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I. EXECUTIVE SUMMARY

A wide range of quantum sensing technologies are rapidly being integrated into the experimental
portfolio of the high energy physics community. Here we focus on sensing with atomic interferome-
ters; mechanical devices read out with optical or microwave fields; precision spectroscopic methods
with atomic, nuclear, and molecular systems; and trapped atoms and ions. We give a variety of
detection targets relevant to particle physics for which these systems are uniquely poised to con-
tribute. This includes experiments at the precision frontier like measurements of the electron dipole
moment and electromagnetic fine structure constant and searches for fifth forces and modifications
of Newton’s law of gravity at micron-to-millimeter scales. It also includes experiments relevant
to the cosmic frontier, especially searches for gravitional waves and a wide variety of dark matter
candidates spanning heavy, WIMP-scale, light, and ultra-light mass ranges. We emphasize here
the need for more developments both in sensor technology and integration into the broader particle
physics community.
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II. INTRODUCTION AND BACKGROUND

Progress in fundamental physics relies on performing measurements which can probe regions of
some parameter space which have never been explored, in order to test whether our current models
of particle physics need new ingredients. This requires the continuous development of ultra-sensitive
detection systems. In recent years, numerous experimental programs have progressed to the point
that the detectors are limited, or even enhanced, by the very laws of quantum mechanics. Such
“quantum sensors” will continue to play an increasing role in the search for new fundamental
physics.

In this white paper, we focus on quantum sensors consisting of interferometers using atomic [1]
and mechanical [2] systems, atomic [3] molecular and nuclear [4] clocks, and trapped neutral atoms
[5] and ions [6]. These systems are used currently or in the near future in searches for gravitational
waves [7, 8], dark matter [9, 10], “fifth force” and extra dimensional modifications to Newton’s
law [11], and dynamical sources of dark energy [12, 13]. They also provide our best measurements
and set our current best limits on a number of crucial fundamental parameters, including the
electromagnetic fine structure constant [14] and the electron’s permanent electric dipole moment
[15].

The goal of this white paper is to provide an overview of the current status and future directions
of these systems. In particular, we aim to outline the key open questions and technological require-
ments necessary to maximize the impact of these quantum sensors on particle and high energy
physics. While we will highlight some central science targets motivating these developments, most
of the motivation for specific particle physics models is relegated to white papers in the relevant
Snowmass frontiers.

III. ATOM INTERFEROMETERS

Atom interferometry is a growing field with a variety of fundamental physics applications. Sci-
ence opportunities include gravitational wave detection [16–27], searches for ultralight (wave-like)
dark matter candidates [28, 29] and for dark energy [30], tests of gravity and searches for new
fundamental interactions (“fifth forces”) [31–45], precise tests of the Standard Model [46, 47], and
tests of quantum mechanics [48–57]. Such experiments take advantage of the ongoing evolution of
the precision and accuracy of atomic sensors. Optical lattice clocks now regularly attain 18 digits of
frequency resolution [58, 59] and beyond [60, 61], while atom interferometers continue to improve
both in inertial sensing applications [62] and in precision metrology, including measurements of
Newton’s gravitational constant [31, 63, 64] and the fine structure constant [46, 47], and testing
the Equivalence Principle [34–45]. The broad scientific potential of long-baseline quantum sensor
networks has been widely recognized [65–67]. These sensors are noted for their potential use in
searching for new fundamental forces, dark matter, and other dark sector ingredients [65].

There is widespread, growing international interest in pursuing long-baseline atomic sensors for
gravitational wave detection [68]. This has sparked a number of proposals for both space-based
instruments and terrestrial detectors, some of which are already under construction today. In
France, significant progress has been made towards the 200 m baseline underground gravitational
wave detector prototype MIGA (Matter-wave laser based Interferometer Gravitation Antenna) [20].
A follow-on proposal has called for the construction of ELGAR (European Laboratory for Gravita-
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tion and Atom-interferometric Research) [21, 69], an underground detector with horizontal 32 km
arms aiming to detect gravitational waves in the mid-band (infrasound) frequency range. In China,
work has started to build ZAIGA (Zhaoshan long-baseline Atom Interferometer Gravitation An-
tenna) [23], a set of 300 m vertical shafts separated by kilometer-scale laser links that will use
atomic clocks and atom interferometry for a wide range of research, including gravitational wave
detection and tests of general relativity. In the UK, AION (Atom Interferometer Observatory
and Network) [25] aims to progressively construct atom interferometers at the 10- and then 100-
meter scale, in order to develop technologies for a full-scale kilometer-baseline instrument for both
gravitational wave detection and dark matter searches. In the US, MAGIS (Matter-wave Atomic
Gradiometer Interferometric Sensor) is a research program that is developing long-baseline atom
interferometers based on narrow single-photon clock transitions for application to gravitational
wave detection and searches for ultralight dark matter. As the first step in this program, MAGIS-
100 is a 100-meter-scale vertical atom interferometer currently under construction that will serve
as a pathfinder for a future km-scale instrument. A variety of space-based gravitational wave
detectors have also been proposed to access the lower frequency ranges inaccessible to terrestrial
observatories. These proposals are based both on optical lattice atomic clocks [22, 70] and atom
interferometers [17, 24, 27, 71, 72], two technologies that are in fact closely related [73].

A. Overview of the technique

In light-pulse atom interferometry, laser pulses are used to coherently split, redirect, and recom-
bine matter waves [74–78]. The manipulation of matter waves is achieved through the stimulated
absorption and emission of photons, driving transitions between two long-lived atomic states. Con-
ventional atom interferometry uses alkali atoms like Rb and Cs, which make use of a pair of
counter-propagating laser beams to drive two-photon Raman or Bragg transitions [75, 79]. A new
variation of atom interferometry takes advantage of long-lived excited states in alkaline-earth-like
atoms such as Sr [19], which can be resonantly driven by a single laser beam and are used in some
of the world’s most precise atomic clocks [80, 81].

In a gradiometer configuration, two identical atom interferometers are run simultaneously on
opposite ends of a baseline, using the same laser sources. A comparison of the individual atom inter-
ferometer signals yields a differential measurement that enables the cancellation of noise common to
both interferometers, such as the laser phase noise and vibration [18, 19, 82]. For atom interferome-
ters using two-photon transitions driven by counter-propagating laser beams, laser frequency noise
does not exactly cancel due to the asymmetry in the light travel times to the atoms [18, 19, 83].
However, in atom interferometers based on single-photon clock transitions, the laser pulses are
derived from a single laser and both interferometers are driven by nominally identical laser pulses.
This in principle enables superior common-mode rejection of noise, allowing for the possibility of,
for example, gravitational wave detection using a single baseline.

