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The applications of spin-based quantum sensors to measurements probing fundamental physics are
surveyed. Experimental methods and technologies developed for spin-based quantum information
science have rapidly advanced in recent years, and these tools enable increasingly precise control
and measurement of spin dynamics. Theories of beyond-the-Standard-Model physics predict, for
example, discrete-symmetry-violating electromagnetic moments correlated with particle spins, exotic
spin-dependent forces, and coupling of spins to ultralight bosonic dark matter fields. Spin-based
quantum sensors can be used to search for these myriad phenomena, and offer a methodology for
tests of fundamental physics that is complementary to particle colliders and large-scale particle
detectors. Areas of technological development that can significantly enhance the sensitivity of spin-
based quantum sensors to new physics are highlighted.

I. INTRODUCTION

There are multiple profound mysteries in fundamental
physics, ranging from the nature of dark matter and dark
energy to the origin of the matter-antimatter asymmetry
of the universe. In turn, there are a plethora of theo-
retical proposals to explain these mysteries. However,
despite intense scientific activity, there are currently few
if any clear experimental signatures indicating how best
to unravel these mysteries. Consequently, in this era it
is advantageous to cast a wide net in the search for new
physics. A powerful, versatile, and relatively low-cost
approach is to use the techniques, systems, and devices
developed in the rapidly-growing field of quantum infor-
mation science (QIS). Quantum systems can be made
extremely sensitive to external perturbations. Indeed,
much of the work in quantum science is focused on how
to minimize this sensitivity, in order to prevent decoher-
ence. Here we outline a complementary approach, which
seeks to maximize the sensitivity of quantum systems to
new fundamental physics.

There are a growing number of experiments that make
use of quantum resources and systems to search for spin-
dependent interactions of novel origin, which are pre-
dicted by a wide variety of beyond-the-Standard-Model
physics theories [1, 2]. Experimental techniques for pre-
cision measurement of such spin-dependent interactions
have substantially advanced over recent decades, in no
small part because they share a common foundation with
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the robust program of research on spin-based quantum
sensors for measurement of magnetic fields, magnetic res-
onance, and related phenomena. Furthermore, control
and measurement of spins, spin ensembles, and quan-
tum materials is at the heart of many QIS and quantum
computing schemes [3–5]. Thus the development of spin-
based quantum sensors offers significant opportunities for
cross-fertilization between fundamental and applied re-
search.
In the context of searches for beyond-the-Standard-

Model physics, precision measurements using the tools
of QIS, magnetic resonance, and atomic, molecular, and
optical (AMO) physics are complementary to collider-
based high-energy-physics research [1, 2]. Precision ex-
periments searching for discrete-symmetry-violating per-
manent electric dipole moments (EDMs), exotic spin-
dependent interactions mediated by new light bosons,
and spin-dependent couplings to ultralight bosonic dark
matter fields [e.g., axions, axion-like particles (ALPs),
and dark/hidden photons] can probe new physics asso-
ciated with energy scales far beyond the reach of mod-
ern particle colliders [1, 2]. This is because precision-
measurement experiments1 are designed to detect ex-
tremely subtle energy shifts.2 Because of their energy res-
olution, such experiments can be sensitive to physics gen-

1 Note that while the experiments described herein are commonly
referred to as “precision-measurement” experiments, since the
overarching goal of these experiments is to reveal new physics,
the more relevant metric is “sensitivity.” Sensitivity refers to
discovery potential of an experiment, while precision refers to
how finely an experiment can measure a given quantity.

2 Experiments have reached astonishing sensitivity to frequency
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erated by new high-mass particles. For example, EDM
searches are now sensitive to CP-violation due to vir-
tual particles with masses M ≳ 10TeV/c2 [9–12]. Pre-
cision magnetic resonance-based searches for axion-like
dark matter [13] are sensitive to ALPs arising from spon-
taneous symmetry breaking at scales fa reaching up to
the grand unified theory (GUT) scale (∼ 1016 GeV) and
Planck scale (∼ 1019 GeV) [14].
Improving the sensitivity of spin-based sensors will ex-

tend the reach of such experiments to higher energies
as coupling constants typically scale proportionally to
1/M or 1/fa. Spin-based sensors can also be used as
particle detectors by precisely measuring and character-
izing changes to the environment caused by new parti-
cle interactions. Because precision experiments are often
carried out at the “table-top” scale involving relatively
small teams of researchers and relatively fast timelines
from conception to data, they offer affordable opportu-
nities to explore many creative theoretical scenarios of
beyond-the-Standard-Model physics.

In terms of technological development of instrumenta-
tion essential for expanding the reach of precision spin-
based sensors for fundamental physics research, there are
a number of high priority areas:

• Find ways to enhance the number of polarized spins
N via optical pumping and other hyperpolariza-
tion methods [15] and quantum control techniques,
as the shot-noise-limited sensitivities of spin-based
sensors generally scale proportionally to 1/

√
N [16];

• Develop methods and find systems to achieve the
longest possible spin coherence times τ , since mea-
surement sensitivity generally scales as 1/

√
τ [16];

• Improve fundamental sensitivity of spin-based sen-
sors via new measurement schemes involving, for
example, quantum back-action evasion [17] and
rapid averaging of quantum uncertainty in highly
correlated spin systems (e.g., ferromagnets [18,
19]);

• Study new atomic, molecular, and condensed-
matter systems that feature enhanced sensitivity to
beyond-the-Standard-Model physics, such as ferro-
electric crystals [20, 21], polyatomic molecules [22],
and deformed nuclei [23];

• Advance tools, such as comagnetometers [6, 24] and
quantum sensor networks [25], to control and elimi-
nate systematic errors and spurious technical noise;

• Find techniques to increase the bandwidth of spin-
based sensors to explore higher frequencies [26] and
therefore higher boson masses in dark matter halo-
scope searches;

shifts approaching the pHz (10−12 Hz) scale, corresponding to
energy scales ≲ 10−26 eV [6–8].

• Develop methods to speed up the scanning rate of
magnetic-resonance-based dark matter haloscope
searches [27] in order to explore larger ranges of
boson masses over a given measurement time;

• Design and implement new strategies for spin-based
sensors at smaller length scales to probe higher
mass exotic bosons that mediate forces at smaller
length scales [28];

• Enhance the accuracy of spectroscopic measure-
ments and theoretical calculations of atomic,
molecular, and nuclear systems to enable new tests
of fundamental interactions [29].

• In cases where the spin precession time is not lim-
ited by the spin coherence time, enhance energy
resolution beyond the apparent shot-noise-limit us-
ing entangled spin states.

II. SEARCHES FOR NEW PHYSICS

Measurements of spins can probe new physics in three
primary ways:

• First, new physics may break symmetries of the
Standard Model, giving rise to novel responses of
Standard Model spins to other Standard Model
fields (Sec. III).

• Second, the new physics may directly affect the
spin, for example, via an interaction between a new
field and the spin (Secs. IV – VI).

• Third, the environment of the spin may be affected
by the new physics and the spin can discover the
new physics by sensing changes to its environment
(Sec.VII).

The canonical science target for the first kind of ef-
fect, namely, the breaking of Standard Model symmetries
by new physics, is the search for the permanent electric
dipole moment (EDM) of fundamental particles. If a fun-
damental particle possesses an EDM, an applied electric
field will cause the spin of the particle to precess. Such
a dipole moment violates CP symmetry (the combined
symmetry of charge conjugation, C, and parity, P) and
it is a natural facet of many theories of physics beyond
the Standard Model [30]. Indeed, the existence of such
CP violation is indicated by the existence of the matter-
antimatter asymmetry in the universe [31].
Key science targets that cause the second kind of effect,

namely, direct effects on the spin itself, include particles
such as axions, ALPs, massive vector bosons and other
ultra-light bosons [14]. Particles of this kind emerge in
several theoretical frameworks that are aimed at solving
outstanding problems of the Standard Model such as the
strong-CP [32, 33] and hierarchy [34–37] problems. They
are also predicted to emerge as a generic consequence of
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string theory [38, 39]. The key reason for the ubiquity of
such particles in these extensions of the Standard Model
is due to effective field theory [14]. Given a light field,
interactions with the spin of Standard Model fermions
is one of the dominant channels that would allow this
light field to interact with Standard Model particles and
fields in a technically natural 3 way. These fields are
thus natural portals into the “ultra-violet” or high en-
ergy/mass regime. Such bosonic fields can be detected
by sourcing them in the laboratory with spin-polarized
(or unpolarized) test masses or by looking for a cosmo-
logical abundance of such bosons. The latter possibility
is well motivated since many cosmological scenarios (such
as inflation) can naturally produce a relatively large cos-
mic abundance of these particles [40, 41]. If discovered,
these particles thus have the potential of solving both the
problem of dark matter as well as unveiling other mys-
teries of the early universe. In addition, it is also possi-
ble that complex dark sectors could directly source these
long-range fields giving rise to new long-range interac-
tions between the dark matter and Standard Model spins
[42]. In light of poor observational constraints on such
particles, it is vital to develop technological probes that
are able to cover wide swaths of parameter space. The
developments in QIS technologies over the past decade
now makes a broad probe of parameter space experimen-
tally feasible [2, 43].

Science targets for the third possibility, namely, the
use of spins to detect the effects of new physics on the
environment of the spin, includes the detection of crystal
damage caused by dark matter interactions and the abil-
ity to use spins to detect changes caused to surfaces at
the single atom level, with the changes being produced
as a result of dark matter interactions [44]. The former
phenomenon could conceivably be used to identify the
direction of dark matter induced nuclear recoil while the
latter could potentially be used to detect light dark mat-
ter.

III. SEARCHES FOR PARITY- AND
TIME-REVERSAL-VIOLATING

ELECTRIC DIPOLE MOMENTS (EDMS)

The first way that sensitive measurements of spin dy-
namics can probe new physics identified in Sec. II is via
searches for discrete symmetry violations. The primary

3 “Technical naturalness” refers to the scenario where a dimen-
sionless coupling constant g describing an interaction in a theory
is ≪ 1 because of symmetry breaking. There exists a symmetry
which if respected implies g = 0, but if the symmetry is broken
as some high energy scale, at low energies it can be nonzero but
quite small compared to unity. The property of technical natu-
ralness protects the coupling constant g from large perturbative
corrections that would tend to increase its value closer to unity
at low energy scales where the measurements are performed.

focus of recent research has been measurement of perma-
nent electric dipole moments (EDMs) in atomic, molec-
ular, and nuclear systems. There have been a num-
ber of reviews on the topic of EDMs, see for example
Refs. [1, 2, 30, 45–53]. A nonzero EDM d of an ele-
mentary or composite particle must be proportional to
the total angular momentum F of the system (a fact
that follows from the Wigner-Eckart theorem and the
fact that no additional quantum numbers are required
to describe the system, see, for example, Refs. [45, 54]).
Since d is odd with respect to mirror-symmetry (par-
ity, P) and even under time-reversal (T) while F is even
under P and odd under T, the existence of an EDM vi-
olates P and T symmetries. Thus an EDM is a result of
what are classified as P- and T-violating fundamental in-
teractions, and, assuming CPT invariance, CP-violating
interactions. Such symmetry-violating interactions can
endow elementary particles such as electrons and quarks
with EDMs, which can in turn create EDMs of atoms,
molecules, and nuclei. Symmetry-violating interactions
between constituent particles of composite systems can
also induce electrical polarization along F and generate
EDMs.

