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We present a search for fundamental constant oscillations in the range 20 kHz—100 MHz that may arise
within models for ultralight dark matter (UDM). Using two independent optical-spectroscopy apparatuses,

we achieve up to x 1000 greater sensitivity in the search relative to previous work [D. Antypas et al., Phys.
Rev. Lett. 123, 141102 (2019).]. We report no observation of UDM and thus constrain respective couplings
to electrons and photons within the investigated UDM particle mass range 8 x 107''—4 x 10~7 eV. The
constraints significantly exceed previously set bounds from atomic spectroscopy and, as we show, may
surpass in future experiments those provided by equivalence-principle (EP) experiments in a specific case
regarding the combination of UDM couplings probed by the EP experiments.

DOI: 10.1103/PhysRevLett.129.031301

Introduction.—One of the important quests of modern
physics is understanding the nature of dark matter. Within a
broad class of scenarios, dark matter is made of bosonic
fields that are associated with light particles such as axions
or axionlike particles, which are classified according to
their spin, interaction types with standard model (SM)
matter, and resulting observables [1-4]. They may have
mass m in a broad range 10722-10 eV and form a classical
oscillating field ¢(¢) = ¢ sin(2zf ), with the oscillation
frequency being close to the Compton frequency of the
particle f, = m,/2m [5]. In cases where this ultralight dark
matter (UDM) field ¢ has scalar coupling to SM matter, the
interaction is expected to appear as an apparent oscillation
in the fundamental constants (FCs) occurring at the
frequency f . It may also give rise to equivalence-principle
(EP)-violating acceleration [4,6]. Such scalar couplings are
present within string and dilatonic theories [7] and within
beyond-SM extensions introduced to explain the hierarchy

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/22/129(3)/031301(7)

031301-1

problem [8] that were further developed to accommodate
the presence of UDM [9-11].

Searches for effects of light scalar fields involve analysis
of astrophysical data from the early Universe [12,13], fifth-
force experiments to probe EP violation [14-17] or
apparent FC oscillations. The latter give rise to oscillations
of specific atomic parameters that can be sensitively
probed. For instance, the energy of atomic levels and thus
the frequency of electronic transitions is approximately
proportional to the Rydberg constant Ry, = (1/2)m,a?,
where m, is the electron mass and « is the fine-structure
constant. In addition, the length of solid bodies, which is
proportional to the Bohr radius az = (am,)~! depends on
the same constants. Atomic and optical techniques are
sensitive means to look for oscillations in a and m,, [18], for
example, by probing the frequencies of atomic transitions
[7,22] in atomic clocks [23—26] and comparing these to the
resonance frequency of optical cavities [27,28], via laser
interferometry [29,30], comparison of two cavities [31],
gravitational-wave detectors [32-34], and other methods
[35,36].

A method involving optical spectroscopy of an atomic
ensemble to probe oscillations of a and m, in the radio-
frequency (rf) range 20 kHz—100 MHz (8 x 107! < m, <

4 x 1077 eV) was introduced in Ref. [37]. In this range,
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searches for EP-violating fifth forces have been more
sensitive in exploring the scalar field. FC oscillations
may be greatly enhanced, however, if there exist UDM
halos that are gravitationally bound to Earth [38,39] or the
Sun [38-40]. Such hypothetical halos may result in an
enhanced local dark matter (DM) density and, correspond-
ingly, to enhancement of FC oscillations. In such cases, the
observability of the effects of the scalar UDM field may be
greater in the case of FC-oscillation experiments compared
to EP-violation ones. This is because an EP-violating fifth-
force involves virtual exchange of a bosonic particle that is
independent of UDM (see, for instance, [41]). There is
another reason why direct UDM searches and EP tests can
be considered complementary to each other: in part of the
parameter space of UDM-SM couplings probed by EP
tests, their sensitivity is reduced compared to direct
searches [36], as we discuss below.

Here we present an improved search for scalar UDM
within the same mass range (8 x 10711—4 x 1077 eV) as
that explored in [37]. Through the use of improved
apparatuses and techniques, we achieve a substantially
greater sensitivity in probing fast FC oscillations and obtain
constraints on the couplings of the scalar field that are
improved by up to x10° with respect to [37]. The
sensitivity also significantly exceeds that of the recently
reported results from the colocated optical interferometers
(the Fermilab Holometer) [42] that cover part of the
parameter space addressed by our experiments.

