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New observables for direct detection of axion dark matter
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We propose new signals for the direct detection of ultralight dark matter such as the axion. Axion or
axionlike particle dark matter may be thought of as a background, classical field. We consider couplings
for this field which give rise to observable effects including a nuclear electric dipole moment, and axial
nucleon and electron moments. These moments oscillate rapidly with frequencies accessible in the
laboratory, ~ kilohertz to gigahertz, given by the dark matter mass. Thus, in contrast to WIMP detection,
instead of searching for the hard scattering of a single dark matter particle, we are searching for the
coherent effects of the entire classical dark matter field. We calculate current bounds on such time-varying
moments and consider a technique utilizing NMR methods to search for the induced spin precession. The
parameter space probed by these techniques is well beyond current astrophysical limits and significantly
extends laboratory probes. Spin precession is one way to search for these ultralight particles, but there may
well be many new types of experiments that can search for dark matter using such time-varying moments.
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L. INTRODUCTION

The existence of dark matter is concrete evidence for
physics beyond the standard model. It is reasonable to
expect the dark matter to interact nongravitationally with
the standard model. The identification of such interactions
may allow new probes of the Universe and unveil new
structures in particle physics. The generic expectation of
the existence of new physics at the weak scale led to the
weakly interacting massive particle (WIMP) hypothesis—
the dark matter is a weak scale particle that interacts with
the standard model with weak scale cross sections. A
variety of experimental approaches have been developed
to test the WIMP hypothesis. These include techniques to
observe the direct scattering of WIMP particles with nuclei
[1] and electrons [2,3], the detection of cosmic rays pro-
duced from the annihilation [4-6] or decay [7,8] of dark
matter particles as well as searches in colliders for weakly
interacting particles [9-11]. These techniques have been
deployed in a variety of dedicated experiments that have
placed significant constraints on the parameter space of
viable WIMP dark matter [12—15]. Further, direct probes at
the Large Hadron Collider (LHC) of frameworks such as
supersymmetry that have provided the theoretical support
for WIMP dark matter have placed stringent constraints on
such models [16]. In fact, these stringent constraints arise
from the assumption that the new physics at the LHC
always produces a metastable WIMP particle. Indeed, the
bounds on these frameworks are significantly alleviated by
allowing for such WIMP particles to decay rapidly within
the collider [17], precluding a cosmological role for them.

Given our ignorance of the ultraviolet framework of
particle physics and the nature of dark matter, it is impor-
tant to develop techniques to search for a wide variety of
interactions that could be carried by the dark matter.
Ultralight scalars such as axions (a) and axionlike particles
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(ALPs) with masses m,, significantly smaller than the weak
scale are a well-motivated class of dark matter candidates.
These particles emerge naturally as the Goldstone bosons
of global symmetries that are broken at some high scale f,
[18-26] (see Sec. II for an overview of such particles).
Their Goldstone nature is manifest in their derivative
interactions with the standard model:
Sy P e ¢ 2 a“—aﬁffyﬂysmf. (1)
fa a fll
Here, F,,, and G, represent the field strengths of electro-
magnetism and QCD, respectively, and ¥, denotes a stan-
dard model fermion. The first of these interactions couples
axions (and ALPs) to photons and is used in a variety of
experiments to search for the axion. These include methods
to search for the conversion of dark matter axions into
photons in the presence of a background magnetic field
[27,28], the detection of axions produced in the Sun [29]
and axion-aided transport of photons through optical bar-
riers [30]. These experiments can search for axions with
fa = 10'? GeV, with limited ability to go above this scale.
In this paper, we argue that the other operators in (1) can
also be used to search for axion (and ALP) dark matter.
These operators are particularly useful in probing dark
matter axion parameter space where f, % 10'* GeV. An
ultralight particle like the axion (m, << meV) can be a
significant fraction of the dark matter only if it has a large
number density, leading to large field occupation numbers.
Consequently, axion dark matter can be viewed as a back-
ground classical field oscillating at a frequency equal to its
mass [31,32]. Conventional axion experiments search for
energy deposition from this background classical field.
But, a background classical field can also lead to additional
physical effects such as giving rise to phase differences in
local experiments. For example, gravitational wave experi-
ments [33-38] aim to detect gravitational waves through
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the phase differences created by the wave instead of the
unobservably small rate with which a single graviton
would scatter and deposit energy in a detector. Similarly,
we show that the classical axion (and ALP) dark matter
field through its interaction with the operators in (1) leads
to energy (and phase) differences in atomic systems. These
phase differences manifest themselves as time-varying
moments that can be used to search for such dark matter.
Essentially, axion dark matter can be thought of as an
oscillating value of the strong CP angle 6ycp, which can
lead to new ways to detect it.

For example, it was pointed out in [39] that the second
operator in (1) gives rise to a time-varying nuclear electric
dipole moment. These moments oscillate at a frequency
equal to the mass of the axion, which can span the fre-
quency space kilohertz—gigahertz. Even though the axion
arises from ultrahigh energy physics, its mass is small
enough to be accessible in the laboratory. These frequen-
cies though are rapid enough that conventional laboratory
searches for such moments (such as a nuclear electric
dipole moment) would have a reduced sensitivity to them
since such experiments (for example, [40]) gain sensitivity
through long (X1 s) interrogation times. Further, conven-
tional searches for time-dependent moments have focussed
on time variations occurring over the Hubble scale [41].
These time variations require the existence of scalar fields
with masses comparable to the Hubble scale and such
supremely light masses are difficult to obtain without
fine-tuning [42]. In contrast, time variations in the fre-
quency range kilohertz—gigahertz emerge naturally in
many axion (and ALP) models (see Sec. II).

In this paper, we will show that the time-varying
moments induced by the dark matter axion (and ALP) can
couple to nuclear or electronic spin leading to a precession
of the spin. While there may be other experimental strat-
egies to measure these time-varying moments, we highlight
the technique described in [43]. In this technique, the
induced spin precession changes the magnetization of a
sample of material, which can be observed with precision
magnetometry. The signal in such an experiment benefits
from the large number of spins that can be obtained in a
condensed matter system and the availability of high pre-
cision SQUID and spin exchange relaxation-free (SERF)
magnetometers. The time-varying nature of the signal can
be used to devise resonant schemes that can significantly
boost their detectability. Further, since this time variation
occurs at a frequency set by fundamental physics, it can also
be helpful in combatting systematic noise sources that are
encountered in searching for a time-independent moment.