The predominance of matter over antimatter is incom-
patible with Standard Model mechanisms of baryogenesis
[55], and it is widely believed that the missing ingredient
is a new, larger source of CP violation that would also
generate EDMs. A wide variety of beyond-the-Standard-
Model theories predict EDMs near present experimental
sensitivities. For instance, existing experimental limits
on EDMs have established some of the most stringent
constraints on supersymmetric theories, in many scenar-
ios beyond constraints from collider experiments [56].

Depending on whether the atomic or molecular system
studied is paramagnetic (with unpaired electron spins)
or diamagnetic (with closed electron shells but nonzero
nuclear spin), different types of physics can be probed:
EDM experiments with paramagnetic systems can target
electron EDMs and CP-violating electron-nucleon inter-
actions; diamagnetic systems can target nuclear EDMs
and CP-violating hadronic and other semileptonic inter-
actions. Thus it is valuable to develop techniques and ex-
periments to study both paramagnetic and diamagnetic
systems.

The general approach of EDM experiments is to search
for the combined effect of a P- and T-odd Hamiltonian
and an applied electric field E, which results in an en-
ergy shift ±∆Eedm for a given quantum state of the atom
or molecule, where the sign of the effect depends on the
projection of the spin along the quantization axis. A
preliminary consideration is that in the nonrelativistic
limit there is no energy shift when E is applied to a neu-
tral system, even if it is composed of particles possessing
nonzero EDMs. This is because particles will rearrange
upon application of the applied field E so that the inter-
nal fieldEint cancelsE at the positions of the constituent
particles, a result known as Schiff’s theorem [57]. How-
ever, relativistic effects not only evade Schiff’s theorem



4

but can even lead to enhancement of EDM observables
[48, 58]. Because relativistic effects are more prominent
in heavy atoms, ∆Eedm can be significantly enhanced in
systems with large atomic number Z [48, 58], and thus
EDM experiments employ heavy atoms such as Tl, Th,
Cs, Hg, and Xe. Typically the system is spin polar-
ized via optical pumping or some other hyperpolariza-
tion technique such that it is in a superposition of quan-
tum states with opposite EDM-induced energy shifts. A
nonzero EDM will cause the polarized spins to precess in
the presence of E by an angle ϕ = 2∆Eedmτ/ℏ, where
for maximum precession the time τ is given by the spin-
coherence time. The best achievable energy resolution for
a single-particle measurement is ℏ/(4τ) (a consequence of
the energy-time uncertainty relation); measuring with N
uncorrelated systems for a total time t gives an energy
resolution of δE

δE ≈ ℏ
4

1√
τtN

. (1)

Considering this approach, there are several general
areas of technological development that can advance the
fundamental sensitivity of EDM measurements:

• increase ∆Eedm by finding atomic and molecular
systems with maximal enhancement factors;

• improving hyperpolarization and quantum control
techniques so that the total number N of polarized
atoms/molecules can be increased;

• achieve longer spin-coherence times τ .

At least equally important is improving control of sys-
tematic errors that could mimic EDM signals. Among
the most pernicious systematic effects that have plagued
generations of EDM experiments are those due to un-
controlled magnetic fields B that couple to the magnetic
dipole moments of the atoms or molecules, causing Lar-
mor precession of spins. While many magnetic field ef-
fects can be distinguished from effects due to EDMs by
reversal of the direction of E, there can be B-fields cor-
related with the direction of E due to leakage currents as
well as motional magnetic fields ∝ E×v/c, where v is the
particle velocity in the lab frame. Magnetic-field-related
systematic errors are generally reduced using the tech-
nique of comagnetometry [6], where simultaneous mea-
surements in the same volume are carried out on either
different species [59] or different quantum states of the
same species [60].

In addition to comagnetometry, controlling and moni-
toring the magnetic environment of an EDM experiment
should also make use of ultra-stable and sensitive magne-
tometers surrounding the experiment. Optically pumped
atomic magnetometers [61, 62] and in general magne-
tometers probed by light are subject to shifts that chal-
lenge their stability (although, it should be noted, that
there are techniques to ameliorate or cancel such system-
atic effects, see, e.g., Refs. [63–65]). Nuclear spin magne-
tometers, in particular those based on 3He [66, 67], have

the potential as quantum sensors to provide the unprece-
dented stability required for future EDM experiments.

Earlier generations of electron-EDM experiments gen-
erally employed paramagnetic atomic systems like Cs [68]
and Tl [59, 69], and there are ongoing atomic EDM exper-
iments employing advances in laser-cooled and trapped
atoms and other state-of-the-art QIS methods [70–72].
However, in recent years the focus has shifted to molec-
ular systems such as YbF [73], ThO [9, 10], and HfF+

[11, 12]. The molecular systems have enabled orders-
of-magnitude improvements in sensitivities to electron
EDMs through their larger enhancement factors which
increase ∆Eedm as compared to atomic systems as well
as opening a variety of techniques to control and re-
duce systematic errors. Efficient systematic error con-
trol in molecular EDM experiments is accomplished by
experimenting on particular molecular states that have
reduced sensitivities to magnetic perturbations while re-
taining sensitivity to EDM-induced effects, and by using
optical and radio-frequency fields for quantum control to
switch between different quantum states that allow rapid
measurement and cancellation of many systematic er-
rors. Further improvements in cooling [74] and control of
molecules [4, 75], extending spin-coherence times [76, 77],
increasing the number of polarized molecules [78–80], and
advances in comagnetometry [22] and other methods to
control systematic effects are among the paths toward
further advances. In addition to ongoing experiments
[9–12, 73], a number of new experiments are under de-
velopment [81].

The leading diamagnetic (nuclear) EDM experiment
has employed Hg atoms [8], complementary to direct
measurements of the neutron EDM [82]. The sensitiv-
ity of the Hg EDM experiment results from a relatively
high density of optically polarized atoms (N ∼ 1014) and
long coherence times (hundreds of seconds), as well as
a variety of auxiliary measurements and techniques de-
veloped over the years to reduce systematic errors [83].
Searches for EDMs of diamagnetic atoms in other sys-
tems have been carried out [84–89]; many of these are
ongoing efforts with the prospect of improving measure-
ment accuracy by orders of magnitude, such as the ra-
dium EDM search in which several upgrades are in the
process of being implemented [90, 91]. There are also a
number of new experiments that have the potential to
explore unconstrained parameter space for symmetry vi-
olating effects in the nuclear sector [22, 92–98], such as
the CENTREX experiment that employs a cold beam of
TlF molecules [99], a search particularly sensitive to the
proton EDM [100, 101].

Technological improvements that can enhance the sen-
sitivity of EDM experiments include any methods that
result in longer spin-coherence times, such as longer beam
lines, slower/colder beams, and trapping of molecules
which can lengthen spin-coherence times by orders of
magnitude. Sensitivity can also be improved by increas-
ing count rates via beam cooling and focusing, more
efficient probing/detection methods, improved trapping
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techniques, and brighter molecular sources. It is impor-
tant to note that all three of the leading electron EDM
searches with molecules [10–12, 73] are presently statis-
tics limited, meaning that technological advances in the
aforementioned areas can lead directly to improved sen-
sitivity.

An important area of technological development is to-
ward the use of deformed nuclei for EDM searches [23].
Because the motion of a nucleus within an atom or
molecule is deeply nonrelativistic, Schiff’s theorem [57]
implies that any nuclear EDM is mostly screened from
external fields. Nonetheless, symmetry violating nuclear
interactions can change the nuclear charge and current
distributions, and lead to nonzero energy shifts due to
finite-nuclear-size effects described by the Schiff moment
[102]. Deformed nuclei that possess a reflection antisym-
metric shape in the nuclear frame, such as Fr, Ra, Th,
and Pa that may have static octupole deformations, have
enhanced nuclear Schiff moments (by orders of magni-
tude) and therefore lead to comparably larger atomic and
molecular EDMs [23, 103–106].

Another rapidly developing technology, useful not only
for nuclear EDM experiments but also for a wide range
of searches for beyond-the-Standard-Model physics, are
new methods for nuclear spin comagnetometry [87, 107–
109]. These techniques can improve control of systematic
errors, often the limiting factor in EDM experiments.

A new direction of particular interest is the use of
polyatomic molecules for EDM searches, which can en-
able application of laser cooling techniques [110] in con-
junction with internal comagetometry and full polariza-
tion [22, 111]. Polyatomic molecules show considerable
promise for both electron and nuclear EDM experiments.

A different approach is to develop solid-state systems
for EDM experiments [112, 113]. Such solid-state EDM
experiments sacrifice the long spin-coherence times pos-
sible in gas-phase atomic and molecular experiments for
a significantly larger signal due to the higher density of
spins in a solid. As first suggested in Refs. [114, 115],
an electron EDM search can be carried out using un-
paired election spins bound to a crystal lattice: when
an electric field E is applied, if the electrons possess a
non-zero EDM the spins will become oriented parallel to
E and generate a nonzero magnetization [20, 116, 117].
The inverse experiment can also be performed, where a
material is magnetized (spin-polarized) and one searches
for electric polarization due to a nonzero electron EDM
[118]. Technological improvements are needed to reduce
systematic errors in such solid-state EDM experiments,
for example due to heating and dielectric relaxation.

