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A possible implication of an ultralight dark matter field interacting with the standard model degrees of
freedom is oscillations of fundamental constants. Here, we establish direct experimental bounds on the
coupling of an oscillating ultralight dark matter field to the up, down, and strange quarks and to the gluons,
for oscillation frequencies between 10 and 10® Hz. We employ spectroscopic experiments that take
advantage of the dependence of molecular transition frequencies on the nuclear masses. Our results apply to
previously unexplored frequency bands and improve on existing bounds at frequencies >5 MHz. We also
improve on the bounds for coupling to the electromagnetic field and the electron field, in particular spectral
windows. We identify a sector of ultralight dark matter and standard model coupling space where
the bounds from equivalence principle tests may be challenged by next-generation experiments of the

present kind.
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Introduction.—There are strong theoretical reasons to
assume that fundamental constants (FC) are, in fact,
dynamical and can be described as expectation values of
scalar fields (see Ref. [1] for a review). Temporal evolution
of these fields results in a time variation of the “constants”
that can be searched for at the precision frontier (see, for
example, review Ref. [2]). If a scalar field constitutes
ultralight dark matter (UDM) [3,4] with sub-electron-volt
mass, then its amplitude oscillates at its Compton fre-
quency, f4 = m¢c2/ h, where m, is the scalar-particle
mass, ¢ is the speed of light in vacuum, and & is
Planck’s constant.

Two theoretical proposals relevant to this study have
been put forward. In the first, the UDM mass is protected
by an approximate scale-invariance symmetry [3]. In the
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second, UDM is an axionlike particle, whose mass is
protected by an approximate shift symmetry according to
the Goldstone theorem [5] that is broken, together with the
combined charge-parity invariance [6,7], by two indepen-
dent sectors [8]. This model is inspired by the relaxion
paradigm [9]. In both frameworks, dark matter (DM)
couples to the standard-model (SM) fields either due to
the fact that the couplings break scale invariance [10] or via
mixing with the Higgs [6], resulting in time-varying FC. An
additional theoretical approach, that also leads to time-
varying FC, is based on discrete symmetries [11,12].

As neither observations nor theoretical arguments can
constrain the DM-particle mass [13], broadband searches
are particularly motivated. Note that the preferred region of
the model of Refs. [8,14] is my 2 107! eV ~ kHz, the
frequency range studied here. Above roughly 10~'% eV, the
most stringent constraints on time-varying UDM have been
provided by equivalence-principle (EP) tests of gravity
(see Ref. [15] and references therein). Here, we argue that
there is a sense in which the bounds arising from direct
DM searches are independent from any single EP test.

Published by the American Physical Society
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Using this insight we show how the EP bounds on UDM
models can be challenged by atomic and molecular experi-
ments in the near future. Prior to discussing direct searches
for scalar UDM, we introduce the phenomenology of
EP tests.

EP tests are conveniently expressed in terms of the
Eotvos parameter, npp = 2|d, , that is
sensitive to the differential acceleration (d) of two test
bodies, A and B (see Ref. [16], for example). The parameter
can be expressed in terms of the relevant DM couplings to
the SM fields d; [see Eq. (1)]. One defines the “dilatonic
charge” of abody, QX = dlnmy/d1n g;, my being the mass
of the body X and g; a FC. Then,

ng;)p - Z(AQ)?xpdi % Qjourcedj’
ij

with the dilatonic charge difference (AQ);"* = Q4 — Q5.

In contrast to EP-violating acceleration searches, direct
scalar-UDM experiments probe observables arising from
the dependence of atomic transition energies, the length of
solid objects, or the refractive indices of materials on the
FCs. For a review, see, for example, Ref. [17], for
proposals, see Refs. [18-27], and for experiments provid-
ing bounds on FC oscillations, see Refs. [28-37]. While
atomic experiments are sensitive to variation of the electron
mass m, but are almost insensitive to changes in nuclear
masses my, molecular experiments probe for variation of
both. EP tests probe nuclear masses and are largely
insensitive to m,. Thus, EP tests and oscillating FC
experiments are complementary to each other, as we further
discuss below.

