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The effects of scalar and pseudoscalar ultralight bosonic dark matter (UBDM) were searched for by
comparing the frequency of a quartz oscillator to that of a hyperfine-structure transition in ®’Rb, and
an electronic transition in '“Dy. We constrain linear interactions between a scalar UBDM field and
standard-model (SM) fields for an underlying UBDM particle mass in the range 1 x 10717-8.3 x 10713 eV
and quadratic interactions between a pseudoscalar UBDM field and SM fields in the range

5 x 107'8-4.1 x 10~13 eV. Within regions of the respective ranges, our constraints on linear interactions
significantly improve on results from previous, direct searches for oscillations in atomic parameters, while
constraints on quadratic interactions surpass limits imposed by such direct searches as well as by

astrophysical observations.
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Introduction.—Apparently, dark matter (DM) makes up
the majority of matter in our Universe [1], as indicated by
decades of astronomical and cosmological observations [2],
and yet the nature and composition of DM remain un-
known. There is a broad class of well-motivated models,
where the DM constituent is a spin-0 particle with mass in
the range of m,~1072-10 eV [2,3]. These ultralight
bosonic dark matter (UBDM) particles are predicted to
behave locally like a classical field, coherently oscillating at
the particle’s Compton frequency fc = m,/(2x).

The interaction between the UBDM field and the standard-
model (SM) fields varies between different models, accord-
ing to the UBDM symmetry properties such as CP (see
Ref. [4] for a recent discussion). The UBDM particle could
be a parity-even scalar field (dilaton), associated with
spontaneous breaking of the scale-invariance symmetry
(see for example Refs. [5,6]). Alternatively, it could be a
relaxion, a special kind of axionlike particle, that couples to
SM matter, dominantly, via its mixing with the Higgs
boson [7-10]. Interestingly, even in the celebrated case of
the CP-odd QCD axion [11-13], originally proposed to
explain the smallness of CP violation in the strong
force [14-21], there are quadratic-scalar interactions
between the QCD-axion field and the SM ones [22].
Further exotic models dominated by a quadratically
coupled UBDM were recently described in Ref. [4].

An interaction between an ultralight scalar field and SM
fields may induce violation of Einstein’s equivalence
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principle (EP) [23,24] and oscillations in the fundamental
constants (FCs) of nature [5,8]. Such FCs include the fine-
structure constant a, electron mass m,, and constants which
determine the nuclear mass, for instance, the QCD energy
scale Agcp and the quark masses. For a QCD-axion
UBDM, oscillating nucleon electric-dipole moments are
expected in the case of linear coupling, [25], and, as pointed
out recently [22], oscillations in nuclear parameters such as
nucleon masses and nuclear g factors are also predicted due
to the presence of quadratic coupling (see also Ref. [26] for
discussion on oscillating FCs due to quadratic coupling to
the SM fields).

Experiments designed to check for EP violation offer a
way to probe scalar UBDM [27-30]. Other works aim to
detect the effects of light scalar fields by searching for
oscillations in FCs. These would appear as oscillations in
the length or density of solids, or in the energies of atomic
or molecular levels. Various searches were proposed or
completed [31-52]; see Ref. [53] for a review of exper-
imental activities. Pseudoscalar UBDM may also introduce
oscillatory effects in atomic or molecular systems [22,26],
yielding observables that are indistinguishable from these
due to scalar UBDM. This enables one to probe both
classes of UBDM models with the same apparatus.

Here we search for the effects of scalar UBDM in two
distinct experiments, where we compare the frequency
of a quartz oscillator to the frequency of either of two
radio-frequency (rf) transitions: a hyperfine transition

© 2023 American Physical Society
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between electronic ground levels in 8’Rb (Experiment 1),
and an electric-dipole transition between two nearly de-
generate states in Dy (Experiment 2). These searches
are implemented in the UBDM particle mass range
my~1x10717-8.3 x 1071 eV. Part of this range has
thus far remained comparatively unexplored for scalar
UBDM, since it is out of reach for both state-of-the-art
optical atomic clock searches (e.g., Refs. [43,44]) and a
search with a gravitational-wave detector [38]. In addition
to scalar UBDM, we search for pseudoscalar UBDM in the
range my, ~ 5 x 10718-4.1 x 10713 eV employing the sen-
sitivity of Experiment 1 to the QCD axion and improving
over the results of previous laboratory searches in a part of
this mass range.

