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We propose a new type of experiment that compares the frequency of a clock (an ultrastable optical
cavity in this case) at time ¢ to its own frequency some time -7 earlier, by “storing” the output signal
(photons) in a fiber delay line. In ultralight oscillating dark matter (DM) models, such an experiment is
sensitive to coupling of DM to the standard model fields, through oscillations of the cavity and fiber lengths
and of the fiber refractive index. Additionally, the sensitivity is significantly enhanced around the
mechanical resonances of the cavity. We present experimental results of such an experiment and report no
evidence of DM for masses in the [4.1 x 107!, 8.3 x 107'°] eV region. In addition, we improve constraints
on the involved coupling constants by one order of magnitude in a standard galactic DM model, at the mass
corresponding to the resonant frequency of our cavity. Furthermore, in the model of relaxion DM, we
improve on existing constraints over the whole DM mass range by about one order of magnitude, and up to

6 orders of magnitude at resonance.
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Introduction.—Dark matter (DM) remains one of the
contemporary mysteries in fundamental physics and con-
tinues to question the scientific community regarding its
origin and composition. DM leaves indirect evidences of its
existence through its gravitational interaction but has never
been directly detected so far [1], leading to the development
of a multitude of experiments probing different models
covering a large mass range [1,2].

Amongst the various DM models, ultralight DM scenar-
ios have recently seen a strong surge thanks to the excellent
sensitivities provided by the latest advances in time and
frequency metrology [3—16]. In such class of models, DM is
made of a scalar field (SF) nonuniversally coupled to the
standard model. Typically, this SF will undergo oscillations
that will be reflected through an oscillation of the funda-
mental constants of nature, a signature of a violation of the
equivalence principle. This has motivated experimental
searches for harmonic variations of the constants of nature
in a wide range of frequencies: with atomic clocks in the
10~1°-1 Hz region [6,7,16], with a network of optical
cavities in the 10™*~10~! Hz region [11], and using atomic
spectroscopy in the 103-10% Hz region [17]. This has also
given rise to various proposals for experiments to further
extend the frequency range of searches for oscillations in the
constants of nature: using a future atomic gravitational
waves detector in the 1073-103 Hz region [18], using
future resonnant-mass detectors in the 10*~10% Hz region
[19], using a laser gravitational waves detector in the
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1072-10? Hz region [20-22], etc. In this Letter, we propose
a new type of experiment consisting of a three-arm Mach-
Zender interferometer (see also the preprint [23]) to search
for harmonic variations in the fine-structure constant and in
the mass of the electron in the partially unexplored
10*~10% Hz region. Furthermore, we present results from
an experimental realization developed at the Paris
Observatory that provides the first constraints in the oscil-
lations of the constants of nature in the 10*-10° Hz
frequency range and improves over previous results [17]
in the 10°~10° Hz frequency range. Finally, we present an
interpretation of these experimental results for different
scenarios of DM.

Ultralight scalar field oscillation.—The theory of an
ultralight SF has been developed in, e.g., Refs. [4,5,24].
Within this framework, a scalar field ¢ of mass m, is
linearly coupled to the standard model Lagrangian leading
to space-time variations of any fundamental constant X
from the standard model. The coupling parameters dy
characterize the strength of the interaction between
the SF and the various sectors of the standard model.
More precisely, they parametrize the variation of the
constants of nature [24] such that X(¢) = X,(1 + dxo)
where X denotes any constant of nature like, e.g., the
fine structure constant {a,d,}, the mass of fermions
{mj,dm/_} (j = electron, quarks), and the QCD mass
scale {Aqcp.d,}, and the subscript O refers to the value
of the constant in absence of the SF.