In an atom interferometer gravitational wave detection, freely-falling atoms on each end of a long
baseline simultaneously acting as inertial references and as precise clocks. Laser light propagates
between the two atom ensembles, driving transitions between the atomic states and encoding the
light travel time across the baseline onto the phase of the atomic wavefunction. As a result, the
differential phase measurement between the two atom interferometers is sensitive to variations in
both the baseline and the atomic energy level splitting. A passing gravitational wave modulates
the baseline length, while coupling to an ultralight dark matter field can cause a modulation in the
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FIG. 1. Comparison of the most recent measurements of α and of ge − 2, with 1σ error bars shown. Green
and blue data points correspond to atom interferometry measurements of α using Cesium and Rubidium
respectively. Red data points are calculated from measurements of ge−2 using the Standard Model prediction.
This figure was taken from [85].

energy levels. This combines the prospects for both gravitational wave detection and dark matter
searches into a single detector design, and both science signals are measured concurrently.

B. Science with tabletop atom interferometers

The fine-structure constant, anomalous magentic moments, and testing the Stan-
dard Model. Atom interferometry is a powerful tool for measuring h/mAt, where h is the Planck
constant and mAt the mass of an atom, and (by combination with the Rydberg constant and the
mass ratio between the electron and the atom) the fine structure constant α, a central parameter
when testing quantum electrodynamics (QED) and the Standard Model. The most precise test
of QED uses atom interferometry measurements of α as input for the standard-model prediction
for the electron’s anomalous magnetic moment ae, and compares this result to an experimental
measurement [84–86]. With accuracies currently at ∼ 10−10, this allows testing 5th-order QED
contributions, the contribution of the muon, and tests the hadronic contribution at a part in 10
(see Fig. 2).

The motivation for improved measurements of the fine structure constant is strong: A tenfold
improvement in accuracy would, e.g., resolve weak force contributions and would constitute a
sensitive and broad search for dark constituents of the vacuum, such as the dark photon, in a
parameter space that is complementary to other searches that are currently underway or proposed.
In addition, while there is only a slight tension between each of the two most recent determinations
of αs and the anomalous magnetic moment, there is a strong tension between themselves, as they
deviate from the standard-model prediction in opposite directions (Fig. 1) [84, 85]. It is likely that
only an improved measurement will be able to resolve this tension.

Added relevance of measuring α derives from Fermilab’s highly anticipated measurement of the
muon anomalous magnetic moment aµ, which has reproduced the long-standing tension with the
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FIG. 2. A breakdown of the Standard Model terms being tested by current measurements of α and ge − 2.
Current measurements are probing 5th order QED, 1st order muonic contributions, and hadronic contribu-
tions. Near-term future experiments will begin to resolve weak force contributions.

Standard Model [87]. From naive scaling by the square of the mass ratio me/mµ, the 4.2-σ deviation
of [(aµ)exp−(aµ)thy]/aµ ∼ (2.2±0.5)×10−6 implies a deviation of [(ae)exp−(ae)thy]/ae ∼ 5.0×10−11,
which is just a bit smaller than what can be resolved at the current experimental accuracy. Thus,
improved measurements of α and ae are highly likely to give valuable input to understanding the
unexplained anomaly seen for the muon.

An improved measurement of the fine-structure constant that is currently underway at Berkeley
has a target sensitivity of 2× 10−11, a 10-fold improvement over Berkeley’s previous measurement
and a 4-fold improvement over the most recent one from LKB [85]. In the long run, this accuracy
could be further improved. The experiment is designed to strongly reduce systematic effects from
large-scale and small-scale curvature in the laser-beam wavefronts, while also improving contrast
and overall sensitivity. The experiment is already partially functional; atoms are being launched in
an atomic fountain, and the interferometry laser system is being finalized. It is expected to perform
interferometry and begin characterizing the error budget soon.

Dark energy and tests of quantum gravity by atom interferometry in an optical
cavity. Atom interferometers have recently taken advantage of optical cavities, which provide
power enhancement, spatial mode filtering and clean optical wavefronts. We have used an atom
interferometer inside an optical cavity to place stringent limits on a wide class of dark energy
candidates [30, 88, 89], including the chameleon and other theories that reproduce the observed
cosmic acceleration. Such theories predict that dark energy consists of a light scalar field, which
might be detectable as a “fifth force” between normal-matter objects, in potential conflict with
precision tests of gravity. Chameleon fields and other theories with screening mechanisms, can
evade these tests by suppressing the forces in regions of high density, such as the laboratory. Using
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FIG. 3. Atom trajectories in the lattice interferometer. The red solid lines and blue dashed lines show
trajectories for the two hyperfine states of the Caesium atom, F = 3 and F = 4, respectively. Each pulse
pair is separated by a time T . Between the π/2 pulses and the lattice hold, atoms move in free fall towards
the apex of their trajectory for a time tA. At the apex, atoms are loaded in a far-detuned optical lattice
formed by the mode an optical cavity (red stripes) and remain held in the lattice for a time τ . (Adapted
from Ref [90].)

a cesium matter-wave interferometer near a small source mass in an ultrahigh-vacuum chamber,
we reduced the screening mechanism by probing the field with individual atoms rather than with
bulk matter.

More recently, clean wavefronts of the optical cavity have been used to hold atoms against gravity
(Fig. 3), realizing an interrogation time of 20 seconds (and, in unpublished work, even 25 seconds)
by suspending the spatially separated atomic wave packets in an optical lattice [90]. This surpassed
the limited time available to interferometers with freely falling atoms by more than an order of
magnitude. This record coherence is enabled by the smooth lattice wave fronts, which are mode-
filtered by the optical cavity. The trapped geometry also suppresses phase variance due to vibrations
by three to four orders of magnitude, overcoming a dominant noise source in atom-interferometric
gravimeters. Recent efforts have been focused on diagnosing sources of decoherence, including
investigations of various imperfections of the optical trapping potential or optical beamsplitter
pulses, increases in the lattice lifetime and reduction of noise.

Trapped interferometers are expected to enable new experiemtns in a wide range of fields, from
metrology (e.g., portable, gravity sensors that are insensitive to vibration and tilt) to fundamental
applications. The record coherence time and ability to hold atoms at locations that are max-
imally sensitive to the interaction with small source masses will enable searches for fifth forces
with increased precision, as well as measurement of a phase shift due to a difference in the grav-
itational potential in the absence of forces, through the gravitational Aharanov-Bohm effect [91].
This technology will also enable a recently proposed test of the ability of the gravitational field
to generate entanglement between the atomic interferometer and a mechanical oscillator, which
requires exquisite coherence time and sensitivity [92].
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C. Science with long baseline atomic sensors

Gravitational waves. Atomic sensors are promising for filling the frequency gap between
LIGO/Virgo/KAGRA and LISA, observing gravitational waves in the mid-band, roughly 30 mHz to
3 Hz [8]. The mid-band may be optimal for observing signals of cosmological origin. This frequency
range is above the white dwarf “confusion noise” but can still extend low enough in frequency to
see certain cosmological sources, including certain models of inflation [26]. Furthermore, thermal
phase transitions in the early universe at scales above the weak scale [93–101], or quantum tunnelling
transitions in cold hidden sectors [102], or networks of cosmic strings [103], or collapsing domain
walls [104], or axion dynamics in the early universe [105, 106], may produce detectable gravitational
wave signals in this band.

