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Abstract—In these proceedings we summarise a collection of
recent experimental results in which high precision photonic,
phononic and atomic oscillators are used to probe for new
physics, such as searching for wave-like dark matter, performing
Lorentz invariance tests, looking for high frequency gravitational
waves and more. We focus our discussions on summarising our
most recent work on a new method for constraining scalar
dark matter using a photonic microwave cavity, phononic quartz
mechanical resonator and atomic hydrogen transition in conjunc-
tion, while also briefly summarising various other experimental
results.

I. INTRODUCTION

Precision frequency techniques and metrology is a necessary
cornerstone in fundamental physics research, providing the
means and accuracy to meaningfully constrain physical
parameters as well as provide the ability to experimentally
test new theories and physics. The zoo of resonators,
oscillators and clocks that envelops photonic microwave
cavities, phononic bulk and surface acoustic wave resonators,
LC circuits, bulk and spin-torque magnon resonators, and
atomic transitions [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11] , provides a broad experimental tool-kit to test and
constrain the enormous amount of new theoretical physics
that is constantly arising. Due to the precision nature of
these metrological devices; they are typically of a small
spatial footprint, allowing more accessibility for researchers
to provide critical contributions to some of the most pressing
questions in physics.

One such question is as to the nature and composition
of dark matter (DM) as well as its interaction properties on
a particle level, which despite decades of cosmological and
astronomical evidence supporting the existence of DM[12]
, these properties still remain largely unknown and loosely
constrained. Many different flavours of DM candidates have
been proposed, leading to an ensemble of corresponding
detection experiments operating across a broad frequency
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space[13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24]. Despite the growing number of DM detectors,
a strong claim of detection of any kind is yet to be made,
however; the unconstrained parameter space for many DM
candidates remains large and relatively unexplored, providing
motivation for new experiments, a few of which we will
briefly summarise.

Cryogenic microwave cavities can be placed in strong
DC magnetic fields to search for Axion DM, a dark matter
candidate particle arising from a proposed solution to the
strong CP problem. The ORGAN experiment [23] at The
University of Western Australia (UWA), is a cavity based
Axion DM detector currently operational in the 15-16 GHz
range and is a part of the ADMX collaboration [25]. In
another active experiment, a dual-mode photonic microwave
oscillator cavity is used to search for Axions at lower
frequencies (< 240 MHz) using upconversion [26].

Of course the use of precision frequency devices for
tests of new physics is not constrained to DM searches, the
Acoustic Lorentz Invariance ExperimeNt (ALIEN) utilises
two state-of-the-art OCXOs [27] mounted on a rotation
stage in order to place constraints on Lorentz violations, thus
constraining beyond-the-standard-model physics such as many
unification theories. Finally, a high frequency gravitational
wave (HFGW) detector based on a quartz bulk acoustic wave
(BAW) antenna held at cryogenic temperatures is currently
operational and sensitive to gravitational radiation at MHz
frequencies [28], [29], at which many theories predict sources
may exist. This device utilises the extremely high quality
factors attributed to cryogenic quartz BAWs (107 — 10%) in
order to detect impinging strain fields induced by gravitational
radiation, and has in fact recorded several candidate signal
events already. As one of the only active gravitational wave
detectors in this frequency range, with potential to extend its



operational frequencies into completely unexplored parameter
space, this experiment represents an exciting probe into
unexplored physics.

