles, which may be discovered to have a coupling constant and a mass outside the band defined
by the KSVZ and DFSZ lines, and thus they don’t solve the Strong-CP problem.
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dark matter field.
while some of the experiments based on different couplings are
• ARIADNE, which is sensitive to monopole-dipole interactions without requiring the existence of axion dark matter, only of the axion physics,
• GNOME, a global network of optical magnetometers, sensitive to axion field gradients,

Of the above projects, ARIADNE is not haloscope based experiment, i.e., it does not require
the existence of axion dark matter. However, for ARIADNE [20] to have a chance to observe a
signal, there must be at least an additional CP-violating phase, e.g., due to SUSY, which will cause
enough offset into the θQCD to be within its experimental sensitivity. The potential phase space
available to ARIADNE is shown in Figure (4). The upper limit of the available phase-space is
defined by the current experimental limit on the neutron EDM (nEDM) of 3 × 10−26 e · cm, while
the lower one is restricted by the electro-weak (EW) CP-violating phase, corresponding to about
10−31 e · cm for the pEDM and the nEDM. If, e.g., the proton and/or neutron EDM is observed to
be above 10−27 e · cm, and the ARIADNE experiment does not observe a signal with the currently
projected sensitivity, it would mean the exclusion of the axion in a large mass range, as shown
in Figure (4). This is particularly important for the high mass range, 0.1 - 10 meV, which is
particularly difficult to probe as dark matter.
Other ongoing experiments or under preparation improving their performance are
• Light Shining Through the Wall experiments, attempt to observe axions by producing them
in a dipole magnetic field using intense laser light and then stopping the laser light by a
thick opaque wall, while axions travel through. A symmetric system is then used to back
convert the axions into observable photons. Since there is a requirement to first produce
and then convert them back, the probability goes as g4aγγ and hard to make progress fast.
The conversion probability also goes as B2 L2 , the magnetic field strength and its length
correspondingly. A recent conceptual improvement calls for phase locking the produced
axions in the first dipole and the converted photons in the second dipole greatly improving
its prospects [21].
• Helioscopes, with CAST the last helioscope [22], running at CERN, with new proposals
for major investments and improvements named IAXO [23] and BabyIAXO as a first step.
The helioscopes are based on the fact that the center of the sun can produce axions very
efficiently. The produced axion field is a plane wave which can be converted back to x-rays
inside a dipole magnetic field, see Figure (5), here on earth.
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• CASPEr, an oscillating EDM experiment using a DC magnetic field while the axions oscillate at the Larmor frequency of nuclei and the Axion-Storage-ring-EDM, which can run
parasitically to the storage-ring proton EDM experiment.
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Figure 4: The CP-violating couplings vs. the axion mass that will be available to be probed by the ARIADNE experiment. The upper limit corresponds to the current neutron EDM (nEDM) experimental limit,
while the lower limit corresponds to the EW, CP-violating phase. In case the proton and/or neutron EDM
is observed at the 10−27 e · cm level or above and ARIADNE does not observe any signal at its currently
projected sensitivity, then this would rule-out a large range of possible axion masses. The range of 0.1 10 meV may be too difficult to probe directly otherwise.

2.1 ADMX
The recent achievement of ADMX reaching all the way to the DFSZ sensitivity is a major accomplishment [24]. The frequency reach of the present system is up to 2 GHz with high sensitivity.
The ADMX collaboration decided to expand the axion frequency by phase matching individual
cavities within the large magnet volume based on JPAs and large B2V . The challenges of the
phase-matching of several cavities together have been overcome by recent work and there is every
reason to believe that this work, even though challenging, will proceed as planned. Work on open
resonators promise to expand the axion frequency sensitivity up to 50 GHz [25].
2.2 IBS/CAPP
The new Center in Korea [26] is basing its research on commissioning the largest magnetic
fields possible for relatively large apertures: a 25 T, HTS magnet with 100 mm aperture (HTS25T/100mm) and a 12 T, LTS, based on Nb3 Sn cable, with 320 mm aperture (LTS-12T/320mm).
An overview of the state of the art magnets available for the axion dark matter experiments and
of their figure of merit in various applications is given in [27]. Additional improvements can be
realized by achieving the highest possible quality factor copper-cavities as well as doing R&D on
developing superconducting cavities that can withstand a penetration of high magnetic fields without suffering loss in RF-quality factor. Using the lowest physical temperature for the microwave
resonator and developing the best RF-amplifiers possible, using currently available technology, will
allow to achieve sensitivity all the way down to DFSZ scale for a significant fraction of axions to
6
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Solar Axions
FOM = B2l2A = B2Vl