We begin by briefly reviewing the physics of the axion in
Sec. II. In this section, we discuss the theoretical origins of
axions and ALPs, their parameter space, the current con-
straints on this parameter space and the region where they
can be dark matter. We also review the salient features of
axion (and ALP) dark matter. Following this review, we
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discuss current bounds on such moments and estimate
the reach of the precision magnetometry experiments
discussed above to probe this parameter space.

I1. AXIONS AND ALPS

Axions and ALPs are generically expected in many
models of physics beyond the standard model [44]. They
are the Goldstone bosons of global symmetries that are
broken at some scale f,. The Goldstone nature of their
origin is manifest in the fact that all their interactions are
suppressed by the scale f, and they are coupled deriva-
tively in these interactions [for example, the operators
in (1)]. If they were pure Goldstone bosons, they would
be completely massless and would not be the dark matter.
However, their pure Goldstone nature could be broken
leading to a generation of a mass for them.

This mass generation can occur if the associated
global symmetry is anomalous. For example, when this
global symmetry has an anomaly with QCD, nonperturba-
tive dynamics at the QCD scale can generate a mass

Ao

fa

m, ~ or more precisely

m, ~6x 10710 eV( )

10'6 GeV)

fa
for the Goldstone boson with about a 10% uncertainty due
to QCD [45]. This Goldstone boson is called the axion.
While it was initially introduced to dynamically solve the
strong CP problem [18,19], the underlying mechanism
responsible for its dynamics is very general. For example,
if the associated symmetry had a mixed anomaly with
some other gauge group that also had strong dynamics,
that Goldstone boson would also acquire a mass ~/f\—2
where A is the scale where the new gauge group becomes
strong. A small breaking of the global symmetry is another
source of mass. One source of such a small breaking could
be quantum gravity which is generically expected to vio-
late global symmetries. In this case, the Goldstone bosons
would acquire a mass proportional to the breaking of this
global symmetry, leading to a tiny mass for them.
Goldstone bosons that do not acquire a mass from QCD
are called ALPs. Thus, while the mass of the axion depends
upon only one free parameter f,, the mass of ALPs
depends upon additional parameters.

In this paper, we will be interested in ALPs whose
masses are comparable to that of the axion (~ kilohertz—
gigahertz). The experimental limits and signatures dis-
cussed will apply to both axions and ALPs and henceforth
we will refer to them both as ALPs. There are several
astrophysical bounds on the ALP operators in (1) and
they rule out ALPs with f, < 10° GeV [46]. Theoretical
prejudice suggests that f, should lie around the fundamen-
tal scales of particle physics such as the grand-unified
(~10'® GeV) or the Planck (~10' GeV) scales, where
we expect other symmetries of nature to be broken [44].
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A weak upper bound of f, < 10'2 GeV can also be placed
on the axion based upon its cosmological abundance
[31,32]. This bound is specific to the QCD axion and arises
by assuming that the axion field is displaced O(1) from its
minimum in the early Universe. This bound can be relaxed,
allowing for larger values of f,, if the field displacement
was not as large. In fact, the maximum field displacement
scales o \/If— implying that f, =10' GeV (the grand

unified scale) would be allowed as long as the initial
displacement was ~O(1%).

As argued in [47], inflationary cosmology can provide a
natural mechanism that would allow a range of initial
values for the axion field. As long as the scale of inflation
is lower than f,, the preinflationary space-time can have a
generic inhomogeneous distribution of the axion field.
Inflation can make any small part of this initial space-
time into our Hubble patch, allowing for a uniform axion
field value throughout our patch. The field value in our
Hubble patch would be equal to the local field value of the
preinflationary space-time that inflated to become our
patch. Since a range of initial field values are scanned in
the preinflationary space-time, the axion field can take any
value in our patch. It is difficult to estimate the likelihood
of any particular value in our patch since inflationary
space-times do not possess a natural measure [48].

For any f, % 10° GeV, a cosmologically viable axion
field exists as long as the initial field value is appropriately

small (o \/1f—). In the canonical axion window f, ~

10!2 GeV, it is assumed that it is natural for the axion field
to have a large O(1) initial displacement, forcing the scale
fa to be much lighter than the fundamental scales of
particle physics. But, having f, much lighter than these
fundamental scales creates another hierarchy problem. The
constraint [31,32] on the cosmological abundance of the
axion requires one small number—this could be the initial
value of the axion field or the scale f, (measured in terms
of the fundamental scales) or any combination of these.
Given our ignorance of the ultraviolet structures of particle
physics and the difficulties of obtaining well defined mea-
sures on initial conditions in inflationary cosmology, there
is no strong reason to prefer any particular value of f,.

It should be noted that the details of the cosmological
bound discussed above are specific to the QCD axion since
this bound depends upon the details of the mass generation
mechanism. For a general ALP, depending upon the mass
generation mechanism, similar bounds could be placed.
However, much like the case of the axion, bounds based
on the cosmological abundance of ALPs are subject to
similar uncertainties.

It is thus important to search for ALPs over their entire
range of parameter space, just above f, % 10° GeV. The
axion can constitute a significant fraction of the dark
matter when f, % 10'! GeV, while for a generic ALP,
the exact region where it can be the dark matter depends
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upon its mass generation mechanism. The phenomenology
of cosmic ALP dark matter is insensitive to the details of
the mechanism responsible for generating its mass.

The classical field that describes ALP dark matter can be
expressed as a cos (m,t). The amplitude a is obtained by
setting the energy density in the field 1 m2aj equal to the
local dark matter density p4,, ~ 0.3 f%’ . This energy den-
sity can be understood as the result of the oscillations of the
classical dark matter ALP field with amplitude a, and
frequency m,. The temporal coherence of these oscilla-
tions in an experiment is limited by motion through
the spatial gradients of the ALP field. The gradients are
set by the de Broglie wavelength of the ALP m%v ~
1000 km (Mm—];lz), where v ~ 1073 is the galactic virial
velocity of the ALP dark matter. Since the velocity
between the experiment and the dark matter is also v, the
time 7, over which the ALP will interact coherently is at

least 7, ~ mzzz ~ 10027 ~ 1 s (MH2) In other words, the

ALP’s frequency m, is broadened by its kinetic energy
m,v?. Lighter ALPs, corresponding to larger values of f,,
are coherent for longer. For the rest of this paper, we will
assume that ALPs constitute a significant fraction of dark
matter and propose techniques utilizing their classical
nature to search for them. For another proposal using the
fact that the axion acts like a classical field causing an
oscillating 6 angle, but using a different axion coupling
from us, see for example [49].