There are also important known astrophysical sources in the mid-band. Many black hole or neu-
tron star binaries that are observed in the mid-band can later be observed by LIGO/Virgo/KAGRA
once they evolve to higher frequencies. Such joint observation would be a powerful new source of
information. For example, measurements of early infall stages by an atomic sensor in the mid-band
could give a prediction of the time and location of a LIGO/Virgo/KAGRA merger event, facili-
tating multi-messenger astronomy. In addition, a mid-frequency detector could observe mergers of
intermediate-mass black holes that could not be observed by higher-frequency detectors, providing
sensitive probes of modifications of gravity due to a graviton mass or Lorentz violation [107]. Since
the lifetimes of many sources in the mid-frequency band are comparable to the orbital period of the
Earth, the mid-band is ideal for sky localization and prediction of merger events, and in fact they
can be localized even by a single-baseline detector [108]. Thus, observations in the mid-band have
the potential to be a powerful complement to detection by LIGO, and can significantly enhance
multi-messenger astronomy.

In addition to being interesting and important astrophysically, observing compact objects such
as black holes, neutron stars, and white dwarfs may well also teach us about particle physics. For
example, supernovae and other such extreme astrophysical objects have already been used to set
some of the best limits on axions and other light particles, and gravitational wave observations may
allow observations of gravitational memory effects [109] as well as more tests for new physics. As
just one example, superradiance around black holes [110–112] may allow us to constrain or even
discover such particles with future gravitational wave observations.

Dark matter and new forces. There are several strategies that can be employed to search for
dark matter using atom interferometry. First, dark matter that affects fundamental constants, such
as the electron mass or the fine structure constant, will change the energy levels of the quantum
states used in the interferometer, causing them to oscillate at the Compton frequency of the can-
didate dark matter particle. This effect can be searched for by comparing two simultaneous atom
interferometers separated along the baseline. Second, dark matter that causes accelerations can be
searched for by comparing the accelerometer signals from two simultaneous atom interferometers
run with different isotopes (88Sr and 87Sr for example) [29]. This requires running a dual-species
atom interferometer, which is well established [38, 40, 41, 113]. Third, dark matter that causes
precession of nuclear spins, such as general axions, can be searched for by comparing simultaneous,
co-located interferometers using Sr atoms in quantum states with differing nuclear spins. See [114]
for a discussion and potential sensitivities.

In addition to these dark matter searches, new fundamental particles may also be discovered
by searching for new forces [65]. Ultralight particles that have highly suppressed interactions with
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Standard Model particles, often dubbed “dark sectors”, emerge in a variety of beyond-the-Standard-
Model frameworks. These theories include forces mediated by particles that can dynamically solve
naturalness problems in the Standard Model, such as the strong CP problem (QCD axion [115])
and the hierarchy problem (relaxion [116]). Such forces can also arise in theories with extra dimen-
sions [117] as well as supersymmetry [118]. These ultra-weak forces can be sourced either by a test
mass or by the Earth itself. While several of these particles are also ultralight dark matter candi-
dates, there are alternative ways to search for the presence of these new fields, without necessarily
requiring them to be dark matter. In principle there are two ways to do this. First, if the range
of the new force is short, it can be observed by modulating the distance between a test mass and
the atomic sensor. Second, long range forces sourced by the Earth other than gravity may lead
to differential free-fall accelerations between different elements/isotopes. A comparison between
atomic sensors made out of different atomic species could reveal the existence of such forces.

D. Detector development

The MAGIS concept [19, 27] takes advantage of features of both clocks and atom interferometers
to allow for a single-baseline gravitational wave detector [18, 19, 83]. It aims to detect gravitational
waves in the scientifically rich, so-far unexplored ‘mid-band’ frequency range between 0.01 Hz and
3 Hz. This band lies below the sensitivity range of existing terrestrial interferometers (LIGO/Virgo)
and above the frequency band of the planned LISA satellite detector. Simultaneously, the MAGIS
concept enables the exploration of new regions of dark-sector parameter-space [119] by being sensi-
tive to proposed scalar- and vector-coupled dark matter candidates in the ultralight range (10−15 eV
– 10−14 eV).

MAGIS-100 is the first detector facility in a family of proposed experiments based on the MAGIS
concept. The instrument features a 100-meter vertical baseline and is now under construction at
the Fermi National Accelerator Laboratory (Fermilab). State-of-the-art atom interferometers are
currently operating at the 10-meter scale [42, 43, 53, 54, 120, 121], while a kilometer-scale detector is
likely required to detect gravitational waves from known sources. MAGIS-100 is thus a pathfinder
for a future full-scale gravitational wave detector. Terrestrial detectors with several kilometer
vertical baselines are being studied. Newtonian gravity gradient noise (GGN) is an important source
of background noise for any terrestrial gravitational wave detector, including MAGIS [122]. GGN
likely imposes a practical limit on the sensitivity at low frequencies for Earth-based gravitational
wave detectors, and is one of the primary motivations for space-based detectors. One possible
mitigation that will be studied by MAGIS-100 is to use more than two atomic test masses along
the baseline to attempt to distinguish GGN from a gravitational wave [123].

The Atom Interferometric Observatory and Network (AION) project [25] envisages a staged
Atom Interferometry programme, starting with a 10 m device and progressing via a 100 m ex-
periment to a 1 km instrument. AION will enable exploration of the properties of ultra-light
dark matter (DM) and gravitational waves (GWs) from the very early Universe and astrophysical
sources in the mid-frequency band ranging from several mHz to a few Hz, intermediate between the
sensitive ranges of LIGO/Virgo/KAGRA and LISA. The AION science programme spans a wide
range of fundamental physics, astrophysics and cosmology, and aligns fully with the top priorities
of international communities. It has been approved by the UK STFC with initial funding of about
£10M.
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The ultimate sensitivity of the AION program will be reached by interoperating and networking
with other instruments around the world, similar to the existing LIGO-Virgo network, which will
provide science opportunities not accessible to single detectors. AION has a close collaboration
with MAGIS [124–126] in the US, which also targets an eventual km-scale atom interferometer.
AION and MAGIS complement several other terrestrial cold atom experiments that are currently
being prepared, such as MIGA [127] and ZAIGA [128], or being proposed, such as ELGAR [129].
The AION consortium contributes strongly to the design study of a mission proposal for an Atomic
Experiment for Dark Matter and Gravity Exploration in Space (AEDGE) [24], which was selected
by European Space Agency (ESA) for presentation at its Voyage 2050 workshop. AEDGE would
make direct use of AION and MAGIS technology.