UBDM detection approach.—In the presence of scalar
UBDM-SM interactions which are first order in the UBDM
field [54], FCs such as a, m,, and Agcp may acquire time-
dependent components:

alt) = ay [1 + de%], (1)
) 0

me(t) — Mle0 |:1 + dme MP1:| ’ (2)

Aqep (1) = Aqep.o {1 +d, %} (3)

Here m. , @y, and Agcp o are the time-averaged values of
the constants, ¢ (1) = ¢ sin (2zf ct) is the UBDM field of
amplitude ¢y = m;'\/2ppy, where ppy & 3 x 1070 eV* is
the estimated local Galactic UBDM density [2], Mp =
Vhe/8nGy = 2.4 x 10'® GeV is the reduced Planck mass
(with Gy being the Newtonian gravitational constant), and
de, dp, , and d, are the respective couplings.

If instead, UBDM is due to the pseudoscalar QCD-axion
field, because of axion-pion mixing, the oscillating axion
background is expected to induce a temporal dependence of
the pion mass [55], and thus add an oscillating component
to the nucleon masses and the nuclear g factor [22]. In this
case, the proton mass m,, and the nuclear g factor for
8Rb (gn,c) can be written as [22,56,57]
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where m, o, gnueo are the time-averaged values of the
parameters, and 1/f is the QCD-axion coupling with the
SM gluon fields, with f, being the QCD-axion decay
constant.

The essence of our UBDM detection approach is to
compare the frequencies of two systems (atomic vs acoustic
resonance) that depend on oscillating parameters differ-
ently. Generally, a change of a constant 4 by 64 may change
the resonance frequency f; by df;, which can be quantified
with a sensitivity coefficient K% = (8f;/f;)/(64/2¢) [63].
In frequency comparison of two systems i and j, done for
example by tuning one frequency close to the other, so that
fi=~ f; = f,the difference 5f = 5f; — 6f; will also change
with 64 as long as the two oscillators exhibit different
sensitivity to A. The fractional change can be written as
8f/f = (K} = K})64/ 2, or assuming n FCs changing

of D iy O
5= ;(Ki K’ )/IO,n‘ (6)

Equation (6) is applied in comparing the frequency f, of a
quartz-crystal oscillator to i) the ground-state hyperfine
resonance frequency fyr in ®’Rb (comparison 1) and ii) the
frequency fp, of an rf electronic transition in '®Dy
(comparison 2). The relevant sensitivity coefficients are
given in Table I.

The quartz frequency f, depends on a, m., and the
nuclear mass my o« A - Agcp [46], where A is the mass
number. An atomic hyperfine frequency fur depends
primarily on @, me, and m, < Agcp but with different
sensitivities compared with fQ. Thus, comparison 1 allows
one to probe oscillations of a, m,, and Agcp within the
assumption of scalar couplings. (The frequency fyg
depends additionally on the quark masses with sensitivity
coefficients <« 1 [64]; these contributions are omitted here.)
Comparison 1 is one of the few ways to probe oscillations
of the nuclear mass [51,52], and it extends the investigated
frequency range for FC oscillations of a previous search
based on a H maser-quartz comparison [46]. In contrast to
Ref. [46], experimental sensitivity in probing FC oscilla-
tions via the Rb-quartz comparison is not limited by
technical noise in the high end of the investigated frequency
range, thus allowing for a more sensitive search. Applying
Eq. (6) with the use of Eqgs. (1)-(3) and the values in
Table I, one obtains for the fractional frequency oscillations
due to a scalar UBDM field

TABLE 1. Assumed fractional sensitivities of oscillator-
transition frequencies to different FCs, relevant for scalar and
pseudoscalar interactions.