Moreover, the level of FC oscillations might be enhanced
atfrequencies f, > 1 kHzdue to the presence of UDM halos
around Earth and Sun [38] exhibiting increased DM density
and coherence time. Such enhancement would not apply to
fifth-force experiments, as in these, the test masses exchange
virtual DM particles, a process independent of the back-
ground DM density. Recently, searches for FC oscillations
were extended to frequencies f, > 1 Hz [29,30,34,35].

While oscillations of the fine-structure constant a and m,
have received substantial attention, here, we focus on
“nuclear” FCs: the quantum chromodynamics (QCD)
energy scale Agep = 0.33 GeV, and the masses of the
light quarks m,, ; ;. These determine my. Here, we employ
molecular spectroscopy to search for oscillations in these
FCs over a large frequency range, with a fractional
sensitivity of 1071 — 101,

Theoretical model.—To illustrate the interaction of a
sub-electron-volt scalar field ¢» with SM fields, we write the
low-energy effective Lagrangian as

¢ 5 d(x 2 dq ﬂ(gs) 2
L - d XX——F"+—=—""2"G~ |. 1
eff O My, EX my Mx 1 + 29, (1)

Here, X = e, u,d, s are the fermion fields with mass my,
F? = F"F,, G*=1Tr(G"G,,), F,,, and G,, are the
electromagnetic field and gluon field strength, respecti-

vely, d; are dimensionless coupling constants, and
Mp, = \/hc/(SerN =24x10"® GeV is the Planck

mass. The parameter g, is the strong-interaction coupling
constant, a, = g5 /471 The function f(g,) describes the
evolution (“running”) of the coupling constant with energy,
via the renormalization-group equation p(g,)/(2g,)=
—(11-2ny/3)a,/8x, with n; being the number of dynami-
cal quarks.

As a consequence of the UDM-SM couplings in Eq. (1),
the SM constants acquire a dependence on the scalar

field [18],
) = me (1, 2). @)
) =a(1+d s ). 6)

The QCD scale Agcp depends on g, through the renorm-
alization-group equation and dimensional transmutation
(see, for example, Ref. [39]). Thus, the variation of Agcp
can be written in terms of the variation of «; as

dlnAQCD _ gy dln Ay E (5)

ap  28(g,) op  Mp

The mass of a nucleus my is the sum of the nucleon
masses, strong and electromagnetic binding energy.
Neglecting the small electromagnetic binding energy pro-
portional to a, the nucleon mass depends on Agcp, and
m, 45 [16,40]. The variation of my can be related to
variation of FCs as [41]

o AA AR
N _ 0873 =29CP 4 og4 2
my QCD m
Adm Am
+3x 107222 4 0.043 (6)
om ny

where m = (m, + my)/2 is the mean mass of the up and
down quarks and ém = m, — m, is the mass difference.
Note that, for the contribution of m, to the nucleon mass,
we have used the lattice QCD result [41]. Combining this
result with Egs. (2) and (5), we find

) t

My _ 8780, - a2\ (7)
my MPl

withd = (dg. d,, . d,, , d;, ds,. d,, ) and Oy ~ (0,0,0.994,

0.096,3 x 1074, 0.049) defined to be a unit-length vector.
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Assuming that ¢ is a viable UDM candidate, it can be
treated as a classical oscillating field,

(R, 1) m m\ 208y sin [my (1 + BT, (8)

with p®, and ﬁee being the UDM density and its typical
velocity on the surface of Earth, respectively. Gravity-based
measurements yield a weak direct bound on p&, (see, for
instance, Refs. [38,42,43]).

We consider various scenarios for the properties of
the DM around Earth. In the standard scenario where
UDM constitutes a Galactic halo [44], with p®, = pS,, ~
0.3 GeV/cm?® and fgc ~ 220 km/s, it is reasonable to
assume that during the UDM virialization process around
the Galaxy, different patches or quasiparticles obtain ran-
dom phases. This results in the UDM field-amplitude admit-
ting stochastic fluctuations around its commonly assumed
value [45-48]. For additional models, see Ref. [49].

