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Axion-gluon interaction induces quadratic couplings between the axion and the matter fields. We find
that, if the axion is an ultralight dark matter field, it induces small oscillations of the mass of the hadrons as
well as other nuclear quantities. As a result, atomic energy levels oscillate. We use currently available
atomic spectroscopy data to constrain such axion-gluon coupling. We also project the sensitivities of future
experiments, such as ones using molecular and nuclear clock transitions. We show that current and near-
future experiments constrain a finely tuned parameter space of axion models. These can compete with or
dominate the already-existing constraints from oscillating neutron electric dipole moment and supernova
bound, in addition to those expected from near future magnetometer-based experiments. We also briefly
discuss the reach of accelerometers and interferometers.
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We consider axion models, consisting of a pseudoscalar
field a with the following coupling to the gluon field
strength,

L ¼ g2s
32π2

a
f
Ga

μνG̃
aμν; ð1Þ

where f is an axion decay constant, gs is a strong coupling
and G̃aμν is the dual gluon field strength. Below the QCD
scale, the above axion-gluon interaction induces axion
coupling to the hadronic states. The pion mass depends
on the axion field as

m2
πðθÞ ¼ B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

u þm2
d þ 2mumd cos θ

q
:

Here θ ¼ a=f and B ¼ −hq̄qi0=f2π with a pion decay
constant fπ ≃ 93 MeV. The resulting axion potential can
be described by VðθÞ ¼ −m2

πðθÞf2π to leading order [1].
Due to the θ-dependent potential, the axion relaxes to the
CP conserving vacuum, thereby solving the strong CP
problem dynamically [2–9].

Axion oscillation around its minimum may comprise
dark matter (DM) in the present universe [10–12]. If so, the
pion mass develops a subdominant oscillatory component,
given by

δm2
π

m2
π
¼ −

mumd

2ðmu þmdÞ2
θ2: ð2Þ

Other nuclear quantities such as hadron masses and mag-
netic moments consist of similar oscillating contributions,
all induced by the effective quadratic coupling between the
axion and the matter fields. It results in a corresponding
time-variation of the atomic energy levels, which can be
probed by monitoring transition frequencies of stable
frequency standards. This method was suggested by
Arvanitaki et al. [13] for dilaton/scalar DM searches (or a
relaxion DM [14]), where the DM field naturally couples to
the field strength of the strong and electromagnetic inter-
actions as well as fermion masses. It was also suggested that
interferometry [15], as well as accelerometry [16], can be
used to probe the time-variation of fundamental constants
induced byDM.Various experimental techniques have been
used to search for such scalar-SM interactions [17–29]. See
Refs. [30,31] for recent reviews.
The goal of this work is to assess the possibility of

whether the axion-gluon coupling can be probed by the
same method, i.e., by monitoring atomic energy levels of
stable frequency standards. We claim that the same prin-
ciple can be applied to probe the coupling (1). We show the
current constraints and projections of future experiments as

*hyungjin.kim@desy.de
†gilad.perez@weizmann.ac.il

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 SCOAP3.

PHYSICAL REVIEW D 109, 015005 (2024)

2470-0010=2024=109(1)=015005(7) 015005-1 Published by the American Physical Society

https://orcid.org/0000-0002-8843-7690
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.015005&domain=pdf&date_stamp=2024-01-03
https://doi.org/10.1103/PhysRevD.109.015005
https://doi.org/10.1103/PhysRevD.109.015005
https://doi.org/10.1103/PhysRevD.109.015005
https://doi.org/10.1103/PhysRevD.109.015005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


well as other constraints in Fig. 1. We explain the main
idea below.
For the purpose of demonstration, we consider the

ground state hyperfine transition in the hydrogen atom.
The hyperfine structure arises due to the interaction
between the electron magnetic moment and the magnetic
field generated by the proton magnetic moment. The
transition frequency of the ground state hydrogen hyperfine
structure is

fH ¼ 2

3π

gpm2
eα

4

mp
≃ 1420 MHz;

where gp ¼ 5.586 is the proton g-factor. In the presence of
axion dark matter and the axion-gluon coupling, the proton
g-factor and proton mass develop a small oscillating
component, and so does transition frequency fH. The
fractional variation of hyperfine transition frequency can
be written as