III. CURRENT SEARCHES

Essentially all experiments attempting to directly detect
axions or ALPs use the ALP coupling to electromagnetic
fields

L 3 g, aFF, (3)

where F,, is the field strength of electromagnetism and a
is the ALP field. Such fields are easily manipulatable in the
laboratory. This has allowed a wide range of tests from
microwave cavity experiments such as ADMX, to helio-
scopes such as CAST, to light-through-walls experiments
such as ALPS [28-30]. There are also many astrophysical
observations which limit this coupling of axions and ALPs
to photons [46]. A summary of all current constraints on
this parameter space is reproduced in Fig. 1 from [50] (see
also [51,52]). Although this space is well covered by
experiments and astrophysical bounds at higher mass and
coupling g,,,, it is challenging to search in the low mass
and coupling region. A large piece of the parameter space
for light ALPs is currently not reachable. Indeed, most of
the masses for which the QCD axion could be dark matter
are not reachable by current experiments.

For the QCD axion there is a constrained set of predic-
tions for g, as a function of the axion decay constant f,,
8ayy * fa ! Thus the QCD likely lies in the yellow band in
Fig. 1. It may be the dark matter over a wide range of
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FIG. 1 (color online).

Reproduced with permission from Fig. 2 of Ringwald [72], this figure is adapted from [51,52,73]

(see also [50]). ALP parameter space in axion-photon coupling [as in Eq. (3)] versus mass of ALP. The QCD axion is the yellow
band. The width of the yellow band gives an indication of the model dependence in this coupling, though the coupling can even be

tuned to zero.

masses meV < m, < 107!? eV, with axion decay con-
stant anywhere in the range f, % 10!° GeV all the way
up to the Planck scale ~10'° GeV. The only experiment
which can currently reach the QCD axion in this range
is ADMX and it cannot probe the region of high
« %2 10% GeV, or m, = 107° eV. Coming upgrades to
ADMX, such as ADMX-HF, may probe higher masses
(lower f,). However, it is very challenging for microwave
cavity searches to get to higher f, because these experi-
ments search for axion to photon conversion through the
coupling in Eq. (3). The amplitude for this process neces-
sarily goes as the square of the coupling « f2. Further,
the cavity must be on resonance with the axion mass
(frequency) in order to enhance the signal. This requires
the cavity to be approximately the size of the axion wave-
length ~m !. For GUT scale axions f, ~ 10'® GeV gives
my ! ~ 300 m, which makes for a rather large cavity. If the
cavity size cannot be increased with the wavelength, then
the sensitivity of the experiment will fall off even more
rapidly with increasing f,. While microwave cavities make
excellent axion detectors for the lower f,, they are many
orders of magnitude away from detecting axions with
higher f,. Similarly, other proposals using the coupling
to electromagnetism in Eq. (3), e.g. the interesting, recent
proposal of using a dish detector [53], may work at lower
f. = 10'3 GeV but cannot reach higher f,.
Given how well-motivated axion dark matter is, it is
important not to miss a such a large piece of its parameter
space. It is therefore crucial to design experiments that can

detect axions or ALPs with masses below peV. This is
clearly challenging using the coupling in Eq. (3).

IV. AXION-EDM COUPLING

There are two general problems to using the axion-
photon coupling Eq. (3) for detection of light, weakly
coupled axions. First, all experiments are measuring rates
for axion to photon conversion so they go as amplitude
squared ggw. In fact, in the case of light-through-walls
experiments since a photon must convert to an axion and
then convert back to a photon the rate goes as gﬁw.
Second, the operator in Eq. (3) usually suppresses the
signal in a possible experiment by the ratio of the size of
the experiment over the wavelength of the axion (often
squared). This arises because FF is a total derivative and
therefore the operator in Eq. (3) can be thought of as having
a derivative on the axion field. For high mass axions this is
not a problem; microwave cavities can easily be the same
size as the axion wavelength. But for low mass axions this
is a large suppression for any laboratory-sized experiment.

A. A new operator for axion detection

To detect low mass axions or ALPs we must avoid these
problems. We therefore propose using a different coupling
instead of the one in Eq. (3). The QCD axion solves the
strong CP problem, the problem that a nucleon electric
dipole moment (EDM) would be generated by the 6
parameter of QCD. This parameter arises in the standard
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model Lagrangian term §GG, where G is the QCD field
strength. The QCD axion solves this problem essentially
by turning € into the dynamical axion field. Thus the QCD
axion is defined by its coupling = Jf—”GG. This means the

axion gives an effective # angle. This will then give rise to
an EDM for nucleons sourced by the axion. Because the
axion is a dynamical field, this EDM will change in time,
giving rise to unique signals. We propose to search for this
time-varying EDM as a new way to detect axions or ALPs.

This EDM can be expressed as the operator coupling the
axion to nucleons N:

i
2
where g, is a coupling constant we introduce. In general a

new light particle or ALP could have a coupling like this as
well. The nucleon EDM generated by this operator is

dn = 844, (5)

where a is the value of the local axion or ALP field at the
position of the nucleus. Thus, any nucleon in the axion or
ALP dark matter will acquire an EDM proportional to the
dark matter field. Note that the operator in Eq. (4) is a
nonderivative coupling for the ALP so it naturally avoids
the wavelength suppression discussed above for low mass
axions or ALPs.

For the QCD axion the nucleon EDM created by its
QCD coupling is determined in terms of the axion decay
constant f,:

L> - gda]\_la'w,'ySNF“”, 4

d¥P <24 %1076 % o.cm (6)

a

with about a 40% uncertainty [54]. Thus, for the QCD
axion our coupling g, is determined by the axion decay
constant f, as

qcp _ 24X 10710

¢ fa

ﬂ) GeV~2,
Vv

e-cm= 59X 10710<
e

(7)

where m,, is the axion mass from Eq. (2). For an ALP of
course, the coupling g, is in general arbitrary, independent
of the mass of the ALP.