Experimental approach.—Atomic clocks can be used to
search for oscillations of the proton mass and the nuclear g
factor. However, the operation mode of the clocks imposes
fo <1 Hz. An alternative approach is spectroscopy of
molecules [60,61]. Their transition frequencies depend on
changes in the rotational and vibrational energy. Here, we
focus on the latter. The vibrational energy #w,;, of a dia-
tomic molecule containing two nuclei Ny, N, scales appro-
ximately as ERyd\/m, where pu=my my, /(my, +my,)
is the reduced nuclear mass. Thus, molecular transitions
with a change of vibrational energy are sensitive to the
nuclear mass my, o« my. Furthermore, their dependence on
m, is enhanced beyond the scaling Eryq o m,.

In a spectroscopy apparatus a quantum system having a
resonance frequency v!!) is interrogated by the wave of
frequency (2 from an oscillator tuned to the proximity of
(1. The oscillator is often stabilized to another reference
(atomic ensemble or cavity). The spectrum of the frequency
deviation Av(t)/v = [V (f) — ) (1)]/v is measured. The
dependence of a frequency V) on a particular FC g may
be characterized by the fractional derivative Ré,') =
dinv')/dIng. A modulation 8g/g results in a fractional
frequency modulation év/v= (Rg,l) —Rg,z))ég/ g. Therefore,
a key experimental parameter is the differential sensitivity
AR, =R\ - R

Apparatus and operation.—We carry out two experi-
ments, A and B (Fig. 1) [49], in which for v we use an
electronic transition of molecular iodine (I,) between the
ground electronic state X and the excited electronic state
B [62]. In apparatus A we perform saturation spectroscopy

on the transition R(56)32-0 at 532 nm (v = 0, v’ = 32),

with sensitivity RE\}’A) ~ —0.06. In apparatus B, absorp-

tion spectroscopy is implemented on the transition is
R(122)2-10 at 725 nm (v = 10, v = 2) [63], with R ~
0.07. In both experiments, the interrogating oscillator is a

(@)

D1-3:
m
photodetectors

SHG:
second-harmonic
generation

FIG. 1. The two molecular iodine experiments: (a) A; (b) B.

laser (frequency v(?)). Apparatus A employs a Nd:YAG
laser frequency-stabilized to a reference cavity. The detec-
ted modulation frequency range covers 10 Hz to 100 kHz.

For this configuration and frequency range, RY =1,

Rgz) =1 [49]. In apparatus B, the laser is a Ti:sapphire
laser and frequencies in the range 100 kHz—100 MHz are
considered. This range being above the acoustic cutoff
frequency of the laser ng) ~ 50 kHz [30], the frequency

(2.B) is essentially independent of the FCs [64].
Summarizing, experiments A and B provide sensitivity to

v

a, m,,and my. Forexperiment A, AREXA) ~2—-1=1, AREA> =
(1-Ry™) = 1240.06, AR{Y = R\*) —02—0.06. For ex-
periment B, AR ~2, ARY) = (1 - R{"®) - 0 ~ +0.93,
and AR = R\ —0~0.07.

In both experiments, the instantaneous frequency
deviation Av is converted into a voltage signal
V& (1) = DX ALK(1), with the discriminators D*) being
system parameters, and k = A, B. This allows obtaining the
spectrum of the fractional frequency variation sv/(K) /p(%),
The time-varying FC (a, m,, and my) contribute to the
variation according to

s
NG

(k) oa

5
— AR! () e

— AR = ARy (9
pals m, TARN S 0)

(k) 5mN

Search for oscillating fundamental constants.—In the
experiments, the lasers are tuned to the iodine transitions
and the signals V(¥)(¢) are recorded. From these records the
periodograms are calculated [49]. In experiment A, the
obvious peaks in the periodogram [49] were investigated
and identified as being of technical origin, in part by
shifting the laser frequency away from the resonance and
repeating the measurement. This left no obvious candidate
UDM signals. We do not give limits for these excluded
intervals, that have widths of 5 Hz or smaller. From the

031302-3



PHYSICAL REVIEW LETTERS 129, 031302 (2022)