Here we limit our discussion to a detailed summary of
just one of our recent works performing experimental tests
of new physics using precision frequency devices; a new
technique to search for scalar DM utilising photonic, phononic
and atomic oscillators [30]. Scalar DM refers to a class of
DM models in which an ultra light scalar field with non-trivial
couplings is added to the standard model and attributed to the
majority of the local DM density. In previous works it has
been shown that the introduction of a weakly coupled scalar
field, such as the string theory dilaton or moduli fields, to the
standard model would produce some small scale oscillations
in the fundamental constants of nature. In the technique we
present here this effect is exploited by utilising a combination
of a Hydrogen maser, cryogenic sapphire oscillator (CSO),
and notably an oven controlled quartz oscillator (OCXO)
in order to constrain fundamental constant oscillations, and
thus Scalar DM coupling, to some level. The novelty in the
method lies in the fact that multiple oscillators of varying
physical architecture can be used to provide individual limits
on the variation of multiple different fundamental constants
via coefficient separation. This is in contrast to many other
previous works in the field, which must ignore the coupling
of DM to many other constants in order to extract meaningful
limits, using the approximative technique of maximum reach
analysis. With this work we further demonstrate how extreme
precision acoustic oscillators can be utilised for future DM
search experiments.

II. METHODS/RESULTS

In [30] we considered the Scalar field model of Darmour
and Donoghue [31], in which a dimensionless massive scalar
field ¢ is introduced into the effective action that described
physics of ground state nuclei. Each term in this effective
action can then couple to ¢ in some non-trivial way, in
most cases linear couplings are seen as the most ‘simple’
and therefore are often explored, however other couplings can
also be considered. We are thus given a Lagrangian density
term that describes the introduced scalar fields interactions
with the standard model, it takes a form where the interaction
of the scalar field with the standard model is parametrised
by d; for j = my,mgq, me,g,e, which are dimensionless
coupling parameters that define the strength of the interaction
between the scalar field and each standard model sector, their
introduction into this Lagrangian density term modifies each
corresponding standard model sector’s fundamental physical
constant such that they display ¢ dependence:
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Where « is the fine structure constant, m; denotes fermion
mass (electron (e), up (u) or down (d) quarks), and Agcp
represents the QCD mass scale.

If we identify this new scalar field as attributing for
the majority of the local dark matter density ppy as described
in [32], with a periodic evolution given by the cosmological
string-theory dilaton model of [33], we see that the DM
scalar field take the form:
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where m,, represents the scalar field mass and o is a
cosmological source term that is assumed to be constant.

In this form it is clear that the introduction of a scalar
field to the standard model, that is also attributed to the
local galactic DM density, will cause periodic variation in
fundamental constants of nature, with amplitudes parametrised
by the coupling constants d; and frequency determined by the
field’s mass m,,. As a result; many experiments have begun
searches for scalar field-like DM by searching for variations in
dimensionless ratios such as m,,/Aqcp, Ma/Aqcep, Me/Aocp
and a. Searching for these small variations naturally leads
to the use of high precision frequency and metrology
techniques. Indeed, the most well developed experiments in
this field make use of ongoing comparison measurements
between extremely stable frequency standards that exhibit
fundamental frequencies which depend on a combination
of the aforementioned dimensionless ratios. These types of
experiments will thus be able to probe and further place
exclusion limits on a combination of Scalar DM field
couplings linear in d. and d,,, — d,, however difficulty
arises when attempting to extract a limit on one coupling
constant alone due to these potential combinations. There are
two such methods to deal with this difficulty, this first and
most common among recent experimental work is known
as ‘maximum reach analysis’ (MRA) in which it is initially
assumed that the DM field only couples to one standard
model sector, with all other coupling constants being made to
vanish. The other method is to take multiple sets of data with
differing dependencies on fundamental constant ratios, so that
one can separate linear combinations of different parameters.
This technique is known as ‘coefficient separation’ and is the
novelty that we applied experimentally in our recent work
[30]; by introducing a mechanical oscillator, which depends
on a different combination of fundamental constants with
respect to atomic and photonic oscillators, we can extract
limits on individual constants via coefficient separation.