In the longer term, it is likely that advances along mul-
tiple fronts will allow the frontiers of EDM searches to
be pushed even further. For example, using heavy polar
molecules with deformed nuclei in an EDM experiment
taking full advantage of state-of-the-art cooling, trap-
ping, and molecular production could allow sensitivity
to symmetry-violating interactions many orders of mag-
nitude beyond what is possible today [98]. Combining the

Schiff-moment enhancement of an octupole-deformed nu-
cleus with the relativistic enhancement, there are molec-
ular species such as 229ThO, 229ThOH, 229ThF+, and
225,223RaOH+, 225,223RaOCH+

3 ,
225,223RaF, 225,223RaAg,

and 223FrAg that are up to 106 times more sensitive per
particle to CP-violating physics than 199Hg [119–121].
Note that dedicated institutes for low-energy nuclear sci-
ence research, such as the Facility for Rare Isotope Beams
(FRIB), TRI-University Meson Facility (TRIUMF), and
Isotope mass Separator On-Line (ISOLDE), have the
capability to produce these isotopes for use in practi-
cal quantities and enable precursor spectrocopic studies
[122]. Excellent candidates are Ra-containing molecules
[123], since Ra has a well-studied nuclear deformation
[105, 124], and many Ra-containing molecules can be
laser cooled. For example, RaOCH+

3 was recently synthe-
sized, captured in an ion trap and cooled [97], opening the
potential for an experiment that takes advantage of the
advanced quantum control techniques possible with cold
ions [11, 12, 98, 125]. A novel related concept is to use
the radioactive species 229Pa, which may be a highly de-
formed nucleus, embedded in an optical crystal to search
for its strongly enhanced symmetry-violating magnetic
quadrupole moment or nuclear Schiff moment [92].

Another route is to combine the advantages of the long
coherence times and quantum control possible in gas-
phase atomic and molecular experiments with the high
spin densities possible in solid-state systems [126–132].
The idea is to trap atoms and molecules with high intrin-
sic sensitivity to symmetry-violating interactions within
inert cryogenic crystal matrices. In order for an EDM
experiment based on this approach to surpass the sensi-
tivities of gas-phase experiments, it is essential that both
high density of the target species is achieved and that
the target species retains all the key properties that en-
able quantum control and sensing in the inert crystal
environment (long coherence times and efficient polar-
ization and read-out of spin states). While experiments
with alkali atoms in solid hydrogen and solid helium have
demonstrated long coherence times and efficient optical
pumping and probing [133–135], the alkali atom densities
so far have been low. On the other hand, both high al-
kali atom density and relatively long spin-coherence times
(τ ≡ T2 ∼ 0.1 s) have been demonstrated in solid parahy-
drogen [136–138]. While there are experimental hurdles
yet to be overcome, such as relatively short spin-ensemble
dephasing times (T ∗

2 ) due to the polycrystalline nature of
the parahydrogen samples used so far [136, 137], there are
viable paths forward to taking full advantage of the pos-
sibilities of this system by, for example, creating single-
crystal cryogenic samples [139] and higher purity parahy-
drogen matrices [140]. New experiments using rubidium
atoms trapped in solid neon matrices show promising re-
sults in terms of spin coherence and the ability to opti-
cally control and readout the rubidium spin properties
[141].

Many of the EDM experiments described here rely on
quantum sensing and control of spin ensembles, analo-
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gous to those used in QIS, and can therefore borrow new
tools from this rapidly-advancing field [3–5]. As high-
lighted above, QIS methods have already been imple-
mented in EDM searches. A variety of techniques for
quantum control and readout have been used to take
advantage of the rich internal structure of molecules
[142, 143] both for QIS applications [75, 125, 144, 145]
and for EDM searches [11, 12]. There are a number
of new approaches that may offer synergistic opportuni-
ties, such as cavity-enhanced readout of solid-state spin
sensors [146], employing quantum entanglement between
atoms and molecules to transduce quantum information
across widely varying frequencies [147], and using the
coupling between phonons and polar molecules trapped
in Coulomb crystals for non-optical quantum logic op-
erations [148]. Quantum entanglement and spin squeez-
ing have been shown to improve signal-to-noise [149–152]
over measurement time scales shorter than the relevant
coherence time [16, 26, 153, 154], which could be use-
ful for enhancing measurement bandwidth and improving
single-shot measurement precision.

It is widely believed that new sources of CP-
violation are required to explain the cosmological matter-
antimatter asymmetry [155]. Consequently, there are a
wide range of beyond-the-Standard-Model theories pre-
dicting observable EDMs “just around the corner” of
present experimental sensitivities [56]. Discovery of a
nonzero EDM would herald the existence of new par-
ticles, and can explore new physics from particles with
masses beyond the direct reach of any conceived acceler-
ator [1, 2].

IV. SEARCHES FOR EXOTIC
SPIN-DEPENDENT INTERACTIONS
USING MAGNETOMETRY AND

COMAGNETOMETRY

The second class of precision experiments highlighted
in Sec. II are direct searches for exotic spin-dependent in-
teractions originating from beyond-the-Standard-Model
physics. Many theories predict the existence of new
force-mediating bosons that couple to the spins of Stan-
dard Model particles [2]. Regardless of the specifics of
the fundamental theory, if the new interaction respects
rotational invariance, there are only a relatively small
number of long-range interaction potentials that can ex-
ist as described in detail in Refs. [156–159]. The range
of such a fundamental interaction is parameterized by
the Compton wavelength of the force-mediating boson:
λc = ℏ/(mc), where m is the boson mass. For exam-
ple, exchange of an exotic spin-0 boson (such as an axion
[156]) with pseudoscalar coupling to fermion 1 and scalar
coupling to fermion 2 leads to a monopole-dipole poten-
tial of the form:

Vps(r) =
g
(1)
p g

(2)
s ℏ

8πm1c
S1 · r̂

(
1

rλc
+

1

r2

)
e−r/λc , (2)

where g
(1)
p and g

(2)
s parameterize the vertex-level pseu-

doscalar and scalar couplings, respectively, S1 is the spin
of fermion 1, m1 is mass of fermion 1, and r = rr̂ is
the displacement vector between the fermions. The po-
tential Vps(r) causes an associated spin-dependent energy
shift. The basic experimental program is thus to hunt for
all possible types of interactions at various length scales
between Standard Model fermions (typically electrons,
protons, and neutrons in the case of AMO experiments).
Through the framework of Refs. [156–159], the results of
experiments can be interpreted in terms of fundamental
physics theories [2].
One of the primary experimental strategies is to em-

ploy a sensitive detector of torques on spins and then
bring that spin-based torque sensor within ∼ λc of an
object that acts as a local source of an exotic field (e.g., a
large mass or highly polarized spin sample). Such experi-
ments are closely analogous to spin-based magnetometry
[61, 62], where the effect of an ambient magnetic field
B is measured by sensing the µ × B torque on spins
with magnetic moment µ. This is equivalent to measur-
ing the magnetic-field-induced energy shift between Zee-
man sublevels via observation of the time-evolution of a
coherent superposition of spin states in the probed sys-
tem. Exotic spin-dependent interactions act as “pseudo-
magnetic fields” and generate analogous effects, albeit
with couplings to Standard Model particles that can be
completely different from those due to a real magnetic
field [160, 161].
The central technology in these experiments is the

spin-based sensor employed. The accessible parameter
space depends on the overall sensitivity, which deter-
mines how small a coupling can be observed, as well
as the size and geometry of the sensor, which deter-
mines what interaction range λc (boson mass m) can be
probed. Since the observable in these experiments is a
spin-dependent energy shift, just as in the case of the
EDM experiments discussed in Sec. III, a sensor employ-
ing N independent spins with coherence time τ has a
shot-noise-limited sensitivity described by Eq. (1). How-
ever, as noted in Ref. [162], a practical benchmark for
comparison of different magnetometer technologies is the
energy resolution limit (ERL). A heuristic argument sup-
porting the ERL comes from considering measurement of
a magnetic field B using a sensor whose active element
fills a volume V . Suppose that the measurement is car-
ried out over a time t and results in a determination
of the measured magnetic field to be B0 + ∆B, where
B0 is the true mean (expectation) value of the field and
∆B characterizes the measurement error. The associated
measurement bias in the average magnetostatic energy,
∆EB , is

∆EB ≈ V

2µ0
⟨∆B2⟩ , (3)

where µ0 is the magnetic permeability of free space and
⟨· · · ⟩ indicates the average. Multiplying ∆EB by the
measurement time t yields a quantity with units of ac-
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FIG. 1. Summary of the size and sensitivity of spin-based
magnetometers. Experimentally demonstrated magnetome-
ters are represented by filled markers, projected sensitiv-
ity of proposed magnetometers are represented by unfilled
markers. The gray line indicates the energy resolution limit
(ERL) described by Eq. (4). The purple circles correspond
to nitrogen-vacancy diamond (NVD) magnetometers [164–
171], the green triangles correspond to atomic Bose-Einstein
condensate (BEC) magnetometers [150, 172–179], and the
blue diamonds correspond to optical atomic magnetometers
(OAM) [149, 180–186]. The red triangle represents the sen-
sitivity of the recently demonstrated single-domain ferromag-
netic BEC magnetometer (FBEC) that surpasses the ERL
[187]. Levitated ferromagnetic torque sensors (LeFTSors),
represented by the unfilled black squares, are predicted to
surpass the ERL by many orders of magnitude [18, 19]. Fig-
ure adapted with permission from Ref. [162]; does not include
non-spin-based magnetic sensors based on, for example, su-
perconducting quantum interference devices (SQUIDs).

tion. If one assumes that quantum mechanics imposes a
lower limit, equal to Planck’s constant ℏ, on the contri-
bution of the magnetic field measurement uncertainty to
the action, one arrives at the ERL:

⟨∆B2⟩ ≳ 2µ0ℏ
V t

. (4)

For a detailed discussion of the ERL and the origin
of magnetometric sensitivity limits specifically for spin-
precession-based sensors, see Ref. [163].