150
&
—_ )
R 102
z s =
% 3
— /1 b
10* 10°
{g 2"
|
~N o
T 7
— [
3; 1632
o eV VN g
5
10° 108 107 108

Frequency f (Hz)

FIG. 2. (a) Experiment A. Spectral amplitude A = /PSDy/T
of the scaled discriminator signal Av*) (1) = V4 ()/ D). PSD,
is the optimally filtered power spectral density, with a filter
adapted to signals having the same linewidth f/Q,, Qg =~
1 x 10°, as standard Galactic halo UDM. The width of the
orange band corresponds to the mean of A + o(f). (b) Experi-
ment B. The bound (95% confidence level) on fluctuations of the
signal Av) (1) = V) (r)/DB)

periodogram, the upper limit of the coupling parameters d,,
was determined using the analysis of Ref. [52]. The
(model-dependent) spectral amplitude of the recorded
signal is shown in Fig. 2(a) [49].

In experiment B, the voltage V(r) was measured with the
laser frequency tuned either on the slope of the I,
resonance, or off resonance, alternating between these
UDM-sensitive and insensitive acquisition modes to
account for spurious signals due to sources other than
UDM. The corresponding periodograms were computed
and continuously averaged. The periodogram difference
between the on- and off-resonance acquisition modes was
also computed and averaged over a 60-hr-long run. This
spectrum will contain power in excess of statistical noise in
the presence of FC oscillations, and it is subsequently
investigated for UDM detection. A number of candidate
peaks were identified having power in excess of a 95%
detection threshold, that was computed considering the
“look elsewhere” effect [65]. All spurious signals were
checked in auxiliary experiments and eventually attributed
to technical noise. The postinspected spectrum is used to
obtain a constraint for 6v) /u(8) Fig. 2(b) [49].

Models and bounds.—We analyze the experimental data
within the three mentioned models that differ in terms of
the UDM field amplitude and its coherence time

Teoh — ]/[wdl(vvir/c)z]:

5.9%x 105f(;1,Q =1.1x10°, Galactic halo

Teoh =4 7.1x107f1,0=9.0x107, Solar halo (10)
oo, Earthhalo.
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FIG. 3. Exclusion plot of the combination of couplmgs to

the QCD sector, Q) - d=0. 994d, + 0.096d,, + 3 x 10~*ds,,+
0.049d,, . Turquoise line: fifth- force—EP violation experiments
[66-70].

To derive bounds to the UDM couplings, we assume that
only one of the constants m,, a, or my in Eq. (9) oscillates
and analyze the three cases separately [49]. In Fig. 3, we
present our constraints on the combined quark and gluons

couplings QN -d together with existing EP constraints.

Constraints on the variation of « and m, are presented in
Fig. 4, alongside the strongest previous constraints on the
relevant parameter space. Astrophysical bounds on our
scenario could also apply, however, these are typically
weaker than those discussed here and are less robust (see
Refs. [71-73] for recent discussions). For clarity, we show
constraints for the standard Galactic UDM halo only. Our
results cover the previously unexplored bands 10-50 Hz
and 5-10 kHz, and improve on existing bounds in the
ranges 0.1-0.2 MHz and 3-100 MHz.

More generally, our experiments are sensitive to the
following linear combinations of the full set of couplings,

defined in Eqgs. (7), (9), that can be written as @ d=
10]0 - d with |0"| = 1, |0®| = 2.21, and the unit-length
vectors

0 ~ (1.0,0.06, —0.05, —0.005, =1.5 x 1075, =0.0024),
0F ~ (0.90,0.42,0.027,0.0025,8 x 107°,0.0013).  (11)

We do not consider the strange quark mass contribution
in the context of EP as it is complementary to the
contribution of g, see Ref. [49]. Thus, for the following
discussion of the complementarity between EP tests and

UDM searches, we reduce the six-dimensional é to five
dimensions by dropping the last entry corresponding to ;.
In this space, one can find a direction Qﬁl“(m(,,) that is
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FIG. 4. Exclusion plot of the UDM couplings to « (top) and m,
(bottom). Existing constraints: shaded regions in orange [34],
yellow [35], pink [29], green [64], magenta [37], and purple [74].
Fifth-force—EP tests: turquoise [66—70].