δfH
fH

¼ δgp
gp

−
δmp

mp

¼
�
∂ ln gp
∂ lnm2

π
−
∂ lnmp

∂ lnm2
π

�
δm2

π

m2
π

≃ 10−15 ×
cosð2mtÞ
m2

15f
2
10

; ð3Þ

where we have defined m15 ¼ m=10−15 eV and f10 ¼
f=1010 GeV, and used ∂ ln gp=∂ lnm2

π ≃ −0.17 and
∂ lnmp=∂ lnm2

π ≃ 0.06. For now, we take m and f as
independent parameters to investigate the reach of spec-
troscopy experiments for the axion-gluon coupling search.
Axion DM background does not change the fine structure
constant and electron mass to the leading order, so the
variation of those quantities is ignored. The dependence
of gp and mp on the pion mass is computed by using chiral
perturbation theory at the chiral order Oðp3Þ [42–45]
and compared with lattice computations [46,47]. See
the Appendix for details. We have used θ2ðtÞ ¼
ðρDM=m2f2Þ½1þ cosð2mtÞ� with ρDM ≃ 0.4 GeV=cm3. A
constant offset is ignored as it is unobservable. Equation (3)
suggests that the axion-gluon coupling strength might be
probed by looking for a harmonic signal in δfH=fH at the
frequency ω ¼ 2m.
The above discussion is more than an academic exercise.

A recent experiment performed by Kennedy et al. [24]
monitored hydrogen maser frequency (fH) together with
silicon optical cavity resonance frequency (fSi) to probe
scalar DM interactions to electromagnetic field strength
and electron mass. Since the silicon optical cavity reso-
nance frequency has a rather weak dependence on proton
mass, the fractional variation of frequencies is dominated
by that of hydrogen maser,

δðfH=fSiÞ
ðfH=fSiÞ

≃
δfH
fH

:

Claimed short-term stability of transition frequency is
∼3 × 10−13=

ffiffiffiffiffiffi
Hz

p
. Using Eq. (3) and 33 days of exper-

imental results obtained in Ref. [24], we place a constraint
on axion-gluon coupling, shown as a red line in Fig. 1.
Hydrogen maser is one example of many frequency

standards based on hyperfine structure. An earlier attempt
to probe scalar DM based on hyperfine transitions was
made by Hees et al. [19], where they used measurement of
rubidium (87Rb) and cesium (133Cs) hyperfine transitions.
For the hyperfine structure of heavier atoms, the parametric
dependence of transition frequency is similar [30],1

f ∝ gm2
eα

4=mp; ð4Þ

FIG. 1. Constraints and future projections on the axion-gluon
coupling are summarized as follows: Rb/Cs clock comparison
(blue) [19], H/Si comparison (red) [24], Iodine molecular
spectroscopy (brown) [28], GEO 600 gravitational wave detector
(orange) [22], torsion pendulum (pink dashed) [16], 229Th nuclear
isomer transition (red dashed) [13,32], and strontium monohydr-
oxide (green dashed) [33]. The gray dotted line is f ¼ Mpl. The
diagonal gray line is allowed parameter space for the QCD axion,
m2f2 ∼m2

πf2π . Other bounds, such as oscillating neutron EDM
(purple) [34], supernova 1987A [35] (light cyan), comagnetom-
eter and NASDUCK [36,37] (gray), and axion superradiance [38]
(cyan), are also included for the comparison. Projections of
axion-nucleon interaction searches, such as CASPEr-electric
(blue dashed) [39] and NASDUCK (gray dashed) [37], are also
included. Spectroscopy bounds above the green solid line must be
taken carefully as the axion could develop a static profile around
the earth [40]. If such a static profile exists, it affects the
propagation of DM axion, but this parameter space is already
excluded by static neutron EDM experiments. The black dashed
lines denote the required number of copies of the standard model
to achieve the parameter space above the QCD axion line in the
model of Hook [41]. See the main text for details.