Therefore, a major technological leap in the search
for exotic spin-dependent interactions at various length
scales would be to find methods to surpass the ERL.
One promising technology along these lines is the devel-
opment of levitated ferromagnetic torque sensors (LeFT-
Sors) [18, 19, 188–192]. The active sensing element con-
sists of a hard ferromagnet, well isolated from the en-
vironment by, for example, levitation over a supercon-
ductor via the Meissner effect. The mechanical response
of the levitated ferromagnet to an exotic spin-dependent
interaction can be precisely measured using a supercon-
ducting quantum interference device (SQUID). For suf-
ficiently slow rotational motion of the ferromagnet, its

angular momentum is dominated by its intrinsic spin,
and it behaves as a gyroscope [18]. For faster motion,
the levitated-ferromagnet dynamics are dominated by
pendulum-like librational motion [19]. In either regime,
LeFTSors are predicted to be able to surpass both the
ERL and even the standard quantum limit (SQL) for
uncorrelated spins described by Eq. (1).
The ability of LeFTSors to achieve this sensitivity is

a result of the high correlation of the electron spins in
a ferromagnet, which are locked together along a well-
defined local direction by magnetic anisotropy, ultimately
converting the field measurement into a mechanical mea-
surement [19]. The quantum uncertainty in the spin ori-
entation is rapidly averaged by the strong internal inter-
actions in the ferromagnet [18]. In the case of a LeFTSor,
the ultimate quantum- and thermal-noise-limited uncer-
tainty in the measurement of a magnetic field is derived
from the fluctuation-dissipation theorem [18]:

(∆B)
2 ≳

2αkBT

ℏω2
0γ

2

1

Nt3
, (5)

where α is the Gilbert constant, kB is Boltzmann’s con-
stant, T is the temperature, ω0 is the ferromagnetic reso-
nance frequency, γ is the gyromagnetic ratio, andN is the
number of polarized spins. For a micron-scale ferromag-
net levitated above a perfect superconductor at cryogenic
temperatures, the magnetometric sensitivity (5) can sur-
pass the ERL (4) and SQL for uncorrelated spins (1) by
many orders of magnitude. Practical limits on the sen-
sitivity, well above the ultimate limit (5), are predicted
to arise due to magnetic coupling of the spin-fluctuations
to the non-zero external magnetic field [193] and, for ex-
ample, perturbation due to collisions with residual gas
molecules [18, 191].
Recently, a magnetic field sensor surpassing the ERL

was demonstrated: a single-domain spinor Bose-Einstein
condensate (BEC) [187]. Similar to the LeFTSor con-
cept, ultracold two-body interactions in the BEC create
a fully coherent, single-domain state of the atomic spins
that enables the system to evade the ERL that limits tra-
ditional spin-based sensors. The experiment described in
Ref. [187] confirms the principles underlying the promise
of next-generation torque sensors such as LeFTSors, and
also emphasizes the connection to highly correlated spin
systems of particular interest for QIS applications [194].
A variety of other directions to improve fundamental

and practical sensitivity of spin-based magnetometers are
being explored, including bandwidth enhancement via
spin squeezing [26, 195, 196], spin-polarized matter-wave
interferometry [197–199], and methods to utilize many-
body collective correlation among spins [200]. A new
high-frequency magnetometer based on electron spin res-
onance, operating in the MHz – GHz region, has demon-
strated sensitivity at the pT level and has the potential
to reach sub-fT sensitivity [201]. Another example that
underscores the usefulness of QIS methods for probing
exotic spin-dependent interactions is an experiment mea-
suring the interaction between the ground-state spin-1/2
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valence electrons of two entangled 88Sr+ ions [202]. The
coherent cooperative spin dynamics of the pair of 88Sr+

ions was restricted to a decoherence-free subspace that
was immune to collective magnetic field noise. This al-
lowed the experiment to probe exotic spin-spin interac-
tions between electrons with orders-of-magnitude greater
accuracy than achievable in prior measurements [203].

Beyond the intrinsic sensitivity, the principal challenge
in experiments searching for exotic spin-dependent in-
teractions is understanding and eliminating systematic
errors: clearly distinguishing exotic spin-dependent in-
teractions from mundane effects due to, for example,
magnetic interactions. This is a theme in common with
the EDM searches discussed in Sec. III, and many sim-
ilar technical approaches avail themselves. Ideally, the
local source of the exotic field can be manipulated in
such a way as to modulate its effects, thereby provid-
ing a signal with a well-characterized time-dependence
that can be distinguished from background. In addition,
a variety of independent measurements can be used to
monitor, control, and identify systematic errors. Impor-
tantly, in searches for exotic spin-dependent potentials,
the sought-after effect is not due to a real magnetic field,
but rather a pseudo-magnetic field . Therefore, by com-
paring the response of two different systems, effects from
magnetic fields can be distinguished from effects due to
exotic spin-dependent interactions. This is the essence
of comagnetometry [204], where the same field, magnetic
or otherwise, is simultaneously measured using two dif-
ferent ensembles of atomic or nuclear spins, reviewed in
Ref. [6].

Comagnetometers are in fact the most sensitive de-
vices for measuring energy differences between quan-
tum states, in some cases achieving precision at the
∼ 10−26 eV level [7, 205, 206]. Presently the most sensi-
tive alkali-atom/noble-gas comagnetometers are based on
spin-exchange-relaxation-free (SERF) atomic magnetom-
etry combined with a scheme where the magnetization of
a noble gas species self-compensates the magnetic field,
and enabling nearly background-free searches for exotic
spin-dependent interactions [24, 207]. Other methods
have reached similar sensitivity using a variety of atomic
systems via simultaneous measurement of spin-precession
in different samples [8, 206].

Presently, comagnetometer technology is limited by ef-
fects due to the combination of magnetic field gradients
and imperfect sample overlap, atomic collisions, surface
interactions that differentially affect the atomic species,
and quantum back-action. A number of techniques to
circumvent these limitations are being explored. For ex-
ample, in Ref. [109], quantum control methods are used
to average away deleterious effects and precession is mea-
sured “in the dark” without external fields applied in
order to reduce background effects. In the case of nu-
clear spin measurements in liquid samples, the prob-
lem of magnetic field gradients is overcome in an en-
semble of identical molecules by carrying out comag-
netometry with different nuclear spins in each identi-
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FIG. 2. Constraints on the ALP-mediated monopole-dipole

interaction between nucleons and neutrons, |g(n)
p g

(N)
s |/(ℏc), as

a function of ALP Compton wavelength (λc) as described by
Eq. (2), adapted and updated from Refs. [2, 14].a Experiments
using comagnetometry [208–215] are indicated by black lines,
experiments using magnetometry are indicated by red lines
[216–218], and astrophysical constraints are indicated by the
green double line [219]. Experiments at different length scales
measure interaction ranges corresponding to different ALP
Compton wavelengths λc, and thus different ALP masses m.

a Importantly, for the experiments of Venema et al. (1992) [208]
and Wineland et al. (1991) [209], a factor of 4π error in the
results is corrected in the above plot as compared to the
corresponding plots in Refs. [2, 14]. This has the important
qualitative consequence that the laboratory experiment of
Venema et al. (1992) [208] surpasses astrophysical constraints
in the long ALP Compton wavelength (λc) limit.

cal molecule, suppressing effects of gradients by over an
order-of-magnitude as compared to overlapping samples
of different atoms/molecules [107, 108].

Magnetometer and comagnetometer technology has
been applied to a wide variety of experiments search-
ing for new spin-dependent interactions. Experiments
using spin-based sensors and spectroscopy have been
able to search for interactions with ranges from the
nanometer-scale [220–225] to the Earth-scale [208, 209,
215, 226–229], and have probed interactions of protons
[220, 224, 229–232], neutrons [7, 208, 209, 214, 215, 231–
235], electrons [203, 231, 235–249], and even antimat-
ter [250, 251]. To get an overall idea of the state-of-
the-art in experimental methods, a representative survey
of the use of spin-based sensor technology in searches
for the monopole-dipole interaction described by Eq. (2)
for neutron spins [208–218] is shown in Fig. 2. In
Fig. 2, constraints on the dimensionless coupling constant

|g(n)p g
(N)
s |/(ℏc) using comagnetometers are indicated by

the black lines, and constraints obtained using 3He mag-
netometry are indicated by red lines. Parameter space
excluded by laboratory experiments is indicated by the
light blue shaded region and astrophysical constraints
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[219] are shown by the double green lines and green
shaded region. It is evident that the best laboratory con-
straints are obtained using comagnetometry techniques,
and these techniques are at the level of precision where
for many boson masses they explore parameter space
beyond the astrophysical constraints, highlighting the
importance of further technological improvements along
this research direction. Here again, QIS techniques offer
intriguing possibilities: for example, a BEC-based 87Rb
comagnetometer, employing the F = 1 and F = 2 hyper-
fine manifolds as colocated magnetic sensors, has recently
demonstrated significant suppression of magnetic noise
and the potential to search for exotic spin-dependent in-
teractions at sub-mm distance scales [252].

If λc is at or below the atomic or molecular scale, exper-
imental searches often rely on comparing high-precision
measurements to high-accuracy atomic and molecular
calculations based on Standard Model physics, as de-
scribed, for example, in Refs. [159, 221–223, 225, 251].
The idea in these studies is that disagreement between
theory and experiment can be interpreted as a possible
hint of new physics, while good agreement between the-
ory and experiment can be interpreted as a constraint on
new physics scenarios. In these cases, improvements in
spectroscopic measurement techniques must be accompa-
nied by similar improvements in calculations: these are
examples of measurements where the sensitivity of the
method depends on the precision and accuracy of both
experiment and theory. Thus there are usually advan-
tages to studying simpler atomic and molecular systems
that can be well understood. This is a situation similar
in many respects to the long-running program of atomic
parity violation measurements and calculations used to
test electroweak unification [2], which, of course, can
also be used to place bounds on exotic parity-violating
interactions [253]. Note also that EDM measurements
(Sec. III) can be used to constrain atomic- and molecular-
scale symmetry violating interactions [254], and experi-
ments with antimatter open up the possibility of test-
ing if exotic interactions are symmetric with respect to
charge-conjugation symmetry [251].

V. SPIN-BASED SENSOR NETWORKS

The searches for exotic spin-dependent interactions
mediated by “new” bosons described in Sec. IV employ a
local source for the new potential and a spin-based sensor
to detect the effects of that potential. Another possibil-
ity is that the new bosons can be abundantly generated
by astrophysical processes: for example, as dark matter
produced in the early universe [255], or through some
cataclysmic astrophysical process such as those occur-
ring near black holes [256–258]. In these scenarios, the
existence of the new bosons could be directly detected
through their interactions with electronic or nuclear spins
as reviewed in Ref. [259].

If exotic ultralight bosons (m ≲ 1 eV/c2) such as ax-

ions, ALPs, or dark/hidden photons make up the major-
ity of dark matter and have negligible self-interactions,
their phenomenology is well-described by a classical field
oscillating at the Compton frequency ωc = mc2/ℏ. How-
ever, due to topology or self-interactions, such ultralight
bosonic fields can form stable, macroscopic field config-
urations in the form of boson stars [260–262] or topo-
logical defects (e.g., domain walls, strings, or monopoles
[263]). Even in the absence of topological defects or self-
interactions, bosonic dark matter fields exhibit stochastic
fluctuations [264]. Additionally, as noted above, it is pos-
sible that high-energy astrophysical events could produce
intense bursts of exotic ultralight bosonic fields [265]. In
any of these scenarios, instead of being bathed in a uni-
form flux, terrestrial detectors witness transient events
when ultralight bosonic fields pass through Earth [266].