Note that one useful feature of searching for this EDM is
that it is naturally a measurement of an amplitude (or
phase), not a rate. Thus the signal in an experiment will
only be proportional to one power of g,, or one power of la

for the QCD axion. This is in contrast to all other experi-
ments which are measuring rates and whose signals there-
fore are o g2 or o f% Measuring an amplitude and not a

rate makes it much easier to push the sensitivity up to high
fo (low axion couplings).

Further, the actual size of the EDM is set by the product
gqa, where a is the local dark matter, axion or ALP,
field. As discussed in Sec. II this is approximately
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a = agycos (m,t). The amplitude of this field, ay, is known
if we require that this field makes up (all of) the local dark
matter density
1 GeV

PDM — Emga% =~ (0.3 m, (8)
since the field a is essentially a free scalar field with this
mass term as the leading term in its potential. This then
determines the nucleon EDM generated by ALP dark
matter from Egs. (5) and (8) to be

V2ppm

a

d, = g4 cos (m,1)

Vv
~ (1.4 X 1072 ¢ - cm) (e—>(gd GeV?) cos (m,1).
m

®

For the QCD axion, since the axion mass from Eq. (2)
scales as m, « fl, taking the axion to be all of the dark

matter fixes the effective 6 angle of the axion to be inde-
pendent of f:

a
2 =36%x107". (10)
fa
So for the QCD axion dark matter, the nucleon EDM it
induces from Eq. (6) is actually independent of f:

d9P ~ (9 X 107% e - cm) cos (m,,1). (11)

Thus we have found a physical effect that does not
decouple as f, increases. This useful fact allows experi-
ments searching for this EDM to probe high f, axions.

Note that the EDM induced by the axion from Eq. (11) is
small. Of course the EDM induced by a general ALP,
Eq. (9), is arbitrary. For the QCD axion though, the EDM
is about 8 orders of magnitude smaller than the current
bound on the static nucleon EDM, though these may
improve in the future. However the reason to believe that
this EDM may be detectable is that it is not a static
EDM. The axion or ALP field oscillates with a frequency
approximately equal to its mass Eq. (2). Thus the nucleon
EDM from Eq. (9) also oscillates with this frequency. This
allows a resonant enhancement of the signal in an experi-
ment (similar to ADMX) which can be many orders of
magnitude. Further, backgrounds for an oscillating signal
are very different, and usually much more controllable,
than backgrounds for a static signal. The frequency of the
oscillation is set by high energy physics, independent of
anything in the laboratory setup.

Thus every nucleon bathed in axion (or this type of ALP)
dark matter has an oscillating EDM with frequency set by
the mass of the axion field. Further, this oscillation will be
in phase for all nucleons within the axion dark matter
coherence length ~ ﬁ; see Sec. II. One immediate idea

is to search for the electromagnetic radiation given off by
all these nuclear “antennas.” We could not find a plausibly
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observable signal of this radiation, using either laboratory
or astrophysical (e.g. neutron star) sources. One problem is
that the radiation rate is proportional to the square of the
EDM, and additionally to the small frequency or mass of
the axion or ALP.

We have already proposed one idea using interferometry
of cold molecules to detect axion dark matter using the
nuclear EDM [39]. We also believe that experiments
based on nuclear magnetic resonance (NMR) techniques
to measure spin precession may allow detection of ALPs
and even the QCD axion over many orders of magnitude in
parameter space [43] (see Fig. 2 of [43] for sensitivity
estimates).

B. A new ALP parameter space

Using the EDM coupling in Eq. (4) naturally suggests a
new parameter space in which to search for axionlike
particles. The EDM coupling is naturally generated for
the QCD axion. Of course, the scalar field a in Eq. (4)
does not have to be the QCD axion. If not, it would be a
type of ALP. Most considerations of ALPs have focused on
fields that couple to electromagnetism through the cou-
pling in Eq. (3). However there is no reason that an ALP
has to couple only, or at all, through the electromagnetic
coupling. The space of ALPs that have EDM couplings as
in Eq. (4) is a new parameter space that is worth exploring
since this coupling motivates new experimental signatures
and appears promising for axion detection. Figure 2 shows
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the parameter space for an ALP in the space of the EDM
coupling g, in Eq. (4) versus the mass of the ALP.

The QCD axion may lie anywhere on the purple line in
Fig. 2. It lies on a line because it has only one free
parameter, f,, which determines its mass and g, as in
Egs. (2) and (7). The width of the QCD axion line shows
an estimate of the theoretical uncertainty in the calculation
of these quantities, as described above. The darker purple
section of the line shows where the QCD axion may make
up the dark matter. For values of m, X meV the QCD
axion cannot have enough abundance to make up all of the
dark matter, as discussed in Sec. II, though it may be a
subdominant component. The lower edge of the dark
purple region, where m, =5 X 10713 eV, is where the
axion decay constant is around the Planck scale, f, =
My = 1.2 X 10" GeV. It is not clear if it is possible to
make models of the QCD axion with masses below this
scale, since that would require f, > M. For that reason
we keep this area light purple. It is certainly worth search-
ing for such axions though, since although it is not obvious
how to make a model of such an axion without a full
understanding of quantum gravity, it may well be possible.

We show the ADMX constraints as the blue region in
Fig. 2. Since ADMX searches for the axion electromag-
netic coupling Eq. (3) these constraints cannot properly be
put on this figure for the QCD or EDM coupling. But
ADMX can constrain most QCD axion models, where
the coupling to photons is related to the coupling to gluons.

frequency (Hz)

10°

1073

ALP DM

QCD Axion

10—20

108 10%° 10" 104

ADMX /

10—14 10—12

FIG. 2 (color online).
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mass (eV)

ALP parameter space in EDM coupling Eq. (4) versus mass of ALP. The upper (green) region is excluded by

excess cooling in SN1987A. The upper left (blue) regions is excluded by the best static nucleon EDM experiments. The diagonal
(purple) band is the QCD axion region, with the darker (purple) part showing the most theoretically-motivated region for QCD axion
dark matter. The width of the band shows the uncertainty in the calculation of the axion-induced EDM and the axion mass. The ADMX
region shows the part of QCD axion parameter space which has been covered (darker, blue) [28] or will be covered in the near future
(lighter, blue) [55,56] by ADMX. For the static EDM and ADMX bounds we assume that the ALP makes up all of the dark matter. See

also Fig. 2 of [43] for sensitivity of the proposed NMR experiment.
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So we show the ADMX constraints in Fig. 2 as constraints
just on the QCD axion parameter space. The darker blue
represents the current bounds from ADMX [28] while the
lighter blue represents the region ADMX will cover in the
near future [55,56].