Scalar Pseudoscalar
K« K™ KA KMy Kowe  References
Quartz 2 3/2 —-1/2 -1/2 [46]
87Rb 4.34 2 -1 -1 1 [64]
164Dy 2.6x 100 1 [65]
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We further consider comparison 1 via the quadratic
coupling of the QCD-axion field, and make use of
Egs. (4) and (5) and Table I to write Eq. (6) as

5fHF - 5fQ _ 5gnuc _
f gnuc,O

1ém, 59x 1073

2
2 /) $(@). (8)

We see that, due to the quadratic coupling of ¢(¢),
oscillations of &6f/f would appear at twice the UBDM
particle’s Compton frequency.

If no oscillations of §f/f are detected, Eq. (7) can be
used to constrain the couplings d., d,, d, for scalar
UBDM, and Eq. (8) can be used to constrain the coupling
1/f, for QCD-axion UBDM. Note that, although 1/f, and
m are related for the QCD axion [14-21], here we treat
them as independent quantities and estimate the reach of
the experiment within a more general class of models.

In comparison 2, we benefit from using an electronic
transition in Dy exhibiting extreme sensitivity to changes of
a. The transition is between two nearly degenerate, excited
energy levels: the 4£°5d%6s and 4£'°5d6s levels. Primarily
due to the small transition frequency fy (754 MHz in '*Dy)
and significant relativistic effects, the transition has large
fractional sensitivity to a changes [65-67]. It has been
employed for searches of linear-in-time drift of ¢ and «
oscillations [40] on timescales from several seconds to years.
Here we extend the search in the previous work [40],
primarily addressing a frequency range for the FC oscil-
lations (100 mHz-200 Hz) that was not explored in
Ref. [40]. We focus on scalar UBDM and oscillations of
a, and write, analogously to Eq. (7),

5fo — 8
oy =080 5 6 1069% — 2 x 1084, 211)
f a Mp,

©)

Since Dy sensitivity to a is vastly larger than that of quartz,
comparison 2 has practically no dependence on the quartz
frequency oscillating with a.

Apparatus.—In both experiments, spectroscopy of the
respective rf transitions is implemented, probing atoms
with a rf field produced from a quartz oscillator. The
apparatus are described in detail in the Supplemental
Material [57].

Apparatus 1 implements vapor-cell-based spectroscopy
of the 8’Rb hyperfine transition, employing the optical-
microwave double-resonance technique [68,69]. A Rb
transition is excited with a microwave field produced
by mixing the output of a commercial 100-MHz, oven-
controlled, stress-compensated (SC)-cut quartz oscillator

164 MHz
(@) from a SG (b) “'Dy
Q,:100 MHz —
from a SG
l J=10
% 4 41"5d26s
5} Lo
’ a|As B
Q,:10 MHz | { 780 nm J=10
’ | — F=2 4£195d6s
I =)
FIG. 1. (a) Schematic of the setup to produce the rf signal

probing the 3'Rb hyperfine transition at 6.83 GHz. (b) The
electric-dipole rf transition between the excited %Dy levels “B”
and “A”, both having the same angular momentum J. Abbrevia-
tions: PLL, phase-locked loop; FM, frequency multipliers; SG,
signal generator.

(Q; in Fig. 1), multiplied to 7 GHz, with the signal from a
function generator. The resulting frequency is close to the
hyperfine-resonance frequency of ~6.83 GHz. To reduce
low-frequency noise, the oscillator Q is phase locked to
another oscillator (Q, in Fig. 1), that exhibits higher long-
term frequency stability compared with Q;. The oscillator
0, is also commercial, oven controlled, and constructed
around a SC-cut, quartz crystal. The phase-locked loop has
a measured bandwidth of ~3 Hz. Thus, for f- < 3 Hz the
dependence on the oscillating parameters («a, m., and my) is
determined by Q,, and for fc- > 3 Hz by Q,. The same
dependence on the FCs is assumed for both.

Experiment 2 utilizes an atomic beam setup for spec-
troscopy of the Dy rf transition (see Ref. [70] and
references therein). The atoms are prepared in the meta-
stable state 4f°5d%6s (labeled “B” in Fig. 1) via a two-step
laser excitation and subsequent decay [57]. The signal from
a signal generator at ~754 MHz is used to produce an
electric field that induces transitions to the 4£'95d6s state
(state “A”), whose subsequent decay is monitored via
fluorescence as a means to observe the B — A transition,
with an observed linewidth of ~50 kHz. The time base for
the generator is provided by an internal oven-controlled,
SC-cut, quartz oscillator.