© 2021 American Physical Society
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In this Letter, we will focus on low SF masses
(m, < 1¢€V) for which ¢ behaves as a classical field.
This SF admits oscillating solutions ¢ = ¢ cos(®,,?) (with
w,, the SF Compton-De Broglie frequency) [4,5,7] which
induces a temporal evolution of the constants of nature.
When the SF is interpreted as DM, its amplitude of
oscillation is directly related to the local DM density ppy
(0.4 GeV/cm? in the standard galactic halo DM model
[25]). Variations of the fine structure constant and/or
electron mass results in a variation of atomic transition
frequencies and of the Bohrradius ay = #/(m,ca), whichin
turn leads to variation of the frequency of atomic clocks and
the length of solids. This has motivated several experimental
searches for harmonic variations of the constants of nature
using various atomic experiments [2].

In addition, searches for a Yukawa-like violation
of the universality of free fall also provide constraints on
the couplings between matter and the SF, see, e.g.,
Refs. [10,26,27]. Those constraints are independent of the
identification of the SF as DM (and are therefore independent
of the relative abundance and of the composition of DM).

Experimental setup.—Our experimental setup, dubbed
the DAMNED (DArk Matter from Non Equal Delays)
experiment is a three-arm Mach-Zender interferometer [23]
as shown in Fig. 1. A 1542 nm laser source is stabilized on
an ultrastable cavity [28,29], with a locking bandwidth of a
few 100 kHz. The beam power is then unevenly distributed
between the three arms. Most of the power is going through
the long delay line that consists of a fiber spool (52 or
56 km) with a refractive index ny ~ 1.5. To perform a self-
heterodyne detection, the laser frequency is shifted with the
acousto-optic modulator (AOM) located in the second arm
(where vaom ~ 37 MHz). Finally, the last arm is a one
meter fiber.

The beat note between the AOM and the fiber spool arms
provides the putative DM signal resulting from the beat
between the (DM induced oscillating) cavity frequency at
time ¢ and its frequency at time -7 as seen through the fiber
with delay T (see next section for details). The reference
beat note between the AOM and the short fiber provides an
indication of the experimental perturbations (noise and
systematics) as the arm length is too short to see any cavity
frequency oscillations. Both beat notes are acquired
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FIG. 1. Experimental setup. A 1542 nm laser source is locked
to an ultrastable cavity. The beam is then split between three arms
and recombined to have access to the DM signal (long vs AOM
arms) and the experimental reference (short vs AOM arms).

simultaneously using a digital two channel phase meter
(Ettus X310) that provides the phase measurements (after
demodulation of the 37 MHz signal) at a sampling rate of
500 kHz.

Impact of an oscillating scalar field on the experiment.—
An oscillating scalar field will impact two parts of our
experiment. First, it will lead to oscillations of the cavity
frequency @(z) due to variations of its length induced by
oscillations of the Bohr radius. Second, the fiber delay 7'(¢)
will oscillate because of variations of its length and of its
refraction index that are both induced by oscillations of the
constants of nature.

The laser is locked to an optical resonance of the
cavity. The variation of the frequency of the light exiting
the cavity dw(t) is then proportional to its length variation
and is given by

Sw (1)
@o

=€, [E.(1 4+ a)cos(w,,t) + EPsin(w,,t)], (1)

where @, is the unperturbed cavity frequency, €¢; =
@o(d, +d,, ) is the fractional length change due to
oscillations of the Bohr radius. The coefficients £, and &;
characterize the optical properties of the cavity. For our
high finesse cavity (F = 800000 [28]) and frequencies of
interest (f € [10,200] kHz), we have £., &~ 1. On the
other hand, the o and f coefficients characterize the
mechanical properties of the cavity. For our ~0.1 m ultra
low expansion cavity the mechanical resonant frequencies
arew,, = 2zn27.6 kHz where nis aninteger (n > 1), and are
therefore well within our frequency region of interest ([10,
200] kHz). Only odd resonances are excited due to the
symmetry of the length change. At resonance (w,, = @),
a=~0 and = 8Q,/x*, with the quality factor of our ultra
low expansion cavity Q; = 6.1 x 10* [28,30,31] which
significantly enhances the signal searched for. Below
resonance (w,, < @;) both 3, @ ~ 0. A detailed derivation
of the coefficients a,f,&.,&, is provided in the
Supplemental Material [32]. A similar analysis was also
carried out in Refs. [19,22] giving similar results. Note that
the mechanical resonant frequencies and Q factors are
determined from material dependent constants (see
Ref. [32]) and we conservatively assume a 5% uncertainty
in those constants.