The constraint from SN1987A arises from excess cool-
ing caused by axion emission. This constraint usually
arises from the other axion-nucleon coupling Eq. 12 as
in [46]. We adapted it to the higher dimension EDM
operator Eq. (4) by calculating the axion emission rate
from the SN using the process N +y— N +a. We
approximate this cross section as ov = ggTz, where T =
30 MeV is the temperature of the SN. As an approximation
we assume the axion is produced with energy equal to the

average photon energy in the SN =~ %T ~ 2.7T. The

energy loss rate per unit volume is then = 2.7Tn nyov,

where ny =~ % is the number density of nucleons and
n, = %(;) T3 is the number density of photons in the

supernova. Dividing this by the mass density of the super-
nova p =~ 3 X 10 % gives the cooling rate per unit mass.
This cooling rate is then compared to the bound
10" ergg~'s™! from [46]. This gives a bound on the
EDM coupling g, <4 X 107° GeV~2. This bound is
shown as the green region in Fig. 2. Of course this calcu-
lation is only a rough approximation, but it is good enough
for our purposes since the parameter space we are inter-
ested in extends many orders of magnitude below this
bound. We leave a more precise calculation for future
work.

The experiments searching for (static) nuclear EDMs
have drastically reduced sensitivity to an oscillating EDM
of the type we are considering. These experiments gain
sensitivity by integrating for relatively long periods of time
compared to the period of the oscillating EDM we are
considering, Eq. (9). Since this oscillating EDM has an
average value of zero these static EDM experiments are not
well suited to searching for this signal of an ALP. The
limits set by the static EDM experiments are shown in the
dark blue region of Fig. 2 [57,58]. These experiments have
not done a specific search for an oscillating EDM so we
calculated an approximate limit using their limits on the
static nuclear EDM as follows. We assume these experi-
ments gain sensitivity linearly in time over their shot time.
They measure the total precession of the neutron spin
when exposed to an electric field for a shot time, which
iS tgor = 130 s for [57]. However since the oscillating
EDM averages to zero, only the last fraction of a period
of oscillation will cause a net precession. Thus these ex-
periments lose a factor of ~tym, in sensitivity to an
oscillating EDM. Further, the signal of this oscillating
EDM will be stochastic from shot to shot and so we assume
roughly that the sensitivity will not improve with the
number of shots. We assume this means the static EDM
experiments lose another factor of ~./Ng, in their sensi-
tivity. The number of shots was Ny, = 221600 in [57].

PHYSICAL REVIEW D 88, 035023 (2013)

So finally we estimate the limit these experiments set on
the amplitude of an oscillating EDM is ~d§2% (tg,,,m,) X
VNyhot» Where d5itic = 2.9 X 10726 e - cm is the limit they
set on the static nucleon EDM. Under the assumption that
the ALP makes up all of the dark matter we can translate
this to a bound on the coupling g, using Eq. (9). This gives
a bound of g, = 1.8 X 10" (%¢)*GeV 2, as shown in
Fig. 2. This bound is only a rough approximation but it is
good enough for our purpose since it is a very weak
bound on these ALPs. Ideally the experiments themselves
would reanalyze their data to directly search for an oscil-
lating EDM. Since these experiments are looking for a
static nucleon EDM they are simply not designed appro-
priately to look for the oscillating EDM signal we are
discussing.

The EDM coupling in Eq. (4) is an interesting and useful
one to consider for axion or ALP detection partially
because it is a nonderivative coupling. For the QCD axion
this coupling arises completely naturally. For an ALP this
coupling may also be natural. However it can induce a
mass for the ALP through a two-loop diagram. Thus the
most natural part of such ALP parameter space, Fig. 2, is
either below the QCD axion line or above it and within
several orders of it. ALP parameter space that is many
orders of magnitude above the QCD axion line may
become tuned, though at some point of course is ruled
out by SN1987A anyway. Of course, this concern applies
to the scalar ALP model we have considered; other fields or
models could change this.

Having ALP dark matter with the coupling we are con-
sidering changes the status of the nucleon EDM from a
fundamental constant of nature to a parameter dependent
on the local field value. Thus we see that the nucleon EDM
may be expected to change in time (and space), likely
oscillating at high frequencies ~ kilohertz—gigahertz. It
is thus important to consider the limits that existing experi-
ments put on the parameter space in Fig. 2. Further, this
parameter space has not been considered before. Therefore
it is also important to design experiments which are opti-
mized to search for this signal. Beyond the cold molecule
[39] and NMR techniques [43] that we have considered
there could be many possibilities for other experiments, for
example using proton storage rings [59-62].

V. AXTAL NUCLEAR MOMENT

The third operator in (1) gives rise to the coupling
LD gan(da)Ny*ysN (12)

between the ALP and the axial nuclear current. For the
QCD axion, this coupling usually exists to both protons
and neutrons and is approximately g,y ~ fl Current
bounds on this operator arise from two sources. First, this

operator allows an accelerated nucleon to lose energy
through ALP emission. These emissive processes are
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constrained by observations of the cooling rates of super-
nova, imposing an upper bound on g,y =< 107° GeV ™!
[46]. Second, this operator leads to a force between nucle-
ons through the exchange of ALPs. This force is spin
dependent with a range ~m ! [63]. Such spin-spin inter-
actions have been searched for using a variety of spin
polarized targets, but the limits on g,y from them [64]
are weaker than the constraints from supernova emission
[46,65] (see Fig. 4).