Another satellite proposal, STE-QUEST [130], would use ultracold atoms in quantum superpo-
sition states to test the equivalence principle with a sensitivity about three orders of magnitude
beyond the best existing result obtained by the MICROSCOPE space mission in 2017 [131]. Ad-
ditional science goals are searches for different types of dark matter and tests of the foundations of
quantum mechanics. The STE-QUEST Phase-1 proposal is currently under evaluation by ESA.

IV. OPTOMECHANICAL SENSORS

Mechanical sensors read out by optical [2] or microwave [132] light have enjoyed rapid develop-
ment in the last few decades, leading to orders of magnitude improvements in sensitivity. Much
of this development has come in tandem with LIGO [7], which serves as an excellent example of
the general concept of optomechanics. In particular, mechanical sensors are now routinely oper-
ated in the quantum regime, in which their sensitivity becomes dominated by quantum noise in
the mechanics and/or readout system [133]. Mechanical devices are uniquely suited to looking for
signals which act coherently over a length scale around the size of the mechanical system, since
the signal is coherently integrated into one or a few collective degrees of freedom, for example the
center-of-mass motion.

A vast array of architectures are available. The mechanical elements can be as large as tens of
kilograms [7] and as small as single ions or even electrons [134], and can also include collectively
quantized degrees of freedom like phonons in both solids [135, 136] and liquids [137, 138]. They can
be operated at frequencies anywhere below roughly GHz scales. Examples include mechanically
suspended reflective pendula [139]; optically levitated dielectrics [140], cold atoms [141, 142], and
ions [143]; clamped nanomechanical membranes [144]; and magnetically levitated systems [145,
146]. Readout can be performed using both free-space and cavity optics, as well as microwave
cavity/circuit QED systems.

In addition to their use in gravitational wave detection and precision measurements in metrology,
optomechanical devices are rapidly being incorporated into the portfolio of detector systems useful
for a number of high energy and particle physics targets. Building on classical proposals for neutrino
and dark matter detection with nanoscale targets [147], proposals now exist to use optomechanical
sensors for detection of ultra-light [29, 148–151], MeV-to-TeV scale [152, 153], and ultra-heavy [154]
dark matter (see [10] for an overview); neutrinos [155]; high-frequency gravitational waves [156, 157];
fifth-force modifications to Newton’s law at tabletop scales [158]; deviations from standard quantum
mechanics [159] (including ideas about gravitational breakdown of quantum mechanics [160]); and
tests of quantum properties of the gravitational interaction [161–163].
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Numerous experiments are already ongoing or coming online in the near future. Here we discuss
a few examples of methods which have already achieved significant results and/or show substantial
promise.

Torsion balances. Sensitive torsion balance experiments such as those performed by the
Eotvos-Washington group are a proven method to search for both static [164, 165] and time-
varying equivalence principle (EP) violating interactions, novel spin-dependent forces [166], and
tests of non-Newtonian gravity [167, 168]. They are one of the most promising paths forward for
these studies as their sensitivity increases and the understanding of background systematic errors
due to patch charges and other surface forces improves.

Opto-mechanical interferometers. Interferometric cavity-based sensors have attained re-
markable sensitivity, allowing the detection of gravitational waves from from inspiraling black hole
mergers resulting in strain at the level of one part in a billion-trillion [169]. Quantum-based squeez-
ing techniques could enhance the sensitivity of opto-mechanical systems by an order of magnitude
or more. Opto-mechanical systems are also detectors which can be used to search for wave-like
dark matter, as many models predict a strain-like behavior in objects as a result of the oscillating
background dark matter bosonic wave. For example, meter-scale optical cavities can be used to
search for dilatonic dark matter in the audio band. The comparison of a cavity with suspended
mirrors against a cavity whose length is “fixed” by a rigid spacer is sensitive to oscillations in both
α and me [170, 171] that could result in a measurable strain.Gravitational wave interferometer
detectors have also been used to constrain ultralight DM [172, 173].

Resonant mass detectors. Weber-bar-type detectors with longitudinal acoustic modes en-
abling laboratory-scale detectors to probe for scalar UDM below the Eöt-Wash torsion constraints
[174, 175]. AURIGA is a resonant mass GW detector that has searched for scalar ultra-light dark
matter and set some of the strongest constraints at ∼ 1 kHz [174, 176]. In the DAMNED experi-
ment [177], an ultrastable optical cavity behaves effectively as a multimode resonant mass detector,
where broadband readout is accomplished with an optical fiber interferometer. These approaches
are powerful methods for searching in the vacinity of their resonant frequencies.

Nanomechanical systems. Complementing the atom interferometry-based approaches dis-
cussed above, a number of groups are working on optomechanical accelerometer searches for ultra-
light dark matter. Vector dark matter for example coupled to Baryon-Lepton number (B-L) can
produce material-dependent differential acceleration between two bodies, which would take the
form adiff(t) ≈ gB−L∆a0 sin(mφt), where ∆ = Z1/A1 − Z2/A2 is the difference in the neutron-
nucleon ratio of the bodies and mφ is the DM mass. Resonant enhancement of this deformation
can be achieved by having two masses made of different materials are bound by a spring. The
two masses may be fashioned into mirrors, forming an optical cavity for displacement based read-
out [178]. Cavity optomechanical systems offer a diversity of platforms for vector ultra-light Dark
matter detection based on the heterogeneous dimer model. For example, Ref. [178] proposed a
specific design based on a membrane optomechanical system that features ultra-high mechanical
Q, frequency tuning via stress, quantum-limited cavity-based readout, and cryogenics. In the past
decade, it has become possible to prepare quantum states of motion of nano-/micro-scale solid-state
mechanical oscillators [179]. Very recently, a kilogram-scale mechanical oscillators can be prepared
close to their motional quantum ground state through measurement-based feedback control [180].
Such an experiment with a pair of milligram-scale masses can offer a potential route towards a
non-interferometric test of the role of gravity in quantum entanglement.

Levitated particles. In high vacuum, optically-levitated dielectric nanospheres achieve excel-
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lent decoupling from their environment, making ultra-precise force sensing [181] and acceleration
[182–184] sensing achievable. There are several applications of these sensors for tests new physics
[185], including testing the Newtonian gravitational inverse square law at micron length scales [186],
searching for gravitational waves [187], searching for millicharged particles [188], and searching for
dark matter. For example, in searches for dark matter, the authors in Ref. [189] performed a search
for novel, GeV-TeV particle dark matter candidates with a levitated, µg-scale dielectric sphere read
out optically. Advances in sensitivity made possible by pushing the sensitivity of these sensors into
the quantum regime along with improved understanding and mitigation of systematic effects due
to background electromagnetic interactions will enable several orders of magnitude of improvement
in the search for new physics beyond that Standard model.