1801.08127v2

the dark matter content and an axion frequency range of 0.7 - 10 GHz using a single cavity, shown
in Figure (6). In the next phase the experiment will use newly developed techniques at IBS/CAPP
to achieve high efficiency, high frequency axion sensitivity, up to 20 GHz. The development of a
single photon above about 5 GHz will further increase the sensitivity to axion dark matter significantly.

Figure 6: CAPP’s CULTASK projected sensitivity based on currently running axion dark matter experiments as well as the future ones based on single cavities and the HTS, 25 T with 100 mm aperture magnet
and the LTS, Nb3 Sn based, 12 T with 320 mm aperture magnet.
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Figure 5: Solar axions travel to earth in a form of a plane wave, which mixes with photons in the presence
of a magnetic field. The axion to photon conversion spectrum is in the 2-5 keV x-rays, reflecting the core
temperature of the sun.
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2.3 MADMAX
A fundamental problem of the cylindrical microwave cavities is that at frequencies above
20 GHz they become impractical, due to very small radius. A new method, based on the axionphoton mixing in the presence of a magnetic field and the reflection of the photon at a medium with
high dielectric constant, provides an alternative way of searching for axion dark matter in the high
frequency range, shown in Figure (7). This method is applied to take full advantage of the large
B2V of large volume [28, 29, 30] magnetic fields and yet be sensitive to high frequency axions with
a range of 10 - 100 GHz.

Experimental approaches: Effect of Dielectric
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Figure 7: The axions mix with photons in the presence of a magnetic field. The electric field is reflected at
the interface of vacuum/medium due to the large dielectric constant of the medium. The method is a brilliant
demonstration of an efficient application of the B2V parameters for a large axion mass.

2.4 Oscillating EDMs
Even though the vacuum θQCD average value is very small, nonetheless, its oscillation has an
effect on the EDM of the proton and neutron and other nuclei in general [31, 32]. An experiment,
named CASPEr [33], based on the NMR resonance with the EDM oscillation frequency can eventually reach all the way down to theoretically interesting sensitivity levels, see Figure (8). Another
idea, based on the resonance between the axion dark matter oscillation frequency and the proton or
deuteron g − 2 frequency, using the storage ring EDM method, is also possible [34].
2.5 Summary
The field of axion dark matter is developing at a healthy rate and there are several projects
that promise to reach all the way to the theoretically interesting levels covering almost all the
relevant axion mass range, see Figure (9), nicely summarized in a recent overview by Irastorza
8
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CASPEr-now at BU:
• thermal spin polarization,
• 0.5 cm sample size,
• 9T magnet, homogeneity 1000 ppm
• broadband SQUID detection
phase II:
• optically enhanced spin polarization
• 5 cm sample size,
• 14T magnet, homogeneity 100 ppm
• tuned SQUID circuit?

Planck
scale

GUT scale

Figure 8: The axion mass originates from the oscillating θQCD term and it corresponds to the same frequency. That same frequency also causes the oscillation of the EDM in nuclei, which can be probed by an
NMR like method using an appropriate bulk material.

and Redondo [35]. In the next five to ten years, it is most likely that we will know whether or
not axions contribute a significant part of the local dark matter, while their discovery could be
announced at any moment. Their discover will also signify the start of a new era, that of axion
astrophysics, providing us a window into the early galaxy formation dynamics and the current dark
matter distribution.

Figure 9: The axion coupling vs. mass projected sensitivities from various efforts either current or in the
design phase, from reference [35].
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phase III:
• hyperpolarization by optical pumping
• 10 cm sample size,
• 14T magnet, homogeneity 10 ppm
• tuned SQUID circuit?
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