1In this work, we take mp ¼ mn ¼ mN . While the mass
difference mn −mp also depends on θ-angle, it only provides
a subleading correction.
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but the g-factor is replaced by that of the nucleus. The
nuclear g-factor can be written as a function of nucleon
g-factor and the spin expectation value of valence and core
nucleons. Using the result of Ref. [48] together with the
nucleon g-factor computed in the chiral perturbation theory,
we find

∂ ln g
∂ lnm2

π
¼

�
−0.024 87Rb;

þ0.011 133Cs;
ð5Þ

See the Appendix for details. The fractional frequency
variation is therefore

δðfA=fBÞ
ðfA=fBÞ

≃ −0.04
δm2

π

m2
π
≃ −10−16

cosð2mtÞ
m2

15f
2
10

; ð6Þ

where A ¼ 87Rb and B ¼ 133Cs. Using the experimental
result of Rb/Cs fountain clock [19], we obtain a constraint
on the axion-gluon coupling constant, which is shown as a
blue line in Fig. 1. It is similar to the constraint from the
H/Si comparison test, but Rb/Cs constraint extends to a
much lower mass range due to its long experimental
timescale.
We have only considered hyperfine transitions so far. In

principle, any stable frequency standards can be used for
axion DM search as long as the transition frequency
depends on g-factor and/or nucleon mass. Another example
is a vibrational molecular excitation. Since the vibrational
energy level for a diatomic molecule depends on fvib ∝
μ−1=2 with the reduced mass μ ¼ mA1

mA2
=ðmA1

þmA2
Þ,

we find

δfvib
fvib

¼ −
1

2

δmp

mp
≃ −10−16 ×

cosð2mtÞ
m2

15f
2
10

: ð7Þ

A recent experiment performed by Oswald et al. [28] used
molecular transitions in molecular iodine (I2) to probe the
variation of fundamental constants. We use their result to
place a constraint on axion-gluon coupling, which is shown
as brown in the summary figure. The constraint is relevant
for the relatively high mass end of the shown param-
eter space.
Better sensitivity to the variation of nucleon mass can be

achieved by considering nearly degenerate vibrational
energy levels in polyatomic molecules. It was shown in
Ref. [33] that a transition between nearly degenerate
rovibrational energy levels in strontium monohydroxide
(SrOH) could yield δf=f ¼ Kδmp=mp with K ∼Oð102Þ.
The projected sensitivity from SrOH is presented as a green
dashed line in Fig. 1.
As a final example, we consider a nuclear transition.

References [49,50] suggested that an excitation in Thorium
could be used as a frequency standard with extraordinary
accuracy due to its anomalously low excitation energy and
long lifetime. The latest measurement of such nuclear clock

transition frequency is ω ¼ 8.3 eV [51]. This low-lying
excitation is due to the cancellation of binding energy from
strong and electromagnetic interaction. It suggests that
even a small variation either in nuclear binding energy or
electromagnetic binding energy will result in rather a large
variation in transition frequency. The variation of transition
frequency as a function of hadron mass is estimated in
Refs. [52,53]. Using their result, one finds

δfTh
fTh

≃ ð2 × 105Þ δm
2
π

m2
π
: ð8Þ

This large sensitivity coefficient is due to the cancellation
between nuclear and electromagnetic binding energy.
Assuming that noise is dominated by quantum projection
noise of nuclear clock and that tint ¼ 106 sec of an
integration time [32], we obtain the reach of nuclear clock
transition for axion-gluon coupling in Fig. 1 (red dashed).
Let us now discuss limitations of the analysis as well as

other existing constraints for axion-gluon coupling in a
similar mass range.
We assume that the axion comprises entire DM and that

its field value on the surface of the earth is given by the
local DM density, i.e., θðtÞ ¼ ð ffiffiffiffiffiffiffiffiffiffiffi

2ρDM
p

=mfÞ cosðmtÞ. The
gravitational potential of the sun might modify the field
value on the surface of the earth but such effect is generally
an order of ðvesc=vdmÞ2 ∼ 10−2 so that it can be ignored at
the level of precision of the current analysis [54].
A more concerning effect is the finite density effect due

to the sun or the earth. As is already shown in Fig. 1, current
constraints and future projections are above the QCD axion
line. This range of parameter space is fine-tuned parameter
space for minimal QCD axion models. For this parameter
space, it was shown by Hook and Huang [40] that the axion
potential inside the sun or the earth could have a minimum
at θ ≠ 0, developing static axion profile θsðrÞ ∝ e−mar=r
(see also [55–57]). The green line in the figure corresponds
to the parameter space where the earth sources the static
axion profile. Such profile acts as an attractive potential for
dark matter axion field, and hence the field value on the
surface of the earth could be enhanced compared to its local
value. While we acknowledge that this effect is likely to
happen for a large part of the parameter space shown in the
figure, we do not include this effect in our analysis since
such parameter space is already constrained by experimen-
tal limits on neutron electric dipole moment.
We have argued that spectroscopy searches can constrain

or probe the parameter space well above the QCD axion
line, i.e. fine-tuned parameter space. It is worth noting that
such parameter space can be achieved in alternative QCD
axion models in a natural way. Using a large discrete
symmetry and N-copy of the standard model, it was shown
that the parameter space above the QCD axion line can be
obtained in a technically natural way [41,58,59]. More
specifically, from m2f2 ≃ N3=2ðmu=mdÞNm2