The above effects do not require the presence of a
background ALP field. In the presence of such a field, for
example as ALP dark matter, the nonrelativistic limit of
this operator leads to the following term in the nucleon
Hamiltonian:

Hy D guwVa.dy, (13)

where oy is the nucleon spin operator. Much like a spin
precessing around a background magnetic field, this cou-
pling causes spin precession of a nucleon around the local

direction of the ALP momentum Va.

The motion of the Earth through the Galaxy leads to a
relative velocity between it and the dark matter. As long as
the nucleon spin is not aligned with this velocity, the
spin will precess about this ALP dark matter “wind.”
Since the magnitude of this relative velocity is the galactic
virial velocity v ~ 10 3¢, the ALP has a momentum of
Va ~ 10739pa. To leading order the ALP dark matter
field is simply a free scalar field with low momentum
which is oscillating in its potential so it is approximately
a = agcos (m,t). Thus dya has magnitude agm, and
oscillates with frequency m,. The effective coupling in
the nucleon Hamiltonian is

HN D ganNM A COS (mat)l_;(f)N (14)

The amplitude a, of the ALP field is constrained by the
requirement that the energy density JmZ2aj in the ALP
oscillations not exceed the local dark matter density
ppm ~ 0.3 % Hence, the maximum size of this pertur-

bation is

AE ~ 8aNN+/ PDMV
9 _ 8aNN I PDM
~3X107%s 1<1079 GeV1)<V0.3 M) (15)
cm?

oscillating at a frequency equal to the ALP mass m,~
kilohertz—gigahertz. The expected coherence time for this
oscillation is set by the ALP coherence time 7, ~ —1— ~

1 s (MH2) Jeading to a signal bandwidth ~10~%m,,. ’

A. A detection strategy

The detection of this small but time-varying energy shift
requires the development of new experimental techniques.

PHYSICAL REVIEW D 88, 035023 (2013)

While there may be many experimental avenues that could
be pursued, we highlight the approach proposed in [43]
utilizing NMR techniques. In this approach, a sample of
nuclear spin polarized material is placed with the polariza-
tion chosen along a direction that is not collinear to the
relative velocity © between the Earth and the dark matter,
as in Fig. 3. An axial nuclear moment (12) in the presence
of a dark matter ALP field will cause the spins to precess
around this relative velocity. This precession changes the
magnetization of the material and can be measured using
precision magnetometers such as SQUIDs or SERFs.

More specifically, the procedure is to polarize the
nuclear spins of a sample of material in an external mag-
netic (Eext) to achieve a net magnetization. When this net
magnetization is not collinear with the dark matter veloc-
ity, the spins will precess around this relative velocity.
Once they are no longer aligned with the external magnetic
field, they will precess around both the relative velocity
and this magnetic field. Equivalently, the nuclear spins
precess around the relative velocity as seen in a rotating
frame in which the magnetic field is eliminated. This
results (as seen in the lab frame) in a magnetization at an
angle to the magnetic field, which precesses around this
field with the Larmor frequency. This gives rise to a
transverse magnetization, which can be measured with a
magnetometer such as a superconducting quantum inter-
ference device (SQUID) with a pickup loop oriented as
shown in Fig. 3. The transverse magnetization rotates at the
Larmor frequency set by the external magnetic field. When
the ALP oscillation frequency is different from the Larmor
frequency, no measurable transverse magnetization ensues.
However, when the two frequencies coincide, there occurs
a resonance akin to that in the usual NMR, where the spins
precess around a transverse axis rotating at the Larmor
frequency [66]. This effect enhances the precessing
transverse magnetization that can be detected with the
SQUID magnetometer. The magnitude of the external
magnetic field (B,,;) is swept to search for a resonance.
At time ¢t = 0 the spins are prepared along Bey, and
then the magnitude of the transverse magnetization is
given by

B ext
SQUID
pickup
loop
—
v

FIG. 3. Geometry of the experiment, adapted from [43]. The
applied magnetic field Eext is collinear with the sample magne-
tization M. The relative velocity o between the sample and the
dark matter ALP field is in any direction that is not collinear
with M. The SQUID pickup loop is arranged to measure the
transverse magnetization of the sample.
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FIG. 4 (color online).
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ALP parameter space in pseudoscalar coupling of axion to nucleons Eq. (12) versus mass of ALP. The

diagonal (purple) band is the region in which the QCD axion may lie. The width of this (purple) band gives an approximation to the
axion model-dependence in this coupling. The darker (purple) portion of the line shows the region in which the QCD axion could be all
of the dark matter and have f,, < M, as in Fig. 2. The upper (green) region is excluded by SN1987A from [46]. The top (blue) region is
excluded by searches for new spin-dependent forces between nuclei [64]. The upper solid (red) line is the preliminary sensitivity of an
NMR style experiment using Xe; the lower solid (blue) line is the sensitivity using He. The dashed lines show the limit from
magnetization noise for each sample. These lines assume the parameters in Table I. The ADMX region shows the part of QCD axion
parameter space which has been covered (darker, blue) [28] or will be covered in the near future (lighter, blue) [55,56] by ADMX.

sin (QpuBey — ma)t)
2/'LBext —mg,

M(t) = npu(gannv2Ppmv)
X sin (2 Beyt), (16)

where n is the number density of nuclear spins, p is the

polarization, and w is the nuclear magnetic dipole moment.

The resonant enhancement occurs when 2uB. = m,.
. 1022

Taking n~ 5, p~ O(1), u~ py (the nuﬁclear Bohr

magneton) and interrogation time ¢ ~ 7, ~ 1% (the ALP

coherence time), we get

M~2x 1071 T( BanN )(MHZ

LAz
10710 Gev~! m) 17

This magnetic field is above the sensitivity of modern
SQUID and atomic SERF magnetometers that typically

.. .o, . — 716 T
have sensitivities ~10 TR

The axial nuclear moment oscillates at a frequency set
by particle physics, independent of the experimental setup.
This distinguishes the signal from many possible back-
grounds. For example, control over noise sources is only
required over the signal’s relatively high frequency range
(kilohertz—megahertz) and narrow bandwidth (~10~%m,,).
Further, though the induced axial nuclear moment is small,
its oscillation at laboratory frequencies enables resonant
schemes that boost the signal significantly.