By developing new methods based on interferometry with levitated nanoparticles, experimental
proposals have been presented for using macroscopic superpositions of levitated nanoparticles to
test whether the gravitational field can entangle the states of two masses [162, 190], e.g. where
embedded spins in the masses can be used as a witness to probe the entanglement [162]. The spin in
each mass could be a nitrogen-vacancy center (NVC) in diamond. By putting the NVC into a spin
superposition and applying an inhomogeneous magnetic field, a superposition of forces is present on
the diamond [191–193]. This could produce a spatial superposition, but to make it larger it would
be beneficial to drop the nanodiamond as the trapping forces tend to oppose the forces creating
the spatial superposition [194]. To further increase the spatial superposition distance, motional
dynamic decoupling would be used [195], and to protect the NVC spin coherence, spin dynamic
decoupling should be used in addition, which could be done by dropping the nanodiamond past
magnetic teeth [196]. The use of a Casimir screen could help to prevent the Casimir effect from
entangling the two nanodiamonds [197]. Performing the experiment in a platform inside a drop
tower may be needed to reduce the relative acceleration noise [198]. An extension of these ideas
could be used to build a compact gravitational wave detector [199].

Such experiments require an ultra-high-vacuum ultra-low-vibration cryogenic environment to
minimize spurious environmental perturbations and technical noise. Along the way towards testing
the quantum nature of gravity, this research program would strongly test proposals that macroscopic
superpositions can cause objective collapse of the wavefunction [200]. One experiment that has been
demonstrated recently towards this work is a full-loop coherent Stern-Gerlach interferometer with
single atoms [201].

Moving forward, a number of key opportunities exist to increase the utility of these devices in
the search for new physics. A critical one is the need for new theoretical ideas about potential new
signals! At the level of the detector technologies, an important frontier is in advanced quantum
techniques to get sensitivities at and beyond the so-called Standard Quantum Limit (SQL) [133].
The most common, well-demonstrated method to go beyond the SQL is the use of squeezed light
[202–204]. Another, less-studied option is the use of backaction evasion techniques [205]. Further
theoretical development and implementation of these techniques in disparate situations and physical
architectures, especially in broadband sensing problems, will be of crucial importance in the next
decade. Leveraging multiple sensors (“networks”) and entanglement between them can similarly
enable detection beyond the SQL; using these ideas in searches for new physics would be extremely
interesting.
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V. ATOMIC, NUCLEAR, AND MOLECULAR CLOCKS & PRECISION
SPECTROSCOPY

Optical clock precision has improved by more than three orders of magnitude in the past fifteen
years [206], enabling tests of the constancy of the fundamental constants and local position invari-
ance [207], dark matter searches [208], tests of the Lorentz invariance [209], and tests of general
relativity [210]. Future clock development will provide further orders of magnitude of improvement
for these experiments. Deployment of high-precision clocks in space will also open the door to new
applications, including precision tests of gravity and relativity [211], searches for a dark-matter
halo bound to the Sun [212], and gravitational wave detection in wavelength ranges inaccessible on
Earth [213, 214].

These applications motivate the development of novel clocks with enhanced sensitivity to vari-
ation of fundamental constants and, therefore, dark matter. If the fundamental constants are
space-time dependent, so are atomic and nuclear spectra including clock transition frequencies.
Variations of fundamental constants due to interactions with dark matter will change the rate at
which an atomic clock ticks, with the magnitude of the effect dependent on the nature of the specific
clock transition, as the frequencies of different clock transitions depend differently on fundamental
constants. Ultralight dark matter can source the oscillatory and transient variation of fundamental
constants that can be detected by comparing frequencies of two different atomic clock transitions,
a clock and a cavity [208, 215], or otherwise identical spatially separated atomic clocks [216].

Dark matter detection with clocks is described in detail in CF2 Snowmass paper “New Horizons:
Scalar and Vector Ultralight Dark Matter” as we focus on the proposed R&D developments here.

All current atomic clocks are based on (1) transitions between the hyperfine substates of the
atomic ground state (microwave clocks) or (2) transitions between different electronic levels (optical
clocks) [206]. The frequency ratio of two optical clock frequency is only sensitive to the variation
of α and optical atomic clocks can probe the φFµνFµν SM-DM coupling and the corresponding
quadratic coupling. The degree of sensitivity to the variation of α tends to increase for states with
similar electronic configurations for atoms with heavier nuclei; details of the electronic structure
can lead to significantly larger enhancement factors. Among all presently operating clocks Yb+

clock based on the octupole transition has the largest (in magnitude) sensitivity factor K = −6
[217]. Therefore, it is essential to develop new clocks with much larger sensitivity factors.

The most recent limits on the drift of the fine-structure constant come from the comparison of
two optical clocks based on the electric quadrupole (E2) and the electric octupole (E3) transition of
171Yb+ [207]. A comparison of the 171Yb+ octupole (E3) transition to the Cs hyperfine microwave
clock provides the best limit on the drift of the ratio mp/me. Repeated measurements over several
years are analysed for potential violations of local position invariance.

The dark matter limits from the atomic clocks and precision spectroscopy come from re-analyses
of α drift data for Dy/Dy [218], Rb/Cs microwave clocks [219], and Al+/Hg+ optical clocks [220].
New experiments included clock-comparison experiments with Yb/Al+ and Yb/Sr clock pairs lim-
its [220] and comparison of hydrogen maser and strontium optical clock with a cryogenic crystalline
silicon cavity (H/Si and Sr/Si) [221].
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A. Clock R&D

Several R&D directions are being pursued to drastically improve the reach of clock experi-
ments for DM detection. These experimental efforts are complimented by the development of
high-precision atomic theory [222] and particle physics model building [116, 223, 224].

Development of clock networks at the new level of precision [225, 226] – Many of
the emerging applications of optical atomic clocks as particle physics detectors require comparisons
between clocks in different spatial locations, such as tests of local position invariance through grav-
itational redshift measurements [210, 227], searches for dark matter through spatial and temporal
variations in clock transition frequencies [225, 226], and gravitational wave detection across a long
baseline (see Sec. V C). In addition, optical clock frequency ratio measurements, which can be used
to search for dark matter or other sources of variations in fundamental constants, require compar-
isons between clocks with different atomic species, which are often located at different standards
institutes around the world. This motivates the development of larger and more integrated clock
networks, and also the development of portable atomic clocks that can be transported to different
nodes of a network or placed in more extreme environments and distant locations, including in
space.

There has been considerable recent progress on the demonstration and development of clock
networks at new levels of precision, including recent clock comparisons at new levels of precision
between multiple species over free-space and fiber-based links [220], with portable optical clocks
[210, 228], and across large fiber networks[225, 226]. Ultimately high performance space-based
optical clocks will be required in order to connect clock networks across continents and to extend
the spatial extent of clock networks beyond the limits imposed by the size of the Earth. Such space-
based clocks would also enable new tests of fundamental physics [229]. This motivates research and
development into improving the size, weight, and power (SWaP) requirements for optical clocks and
into making hardier and more robust clocks that can operate autonomously for extended periods
of time [210, 228, 230, 231]. While progress has been made, optical atomic clocks currently remain
laboratory-scale experiments that require regular maintenance and human intervention.