The fiber delay is given by T'(¢) = L/()n(t)/c, where
L/(t) and n(t) are the fiber length and refractive index,
respectively, both of which oscillate due to the variations of
the constants of nature. Using the approach described in
Ref. [42], we find

8T(t) _awyon (50)([)

2 _n_oaw —€nCOS(a)mt)>_€LCOS(wmt>7 (2)

Q0]

where dw(1)/w, is the relative frequency variation at the
entrance of the fiber, which in our case is given by Eq. (1)
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and ¢, is the fractional refractive index change that is
directly proportional to the amplitude of oscillations of the
SF through

€, = (pO[Zde + dme -+ (dme — dy)/2 _ 0024<qu - dg)]

(3)

The dependence on d, and d,, arises from the phonon
frequencies in the fiber that determine its refractive index
[42]. For the telecom fibers that we use the prefactor of
Eq. (2) is typically ~1072.

Both the cavity frequency and fiber delay oscillations
can be integrated to obtain the phase difference Ad(¢)
between the delayed and nondelayed signals:

t
AD(t)= /
( ) 1—=To—=6T (1)

T T
:a)OTO—FZESin GOm0 CrgpCOS | Wt =, —=
W, 2 2

T
+Spqsin (wmt—a)m ;)] , (4)

[wo +(?')]dr

where Cpg and Spq are derived from Egs. (1) and (2), to
leading order:

Wy On
CA(D XEeEX—€,—
ny Ow

Sao > e€Lp. (5)

Since Eq. (4) has extinctions for w,, T = n2x, we use
two different fiber lengths (thus two different delays 7)) to
recover sensitivity over the whole desired frequency range.
For the reference arm 7, ~ 0, and the signal of Eq. (4)
vanishes, which allows its use to characterize systematic
effects and identify false DM signals.

Experimental results.—The parallel acquisitions of
the signal and reference phase data lasted 12 days each
for the two different fiber lengths (52.64 and 56.09 km)
at a 500 kHz sampling rate. The total raw phase data
(~4 x 2.1 TB) requires digital preprocessing to compute
Fourier transforms with a spectral resolution limited to
~3 mHz [43].

Figure 2 shows the power spectral density (PSD)
computed over the full 12 days duration of the experiment.
Only the ““signal” branch for the 52 km acquisition is shown
here, but all results are similar for the 56 km fiber, as well as
for the “reference” branch. One can see characteristic
“bumps” arising from the cavity noise seen through the
transfer function of our unequal-length arm interferometer
[32]. Our experimental sensitivity is limited below 10 kHz
by the acoustic and thermal noise of the long signal fiber
and above 200 kHz by the bandwidth of the phase-locked
loop that locks the laser to the cavity (which we optimised
in our experiment to %500 kHz). In between, the experi-
ment is limited by the cavity noise floor which was
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FIG. 2. PSD of phase fluctuations Saq(f) of the signal for the
52 km fiber (in blue). The modeled cavity noise floor is shown in
black, with the grey line indicating the 95% detection threshold
[44] which reveals several significant peaks (in red).

stationary during the full duration of both acquisitions.
The modeled cavity noise is an averaged PSD over 268 s
data subsets and is required later for our statistical analysis
(see Ref. [32] for details).