This idea is based on and very similar to the one pro-
posed in [43] to detect the time-varying EDM induced by

the dark matter axion. However, in this case, since we are
not searching for an EDM, we do not need a material with a
large Schiff moment nor do we need to expose it to
significant electric fields. The techniques described in
[43] to achieve large nuclear polarizations and quality
factors for the NMR resonance can also be employed in
this case. Further, noise sources such as the intrinsic mag-
netization noise of the sample and strategies to mitigate
them should also be similar to the discussions of [43].

Figure 4 shows constraints on g,y and the potential
sensitivity of our proposals. The width of the line shows
axion model dependence in the axion-nucleon coupling.
The solid lines are preliminary sensitivity curves with the
sensitivity limited by magnetometer noise. Both lines
assume samples of volume (10 cm)?® with 100% nuclear
polarization. Other sample parameters are described in
Table I. The dashed lines show the limits from sample
magnetization noise, so where they are higher than the
corresponding solid line, they are the limit on sensitivity.
The solid curves are cut off at high frequencies by the
requirement that the Larmor frequency be achievable with
the assumed maximum magnetic field.

Note that there are many ways to verify a positive signal
in such an experiment, the same ways as described in [43].
If a positive signal is found, the scan can be stopped and
that particular frequency can be explored for much more
time than was needed to observe it in the scanning mode.
Thus one can effectively make many measurements of the
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TABLE 1.

PHYSICAL REVIEW D 88, 035023 (2013)

The parameters used for the sensitivity curves shown in Fig. 4. The first row corresponds to the upper (red) lines in the

figure while the second row is the lower (blue) lines. For the Xe experiment we used the average magnetic moment from the naturally
occurring abundances of 1% Xe and !3! Xe. The sixth column shows the maximum magnetic field that is assumed, which is relevant only
for setting the upper frequency limit on the curves. The last column shows the assumed magnetometer sensitivity.

Element Density (n) Magnetic moment () T, Maximum B Magnetometer Sensitivity
22 1 -16 _T
3 22 1 -17 _T
2. He 28 X 107 —~ 2.12uy 100 s 20T 10 N

dark matter signal. This has several interesting consequen-
ces. In particular, the signal from operator of Eq. (12) is
proportional to the spatial derivative of the axion field, i.e.
the local axion velocity. This is unlike the case for the
EDM operator, Eq. (4) (our NMR proposal of [43]) or the
photon coupling Eq. (3) (used in ADMX). Hence, if
the ALP signal can be observed through this operator,
Eq. (12), we will actually have a directional dark matter
detector. One could observe simultaneously with three dif-
ferent samples with perpendicular magnetization directions
(or just vary the magnetization direction using one sample).
This would give us the local axion velocity. Within the axion

coherence length, the wavelength ~ - all experiments

myv’
must agree on this measured direction of the axion velocity.
So this is another check on a positive signal. But it also gives
much more information since it tells us about the velocity
structure of the dark matter. At any one instant of time
the local velocity may appear random and changes on a

time scale of order the axion coherence time 7, ~——.
However, if the signal is folded on a yearly period or a daily
period, the average velocity should modulate exactly with
Earth’s velocity around the Sun or rotational velocity
around its axis, respectively. This would be yet another
check that the signal is correct. Even using the EDM cou-
pling or the photon coupling could lead to interesting
knowledge about the dark matter velocity profile including
knowledge of local streams, as has been pointed out for
ADMX [67-69], because of the high frequency resolution.
However when using the pseudoscalar nucleon coupling,
Eq. (12), we have something more; we have a directional
detector so we learn information about the full velocity
distribution of the dark matter.

It is very interesting that even this experiment can get
close to the QCD axion over a very large range of axion
masses and further can cover a large piece of ALP parame-
ter space. Also, very importantly, the fundamental limit
from magnetization noise can be reduced by using samples
with larger volumes [43]. This scheme could thus poten-
tially allow detection of the QCD axion over an interesting
range of higher masses through the use of improved
magnetometers.

This NMR technique appears to have the capability to
probe hitherto unconstrained ALP dark matter parameter
space when the ALP couples to nuclear moments such as
the electric dipole moment [43] or the axial nuclear

moment. While constraints from current laboratory experi-
ments for these ALP induced nuclear moments are
much weaker than astrophysical limits, this search for
ALP dark matter probes regions well beyond these limits
(see Fig. 4).

VI. AXIAL ELECTRON MOMENT

Much like the axial nuclear moment discussed above,
ALPs can also couple to electrons through the third
operator in (1) giving rise to the interaction

LD gaeea,ua(E’YS'y#e)- (18)

This coupling is very similar to the nucleon coupling in
Eq. (12) and leads to similar effects. The QCD axion
generally has this coupling with g, ~ fl, though it can

be fine-tuned to zero. Astrophysics constrains g,,, <
10719 GeV~! from bounds on the cooling of white dwarves
[46]. This interaction also gives rise to spin-dependent
dipole-dipole forces between electrons. However, bounds
from such searches are significantly weaker than the astro-
physical limits on this coupling [70,71].

Similar to the axial nuclear moment, in the presence of a
background dark matter ALP field, the nonrelativistic limit
of this operator leads to the following term in the electron
Hamiltonian:

H, D gz.Va.c,, (19)
where o, is the electron spin operator. An electron spin

that is not aligned with the ALP dark matter “wind” will
then precess due to the coupling

H, D gaceMaagcos (m,t)v.o,. (20)
Using the constraint that the energy density in the ALP

oscillations not exceed the local dark matter density, this
perturbation is of size

AE ~ g,..|Val

~ 8aeeV/PDM

~3><10*9s*1< Eace ) Pom 1 o1
107 Gev /|03 &Y
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FIG. 5 (color online). ALP parameter space in pseudoscalar coupling of axion to electrons Eq. (18) versus mass of ALP. The upper
(green) region is excluded by white dwarf cooling rates from [46]. The top (blue) region is excluded by searches for new spin-
dependent forces between electrons [70,71]. The region below the solid diagonal (purple) line shows the possible parameter space for a
QCD axion, with the region bounded by darker (purple) solid and dashed lines being the region where the QCD axion could be all of
dark matter and have f, < M. The frequency range of the QCD axion covered by ADMX is identical to the range plotted in Fig. 4.