Improvements in clock performance and prospects for the use of quantum entan-
glement to measure beyond the standard quantum limit [232] – Both the stability and
uncertainty of optical clocks are expected to continue to rapidly improve. Recently, Ref. [233]
demonstrated atomic coherence of 37 s on an optical transition in a differential comparison and
an expected single clock stability of 3.1× 10−18 at 1 s using macroscopic samples [233]. However,
the record stability for independent clock comparisons remains more than an order of magnitude
above this at 4.7 × 10−17 at 1 s [234], leaving considerable work to be done to reach the levels of
performance promised by differential comparisons. The stability of the local oscillator used to probe
each clock is of critical importance for independent clock comparisons, as it limits coherent inter-
rogation times and often prevent the clocks from reach the quantum projection noise limit through
the Dick effect [235, 236]. Remarkable progress has already been made, including the demonstra-
tion of a linewidth of 8 mHz and stability of 4 × 10−17 at 1 s for a single crystal silicon cavity
[237], making it a viable timescale itself [238]. Nevertheless, further improvements are necessary,
and can potentially be achieved through the integration of multiple ultrasable cavity techniques
such as cryogenic cavities [239] and single-crystal mirror coatings [240], the use of multiple atomic
references to pre-stabilize the local oscillator [236], or the use of active optical frequency references
[241].
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For comparisons between multiple clocks making use of the same atomic transition, synchro-
nized differential comparisons offer a way to bypass stringent requirements on the local oscillator.
By probing two or more clocks with the same laser the effects of local oscillator noise can be can-
celled out, offering coherent interrogation times well beyond the coherence time of the laser and
eliminating the harmful Dick effect [233, 242, 243]. This offers the prospect of high-stability differ-
ential comparisons between networks of optical clocks without the need for ultrastable cavities or
frequency combs, which is promising for applications with demanding SWaP requirements such as
space-based dark matter and gravitational wave detectors.

Thanks to both continued improvements in local oscillator performance and the use of syn-
chronous differential comparisons, clock comparisons are increasingly operating close to or at the
quantum projection noise limit, also known as the standard quantum limit. This represents the
fundamental limit on the achievable stability and precision of a clock comparison for atoms that
are not in an entangled state, and scales as ∝ 1/

√
NA, where NA is the atom number. Due to

density broadening and shifts from atomic collisions, it is often difficult to significantly increase NA

without harming clock accuracy or precision. Research into alternative clock geometries such as
3D optical lattice clocks [81] and tweezer clocks [244–246] provides one promising route forward.
Alternatively, the introduction of highly entangled quantum states such as spin-squeezed states
or GHZ states offers the extremely appealing prospect of moving beyond the standard quantum
limit scaling with ∝ 1/

√
NA to the ultimate Heisenberg limited scaling of ∝ 1/NA, promising up to

two orders of magnitude gain in stability for typical NA in optical lattice clocks. There has been
considerable progress in this direction, including the recent generation of spin-squeezed states on
optical clock transitions using a high-finesse optical cavity [247], and the demonstration of small
scale optical GHZ states with Rydberg interactions in optical tweezers [248].

Development of new atomic clocks based on highly charged ions (HCI) – HCIs have
much higher sensitivities to the variation of α [249, 250] and are attractive candidates for the devel-
opment of novel atomic clocks. Proposals based on HCI optical clocks and experimental progress
towards HCI high-precision spectroscopy were recently reviewed in [249]. Recent development of
HCI cooling, trapping, and quantum logic techniques opened the door to rapid progress in the
development of HCI clocks [250, 251]. HCI clocks enable clock-comparisons with ∆K ≈ 100 [226].
Since the demonstration of extreme-ultraviolet frequency combs (see, e.g., [252]), atomic clocks at
wavelengths shorter than optical will became feasible presenting new opportunities for fundamental
physics.

Development of a nuclear clock – Nuclear clock is based on a nuclear rather than an atomic
transition [253]. A long-lived nuclear transition that occurs between an excited state (isomer) of
the 229Th isotope and the corresponding nuclear ground state, with wavelength near 150 nm [254]
is within reach of modern lasers and enable development of a nuclear clock. The nuclear clock
sensitivity to the variation of α is expected to exceed the sensitivity of present clocks by ∼4 orders
of magnitude [255]. It is highly sensitive to hadronic sector, with possible K = 104 sensitivity to the
variation of mq/ΛQCD [255]. In addition, nuclear clocks will be sensitive to a DM coupling to the

hadronic sector of the SM. At the projected 10−19 fractional frequency precision level and strongly
enhanced sensitivity, the nuclear clock can improve the ability to probe scalar dark matter by 5 - 6
orders of magnitude for a wide range of DM mass ranges in comparison with present limits [221].
The 229Th nuclear optical clock represents a major challenge in view of the tremendous gap of
nearly 17 orders of magnitude between the present uncertainty in the nuclear transition frequency
(about 0.2 eV, corresponding to ∼ 48 THz) and the natural linewidth (in the mHz range). A
detailed plan for the development of a nuclear clock is described in [253].
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Development of molecular clocks – The rotational and vibrational degrees of freedom in
molecules involve motion of the nuclei themselves, while the chemical bond characteristics involve
the electron mass. Thus molecules provide direct sensitivity to mp/me [256] and its variation. The
best limit on this variation by use of molecules [257] remains three orders of magnitude less stringent
than that using atoms [207]. Nonetheless, the atomic limit on mp/me relies on the Cs microwave
clock and there are prospects for molecular clocks with optical-level sensitivities. Optical transitions
in trapped molecular ions [258–260] or lattice-confined neutral molecules [261] are projected to have
systematic and statistical limits comparable to those of the best optical atomic clocks. Accidental
near-degeneracies between levels with differential sensitivity to α- or mp/me-variation are common
in molecules and provide statistical enhancement – allowing optical sensitivities in measurements
that take place in the microwave. The use of such a near-degeneracy in KRb provides the current
best limit in mp/me drifts by use of molecules [257]. Degeneracies have been identified in numerous
species such as SrOH [262] and O+

2 [263].