Systematic effects.—In order to identify a potential DM
signal, we investigate any signal (peak in the PSD)
emerging from the noise. For this, we use the method
presented in Ref. [44] to define a detection level above
which any peak can be considered as a real signal with a
false detection rate lower than 5%. As one can see in Fig. 2,
the detection threshold (grey line), is exceeded by many
peaks (red dots). At closer inspection (see Ref. [32] for
details) all of these peaks turn out to be systematic effects
that are either present only in the cavity used for the
experiment and not in the other cavities available in the
laboratory, and/or are correlated to temperature changes
in the laboratory, or are also present in the reference
branch which is insensitive to coupling with DM.
Additionally, they have a spectral shape and width incom-
patible with the signal in the DM models we consider.
Therefore, we report no detection of ultralight DM in
the frequency range [10,200] kHz. However, that conclu-
sion does not apply at the frequencies of the systematic
peaks, which might mask a putative DM signal, and we
thus exclude those frequency regions from our results, as
summarized in Table 1. All the peak positions are drifting

TABLE 1. Excluded frequency regions due to systematic
effects.
Origin <f> /HZ rf Gf/HZ [fmin/HZ’ fmax/HZ]
Unknown 26178 10~* 1 [26172.382, 26183.618]
50069 10~ 1 [50060.993, 50077.007]
59364 10~ 1 [59355.064, 59372.936]
Piezo 101684 1073 3 [101573.316, 101794.684]
103525 1073 3 [103412.975, 103638.025]

Ettus Multiples of 7629.395 Hz, oy = 3 mHz
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FIG. 3. 95% confidence upper limits on d, and d,,, in the usual galactic DM model (top) and in the Earth relaxion halo one (bottom).

Sensitivity peaks are at the mechanical resonance frequencies of the cavity. The solid black line corresponds to the constraints set by the
Eo6t-Wash torsion balance experiments [10,26,49] while the red line corresponds to a more recent experiment [17]. Narrow frequency
bands excluded from these constraints because of systematic effects are given in Table I. Note that the frequency and amplitude of the
resonance peaks may differ from those shown by ~5% because of the uncertainty in @, and Q,, as indicated by the grey error bars.

relatively to their mean value (f) by a factor r;. With the
peak widths o/, we define a conservative exclusion inter-
val [(f) x (1 =rp) =30, (f) x (1 4 rf) + 30/].

Constraints on ultralight dark matter.—The first DM
model for which we interpret our measurements is a
standard model where all the DM density is assumed to
be uniformly distributed in the solar system and is carried
by the scalar field [4,5,10]. In standard models of galaxy
formation, galactic DM must be virialized [45,46] and has a
velocity distribution fpy(v) with a characteristic width
6, ~ 1073¢ [33,34,47]. The Compton frequency of the SF,
w,, =~ m,c? /[l + v?/(2¢%)], is broadened because of the
DM velocity distribution. This broadening introduces a
coherence time 7, = (®,,62/c*)~" ~ 10%@;,' [48]. The DM
distribution therefore implies that the scalar field has a
stochastic component from the sum of all the SF allowed by
the velocity distribution. The effective field takes the
following form [34,35]:

[47ppm N,
= ap\/fom(f))AS cos 2af it + )], (6)
j=1

m,c

(1)
A=
where a; are stochastic amplitudes following a Rayleigh
distribution [34,35], ¢; are random phases following
a uniform distribution, and fpy(f) is the DM velocity
distribution expressed in the frequency domain (see
Refs. [32] and [33]). N; defines the number of points
used to discretize the DM frequency distribution curve
(N;Af > 1/z., where Af is the frequency resolution of the
data). When the experimental duration T, is longer than
7., this stochastic broadening needs to be taken into

account in the data analysis [33,34] and actually provides

a useful handle on identifying the signal due to its peculiar
spectral shape. Even when T, < 7., the stochastic nature
of the signal needs to be taken into account as in general it
leads to reduced sensitivity by up to 3 orders of magnitude
because of the possibility of the instantaneous local
oscillation amplitude being smaller than the average value
which is related to ppy [35].