Experimental principle—The idea to probe FC oscil-
lations is to compare the frequency of an atomic transition
fa to the frequency f; of a laser field exciting it and look
for relative variations 6f = f,, — f1 [37,43]. With f; tuned
to excite the transition, f; & f,, and such variations occur
because f, and f; have different dependence on the FCs.
The dependence of the frequency f; on a constant g can be
quantified through the coefficient Q;'] =dln f;/dIn g [44].
With this, one may write for the relative variation:
(6f/f), = (@3 = 0F)(g/g), or, including contributions
from both constants a and m, considered here,

oo -0+ (om —0b) M )
f a m,

where f = f; = f,. The frequency of the laser resonator is
linear in the inverse resonator length: f; « 1/L « m,a
[44]. In addition, the atomic frequency f,, o« m,a*>¢, where
the parameter ¢ accounts for enhanced sensitivity to «
variation due to relativistic effects [45]. For the Cs D2 line
employed in this Letter, e€~0.26 [46]. Therefore,

A =226, 0% =1,and Qf = 0L =1.

Equation (1) quantifies the experimental sensitivity in
the limit of low FC-oscillation frequency and implies, for
example, no sensitivity to m, oscillations since Q% = QF, .
However, the detection sensitivity to « or m,, is not uniform
across the entire frequency range; one has to consider the

response of atoms and the laser resonator to FC oscillations
and distinguish different frequency ranges that are deter-
mined by the various experimental timescales. Indeed, the
low-frequency limit (probed, for example, in [28]) is only
one of the relevant ranges when probing rf oscillations
[44,47], as in this case additional ranges become relevant.
For instance, the f; follows changes in the resonator length
up to the acoustic cutoff frequency of the resonator f.q,
with f.; ~ 50 kHz in our apparatus [37]. At frequencies
higher than f.;, f; is independent of the FC oscillations.
This transition in sensitivity can be incorporated through a
response function &, (f,,), with i, (f4) = 1 below f.; and
hi(fs) =0 above f. In addition, the f, is primarily
sensitive to FC oscillations up to frequency f ., equal to the
observed transition linewidth I'. This atomic response can
be characterized through the function h,(f,), with
hy(fy)—1 for f;, < feo and hy(fy) = 0 for f, > fo,.
In practice, h,(f,) is determined through apparatus cali-
bration. Inserting these response functions and the respec-
tive values of coefficients Q, into Eq. (1), one obtains

% = [2.26hy(f ) = by (f )] %a + [ha(fy) = hi(f)] (Z%
(2)

We see that 61/ f = 1.265a/a in the limit of low frequency
f¢ < fe1, and 6f/f = 2.266a/a + om,/m, at intermedi-
ate frequencies f.; < fy < fe, while 5f/f — 0 in the
limit of high frequency f; > f .

If the FC oscillations arise due to scalar UDM, their
amplitude will be associated with couplings of the oscil-
latory UDM field to SM matter. This field is expected to
exhibit stochastic amplitude fluctuations on a timescale
equal to its oscillation coherence time z,. [48]. For meas-
urement time 7 > 7. (which is true for the Galactic
halo case, where 7, is in a range of 10 ms-55 s), this
stochasticity can be neglected. The field acquires a de-
terministic ~amplitude and is given by (1)~
my~"'\/2ppm sin(mgyt) [10], where ppy &~ 3 x 1070 eV* is
the estimated local Galactic density of DM [49]. Within the
field, the constants acquire a small, time-dependent ampli-
tude, such that

alt) = [l + 4,60 ®)
) = meo 155 (o). (@)

where g, and g, are coupling constants of UDM to the
photon and the electron, and a, and m,  are the SM fine-
structure constant and electron mass, respectively. One can
make use of Eq. (2) to relate an observed variation f/f to
the couplings g, and g,
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f (2.26gy+r5;0)m¢_1\/2pDMhat(f¢)9 fo>Fe1s

where the atomic response h,(f,) is to be determined
experimentally. In the low-frequency limit, there is no
sensitivity to g,, while above the acoustic cutoff f.; there is
sensitivity to both g, and g, couplings. In the absence of an
observation of FC oscillations, Eq. (5) can be used to place
bounds on g, and g,, as it was done in [37].