πf2π [58], we

OSCILLATIONS OF ATOMIC ENERGY LEVELS INDUCED BY … PHYS. REV. D 109, 015005 (2024)

015005-3



find N ∼ 50 × log ½ðma=10−16 eVÞðf=1016 GeVÞ�. See the
black dashed lines in the figure.
Other atomic spectroscopy, interferometry, and acceler-

ometry experiments can also be used for searches for axion-
gluon interaction. Examples include frequency comparison
between mechanical oscillators [25], unequal arm-length
interferometry [23], interferometric gravitational wave
detectors [22,26], and torsion pendulum experiments [16].
All of these experiments depend on the change of nucleon
mass to some degree. Especially, the gradient of atomic
mass is ∇MA ∝ ∇θ2 ≠ 0 and this leads to a periodic force
in test masses, F⃗A ¼ −∇MA, in interferometric gravita-
tional wave experiments as well as in torsion pendulum
experiments, which could induce observable signals. As an
example, we show the constraint from the GEO 600
gravitational wave detector (orange) and a projection of
the future torsion pendulum experiment (pink dashed) in
the figure. For the torsion pendulum experiment, we use the
benchmark “upgrade” in Ref. [16].
We do not consider frequency standards based on the

electronic transition in this work. This is because electronic
transition frequencies scale as f ∝ Mαξ with the reduced
mass M ¼ meMN=ðme þMNÞ so that the effect of axion
DM in electronic transition is always suppressed by
∝ me=MN with nucleus mass MN . It would still be
interesting as a future direction to investigate the reach
of optical atomic clocks for axion-gluon coupling search
since uncertainties in optical clocks are much smaller than
in clocks based on hyperfine structures.
We compare spectroscopic experiments with other axion

searches for axion-nucleon interactions. The axion-gluon
coupling (1) inevitably induces nucleon electric dipole
moment (EDM), dn ≃ 2.4 × 10−16θ̄e · cm [60]. The axion
DM background leads to oscillating neutron EDM. By
measuring spin precession frequencies of neutron and
mercury, Abel et al. placed a strong constraint on axion-
neutron coupling belowm≲ 10−17 eV [34], which is shown
as the purple region in the figure. A similar constraint was
obtained from the EDM measurement of HfFþ [61].
Magnetometers provide another way to measure axion-

nucleon coupling. The same axion-gluon coupling (1)
induces axial vector coupling of axion to nucleon, L ⊃
Cψð∂μa=2fÞψ̄γμγ5ψ with Cp¼−0.47 and Cn¼−0.02 [62].
In the nonrelativistic limit, the way that the gradient of
axion couples to nucleon is similar to the way that magnetic
field couples to nucleon spin. Using magnetometers, Bloch
et al. placed constraints on axion-neutron axial-vector
coupling for a wide range of axion mass, 10−24 eV≲m≲
10−13 eV [36,37]. The constraint on f (gray shaded) is
similar to the one from iodine molecular spectroscopy,
while future projection (gray dashed) could dominate the
supernova bound. In addition, the axion-nucleon coupling
can be searched with nuclear magnetic resonance (NMR)
[63,64]. The current constraint using NMR technique is
f ≳ GeV atm ≃ 10−7 eV [39], while future projection with

a much larger sample size (dark blue dashed) might reach to
the QCD axion parameter space.
It is interesting to compare the reach of spectroscopic

experiments with astrophysical and cosmological con-
straints. Axion-nucleon couplings provide an additional
energy-loss channel for stellar objects. Considering the
observation of neutrino flux from supernova SN1987A, the
axion-nucleon coupling is constrained as f ≳ 4 × 108 GeV
[35] (see also alternative claim by Bar et al. [65]). Neutron
star provides additional constraints on axion-nucleon cou-
pling [66–72]. A recent study on the cooling of old neutron
stars provides f ≳ 3 × 108 GeV [72], which is comparable
to the supernova bound.
Another interesting bound, which is not shown in Fig. 1, is