Such transient phenomena could easily be missed by
experimenters when data are averaged over long times to
increase the signal-to-noise ratio as is done in the searches
described in Secs. III and IV. Detecting such unconven-
tional events presents several challenges. If a transient
signal heralding new physics is observed with a single de-
tector, it would be exceedingly difficult to confidently dis-
tinguish the exotic-physics signal from the many sources
of noise that generally plague precision spin-based sensor
measurements. However, if transient interactions occur
over a global scale, a network of spin-based sensors ge-
ographically distributed around the Earth could search
for specific patterns in the timing, amplitude, phase, and
polarization of such signals that would be unlikely to oc-
cur randomly, as illustrated in Fig. 3. By correlating the
readouts of many sensors, local effects can be filtered
away and exotic physics could be distinguished from pro-
saic Standard-Model physics [267–269].

This idea forms the basis for the Global Network
of Optical Magnetometers for Exotic physics searches
(GNOME), an international collaboration operating
spin-based sensors all over the world, specifically target-
ing beyond-the-Standard-Model physics [25, 270]. The
magnetometric sensitivity of each GNOME sensor is
≈ 100 fT/

√
Hz over a bandwidth of ≈ 100Hz [270]. Each

magnetometer is located within a multi-layer magnetic
shield to reduce the influence of magnetic noise and per-
turbations while still retaining sensitivity to many ex-
otic fields [161]. Even with the magnetic shielding, there
are inevitably some transient noise spikes associated with
the local environment (and possibly with global effects
like the solar wind, changes to the Earth magnetic field,
etc.). Therefore, each GNOME sensor uses auxiliary un-
shielded magnetometers and other sensors (such as ac-
celerometers and gyroscopes) to measure relevant envi-
ronmental conditions, enabling exclusion/vetoing of data
with known systematic issues [270]. The signals from
GNOME sensors are recorded with accurate timing pro-
vided by the global positioning system (GPS) using a cus-
tom GPS-disciplined data acquisition system [271] with
temporal resolution ≲ 10ms (determined by the mag-
netometer bandwidth), enabling reconstruction of events
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FIG. 3. (a) Schematic representation of a ALP field topologi-
cal defect (domain wall) passing through the Earth, with the
location and sensitive direction of GNOME sensors marked
by arrows. (b) As the topological defect passes through var-
ious GNOME stations, signals appear in the magnetometer
data at particular times. The sign and amplitude of the sig-
nals depend on the orientation of the sensor with respect to
the domain wall and the atomic species used. Figure from
Ref. [268].

that propagate at ≲ c across the Earth (RE/c ≈ 40ms).
The broad geographical distribution of sensors enables
GNOME to achieve good spatial resolution and act as
an “exotic physics telescope” with a baseline comparable
to the diameter of the Earth [265].

GNOME searches for a class of signals different from
those probed by most other experiments, namely tran-
sient and stochastic effects that could arise from ALP
fields of astrophysical origin passing through the Earth
during a finite time. Depending on the particular hypoth-
esis tested, GNOME is sensitive to ALPs with masses
between ≈ 10−17 eV and ≈ 10−9 eV, and can probe pa-
rameter space unconstrained by existing laboratory ex-
periments and astrophysical observations discussed in
Sec. IV. A search for ALP domain walls has already been
carried out [268, 272], and there are ongoing efforts to

search for boson stars [273], carry out intensity inter-
ferometry using GNOME to detect stochastic fluctua-
tions of dark matter fields [274], perform multimessenger
“exotic physics” astronomy [265], and probe other sce-
narios [42]. New data analysis efforts and upgrades of
GNOME magnetometers to noble gas comagnetometers
[275–277] are underway. Most importantly, correlated
searches with spin-based sensors offer the possibility to
hunt for the unexpected.
Another interesting scenario is the case of kinetically-

mixed4 hidden-photon dark matter. Earth itself may act
as a transducer to convert hidden-photon dark matter
into a monochromatic oscillating magnetic field5 at the
surface of the Earth [282]. The induced magnetic field
from the hidden photons would then have a characteris-
tic global vectorial pattern that can be searched for with
unshielded magnetometers dispersed over the surface of
the Earth. GNOME is insensitive to such kinetically-
mixed hidden-photon dark matter because of the mag-
netic shields enclosing the magnetometers [161, 281].
Instead, a network of unshielded magnetometers is re-
quired. Searches for dark/hidden photons and ALPs
using a publicly available dataset from the SuperMAG
Collaboration [283, 284] established experimental con-
straints on such scenarios that are competitive with as-
trophysical limits [285–287] and the CAST experiment
[288] in the probed mass ranges (from around 10−18 eV
to 10−16 eV). A dedicated unshielded magnetometer net-
work targeting hidden photon dark matter may be able
to extend the probed parameter space.
There may also be opportunities for QIS techniques to

play a key role in next-generation dark-matter searches
with quantum sensor networks. As already noted, en-
tanglement and spin-squeezing can increase sensor band-
width [26, 195, 196], which could expand the range of
accessible parameter space. Another intriguing possibil-
ity is the use of a network of entangled quantum sensors
[289–294].

4 In models with more than one U(1) gauge symmetry, it is al-
ways mathematically possible to make a transformation to new
definitions of the associated gauge fields that mix the associated
kinetic terms in the Lagrangian [278]. This is the case for mod-
els with hidden photons [279], as they result from another U(1)
gauge symmetry in addition to the usual one that gives rise to
electromagnetism. The practical consequence is that there can
be different bases for the eigenstates of interactions as compared
to the eigenstates of mass, etc. The situation is analogous to that
realized in nature for neutrinos [280]. Neutrinos exhibit mixing
because there are different eigenstates for neutrino masses and
neutrino flavors (interactions).

5 The concept of this effect is analogous to that in hidden-photon
dark matter experiments carried out using laboratory-scale con-
ducting shields [14, 281]. In this case, the lower atmosphere of
the Earth is an insulating gap sandwiched between the conduc-
tive interior of the Earth below and ionosphere above. Hidden-
photon dark matter drives oscillating currents at the interfaces of
the Earth and ionosphere with insulating lower atmosphere (via
the kinetic mixing effect), and these surface currents generate a
detectable magnetic field.
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VI. MAGNETIC RESONANCE SEARCHES FOR
ULTRALIGHT BOSONIC DARK MATTER

FIELDS

In contrast to some of the scenarios discussed in Sec.V,
the simplest assumption for the nature of ultralight (m ≲
1 eV/c2) bosonic dark matter postulates that the bosons
are virialized in the gravitational potential of galaxies
such as the Milky Way and manifest as classical fields
oscillating at the Compton frequency ωc. The bosonic
dark matter field can cause spin precession via couplings
to nuclear and electron spins, and since the field oscillates
at a particular frequency the broad and versatile tools
of magnetic resonance can be used to detect the spin
interaction.

An axion (or ALP) field a(r, t), which to be dark mat-
ter must be nonrelativistic, can be described approxi-
mately by

a(r, t) = a0 cos (k · r − ωct+ ϕ0) , (6)

where k ≈ mv/ℏ is the axion wave vector (v is the rel-
ative velocity between the sensor and the field), ϕ0 is a
random phase offset, and a0 is the average field ampli-
tude, which can be estimated by assuming the average
energy of the axion field comprises the totality of the
local dark matter energy density ρdm ≈ 0.4GeV/cm3

⟨a20⟩ ≈
2ℏ2

c2
ρdm
m2

. (7)

The axion field has a finite coherence time due to the
random kinetic energy of the constituent axions, leading
to a broadening of the line shape to a part in ∼ 106 ∼
c2/v2 as discussed in Refs. [295, 296], as well as stochastic
fluctuations of amplitude, phase, and k [264].

The canonical axion of quantum chromodynamics
(QCD), a consequence of the Peccei-Quinn mechanism
introduced to solve the strong-CP problem [32, 33], nat-
urally couples to the gluon field and generates an oscil-
lating EDM dn(t) along the nuclear spin orientation σ̂n

[43],

dn(t) = gda(r, t)σ̂n , (8)

where gd is the coupling parameter (inversely propor-
tional to the associated symmetry-breaking scale fa).
Axions can also couple directly to Standard Model spins
σ̂ through the gradient interaction [43], described for nu-
clear spins by the Hamiltonian

Hg = gaNN∇a(r, t) · σ̂n , (9)

which, in analogy with the Zeeman effect, shows that
∇a(r, t) acts as a pseudo-magnetic field with amplitude
Ba:

Ba ≈ gaNN

ℏγn

√
2ℏ3v2cρdm , (10)

where γn is the nuclear gyromagnetic ratio. (An analo-
gous situation occurs for other fermions, but character-
ized by different coupling constants.)
In either case, there appears an oscillating torque on

spins due to the axion field. For the axion-gluon (EDM)
interaction of Eq. (8) this torque is given by

τEDM = dn(t)×E∗, (11)

where E∗ is an effective electric field, which depends on
the atomic and nuclear structure of the spin system under
study [21]. For the axion-fermion interaction of Eq. (9)
this torque is

τ grad = µn ×Ba(t), (12)

where µn ∝ σ̂n being the nuclear magnetic moment.
Therefore the interaction between an axion dark matter
field and nuclear spins is equivalent to that of an oscil-
lating magnetic field as illustrated in Fig. 4, and conse-
quently the tools of magnetic resonance can be used to
search for axion dark matter. This is the central con-
cept of the Cosmic Axion Spin Precession Experiment
(CASPEr) [13, 21, 298–300].
Nuclear magnetic resonance (NMR) experiments in-

volve measuring nuclear spin dynamics in an applied bias
field B0 that determines the Larmor frequency ΩL =
γnB0, although B0 can be near zero in zero-to-ultralow
field (ZULF) NMR experiments [301] – a technique used
in Refs. [299, 300]. In CASPEr, like other dark matter
haloscope experiments, the oscillating field is assumed to
always be present, corresponding to case of continuous-
wave (cw) NMR [302]. The magnetic field is scanned,
and if ΩL ≈ ωc, a resonance occurs and the spins are
tilted away from the direction of B0 and precess at ΩL,
generating a time-dependent magnetization that can be
measured, for example, by induction through a pick-up
loop or with a SQUID.
The CASPEr experimental program is divided into

two branches: CASPEr Electric, which searches for
an oscillating EDM dn(t), and CASPEr Gradient,
which searches for an oscillating pseudo-magnetic field
Ba(t) [297]. A key to CASPEr’s sensitivity is the co-
herent “amplification” of the effects of the axion dark
matter field through a large number of polarized nuclear
spins. Therefore an important technological development
is the ability to carry out NMR on the largest possible
number of spins: this requires large nuclear spin ensem-
bles with high polarization, a focus of CASPEr research
efforts, which include thermal polarization, optical po-
larization, and dynamic nuclear polarization [302]. An-
other area of focus is optimization of spin ensemble coher-
ence time, making use of quantum control and decoupling
schemes [302]. Identifying the optimal spin species and
materials with large effective electric fields is especially
important for CASPEr Electric, where the detectable
signal is proportional to E∗. Optimal atomic systems
are heavy (large atomic number Z) and optimal materi-
als have broken inversion symmetry, such as ferroelectric
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FIG. 4. Left-hand side: Schematic diagram of the CASPEr experiment. When the Larmor frequency matches the axion
Compton frequency, ΩL ≈ ωc, the nuclear spins in the sample are tipped away from their initial orientation along B0 due to the
axion-induced torque. The precessing magnetization at ΩL can be detected with a magnetometer (such as a SQUID) placed
near the sample. Right-hand side: Experimental geometries for CASPEr Electric (top) and CASPEr Gradient (bottom). In
both cases, the nuclear spins σ̂n are oriented along a leading magnetic field B0. An oscillating torque, τEDM = dn(t) ×E in
the case of CASPEr Electric and τ grad = µn ×Ba(t) in the case of CASPEr Gradient, tips the nuclear spins away from B0 if
the Larmor frequency ΩL matches ωc. Figure adapted from Ref. [297].