Frequency-modulation spectroscopy [68] is imple-
mented in both experiments, to improve detection sensi-
tivity of the atomic excitations. For this, the respective rf
drive is modulated in frequency, and phase-sensitive
detection of the spectroscopy signal is done.

Data acquisition and analysis.—In the two experiments,
the spectroscopy signal was repetitively acquired for
several values of the rf-modulation frequency. In apparatus
1, we found that the experimental parameters providing
optimal sensitivity are different for different ranges of the
frequency fc (see the Supplemental Material [57]). Thus,
in the low-frequency run, we recorded many 4-h-long time
series for a total of 600 h, with a sampling rate of 41.7 Sa/s,
while in the high-frequency run, we acquired a sequence of
10-min-long time series, for a total of 144 h, sampling the
signal at 406.5 Sa/s. The data taken for Experiment 2 were a
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FIG. 2. Exclusion limits on fractional frequency oscillations
of/f at95% C.L. (a) Experiment 1. The spectrum is produced by
merging the spectra from the low- and high-frequency runs at
5 Hz, i.e., the frequency where the respective FC detection
sensitivities become equal. We do not provide limits in the
frequency windows 50 + 0.25 Hz and 100 4 0.25 Hz. (b) Experi-
ment 2. The spectrum exhibits no pronounced dependence on
frequency, as the dominant noise source is shot noise in the
detection of Dy transitions in the atomic beam.

total of 12 h, with the spectroscopy signal sampled at
406.5 Sa/s and recorded in three successive, 4-h-long
time series.

From the recorded time series, power spectra were
computed and averaged. The corresponding amplitude
spectra were investigated for possible signatures of oscil-
lations that would appear as amplitudes in frequency bins
of the spectra, that are greater than a threshold for detection.
This threshold is determined by the random noise in the
vicinity of the bins, and set to a 95% confidence level,
accounting for the look-elsewhere effect [71] (see the
Supplemental Material [57]). We checked this set threshold
by injecting artificial signals to the recorded time series,
and looking at the size of the respective amplitudes in the
computed spectra (see the Supplemental Material [57]).

A total of ten peaks was observed to exceed the threshold
for detection in the low-frequency run of Experiment 1,
and 231 peaks were seen in the high-frequency run. In
Experiment 2, 983 peaks were observed. All these spurious
signals were checked via (i) intercomparison of the aver-
aged amplitude spectra acquired with different modulation
frequencies, (ii) cross-checks between the spectra acquired
for the low- and high-frequency range runs (relevant in
Experiment 1), and (iii) comparison of primary datasets
against sets from auxiliary runs with an alternative signal
generator (see Fig. 1). As an actual UBDM signal should
persist in all these tests, eventually all spurious peaks were
excluded from being UBDM candidates, allowing us to
constrain the spectra of the fractional frequency oscillations
éf/f, as shown in Fig. 2 [72].
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FIG. 3. Constraints on the UBDM couplings to (a) a, (b) m,,
and (c) Agep from the present work (Rb/quartz and Dy/quartz),
shown at the 95% C.L., alongside constraints from other experi-
ments. Dy (2015), Ref. [40]; Sr lattice clock-Si optical cavity
(Sr/Si), Ref. [44]; Srt optical clock transition-optical cavity
(Srt/cavity), Ref. [45]; iodine, Ref. [52]; GEO600, Ref. [38]; H
maser-quartz & quartz-cryogenic sapphire oscillator (HM/quartz-
quartz/sapph), Ref. [46]; EP, Refs. [78-80]. The limits from
Ref. [46] are plotted considering the respective parameters
independently, and multiplying by a factor x4.4 to account for
stochasticity of UBDM in that work, as it was done for the
Rb/quartz and Dy/quartz data (see text).