In order to place exclusion limits on individual scalar
field DM coupling constants we monitored fluctuations in
phase difference d¢o; of the mixed signal between a 10
MHz NEL Frequency Controls Inc. ultralow phase noise
OCXO and a 10 MHz synthesised signal originating from
a microwave CSO, as well as the mixed signal between



the same OCXO and a 10 MHz reference signal supplied
from a Kvarz CH1-75A active Hydrogen maser. For the first
comparison the synthesised CSO signal was achieved by
shifting its frequency by 39 MHz to get it within a few tens
of Hz of 11200 MHz, where it could be divided down to
give a stable 10 MHz signal. The auxiliary 39 MHz signal
was supplied by a direct digital synthesizer phase locked
to the active Hydrogen maser. In order to make long term
measurements of the mixed signal between the OCXO and
either CSO or maser, a phase-locked loop was employed, this
helps stabilise the mean OCXO frequency so it does not drift
over time. The spectral density of phase fluctuations ¢
could be inferred from the spectrum of the phase locked loop
correction voltage ducor through the loop transfer function.
Thus, continuous monitoring of the loop correction voltage
allowed for monitoring of the the phase noise variations
of the mixed signal, which gave the variation in the beat
frequency 6 fa1 = 6 fo — 8 f1 between the two oscillators.

As the resonant frequency of the OCXO fq, CSO fcso
and maser fgy all depend differently on the considered
fundamental constants o, m.,m, and Aqcp the fractional
frequency variation of each two-oscillator system was given
by,
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These two linear equations where then solved to extract the
coupling constants d. and d,,, — d.

For the CSO-OCXO comparison; the loop correction
voltage was sampled at 2.2 Hz for 2 days, while fo the
HM-OCXO comparison it was sampled at the same rate
for 16 days. The result of this data collection gave two
sets of data from which the spectral density of fractional
frequency noise S,,, could be determined. Using monte-carlo
simulation the fractional frequency noise amplitude that
could be excluded from containing a noise peak synonymous
with a DM signal to 95% confidence for each noise bin was
estimated, giving exclusion limits across frequency space.
Substituting these limits into the left hand side of equations
(5) and performing the linear separation resulted in exclusion
limits on d. and d,,,, — d4 over a range of scalar field DM
masses corresponding to the measured Fourier frequencies.
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Fig. 1. Exclusion limits on scalar dark matter coupling constants d. and

dm, — dg determined from the CSO-OCXO and HM-OCXO comparisons
are shown.

III. DISCUSSION/INTERPRETATION

Exclusion limits place on the dimensionless coupling
constants in the work we summarise here were not as
sensitive as those that have been determined by previous
experiments which utilised torsion balances comparisons or
atomic transitions. However we note that this work was of a
different and complementary significance to those previous
results as use of coefficient separation was used, while all
other limits in the region were found using maximum reach
analysis. As these limits did not require any one coupling
of scalar DM to a standard model sector to be made to
vanish, they provide a further more conclusive argument to
the exclusion of a small region of DM parameter space.

As this experiment was only limited to a few days of
data collection, due to oscillator availability, this does not
represent the maximum sensitivity achievable using this
scheme. By making use of the next generation of ultra
low phase and frequency noise oscillators, and a longer
experimental run time, this technique is capable of placing
world leading exclusion limits on the coupling constants of
interest, without the need for approximative maximum reach
analysis.

IV. CONCLUSION

We have summarised in detail our recent work [30] on
a new technique with experimental results showing how an
ensemble of low-noise oscillators of differing architecture,
namely photonic, phononic and atomic, can be used as
powerful tools for probing dark matter. We highlight the fact
that using a collection of such oscillators, rather than just one,
can allow for a significant advantage in the use of coefficient
separation, which isn’t subject to the idealistic approximations
of the more widely used maximum reach analysis. We have
also highlighted a few of our other works that further show
how precision metrology tools and frequency techniques can
be used as highly sensitive probes for new physics.



The natural next step in improving sensitivity of experiments
such as the one we present here as well as many others,
leads us to furthering the development of our oscillators
and frequency references by improving their phase noise
and frequency stability. To this end, recent advancements in
CSO performance [34], [35] as well as further research into
designing stable cryogenic quartz oscillators [6], [7], [36],
are important steps towards building the next generation of
highly sensitive detection experiments.
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