orthogonal to the best four EP-test bounds, for a given
mass. For example, in the mass range of 2 x 10712 <
my/eV <5 x 1077, these are the Be-Al [66], Be-Ti [67],
Cu-Pb [75], and Be-Cu [76] experiments, and we
find Qt{lu(mw ~ (0.003,0.987,0.002, —0.001, 0.160). For
masses above 5 x 107 eV, Qf, is perpendicular to the Be-
Al [66], Be-Ti [67], Cu-Pb [75], and Cu-Pb-alloy [77]
sensitivity vectors, with a correspondingly modified O,
[49]. Models of light scalar UDM with coupling direction
defined according to folu(mqg) - d would not be constrained
by these four leading EP bounds. Note that, Oy, (my) has a
substantial overlap with the d,, direction (the second entry)
throughout the whole mass range. Thus, experiments that
are particularly sensitive to m,, test a sector of coupling
space that the first four-best EP experiments are weakly
sensitive to. In Fig. 5, we present our bounds on Qg - d,
projected (for clarity) in the d,,, direction as dotted red and
blue lines. The fifth-best EP bound projected onto
fom(m(/,) and further on d,, , is shown by a brown dotted
line. Note that we could only calculate the projection of
Qi into the remaining fifth-best EP bound to an accuracy

fo (Hz)

10 10% 10% 10* 10° 10° 107 10%
1012!_ T TTTT T T T T TTTTm T T T T T T
2
3
10°
£
E
10° ks, .,
2
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3
'§ W [ ts n Oy direction B
E e P
o JFCu-Phalloy’ oily d 0 E
10 E ; Cu-Pb,only d,,,, #0 3
AL only dme 7 ; 0 = _Fifth force (w\,vwvmmvﬁ}
107 ;1\\’\(‘-0&(1)&1“- Be-Ti, only dme * " ditaton model E
Fonly dme T E
1076 Bl il i ol sl o piscon) 4wl 6 gassl ¢ oo
1073 107" 107" 10710 107 107 1077
mg (eV)
FIG. 5. Exclusion plot for d,, . The dotted lines depict the
me

bounds for a model defined by a vector of sensitivities, Of (my),
that is orthogonal to the sensitivities of four leading EP test
experiments [49]. Bounds from other published experiments,
shown in Fig. 4, are not shown again here. The bound from the
fifth-best EP test experiment in a given mass range, projected
onto the Qfﬁ“(mqb) direction, and further on the d,, direction, is
shown as dotted brown line.

of 1 part in 10? due to the limited precision of the published
test mass composition data. We find that in this sector of
coupling space the bounds related to our direct UDM
experiments are only two to 3 orders weaker than those
from EP tests.

Furthermore, one can consider a model of a dilaton
UDM, which is not constrained by the EP violating tests
[18] (see Ref. [49]). A dilaton UDM would mediate a long-
range Yukawa force, which can be constrained by various
experiments that test for deviations from Newtonian gravity
(fifth-force searches) [78]. The fifth-force bound for this
model is represented by the crimson colored dot-dashed
line, while for completeness in pink we also show the fifth-
force bound for our model where the coupling is defined
according to Qg (mg) - d as discussed above.

Conclusion.—Our molecular-spectroscopy experiments
have resulted in the first bounds on the coupling of an
oscillating UDM field to the gluon and quark fields, in a
broad frequency range that spans seven decades (10 Hz—
100 MHz). In four windows within this range, improve-
ments on previous limits for the coupling to the electro-
magnetic field and the electron field were also obtained.

A new generation of experiments, with minimization of
all noise sources, long acquisition times, high sampling
rates, and, possibly, multiple setups to improve statistical
averaging, could improve the present limits by several
orders of magnitude. Furthermore, we have argued that
there is a special class of dark matter couplings where
the bounds from equivalence principle tests are signifi-
cantly less stringent than expected. Consequently, future
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experiments of the present kind may be able to probe this
class of UDM models with sensitivity competitive to
EP tests.
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