Apparatus, data acquisition, and analysis.—The experi-
ment was designed to address the principal limiting factor
of the previous work [37] by introducing a more advanced
data acquisition system. In addition, we implemented two
different realizations of the setup in order to better control
for spurious UDM signatures. The two setups (apparatuses
A and B) are described in the Supplemental Material [50].

Apparatus A is a new version of the Cs Doppler-free
polarization spectroscopy setup [37]. The improvements
include (a) using a stronger transition 625 ,(F =4) —
6%P5,5(F = 5), (b) increased laser-beam size and power to
improve signal-to-shot-noise ratio, and (c) employing a
graphics card to calculate and average card to efficiently
process recorded data, in parallel with the data acquisition
process. The new apparatus features a nearly 100%
measurement duty cycle and can reach better statistical
sensitivity in search for UDM than that in Ref. [37] in less
than 1 s (the experiment described in [37] took 66 h
in total).

Apparatus B was built independently of apparatus A. It
makes use of a different laser source and implements
Doppler-broadened spectroscopy on the F =4 — F' =
3, 4, 5 components of the Cs D2 line. This extends the
bandwidth for the search for FC oscillations up to more
than 100 MHz. The data acquisition system samples the
experimental signal at a lower rate compared to that in
apparatus A, resulting in a lower sensitivity; however, this
system is more immune to parasitic technical noise. (See
Supplemental Material [50] for detailed apparatus descrip-
tion, which includes Refs. [51,52]).

In both experiments, sensitivity to FC oscillations is
enabled by tuning the laser in frequency to excite the
respective atomic resonance. The spectroscopy signal is
recorded in 1.1- and 0.1-s-long intervals for experiments A
and B, respectively, and corresponding power spectra are
continuously computed and averaged. These are sub-
sequently investigated for FC oscillations, which are
expected to appear as excess power in the spectra.

In apparatus A we averaged 628 700 power spectra
corresponding to =187 h of pure acquisition time.
Because of high resolution and statistical sensitivity, many
thousands of spurious peaks are present in the resulting
spectrum. The realization of apparatus A does not allow us
to eliminate them and we cannot establish a good UDM
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FIG. 1. Constraints on the fractional frequency oscillations
&f/ f, shown for experiments A and B at the 95% C.L., alongside
constraints from the earlier work [37]. While generally more
sensitive, experiment A is not directly used for obtaining new
constraints due to the presence of spurious peaks (see text).

candidate exclusion at these points. Most of these peaks
come from frequency modulation of the laser light, which is
most probably the result of electromagnetic interference
with a switching power supply (they form groups with
peaks spaced by 20 Hz). In this Letter, we present this
apparatus as an ultimately sensitive device that requires
some further design improvement in experimental tech-
nique as well as in data analysis [50].

In apparatus B, we acquired data for a total of 113 h,
realizing an x~16% duty cycle. We alternated acquisition
with the laser frequency tuned either on or off the optical
transition (where there is no sensitivity to FC oscillations),
resulting in pure integration of 9 h in each case. This mixed
data taking allows subtraction of the on- and off-resonance
spectra, and elimination of most of the signals are not due
to UDM. However, a total of 70 peaks remained in the
subtracted spectrum with power exceeding a threshold for
FC-oscillation detection at the 95% confidence level (C.L.).
These were primarily due to apparatus pickup or due to
parasitic laser frequency or amplitude noise. We inves-
tigated them using different methods. For example, we did
dedicated runs to check peaks that were nearly eliminated
in the main run and eventually observed residual power for
these below the detection threshold. In addition, we took
advantage of the in-tandem experiments to cross-check
spurious UDM candidates. Several peaks in the spectrum of
B, were either absent in A, or had corresponding power
significantly smaller than the detection threshold in B,
allowing elimination. Eventually, within the sensitivity of B
we found no possible signatures of FC oscillations.