This perturbation also oscillates at a frequency equal to the
ALP mass m,~ kilohertz—gigahertz, with an expected
bandwidth ~10~%m,,.

We have not been able to invent techniques that could
probe this unconstrained parameter space of ALP dark
matter. We show constraints on this coupling in Fig. 5.
The solid purple line in the figure shows the largest value
that g,.. could take for the QCD axion. Since g,.. is model
dependent, it could in principle be tuned to zero, though it
is generally expected to be close to the purple line. As in
Figs. 2 and 4 the darker purple portion shows the part of
QCD axion parameter space where the axion may be all of
the dark matter and has f, < M,;. In this figure this region
is bounded by the solid dark purple on top and the dashed
lines on the sides. For a general ALP, there is no such
expectation and the coupling could lie anywhere on the
unconstrained portion of Fig. 5. Experimental techniques
to probe time-varying electron axial moments could thus
probe an unexplored range of ALP dark matter.

VII. CONCLUSIONS

All previous axion detection experiments have been
based on the axion-photon coupling in Eq. (3). We have
considered several new operators for axion and ALP
detection in Egs. (4), (12), and (18) in Secs. 1V, V, and
VI. For the QCD axion the EDM operator arises from
the axion-gluon coupling =« }f—aGG. We mapped out the
parameter spaces for these operators including finding
the current constraints in Figs. 2, 4, and 5. These operators
suggest new ways to search for axion and ALP dark matter.

For the EDM coupling we previously proposed an experi-
ment using cold molecules [39]. These operators suggest
promising detection strategies using spin precession,
NMR-based, techniques which we discuss in detail in [43].

For the QCD axion, high-scale decay constants f,, or
masses below ~ueV, make up a well-motivated part of
parameter space but are very challenging to detect with
current experiments. Use of these new operators may allow
detection of QCD axion dark matter over a wider range of
its parameter space, especially for f, near the fundamental
GUT or Planck scales. In particular the EDM operator
Eq. (4) may be the most promising. Because it is a non-
derivative operator, it avoids the axion wavelength sup-
pressions that plague the use of any other axion coupling
for detecting low mass axions.

We have argued that it is useful to think of ALP dark
matter produced through the misalignment mechanism as a
classical field with an oscillating vacuum expectation value
(VEV). The interaction of a single axion or ALP particle
with a detector may be too weak to observe. But thinking of
the ALP as a background field motivates searching for the
coherent effects of the interaction of the entire classical
scalar field with the detector. For example, as we have
shown, the ALP field may cause an oscillating nucleon
EDM proportional to the classical VEV of the field, a
collective effect of all the ALP “‘particles” comprising
the field. Or the ALP field may induce axial moments for
nucleons or electrons, causing their spins to precess around
the gradient of the field.

The continuous, coherent nature of these effects also
enable secondary tests that can confirm the ALP dark
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matter origin of a signal in such experiments. As pointed
out in [43], a signal in one sample can be correlated
with another that is within the de Broglie wavelength
(>>100 m) of the ALP field. Further, a positive signal in
a particular bin can be verified by tuning the experiment to
that bin and spending additional time to observe the buildup
of the signal in that bin. Since the assumed scanning time at
any particular frequency bin is rather short (~10 s), addi-
tional time can be spent in some bins without significant
loss of efficiency. As discussed earlier in Sec. V, the spin-
dependent nature of the ALP coupling to axial currents can
be exploited to detect the direction of the dark matter wind
for such ALPs. These effects are very different from the
single, hard, particle scatterings which are used to search
for WIMP dark matter. For WIMP direct detection the
signal is a stochastic energy deposition event in the detec-
tor. The effects we propose searching for are not domi-
nantly energy-deposition signals. They are the continuous,
coherent effects of the entire ALP field on the sample.

We considered ways to search for axion or ALP dark
matter. Similarly to ADMX, such signals benefit from requir-
ing only one insertion of the small coupling between the
axion or ALP and the standard model fields. These couplings,
8ayy» 84> 8anN» And guee in Egs, (3), (4), (12), and (18),
respectively, are exceedingly small. For the QCD axion
they are all o« f, !, where f, is a high scale. By contrast,
light-through-walls and spin-dependent force experiments
require two insertions of these couplings. In such experi-
ments the axion or ALP must be sourced (either by the laser
or the source mass) and then must interact again to be
detected. The Feynman diagram would have two insertions
of this operator and so the amplitude for the process is sup-
pressed by the relevant coupling squared. The light-through-
walls experiments measure a rate and so are suppressed by
the coupling to the fourth power. This is why experiments
searching for axion or ALP dark matter such as ADMX or
through the effects we propose are sensitive to significantly
smaller couplings and may even reach the QCD axion.

We have proposed a new type of dark matter signal to
search for: the rapid oscillation of some parameter, e.g. the

PHYSICAL REVIEW D 88, 035023 (2013)

nucleon EDM. In general, such a signal may arise from any
type of modulus dark matter. The QCD axion provides a well-
motivated example of such a modulus, but many others are
possible. For example perhaps the dark matter is a modulus of
electric charge, in which case the fine-structure constant
would oscillate in time. Unlike the current experiments
searching for time variation of o which look on time scales
of years or more, the most motivated variation is on much
faster time scales, frequencies of ~ kilohertz—gigahertz or
more. Further, for definiteness here we have considered scalar
fields. However it is also possible that other fields (e.g.
vectors) may provide a natural realization of the experimental
signatures we have considered.

Although we have considered some experimental
designs to detect these signals of axion and ALP dark
matter, it seems likely that many other experiments are
also possible. For example, some static EDM experiments
may be modifiable to search for oscillating EDMs. It would
be valuable to make progress covering the ALP parameter
spaces of Figs. 2, 4, and 5 and reaching towards the QCD
axion. Once we start considering the parameter space for
this new type of signal, it becomes clear that there is a
large, new class of dark matter direct detection experi-
ments that have not been considered before.

Over the last couple decades, WIMP direct detection
experiments have made tremendous progress, improving
sensitivities by many orders of magnitude. A similar
improvement in the search for axion dark matter may be
possible with new experiments designed to search for the
coherent field effects we have described. The axion is an
excellent dark matter candidate. Hopefully consideration of
these types of signals will open new avenues to its discovery.
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