the constraint from big bang nucleosynthesis (BBN) [73].
Blum et al. took the cosmic darkmatter density in the present
universe, extrapolated the field value to the value at the time
of BBN assuming the standard cosmological evolution
of axion, θðtBBNÞ ≃ θðt0Þ min½ða0=aBBNÞ3=2; ða0=amÞ3=2�
with am being scale factor at 3H ¼ m, and computed the
modificationof thehelium4mass fraction due to theneutron/
proton mass difference arising from axion field [73]. This
bound constrains a large part of parameter space for the mass
range shown in the figure. The BBNboundmight be avoided
if, for some reason, the extrapolation fails and θðtBBNÞ≲ 1.
The deviation of proton-neutron mass difference from its
standard value becomes quickly negligible for moderately
small θ [74].
In summary, we have shown that the axion-gluon

coupling induces an oscillation in nuclear quantities in
the presence of axion dark matter and that it can be probed
by atomic and molecular spectroscopy as well as interfer-
ometry experiments. Similarly to dilatonlike DM [13] or
relaxion DM [14,32], atomic energy levels oscillate due to
the axion DM background, leaving harmonic signals in the
transition frequencies of stable frequency standards. By
using existing experimental searches for scalar DM-SM
interactions, we are able to place constraints on the axion-
gluon interaction. Current constraints are generally weaker
than existing constraints such as oscillating neutron EDM,
but some of them already compete with astrophysical
bounds e.g. SN1987A constraint. Future experiments based
on nuclear clock transition or molecular vibrational exci-
tation are expected to probe directly and model independ-
ently axion model in a region of parameter space that is
currently unexplored.

Note added. While this work was finalized, a related
work [75] appeared on arXiv, where the authors inves-
tigated the implications of the cosmological variation of θ̄.
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APPENDIX: θ-DEPENDENCE
OF NUCLEAR QUANTITIES

We detail the θ-dependence of nuclear quantities.
The nucleon mass at the one-loop or chiral order Oðp3Þ

is [42–44]

mNðθÞ ¼ m0 − 4c1m2
πðθÞ −

3g2Am
3
πðθÞ

32πf2π
; ðA1Þ

where m0 is the nucleon mass in the chiral limit, gA ¼ 1.27
is the axial-vector coupling, and c1 ¼ −1.1 GeV−1 is a low
energy constant [45]. Therefore, we find

∂ lnmN

∂ lnm2
π
≃ 0.06; ðA2Þ

where we have used fπ ¼ 93 MeV, and mN ¼ 939 MeV.
Alternatively, we can write ∂ lnmN=∂ lnm2

π ¼ ðσπN=mNÞ.
Current lattice computations predict 30 MeV≲ σπN ≲
70 MeV (see review [46]), which translates into
0.03≲ ∂ lnmN=∂ lnm2

π ≲ 0.08. We use Eq. (A2) for the
analysis in the main text.
The nucleon g-factor can also be computed from the

chiral Lagrangian. At the chiral orderOðp3Þ, one finds [44]

gpðθÞ ¼ gð0Þp −
g2AmNmπðθÞ

4πf2π
; ðA3Þ

gnðθÞ ¼ gð0Þn þ g2AmNmπðθÞ
4πf2π

: ðA4Þ

Therefore, we find

∂ ln gp
∂ lnm2

π
¼ −

1

gp

g2AmNmπ

8πf2π
≃ −0.17 ðA5Þ

∂ ln gn
∂ lnm2

π
¼ þ 1

gn

g2AmNmπ

8πf2π
≃ −0.25; ðA6Þ

where we have used gn ¼ −3.826 and gp ¼ 5.586. The
actual value might be smaller than the above values. One
might extract isovector magnetic moment from form factors
computed by lattice simulation [47], and the resulting
dependence of g-factor on pion mass from such result is
a factor two or three smaller than Eqs. (A5) and (A6). For
the purpose of order of magnitude estimation, we use
Eqs. (A5) and (A6).
The nuclear g-factor can be written as a function of

nucleon g-factor as well as spin expectation value of
valence and core nucleons. Following Ref. [48], one finds

δg
g
¼

�
Kn

∂ ln gn
∂ lnm2

π
þ Kp

∂ ln gp
∂ lnm2

π
− 0.17Kb

�
δm2

π

m2
π

With values of Kn;p;b given in [48], we find δg=g ¼
−0.02ðδm2

π=m2
πÞ for 87Rb and δg=g ¼ 0.01ðδm2

π=m2
πÞ

for 133Cs.
The variation of nuclear clock transition in 229Th is

estimated in Refs. [52,53].