We show resulting 6f/f constraints in Fig. 1, produced
with consideration of the “look elsewhere” effect [53] for
the N~ 1.1 x 10% and N = 1.6 x 10° frequency bins in the
power spectra of A and B, respectively. We note that the
shown limits from A represent the ultimate apparatus
sensitivity. This is likely achievable via a future imple-
mentation of a dual on- and off-resonance acquisition and
cross-comparison of data with those from another, inde-
pendent setup of similar sensitivity. (See Supplemental
Material for the data processing details, spurious peak
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FIG. 2. Exclusion plots at the 95% C.L. for the coupling to the electron mass (top) and the fine-structure constant (bottom), produced
within the Galactic (a), solar (b), and Earth (c) halo UDM scenarios. The constraint on g, is only shown for f > f.; ~ 50 kHz, [see
Eq. (5)]. Also shown are constraints from the previous work (Cs 2019) [37], iodine spectroscopy (/,) [36], an experiment using dynamic
decoupling (DD) [27], an unequal-delay interferometer (UDI) [35], the Fermilab Holometer (FH) [42], and EP tests [ 14,15]. The exclusion
regions for the Galactic halo are also shown on the plot for the hypothetical Earth halo scenario, since these are stronger for the larger-mass
region. The plots for experiment A are shown for reference and are not actual constraints (see text and Supplemental Material [50]).

elimination strategy, sensitivity losses due to scallo-
ping, and DM decoherence effects [50], which includes
Refs. [54-58].)

Constraints on UDM couplings.—In the absence of
detection of FC oscillations, we use the §f/f constraints
of experiment B (Fig. 1) and apply Eq. (5) to set upper
bounds on the UDM couplings to the electron mass g, and
fine-structure constant g,, respectively. In addition, to
illustrate the potential of our method in probing UDM,
we consider constraints computed using the f/f limits,
which may be ultimately feasible with experiment A
(Fig. 1).

We show bounds for the case of the standard Galactic
UDM halo scenario (ppy ~ 3 x 107® eV# [49]) in Fig. 2(a).
To derive these, we assume that FC oscillations arise due to
a single coupling to either g, or g, and incorporate a
correction to account for degradation in sensitivity in the
high end of the investigated frequency range, due to the
finite coherence of the UDM field (Q factor of ~1.1 x 10°
within the Galactic halo scenario).

The couplings g, and g, can be further constrained
within scenarios assuming the presence of an UDM halo
that is gravitationally bound around the Sun [40] or Earth
[38]. Within these scenarios, the UDM field has increased
Q factor, which is, respectively, ~9 x 107 and 0. Relative
to the standard Galactic halo density, the UDM density is
enhanced by up to x10° for the solar halo. For an Earth
halo, the possible enhancement is strongly dependent on
UDM particle mass. We show limits from consideration of
these models in Figs. 2(b) and 2(c).

An UDM field may couple to several species of the SM
(this is indeed the case in the two concrete natural
realization of scalar UDM that were considered in the
literature, either as a dilaton field [7] or an axion subject to
double breaking of the shift symmetry [9,10]). Thus, an
UDM model can be described via a coupling “vector” of
five independent directions, d = da,me.,Ach(m,ﬁm,[) J2m—m,
in a five-dimensional space, and a vector é to quantify the
respective sensitivity coefficients of any experiment. As
noted in [36], the bounds arising from the direct UDM
searches and EP tests are complementary to each other in
this abstract space of coupling. Consequently, one can find
a direction Qéuu(m[ﬁ) in the five-dimensional parameter
space that is orthogonal to the best four EP test bounds for a
given DM particle mass. In our region of interest, Q}%uu(md,)
is chosen as follows: below mass 5x 107 eV it is
orthogonal to the EP tests comparing two test bodies made
out of Be-Al [59], Be-Ti [15], Cu-Pb [14], and Be-Cu [60]
and written as Qéuu(m{/,) ~ (0.003,-0.987,0.002, —0.001,
—0.162); above 5 x 1072 eV it is orthogonal to the Be-Al,
Be-Ti, Cu-Pb, and Cu-Pb alloy [61] EP tests and can be
given as QFull(m¢) (0.020,0.983,0.018,—0.010, 0.178).
This choice of QFull(m¢) is the same as that discussed in