B. Isotope shift precision measurements

Promising searches for new particles are feasible through isotope-shift atomic spectroscopy,
which is sensitive to a hypothetical fifth force between the neutrons of the nucleus and the electrons
of the shell. In so-called King plots, the mass-scaled frequency shifts of two optical transitions are
plotted against each other for a series of isotopes [264]. By considering the SM leading contribution
to the IS (mass and field shifts), it was shown that there is a linear relation between two electronic
transitions (with respect to different IS measurements). New spin-independent interactions between
the electron and the neutron will break this relation, and thus can be probed by looking for a
deviation of the King plot from linearity [265, 266]. Therefore, the King plot analysis of precision
isotope shift (IS) spectroscopy sets limits on spin-independent interactions that could be mediated
by a new particle which could be associated with dark matter. These spin-dependent interactions
can be a result of tree level exchanges of new scalar or vector bosons with a mass below O(50 MeV),
which appear in different extensions of the SM. See Ref. [267] for interpretations in a context of
several beyond the SM models. Particularly interesting, in this regard, is a class of singlet scalar
portal models, where the scalar mixes with the Higgs [268]. This class of models is motivated
by the relaxion framework [116] that effectively can be described as a finely tuned Higgs-portal
model [223, 224], and that may be potentially probed by the methods described here.

R&D: Fifth force searches with IS precision measurements – There are several challenges
in realizing full potential of this approach. The most stringent bound on such fifth forces has been
established based on Ca+ isotope shift spectroscopy with up to 20 Hz resolution [269]. While
Yb+ measurements have revealed a 3σ nonlinearity [270], experiments in neutral Yb suggest that
the nonlinearity may be caused by higher-order contributions within the SM [271]. A possible
improvement of the bounds can be achieved by choosing one transition in the King-plot comparison
from a trapped-ion clock and the other from neutral atoms optical lattice clocks of the same species;
e.g. Sr+ and neutral Sr clocks.

Higher-order SM contributions break the linearity of the King plot as well [266] and must either
be calculated with high accuracy [272], or eliminated together with uncertainties on the isotope
mass differences using more transitions and a generalized analysis [273, 274]. Nuclear structure
properties such as the quadrupole deformation and higher order nuclear moments can cause a non-
linearity in the King plot. Thus, it is critical to understand the impact of nuclear effects to set
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constraints to BSM physics. As commonly only a few stable isotopes exist for a given element,
adding points to a King plot requires measurements of unstable isotopes. Therefore, it is crucial to
extend isotope shift measurements to unstable isotopes to be able to distinguish new physics from
Standard Model effects [270, 274].

Isotope shift spectroscopy of highly charged ions, such as Ca11+ to Ca16+ isotopes is a promising
avenue since the few-electron systems can be calculated with high accuracy and offer several narrow
transitions for removing SM nonlinearities [275].

C. Clock-based gravitational wave detection

Space-based optical lattice atomic clocks could potentially be used as gravitational wave detec-
tors with unique capabilities [213]. The basic concept is similar to gravitational wave detection with
space-based atomic interferometers, as discussed in Sec. III, with the primary difference being that
in the case of optical lattice clocks the atoms remain strongly confined, necessitating the use of an
on-board drag-free reference mass [276], but relaxing the requirements on atom temperature and
satellite size, and enabling ground-based development and demonstration of required performance.
High precision differential comparisons between optical lattice clocks in spatially separated satellites
in inertial frames linked over an optical baseline eliminate sensitivity to local-oscillator frequency
noise while remaining sensitive to Doppler shifts of the laser light induced by gravitational waves.
This offers several potentially attractive features, including detectors consisting of only two space-
craft, relaxed requirements on the number of photons transmitted over the optical baseline relative
to optical-interferometry-based detectors, and the capability to tune the detector response func-
tion using pulse sequences applied locally to the atoms on each spacecraft, without requiring any
physical changes to the detector spatial configuration. The last feature in particular is of interest
as it suggests the possibility of a tunable, narrowband GW detector that could lock onto and track
specific GW signals from sources such as inspiraling intermediate and stellar black hole binaries as
they leave the frequency band of space-borne optical detectors such as LISA [277], evolve through
the decihertz band [278], and then enter the range of terrestrial optical-interferometry-based GW
detectors such as LIGO [279].

VI. FUNDAMENTAL PHYSICS WITH RADIOACTIVE ATOMS AND MOLECULES

Radioactive atoms and molecules offer extreme nuclear nuclear charge, mass, and deformations,
and may be worked with efficiently with the advanced quantum control toolset of AMO. These rare
systems offer an unprecedented amplification of both parity- and time-reversal violating properties.
Hence, their study offers a wide range of opportunities for studies of nuclear structure, symmetry
violations, and precision measurements. Here we discuss just a few motivating examples of the
unique advantages of these species.

Symmetry violations The sensitivity of atoms and molecules to fundamental symmetry vio-
lations, such as P and CP, scales with the proton number of the nucleus as ∼ Z2−5 depending on
the physical source. Thus, the heaviest nuclei, which are necessarily radioactive, offer the largest
sensitivity. Furthermore, nuclei with octupole (β3) deformations and close proximity opposite par-
ity nuclear states can enhance sources of hadronic CP violation by an additional factor of 102−3
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[280, 281], making species such as Fr, Ra, Ac, Th, Pa very attractive for searches for CP-violation.
Molecules containing these nuclei can combine molecular and nuclear enhancements to offer ex-
treme sensitivity, as much as 105−6 per particle over state-of-the-art atomic experiments [282]. A
recent major milestone towards this end include the creation and study of several radium-containing
molecules which holds tremendous promise for symmetry violation searches [283–285].

Clocks There are unstable isotopes which provide a range of opportunities for optical clocks.
There has been a long-standing effort to realize a clock based on a nuclear isomeric transition in
Th-229, which is unstable [4] as described in Section V. The radium ion is a candidate system
for a transportable optical clock due to certain favorable properties, including photonic technology
compatible transitions [286]. It has been proposed to use a pair of clocks based on the highly
charged ions Cf+15 and Cf+17 to search for the time variation of the fine structure constant [287].

Precision studies based on nuclear decays There are certain experiments where nuclear
instability is essential. For example, there is an experiment that aims to search for sterile neutrinos
by reconstructing the kinematics of the radioactive decay of 131Cs atoms trapped in a MOT[288].
There is also a recent proposal to test quantum mechanics by searching for an energy shift in an
optical clock transition of a short-lived radioactive element [289].

The study of radioactive isotopes pose several challenges, they are typically created at high-
temperatures (> 2000 ◦C) and in the presence of large contaminants, with relative abundances
that can be inferior to 1:106. Moreover, the lifetime of the isotopes of interest can be a few days
or shorter. Therefore, their study demands particularly high efficiency and selectivity. Hence, the
use of ion traps has proven to be critical for the study of radioactive species. The beam-based
methods used by the most sensitive ACME electron EDM experiment [15] requires macroscopic
quantities of material, which is either impractical or impossible for many exotic nuclei. Traps, on
the other hand, can trade large count rates for longer coherence times, as demonstrated by the
successful JILA HfF+ eEDM [290] and ANL 225Ra EDM experiments [291], the latter of which
uses a radioisotope with a 15 day half-life and which cannot be obtained in macroscopic quantities.
Note that these two experiments use radically different trapping technologies, both of which are
being actively developed but which require further development to fully realize the potential of
exotic nuclei.