solids [21]. Optimizing the coupling of the spin ensem-
ble to the readout sensor that measures its dynamics is
yet another area of focus. Quantum back-action effects
will eventually limit the sensitivity of NMR experiments
to axion dark matter, and therefore back-action evasion
techniques will need to be developed for CASPEr ex-
periments approaching fundamental spin projection noise
sensitivity limits [302].

The QUAX (QUaerere AXion) experiment [303–305]
searches for axion dark matter in a manner similar to
CASPEr but by exploiting the interaction of axions with
electron spins. The QUAX experiment searches for a cou-
pling of the form (9) but with the nuclear coupling gaNN

replaced by the electron coupling gaee, and the electron
spin σ̂e playing the role of the nuclear spin σ̂n. Ten
spherical yttrium iron garnet (YIG) samples are coupled
to a cylindrical copper cavity by means of an applied
static magnetic field, and the resulting photon-magnon
hybrid system acts as an axion-to-electromagnetic field
transducer. This transducer is then coupled to a sen-
sitive radiofrequency (RF) detector (a quantum-limited
Josephson parametric amplifier). The QUAX experiment
is one of the most sensitive RF spin magnetometers ever
realized, able to measure fields as small as 5.5× 10−19 T
with nine hours of integration time [305].

Clearly, there is significant overlap between CASPEr
and QUAX techniques and those used to search for static
EDMs (Sec. III) and exotic spin-dependent interactions
(Sec. IV). Indeed, in Refs. [306–311], noble gas comagne-
tometers, a spin-polarized torsion pendulum, and appa-
ratuses used for EDM experiments were used as spin-
based haloscopes to place limits on axion-like dark mat-
ter in the low mass range, corresponding to low Comp-

ton frequencies. Of note are the development of Floquet
masers [312] and spin-amplifiers [313] that may expand
the nominal bandwidth of noble gas comagnetometers
and enable parallel dark matter searches in different fre-
quency ranges.
The Axion Resonant InterAction Detection Experi-

ment (ARIADNE) experiment [28, 314] is another exam-
ple of how spin-based sensors can be employed to search
for new physics. ARIADNE, like CASPEr and QUAX,
aims to use magnetic resonance techniques to search for
axions and ALPs, and specifically targets the QCD ax-
ion. ARIADNE employs an unpolarized source mass and
a spin-polarized 3He low-temperature gas to search for
a QCD-axion-mediated spin-dependent interaction: the
monopole-dipole coupling described by Eq. (2) and dis-
cussed in Sec. IV. In contrast to dark matter haloscopes
like CASPEr and QUAX, whose signals depend on the
local dark matter density at the Earth, the signal in the
ARIADNE experiment does not require axions to consti-
tute dark matter and can be modulated in a controlled
way. ARIADNE probes QCD axion masses in the higher
end of the traditionally allowed axion window, up to
6 meV, a mass range inaccessible to any other existing
experiment. Thus ARIADNE fills an important gap in
the search for the QCD axion in this important region of
parameter space.
For the QCD axion, the scalar and dipole coupling

constants g
(N)
s and g

(N)
p appearing in Eq. (2) are corre-

lated with the axion mass m. As discussed earlier, the
axion-mediated spin-dependent interaction manifests as
a pseudo-magnetic field Ba. In the ARIADNE exper-
iment, this Ba (if it exists) can be used to resonantly
drive spin precession in the laser-polarized cold 3He gas.
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This is accomplished by spinning an unpolarized tung-
sten mass sprocket near the 3He vessel. As the teeth
of the sprocket pass by the sample at ΩL, the magne-
tization in the longitudinally polarized He gas begins to
precess about the axis of an applied field. This precessing
transverse magnetization is detected with a SQUID. The
3He sample acts as an amplifier to transduce the small
fictitious magnetic field Ba into a larger real magnetic
field detectable by the SQUID, similar to the approach
of the CASPEr Gradient experiment [297]. Supercon-
ducting shielding is needed around the sample to screen
it from ordinary magnetic field noise which would other-
wise limit the sensitivity of the measurement [315, 316].
The ARIADNE experiment sources the axion field in the
lab (like the experiments discussed in Sec. IV, and can
explore all mass ranges in the sensitivity band simulta-
neously, unlike other haloscope experiments which must
scan over the possible axion oscillation frequencies ωc by
tuning a magnetic field [13, 21] or cavity [317, 318].

Future prospects for improvements in the search for
novel spin dependent interactions could include investi-
gations with a spin polarized source mass, or improved
sensitivity with new cryogenic or quantum technologies.
Spin squeezing or coherent collective modes in 3He could
offer prospects for improved sensitivity beyond the Stan-
dard quantum limit of spin projection noise [319], poten-
tially allowing sensitivity all the way down to the SQUID-
limited sensitivity. This would allow one to rule out the
axion over a wide range of masses, and when combined
with other promising techniques [13, 21, 320–322], and
existing experiments [317, 318] already at QCD axion
sensitivity, could enable a search for the QCD axion over
its entire allowed mass range.

VII. SPIN-BASED SENSORS AS DARK
MATTER PARTICLE DETECTORS

While Sections IV-VI focus on the use of spin-based
sensors to search for axions, bosons, and other new fun-
damental physics that behaves as a field, spin-based sen-
sors can also be used to search for exotic massive parti-
cles. The scattering of dark matter in crystals is a well-
developed approach to search for canonical weakly inter-
acting massive particle (or WIMP) dark matter. Searches
for WIMP dark matter are soon expected to hit an irre-
ducible background, namely, the coherent scattering of
neutrinos from the Sun. This problem is particularly
acute for low-mass (a few GeV) WIMPs. There are im-
portant scientific reasons to probe WIMP cross-sections
below the neutrino floor since such cross-sections are nat-
ural in models where the WIMP interacts with Standard
Model particles via the Higgs boson. One way to probe
the dark matter parameter space below the neutrino floor
is to develop detectors that are able to identify the di-
rection of the nuclear recoil caused by the scattering of
dark matter. Since the location of the Sun is known, one
may veto all scattering events that point away from the

Sun, rejecting all events due to solar neutrinos. The dark
matter, being relatively isotropic,6 will induce scattering
events in all directions, permitting an unambiguous de-
tection. The key challenge that needs to be overcome
to implement this concept is that directional detection
needs to be accomplished in a sample with a large enough
(≳ ton scale) target mass since the WIMP cross-sections
of interest are so small that existing state-of-the-art, ton-
scale detectors have so far found nothing. For a practical
detector, this requires the ability to perform directional
detection in the solid/liquid state so that the detector is
sufficiently compact.
This challenge could conceivably be met in a solid state

detector via the concept explored in Ref. [44]. The scat-
tering of the dark matter displaces an atom off its lattice
location and the displaced atom kicks many other atoms
off their locations. This causes a tell-tale damage track,
∼ 10−100 nm, in the crystal that points to the direction
of the incoming dark matter. The created damage can
be measured using techniques established in the fields
of solid-state quantum sensing and quantum information
processing. The detection concept would utilize conven-
tional localization techniques to identify the location of
an event of interest to within ∼mm precision. Diffrac-
tion limited optics can then be used to achieve micron-
scale localization. Optical superresolution or high reso-
lution X-ray-nanoscopy techniques can then be used to
measure the damage track at the nanometer scale. One
way to accomplish this superresolution imaging is to use
NV-center spin spectroscopy in polycrystalline diamond.
This technique can also be implemented in a variety of
other wide bandgap semiconductors such as divacancies
in silicon carbide.
In the near term, work towards such a solid-state,

WIMP detector with directional sensitivity is centered
around demonstrating the capability to locate and de-
termine the direction of nuclear recoil damage tracks in
diamond or other crystals. This requires adaptation and
development of existing techniques, but the current state-
of-the-art is not far from the requisite sensitivity and res-
olution [44]. In the medium term, such a detector will re-
quire position-sensitive instrumentation with spatial res-
olution at the millimeter scale, as well as development
of crystal-growth techniques to create large volumes of
radiopure, structurally homogeneous crystals. With ap-
propriate development, this approach offers a viable path
towards directional WIMP detection with sensitivity be-
low the neutrino limit.
Spin-based sensors may also be useful as low-mass dark

matter particle detectors. For low-mass dark matter par-

6 Although it should be noted that because of the relative mo-
tion of the Earth with respect to the galactic rest frame, there
is expected to be a preferential flux of dark matter from the di-
rection of Cygnus [14]. This is not to mention the possibility
of nonvirialized streams of dark matter that could also produce
preferential directions of dark matter flux [323].
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ticles, not only are interactions rare because of the ex-
ceedingly small cross-sections but also the deposited en-
ergy in the detector is extremely small, so both high sen-
sitivity and low background are required. In Ref. [324],
a new method for detecting low-mass dark matter parti-
cles is proposed. The idea is that if a dark matter parti-
cle deposits a small amount of energy (≳ 1meV) into a
high-quality crystalline solid, that energy will eventually
be converted into ballistic phonons travelling to the crys-
tal surface. If the crystal surface is covered by a van der
Waals liquid helium film, the phonons can cause quan-
tum evaporation of He atoms. At low temperature (be-
low ∼ 100mK) 3He atoms in liquid helium reside at the
surface in Andreev bound states [325]. After being evap-
orated, the 3He atoms can be collected on another surface
covered with a van der Waals film of isotopically enriched
4He. The 3He atoms can be localized at mK tempera-
tures to bound electron states on this second helium film
[326], and subsequently detected by sensing their mag-
netic moments, by measuring, for example, decoherence
of electron spin qubits [327]. This methodology opens the
possibility of single 3He atom detection and dark matter
particle detection at the ∼ 1meV scale [324].