[36]. What is interesting is that Qﬁull(md,) has a sizable
overlap with the direction of the electron coupling d,,, ,
which makes experiments looking for FC oscillations
particularly competitive for searches in this particular
direction in coupling space.
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FIG. 3. Exclusion plot for d,, at the 95% C.L.; the solid lines
assume a model where only dm # 0. The dashed lines depict the
bounds for a model defined by a vector of coupling defined by
Qéu“(mqb) -d, that is, orthogonal to the sensitivities of four
leading EP test experiments projected onto d,, . The bound from
the fifth-best EP test experiment (whose sensitivity on the second
model projected onto the d,, direction, is shown by the dashed
turquoise line. This illustrates that there is a variant of theory,
where the present experiments can rival the limits from EP tests.
The plots for experiment A are shown for reference and are not
actual constraints (see text and Supplemental Material [50]).

Figure 3 shows bounds for the coupling to m, along the
direction Qﬁun(mqg). (For consistency with [36], we reex-
press it in terms of the dimensionless constant d,, =

GeMpi/m, o, where Mp=+/hc/(8aGy)=2.4x10'8GeV
is the Planck mass.) For comparison, we additionally show
constraints from our direct UDM searches and EP tests,
assuming DM coupling to electrons only. We see that, in
the direction Q}%un(md)), the direct search may ultimately
approach (or surpass) the sensitivity level of EP tests. In
this direction, the present experiment A shows the potential
of future direct UDM searches that can be used to probe
parameter space unconstrained by EP tests.

Focusing on a special direction in the multidimensional
space that is orthogonal to the parameter space probed by
EP tests represents a “tuning” of the model (or the direction
of O, at the level of roughly 1:103, however, we still
find it interesting as follows. First, it highlights the value of
pursuing different experimental approaches in parallel, as it
is possible that our current theoretical biases are wrong and
“nature” chose this direction out of coincidence or just from
other unknown theoretical reasoning (for analogous dis-
cussion see, e.g., [62-67], among many other works).
Second, we would like to quantify the level of tuning
and fine-tuning (a la ‘t Hooft [68]) required to define this
model. Among the five-dimensional parameter space, three
(dom, (m,+my)/2.my—m,) are technically natural and thus are
radiatively stable, while d, 5, are subjected to additive
contributions. However, as mentioned above, in natural

UDM models of the type of [7,10], these additive con-
tributions are under control at least to leading order by
construction. We can quantify the extra fine-tuning by
looking at how much the presence of one coupling feeds
into the other spoiling the delicate tuning. As the theory is
perturbative, we can simply estimate as arising from one
loop contribution, for instance (omitting for simplicity
logarithmic terms) Ad, ~ d,, a/4x = O(107%)d,, , which
implies only mild or no tuning. Similar conclusions apply
to the strong sector upon replacing d, with d, ocp A8 long as
the scale that set the dark model coupling is larger than a
few GeV. (Note that, if the scale is below GeV, the coupling
to Agcp does not receive any radiative correction.)

Conclusion.—The present results represent a sensitivity
improvement in the direct search for ultralight scalar dark
matter of up to 3 orders of magnitude with respect to earlier
work [69].

The sensitivity of the experiment is limited by our ability
to suppress spurious noise; it might be possible to improve
it by careful design of electronics and better electromag-
netic shielding. Other future improvements may include
designing an off-on resonance subtraction scheme in the
higher-sensitivity experiment A analogous to the one
successfully implemented in experiment B to suppress
spurious spectral peaks. More importantly, both experi-
ments together show that comparing two (or more) inde-
pendent setups could be an efficient way to suppress
spurious peaks. Statistical sensitivity in these setups can
be further increased by scaling up the vapor cell diameter,
by an order of magnitude, with reasonable size of compo-
nents and measurement time. To obtain an optimal single-
apparatus sensitivity in the whole investigated frequency
range, one may employ both a narrow and a broad spectral
line. Using other atoms with higher sensitivity to changes in
FC, e.g., Yb [26], may yield another order of magnitude,
possibly at the expense of additional complexity in the
setup. Molecular spectroscopy makes the experiment sen-
sitive to variation in nuclear mass [36,43].

On the side of the theoretical interpretation, the existence
of the special “tuned” directions in the parameter space,
where the present searches outperform EP tests, highlights
the importance of pursuing different experimental
approaches in parallel.
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