Constraints on UBDM couplings.—We use the con-
straints on 6f/f (Fig. 2) and Egs. (6), (7), and (9) to bound
the UBDM couplings to @, m,, and Aqcp (Fig. 3). To do
this, we assume that the respective coupling dominates the
UBDM-SM interaction. In addition, we consider the
stochastic nature of the UBDM field [73] and apply a
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FIG. 4. Constraints on the QCD axion-gluon coupling. Rb/Cs
[41], hydrogen maser-silicon optical cavity (HM/Si) [44], neutron
EDM (nEDM) [85], iodine [52], GEO 600 [38], supernovae
(SNe) [84], old comagnetometer [82], NASDUCK [83], K-*He
comagnetometer [86], Earth-induced QCD axion density effect
(Earth) [87].

correction to the bounds to account for the reduction in
UBDM detection sensitivity that becomes appreciable at
oscillation frequencies f < Q/T [74], where Q ~ 1.1 x 10°
is the Q factor of the UBDM field within the standard
Galactic UBDM halo scenario [75], and T is the total
measurement time; 7= 864 h and 12 h for Experiments
1 and 2, respectively. Applying the analysis method of
Ref. [76] we find that the bounds from Experiments 1 and 2
become weaker by a factor of 4.4 below =1 Hz and
~50 Hz, respectively [77].

The bounds on d., d , and d, from the Rb/quartz
comparison improve on previous results by as many as
x 100 times in the range 1-200 Hz. Within the whole range
investigated (2.5 mHz-200 Hz), a variety of experiments
directly probe for oscillations of a and m,, as seen in
Figs. 3(a) and 3(b). Few experiments however, probe a
hyperfine resonance (as we do in this Letter), and are
sensitive to oscillations of the strong force [Fig. 3(c)].

A more stringent bound on d, is provided by the Dy
experiment. The limit 51/ f ~ 8 x 10~!! translates to a limit
of da/a~3 x 1077 and a bound on d, that improves on
previous results by as many as 3 orders of magnitude,
despite the relatively short 12-h-long data taking [81].
Having UBDM detection capability up to the frequency of
the observed transition linewidth (x50 kHz) Experiment 2
is used to explore a region between the upper-frequency
end in state-of-the-art atomic clock searches (e.g.,
Ref. [44]) and the low-frequency end of the GEO600
search [38].

The assumption of pseudoscalar UBDM allows one to
interpret the 6/ f limits from Experiment 1 as limits on the
QCD axion-gluon coupling 1/ f, (Fig. 4) via Eq. (8). Here
as well a correction is made to account for the stochasticity

of UBDM,; it amounts to a calculated degradation of the
limit of Fig. 2 by a factor of ~2.5 in the sub-Hz region. Our
constraints on 1/f, (Fig. 2) improve on those from tabletop
experiments probing the effects of an axion coupling via
atomic magnetometry [82,83]. They also surpass astro-
physical limits [84] in the frequency range below 200 mHz.

Conclusions and outlook.—Our bounds on scalar and
pseudoscalar UBDM interactions represent significant
improvement over previous work in part of the explored
mass range. While the limits on scalar couplings to the «,
me, and d, from EP-violation searches are more stringent,
direct searches for oscillations in these constants offer
important cross-checks. In addition, as discussed in
Refs. [4,52], if the scalar UBDM has some nongeneric
coupling to the SM, then bounds from the EP-violation-
fifth-force experiments may be suppressed by a factor
O(10%) and may become comparable to that of FC-
oscillation searches [48].

The recent work [22] pointing to oscillatory effects in
nuclear parameters in the presence of the QCD axion,
extends the physics reach of apparatus used thus far to
check for FC oscillations. As we show here, this opens a
way to probe pseudoscalar UBDM with sensitivity that is,
in a certain mass range, far greater than that in setups
designed to search for previously considered pseudoscalar-
field observables.

This possibility motivates further apparatus improve-
ments, for example, in probing the hyperfine resonance.
The present Rb/quartz frequency comparison is at the
107'2/,/z level in the short term (measurement time
7 < 10 s); this is =10 times lower than that reported for
a vapor-cell-based Rb clock [88]. Long-term stability can
be improved by optimization of the parameters of the Rb-
vapor-cell setup [88]. Because the stability of a quartz
oscillator degrades at such long timescales, it would be
necessary to replace it with a microwave signal derived
from an optical atomic clock or an optical cavity [44].
Together with a long data-taking campaign, such improve-
ments could extend the reach of an experiment by orders of
magnitude, and probe for the QCD axion further beyond
the level allowed by atomic magnetometry and astrophysi-
cal observations.
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