VIII. CONCLUSION

Much of what is now known about the structure and
composition of molecules and materials was originally re-
vealed through spin-based measurements such as nuclear
magnetic resonance and electron spin resonance. As QIS
continues to advance the level of control over spin sys-
tems, new opportunities are emerging to use the same
techniques to search for new fundamental physics in a
parallel and complementary manner to large-scale parti-
cle accelerators and direct particle detectors. There are
a range of spin-based experiments that can be employed
to search for a variety of effects. Searches for permanent
electric dipole moments with atoms, molecules, and spins

in solids can probe for symmetry violations and thereby
test possible explanations for the matter-antimatter im-
balance in the universe. Spin-based magnetometers and
global networks of such detectors can search for and dis-
cover or constrain the parameter space for new particles
and fields. Spins in solids can also serve as novel particle
detectors by using them as in-situ probes for the signa-
tures left behind from particle impacts, and 3He spins
evaporated from liquid helium films on crystal surfaces
could be used as low-mass dark matter particle detectors.
While many such efforts are already underway, there re-
main tremendous opportunities for innovations in spin-
based quantum sensors that will enhance their sensitiv-
ity, accuracy, and range of potential fundamental physics
targets.
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M. Prevedelli, M. Zych, Č. Brukner, and G. Tino, Quan-
tum test of the equivalence principle for atoms in co-
herent superposition of internal energy states, Nature
communications 8, 15529 (2017).

[199] S. Parnell, A. Van Well, J. Plomp, R. Dalgliesh, N.-J.
Steinke, J. Cooper, N. Geerits, K. Steffen, W. Snow, and
V. de Haan, Search for exotic spin-dependent couplings
of the neutron with matter using spin-echo based neu-
tron interferometry, Phys. Rev. D 101, 122002 (2020).

[200] R. Shuker and G. A. Koganov, Photon-induced corre-
lations of quantum systems via an excitation exchange
operator, Laser Phys Lett. 18, 055205 (2021).

[201] N. Crescini, G. Carugno, and G. Ruoso, Phase-
modulated cavity magnon polaritons as a precise mag-
netic field probe, Phys. Rev. Appl. 16, 034036 (2021).

[202] S. Kotler, N. Akerman, N. Navon, Y. Glickman, and
R. Ozeri, Measurement of the magnetic interaction be-
tween two bound electrons of two separate ions, Nature
510, 376 (2014).

[203] S. Kotler, R. Ozeri, and D. F. Jackson Kimball, Con-
straints on exotic dipole-dipole couplings between elec-
trons at the micrometer scale, Phys. Rev. Lett. 115,
081801 (2015).

[204] S. K. Lamoreaux, The electric dipole moments of atoms:
Limits on P, T violating interactions within the atom,
Nucl. Inst. and Meth. in Phys. Research A 284, 43
(1989).

[205] J. Brown, S. Smullin, T. Kornack, and M. Romalis, New
limit on Lorentz-and CPT-violating neutron spin inter-
actions, Phys. Rev. Lett. 105, 151604 (2010).

[206] F. Allmendinger, W. Heil, S. Karpuk, W. Kilian,
A. Scharth, U. Schmidt, A. Schnabel, Y. Sobolev, and
K. Tullney, New Limit on Lorentz-Invariance-and CPT-
Violating Neutron Spin Interactions Using a Free-Spin-
Precession He-3/Xe-129 Comagnetometer, Phys. Rev.
Lett. 112, 110801 (2014).

[207] T. Kornack, R. Ghosh, and M. V. Romalis, Nuclear spin
gyroscope based on an atomic comagnetometer, Phys.
Rev. Lett. 95, 230801 (2005).

[208] B. J. Venema, P. K. Majumder, S. K. Lamoreaux, B. R.
Heckel, and E. N. Fortson, Search for a Coupling of
Earth’s Gravitational Field to Nuclear Spins in Atomic
Mercury, Phys. Rev. Lett. 68, 135 (1992).

[209] D. J. Wineland, J. J. Bollinger, D. J. Heinzen, W. M.
Itano, and M. G. Raizen, Search for Anomalous Spin-
Dependent Forces Using Stored Ion Spectroscopy, Phys.
Rev. Lett. 67, 1735 (1991).

[210] A. N. Youdin, D. Krause, K. Jagannathan, L. R. Hunter,
and S. K. Lamoreaux, Limits on Spin-Mass Couplings
within the Axion Window, Phys. Rev. Lett. 77, 2170
(1996).

[211] K. Tullney, F. Allmendinger, M. Burghoff, W. Heil,
S. Karpuk, W. Kilian, S. Knappe-Grüneberg,
W. Müller, U. Schmidt, A. Schnabel, F. Seifert,



21

Y. Sobolev, and L. Trahms, Constraints on spin-
dependent short-range interaction between nucleons,
Phys. Rev. Lett. 111, 100801 (2013).

[212] M. Bulatowicz, R. Griffith, M. Larsen, J. Mirijanian,
C. B. Fu, E. Smith, W. M. Snow, H. Yan, and T. G.
Walker, Laboratory Search for a Long-Range T -Odd,
P -Odd Interaction from Axionlike Particles Using Dual-
Species Nuclear Magnetic Resonance with Polarized
129Xe and 131Xe Gas, Phys. Rev. Lett. 111, 102001
(2013).

[213] J. Lee, A. Almasi, and M. Romalis, Improved limits on
spin-mass interactions, Phys. Rev. Lett. 120, 161801
(2018).

[214] Y. Feng, D. Ning, S. Zhang, Z. Lu, and D. Sheng,
Search for monopole-dipole interactions at the sub-
millimeter range with a Xe-129/Xe-131/Rb comagne-
tometer, arXiv:2205.13237 (2022).

[215] S.-B. Zhang, Z.-L. Ba, D.-H. Ning, N.-F. Zhai, Z.-T.
Lu, and D. Sheng, Search for spin-dependent gravita-
tional interactions at earth range, Phys. Rev. Lett. 130,
201401 (2023).

[216] A. K. Petukhov, G. Pignol, D. Jullien, and K. H. An-
dersen, Polarized 3He as a Probe for Short-Range Spin-
Dependent Interactions, Phys. Rev. Lett. 105, 170401
(2010).

[217] P.-H. Chu, A. Dennis, C. B. Fu, H. Gao, R. Khatiwada,
G. Laskaris, K. Li, E. Smith, W. M. Snow, H. Yan,
and W. Zheng, Laboratory search for spin-dependent
short-range force from axionlike particles using optically
polarized 3He gas, Phys. Rev. D 87, 011105(R) (2013).

[218] M. Guigue, D. Jullien, A. K. Petukhov, and G. Pignol,
Constraining short-range spin-dependent forces with
polarized 3He, Phys. Rev. D 92, 114001 (2015).

[219] G. Raffelt, Limits on a CP -violating scalar axion-
nucleon interaction, Phys. Rev. D 86, 015001 (2012).

[220] N. F. Ramsey, The tensor force between two protons at
long range, Physica A (Amsterdam) 96, 285 (1979).

[221] S. G. Karshenboim, Precision physics of simple atoms
and constraints on a light boson with ultraweak cou-
pling, Phys. Rev. Lett. 104, 220406 (2010).

[222] S. G. Karshenboim, Constraints on a long-range spin-
independent interaction from precision atomic physics,
Phys. Rev. D 82, 073003 (2010).

[223] S. G. Karshenboim, Constraints on a long-range spin-
dependent interaction from precision atomic physics,
Phys. Rev. D 82, 113013 (2010).

[224] M. P. Ledbetter, M. V. Romalis, and D. F. Jackson Kim-
ball, Constraints on Short-Range Spin-Dependent In-
teractions from Scalar Spin-Spin Coupling in Deuter-
ated Molecular Hydrogen, Phys. Rev. Lett. 110, 040402
(2013).

[225] F. Ficek, D. F. Jackson Kimball, M. G. Kozlov,
N. Leefer, S. Pustelny, and D. Budker, Constraints
on exotic spin-dependent interactions between electrons
from helium fine-structure spectroscopy, Phys. Rev. A
95, 032505 (2017).

[226] B. R. Heckel, E. G. Adelberger, C. E. Cramer, T. S.
Cook, S. Schlamminger, and U. Schmidt, Preferred-
frame and cp-violation tests with polarized electrons,
Phys. Rev. D 78, 092006 (2008).

[227] L. Hunter, J. Gordon, S. Peck, D. Ang, and L. J.-F.,
Using the earth as a polarized electron source to search
for long-range spin-spin interactions, Science 339, 928
(2013).

[228] L. Hunter and D. Ang, Using geoelectrons to search for
velocity-dependent spin-spin interactions, Phys. Rev.
Lett. 112, 091803 (2014).

[229] D. F. Jackson Kimball, J. Dudley, Y. Li, D. Patel, and
J. Valdez, Constraints on long-range spin-gravity and
monopole-dipole couplings of the proton, Phys. Rev. D
96, 075004 (2017); 107, 019903(E) (2023).

[230] E. Salumbides, J. Koelemeij, J. Komasa, K. Pachucki,
K. Eikema, and W. Ubachs, Bounds on fifth forces from
precision measurements on molecules, Phys. Rev. D 87,
112008 (2013).

[231] Y. Wang, Y. Huang, C. Guo, M. Jiang, X. Kang,
H. Su, Y. Qin, W. Ji, D. Hu, X. Peng, et al., SAP-
PHIRE: Search for exotic parity-violation interactions
with quantum spin amplifiers, arXiv:2205.07222 (2022).

[232] K. Wei, W. Ji, C. Fu, A. Wickenbrock, V. V. Flambaum,
J. Fang, and D. Budker, Constraints on exotic spin-
velocity-dependent interactions, Nature Comm. 13,
7387 (2022).

[233] A. G. Glenday, C. E. Cramer, D. F. Phillips, and R. L.
Walsworth, Limits on anomalous spin-spin couplings be-
tween neutrons, Phys. Rev. Lett. 101, 261801 (2008).

[234] H. Su, Y. Wang, M. Jiang, W. Ji, P. Fadeev, D. Hu,
X. Peng, and D. Budker, Search for exotic spin-
dependent interactions with a spin-based amplifier, Sci.
Adv. 7, eabi9535 (2021).