In order to constrain the DM model, the coupling
constants must be extracted from the coefficients Cpyg
and S,¢ available in the Fourier transform of our data. The
stochastic nature of the signal Eq. (6) requires the adjustment
of the following parameters: the coupling constants dx, N,
amplitudes a;, and N; phases ¢;, where N; is chosen to
sufficiently sample the DM frequency distribution fpy. The
a priori knowledge of the probability distribution of
amplitudes (Rayleigh distribution) and phases (uniform
distribution) favors the use of a Bayesian approach.
Working in the frequency domain the corresponding pos-
terior distributions can be analytically marginalized over
the N; amplitudes a; and phases ¢;, which makes the
problem numerically solvable (see Refs. [33-35] and
Ref. [32]). The result is a posterior probability distribution
for the coupling constants dy for each DM mass, providing
the corresponding 95% upper limit. To simplify, we con-
centrate on d, and d,,, and assume that only one of them is
nonzero in turn, a so called “maximum reach approach.” We
use our acquisitions with two different fiber lengths and
combine both likelihoods to infer a unique upper limit at
95% confidence. These upper limits for the galactic DM
model (where we assumed that the scalar field is made from
100% of the DM energy density) are presented in the top part
of Fig. 3. The constraints show large “peaks” at the resonant
frequencies (n = 1, 3, 5, 7) of our cavity, and at frequencies
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where the combination of two different fiber lengths does
not fully solve the loss of sensitivity due to the sin(w,,T/2)
term in Eq. (4). In between the peaks the constraints come
from a combination of the length and index changes of the
cavity and the fibers. For this specific theoretical scenario,
our experiment exceeds best existing constraints on d,,
from torsion balance experiments [10,26,49] by about an
order of magnitude only over a narrow-frequency band
around the cavity resonance, but broadly improves on the
recent experiment reported in Ref. [17], by up to 3 orders of
magnitude [50].

Constraints on the relaxion halo model.—The second
theoretical model for which we interpret our experimental
results is called the relaxion halo model [36]. In this
scenario, DM forms a relaxion halo around the Earth
[51-55] leading to a local overdensity with respect to
the galactic DM density that depends on m, and can
reach pgpy/ppm < 10'® in the range of m,, considered
here [36]. Additionally the velocity distribution, and
therefore the coherence time, is modified, leading to
7, ~ 102w}, (27Hz/w,,)*. Both of these modifications
have to be taken into account in the data analysis. First
experimental searches in this model were reported in
Refs. [17,37]. We present the constraint on the coupling
parameters obtained in this scenario in the bottom of
Fig. 3. In this model, our experiment improves on best
existing constraints for almost all of the probed DM
masses. That improvement reaches 5 orders of magnitude
for d, and 6 orders of magnitude for d,, at the mechanical
resonances.

The underlying reason for the difference in sensitivity
in the two models comes from the fact that experiments
like ours or Ref. [17] depend on the local DM density
while torsion balance experiments search for a Yukawa
interaction between the Earth and the test masses, which
is independent of the identification of the SF as DM [10]
and are thus independent of the local DM density and
composition.

In all cases our experiment improves on the recent
experiment reported in Ref. [17], which directly probes
the same DM models as ours, by typically 2-3 orders of
magnitude over the DM mass region where the two
overlap.

Conclusion.—In this Letter, we propose a new experi-
ment to search for harmonic variation of the constants of
nature at high frequencies. In addition, we present results
from the DAMNED experiment developed at the Paris
Observatory. This experiment has not revealed any sign of
scalar DM for masses in the [4.1 x 10711, 8.3 x 10719] eV
region, but we have improved existing bounds on the DM-
standard model coupling constants by amounts depending
on the considered mass and DM distribution model.

Our main limitation is the cavity noise, and we plan to
improve on the results presented here over the next years,
and also test other models (e.g., axion couplings), using

similar setups but with an improved optical cavity currently
under construction.

Helpful discussions with Andrei Derevianko and
Yevgeny Stadnik are gratefully acknowledged.
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