R & D for ion traps The JILA EDM experiment uses a molecular ion trap [290], an approach
which can realize coherence times longer than one second, and therefore can make a competi-
tive measurement with even tens of measured molecules per shot – a combination that fits well
with using short-lived and exotic species. This technology which was recently used to synthesize,
trap, and cool radioactive molecules including RaOCH+

3 and RaOH+, both of which are promising
for nuclear CP-violation searches as they combine a deformed nucleus with polyatomic molecu-
lar advantages [284, 285]. Further development includes establishing measurement protocols for
CP-violating observables, and utilizing methods to work with very short lived species. To further
increase efficiency it is desirable for state preparation and readout to utilize techniques such as
quantum logic spectroscopy, which is nondestructive [292]. These experiments also require exten-
sive molecular spectroscopy, as discussed below.

R & D for neutral traps The ANL experiment uses an optical trap for neutral species, which
offers similar coherence times as ion traps but with potentially much larger numbers. However,
traps for neutral species which are suitable for precision measurements tend to be very shallow, and
therefore the species must be cooled to ultracold temperatures. This presents a serious challenge
for molecules due to their significant internal complexity, though there has been tremendous recent
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progress. Since the first laser cooling of a diatomic molecule in 2010 [293], the community has
seen tremendous advances, including loading molecules into optical traps suitable for precision
measurement [294, 295]. Furthermore, these techniques are now starting to be implemented in
polyatomic molecules as well [296]. Polyatomic molecules offer unique advantages for CP-violation
searches [284, 297, 298], but their complex structure makes them a challenge. Further development
includes improved and more efficient methods for production, slowing, and cooling molecules, has
seen rapid recent development. Laser cooling schemes for radioactive molecules such as RaF have
been investigated [283], but further developments are needed to produce ultracold molecules of
these exotic species.

All of these experiments also require extensive molecular spectroscopy, and in particular, ded-
icated facilities which can perform this spectroscopy with very short-lived species. These devel-
opments are well aligned with the progress of radioactive beam facilities around the world, such
as the DOE facility for rare isotope beams (FRIB), where unique access to large amounts of ac-
tinide nuclei will be provided. Thus is critical to support the infrastructure needed to integrate
table top experiments with radioactive beam facilities. This includes beam purification techniques,
deceleration, cooling, and trapping of radioactive atoms and molecules.
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[46] R. Bouchendira, P. Cladé, S. Guellati-Khélifa, F. Nez, and F. Biraben, Phys. Rev. Lett. 106, 080801
(2011).

[47] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Müller, Science 360, 191 (2018).
[48] M. Arndt and K. Hornberger, Nat. Phys. 10, 271 (2014).
[49] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, Rev. Mod. Phys. 85, 471 (2013).
[50] S. Nimmrichter and K. Hornberger, Phys. Rev. Lett. 110, 160403 (2013).
[51] A. Bassi, A. Großardt, and H. Ulbricht, Class. Quantum Gravity 34, 193002 (2017).
[52] N. Altamirano, P. Corona-Ugalde, R. B. Mann, and M. Zych, Class. Quantum Gravity 35, 145005

(2018).
[53] T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly, S. M. Dickerson, A. Sugarbaker, J. M.

Hogan, and M. A. Kasevich, Nature 528, 530 (2015).
[54] P. Asenbaum, C. Overstreet, T. Kovachy, D. D. Brown, J. M. Hogan, and M. A. Kasevich, Phys. Rev.

Lett. 118, 183602 (2017).
[55] V. Xu, M. Jaffe, C. D. Panda, S. L. Kristensen, L. W. Clark, and H. Müller, Science 366, 745 (2019).
[56] M. Zych, F. Costa, I. Pikovski, and Č. Brukner, Nat. Commun. 2, 505 (2011).
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[152] D. Carney, H. Häffner, D. C. Moore, and J. M. Taylor, Phys. Rev. Lett. 127, 061804 (2021),
arXiv:2104.05737 [quant-ph].

[153] G. Afek, D. Carney, and D. C. Moore, (2021), arXiv:2111.03597 [physics.ins-det].
[154] D. Carney, S. Ghosh, G. Krnjaic, and J. M. Taylor, Phys. Rev. D 102, 072003 (2020), arXiv:1903.00492

[hep-ph].
[155] V. Domcke and M. Spinrath, JCAP 06, 055 (2017), arXiv:1703.08629 [astro-ph.CO].
[156] N. Aggarwal, G. P. Winstone, M. Teo, M. Baryakhtar, S. L. Larson, V. Kalogera, and A. A. Geraci,

(2020), arXiv:2010.13157 [gr-qc].
[157] N. Aggarwal et al., Living Rev. Rel. 24, 4 (2021), arXiv:2011.12414 [gr-qc].
[158] C. Montoya, E. Alejandro, W. Eom, D. Grass, N. Clarisse, A. Witherspoon, and A. A. Geraci, (2021),

arXiv:2103.03420 [physics.optics].
[159] G. Gasbarri, A. Belenchia, M. Carlesso, S. Donadi, A. Bassi, R. Kaltenbaek, M. Paternostro, and

H. Ulbricht, Commun. Phys. 4, 155 (2021), arXiv:2106.05349 [quant-ph].
[160] W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester, Phys. Rev. Lett. 91, 130401 (2003),

arXiv:quant-ph/0210001.
[161] D. Kafri, G. J. Milburn, and J. M. Taylor, New J. Phys. 17, 015006 (2015), arXiv:1404.3214 [quant-ph].
[162] S. Bose, A. Mazumdar, G. W. Morley, H. Ulbricht, M. Toroš, M. Paternostro, A. Geraci, P. Barker,
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[198] M. Toroš, T. W. van de Kamp, R. J. Marshman, M. S. Kim, A. Mazumdar, and S. Bose, Phys. Rev.

Research 3, 023178 (2021).
[199] R. J. Marshman, A. Mazumdar, G. W. Morley, P. F. Barker, S. Hoekstra, and S. Bose, New Journal

of Physics 22, 083012 (2020).
[200] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, Rev. Mod. Phys. 85, 471 (2013).
[201] Y. Margalit, O. Dobkowski, Z. Zhou, O. Amit, Y. Japha, S. Moukouri, D. Rohrlich,

A. Mazumdar, S. Bose, C. Henkel, and R. Folman, Science Advances 7, eabg2879 (2021),
https://www.science.org/doi/pdf/10.1126/sciadv.abg2879.

[202] J. Aasi, J. Abadie, B. Abbott, R. Abbott, T. Abbott, M. Abernathy, C. Adams, T. Adams, P. Addesso,
R. Adhikari, et al., Nature Photonics 7, 613 (2013).
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and P. O. Schmidt, Nature 578, 60 (2020).
[251] S. A. King, L. J. Spieß, P. Micke, A. Wilzewski, T. Leopold, J. R. Crespo López-Urrutia, and P. O.
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