[235] Y. Wang, H. Su, M. Jiang, Y. Huang, Y. Qin, C. Guo,
Z. Wang, D. Hu, W. Ji, P. Fadeev, et al., Limits on ax-
ions and axionlike particles within the axion window us-
ing a spin-based amplifier, Phys. Rev. Lett. 129, 051801
(2022).

[236] R. C. Ritter, L. Winkler, and G. Gillies, Search for
anomalous spin-dependent forces with a polarized-mass
torsion pendulum, Phys. Rev. Lett. 70, 701 (1993).

[237] W. T. Ni, T. C. P. Chui, S.-S. Pan, and B.-Y. Cheng,
Search for anomalous spin-spin interactions between
electrons using a DC SQUID, Physica B (Amsterdam)
194, 153 (1994).

[238] S. Hoedl, F. Fleischer, E. Adelberger, and B. Heckel,
Improved constraints on an axion-mediated force, Phys.
Rev. Lett. 106, 041801 (2011).

[239] W. A. Terrano, E. G. Adelberger, J. G. Lee, and B. R.
Heckel, Short-range, spin-dependent interactions of elec-
trons: A probe for exotic pseudo-goldstone bosons,
Phys. Rev. Lett. 115, 201801 (2015).

[240] N. Crescini, C. Braggio, G. Carugno, P. Falferi,
A. Ortolan, and G. Ruoso, Improved constraints on
monopole–dipole interaction mediated by pseudo-scalar
bosons, Phys. Lett. B 773, 677 (2017).

[241] P. Luo, J. Ding, J. Wang, and X. Ren, Constraints on
spin-dependent exotic interactions between electrons at
the nanometer scale, Phys. Rev. D 96, 055028 (2017).

[242] Y. J. Kim, P.-H. Chu, and I. Savukov, Experimen-
tal constraint on an exotic spin-and velocity-dependent
interaction in the sub-mev range of axion mass with
a spin-exchange relaxation-free magnetometer, Phys.
Rev. Lett. 121, 091802 (2018).

[243] X. Rong, M. Wang, J. Geng, X. Qin, M. Guo, M. Jiao,
Y. Xie, P. Wang, P. Huang, F. Shi, et al., Searching
for an exotic spin-dependent interaction with a single
electron-spin quantum sensor, Nature Comm. 9, 739
(2018).

[244] X. Rong, M. Jiao, J. Geng, B. Zhang, T. Xie, F. Shi,
C.-K. Duan, Y.-F. Cai, and J. Du, Constraints on a spin-



22

dependent exotic interaction between electrons with sin-
gle electron spin quantum sensors, Phys. Rev. Lett. 121,
080402 (2018).

[245] J. Ding, J. Wang, X. Zhou, Y. Liu, K. Sun, A. O. Adey-
eye, H. Fu, X. Ren, S. Li, P. Luo, et al., Constraints on
the velocity and spin dependent exotic interaction at the
micrometer range, Phys. Rev. Lett. 124, 161801 (2020).

[246] A. Almasi, J. Lee, H. Winarto, M. Smiciklas, and M. V.
Romalis, New limits on anomalous spin-spin interac-
tions, Phys. Rev. Lett. 125, 201802 (2020).

[247] X. Ren, J. Wang, R. Luo, L. Yin, J. Ding, G. Zeng,
and P. Luo, Search for an exotic parity-odd spin-and
velocity-dependent interaction using a magnetic force
microscope, Phys. Rev. D 104, 032008 (2021).

[248] N. Crescini, G. Carugno, P. Falferi, A. Ortolan, G. Ru-
oso, and C. Speake, Search of spin-dependent fifth forces
with precision magnetometry, Phys. Rev. D 105, 022007
(2022).

[249] W. Ji, W. Li, P. Fadeev, J. Qin, K. Wei, Y.-C. Liu,
and D. Budker, New constraints on spin-spin-velocity-
dependent interaction, arXiv:2208.00658 (2022).

[250] T. M. Leslie, E. Weisman, R. Khatiwada, and J. C.
Long, Prospects for electron spin-dependent short-range
force experiments with rare earth iron garnet test
masses, Phys. Rev. D 89, 114022 (2014).

[251] F. Ficek, P. Fadeev, V. V. Flambaum, D. F. Jack-
son Kimball, M. G. Kozlov, Y. V. Stadnik, and D. Bud-
ker, Constraints on exotic spin-dependent interactions
between matter and antimatter from antiprotonic he-
lium spectroscopy, Phys. Rev. Lett. 120, 183002 (2018).

[252] P. Gomez, F. Martin, C. Mazzinghi, D. B. Orenes,
S. Palacios, and M. W. Mitchell, Bose-einstein conden-
sate comagnetometer, Phys. Rev. :Lett. 124, 170401
(2020).

[253] D. Antypas, A. Fabricant, J. E. Stalnaker, K. Tsigutkin,
V. Flambaum, and D. Budker, Isotopic variation of par-
ity violation in atomic ytterbium, Nature Phys, 15, 120
(2019).

[254] Y. Stadnik, V. Dzuba, and V. Flambaum, Improved
limits on axionlike-particle-mediated P, T-violating in-
teractions between electrons and nucleons from electric
dipole moments of atoms and molecules, Phys. Rev.
Lett. 120, 013202 (2018).

[255] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of
the invisible axion, Phys. Lett. B 120, 127 (1983).

[256] A. Arvanitaki and S. Dubovsky, Exploring the string
axiverse with precision black hole physics, Phys. Rev. D
83, 044026 (2011).

[257] A. Arvanitaki, M. Baryakhtar, and X. Huang, Discov-
ering the QCD axion with black holes and gravitational
waves, Phys. Rev. D 91, 084011 (2015).

[258] M. Baryakhtar, M. Galanis, R. Lasenby, and O. Simon,
Black hole superradiance of self-interacting scalar fields,
Phys. Rev. D 103, 095019 (2021).

[259] P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran,
W. A. Terrano, L. Trahms, and T. Wilkason, Spin pre-
cession experiments for light axionic dark matter, Phys.
Rev. D 97, 055006 (2018).

[260] E. W. Kolb and I. I. Tkachev, Axion miniclusters and
bose stars, Phys. Rev. Lett. 71, 3051 (1993).

[261] E. Braaten, A. Mohapatra, and H. Zhang, Dense axion
stars, Phys. Rev. Lett. 117, 121801 (2016).

[262] J. Eby, M. Leembruggen, L. Street, P. Suranyi, and
L. Wijewardhana, Global view of QCD axion stars,

Phys. Rev. D 100, 063002 (2019).
[263] A. Vilenkin, Cosmic strings and domain walls, Phys.

Rep. 121, 263 (1985).
[264] G. P. Centers, J. W. Blanchard, J. Conrad, N. L.

Figueroa, A. Garcon, A. V. Gramolin, D. F. Jack-
son Kimball, M. Lawson, B. Pelssers, J. A. Smiga, et al.,
Stochastic fluctuations of bosonic dark matter, Nature
Comm. 12, 7321 (2021).

[265] C. Dailey, C. Bradley, D. F. Jackson Kimball, I. A. Su-
lai, S. Pustelny, A. Wickenbrock, and A. Derevianko,
Quantum sensor networks as exotic field telescopes for
multi-messenger astronomy, Nat. Astron. 5, 150 (2021).

[266] M. Pospelov, S. Pustelny, M. P. Ledbetter, D. F. Jack-
son Kimball, W. Gawlik, and D. Budker, Detecting Do-
main Walls of Axionlike Models Using Terrestrial Ex-
periments, Phys. Rev. Lett. 110, 021803 (2013).

[267] H. Masia-Roig, J. A. Smiga, D. Budker, V. Dumont,
Z. Grujic, D. Kim, D. F. Jackson Kimball, V. Lebe-
dev, M. Monroy, S. Pustelny, et al., Analysis method for
detecting topological defect dark matter with a global
magnetometer network, Phys. Dark Universe 28, 100494
(2020).

[268] S. Afach, B. C. Buchler, D. Budker, C. Dailey, A. Dere-
vianko, V. Dumont, N. L. Figueroa, I. Gerhardt, Z. D.
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Multi-channel data acquisition system with absolute
time synchronization, Nucl. Inst. Meth. Phys. Res. A
763, 150 (2014).

[272] D. Kim, D. F. Jackson Kimball, H. Masia-Roig, J. A.
Smiga, A. Wickenbrock, D. Budker, Y. Kim, Y. C. Shin,
and Y. K. Semertzidis, A machine learning algorithm
for direct detection of axion-like particle domain walls,
arXiv:2110.00139 (2021).

[273] D. F. Jackson Kimball, D. Budker, J. Eby, M. Pospelov,
S. Pustelny, T. Scholtes, Y. V. Stadnik, A. Weis, and
A. Wickenbrock, Searching for axion stars and Q-balls
with a terrestrial magnetometer network, Phys. Rev. D
97, 043002 (2018).

[274] H. Masia-Roig, N. L. Figueroa, A. Bordon, J. A. Smiga,
D. Budker, G. P. Centers, A. V. Gramolin, P. S. Hamil-
ton, S. Khamis, C. A. Palm, S. Pustelny, A. O. Sushkov,
A. Wickenbrock, and D. F. Jackson Kimball, Intensity
interferometry for ultralight bosonic dark matter detec-
tion, arXiv:2202.02645 (2022).

[275] M. Padniuk, M. Kopciuch, R. Cipolletti, A. Wicken-
brock, D. Budker, and S. Pustelny, Response of atomic
spin-based sensors to magnetic and nonmagnetic per-
turbations, Scientific reports 12, 324 (2022).

[276] E. Klinger, T. Liu, M. Padniuk, M. Engler, T. Kornack,
S. Pustelny, D. F. Jackson Kimball, D. Budker, and
A. Wickenbrock, Polarization dynamics in a nuclear spin
gyroscope, arXiv:2210.07687 (2022).



23

[277] K. Wei, T. Zhao, X. Fang, Z. Xu, C. Liu, Q. Cao,
A. Wickenbrock, Y. Hu, W. Ji, J. Fang, et al., Ultra-
sensitive atomic comagnetometer with enhanced nuclear
spin coherence, Phys. Rev. Lett. 130, 063201 (2023).

[278] K. R. Dienes, C. Kolda, and J. March-Russell, Kinetic
mixing and the supersymmetric gauge hierarchy, Nucl.
Phys. B 492, 104 (1997).

[279] T. Gherghetta, J. Kersten, K. Olive, and M. Pospelov,
Evaluating the price of tiny kinetic mixing, Phys. Rev.
D 100, 095001 (2019).
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