δfTh
fTh

≃ 1.3 × 105
�
−12

δmN

mN
þ 10

δmΔ

mΔ
þ 6

δmπ

mπ
− 43

δmV

mV

�

≃ 2 × 105
δm2

π

m2
π
; ðA7Þ

where mΔ and mV are the masses of Δ-baryon and vector
meson. Among contributions from different mesons and
hadrons, the pion contribution dominates all. It is straight-
forward to check that

δmN

mN
≃ 0.13

δmπ

mπ
ðA8Þ

δmΔ

mΔ
≃ 0.03

δmπ

mπ
ðA9Þ

δmV

mV
≃ 0.04

δmπ

mπ
; ðA10Þ

where the variance of Δ baryon can be obtained directly
from Eq. (62) in [76] or from σπΔ ¼ m2

π∂mΔ=∂m2
π ¼

20.6 MeV. The variation of vector meson mass is obtained
in [52,77].
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[19] A. Hees, J. Guéna, M. Abgrall, S. Bize, and P. Wolf,
Searching for an oscillating massive scalar field as a dark
matter candidate using atomic hyperfine frequency compar-
isons, Phys. Rev. Lett. 117, 061301 (2016).

[20] S. Aharony, N. Akerman, R. Ozeri, G. Perez, I. Savoray, and
R. Shaniv, Constraining rapidly oscillating scalar dark
matter using dynamic decoupling, Phys. Rev. D 103,
075017 (2021).

[21] D. Antypas, O. Tretiak, A. Garcon, R. Ozeri, G. Perez, and
D. Budker, Scalar dark matter in the radio-frequency band:
Atomic-spectroscopy search results, Phys. Rev. Lett. 123,
141102 (2019).

[22] H. Grote and Y. V. Stadnik, Novel signatures of dark matter
in laser-interferometric gravitational-wave detectors, Phys.
Rev. Res. 1, 033187 (2019).

[23] E. Savalle, A. Hees, F. Frank, E. Cantin, P.-E. Pottie, B. M.
Roberts, L. Cros, B. T. Mcallister, and P. Wolf, Searching for
dark matter with an optical cavity and an unequal-delay
interferometer, Phys. Rev. Lett. 126, 051301 (2021).

[24] C. J. Kennedy, E. Oelker, J. M. Robinson, T. Bothwell, D.
Kedar, W. R. Milner, G. E. Marti, A. Derevianko, and J. Ye,
Precision metrology meets cosmology: Improved con-
straints on ultralight dark matter from atom-cavity fre-
quency comparisons, Phys. Rev. Lett. 125, 201302 (2020).

[25] W.M. Campbell, B. T. McAllister, M. Goryachev, E. N.
Ivanov, and M. E. Tobar, Searching for scalar dark matter
via coupling to fundamental constants with photonic, atomic
and mechanical oscillators, Phys. Rev. Lett. 126, 071301
(2021).

[26] S. M. Vermeulen et al., Direct limits for scalar field dark
matter from a gravitational-wave detector, Nature (London)
600, 424 (2021).

[27] L. Aiello, J. W. Richardson, S. M. Vermeulen, H. Grote, C.
Hogan, O. Kwon, and C. Stoughton, Constraints on scalar
field dark matter from colocated Michelson interferometers,
Phys. Rev. Lett. 128, 121101 (2022).

[28] R. Oswald et al., Search for oscillations of fundamental
constants using molecular spectroscopy, Phys. Rev. Lett.
129, 031302 (2022).

[29] O. Tretiak, X. Zhang, N. L. Figueroa, D. Antypas, A.
Brogna, A. Banerjee, G. Perez, and D. Budker, Improved
bounds on ultralight scalar dark matter in the radio-
frequency range, Phys. Rev. Lett. 129, 031301 (2022).

[30] M. S. Safronova, D. Budker, D. DeMille, D. F. J. Kimball,
A. Derevianko, and C.W. Clark, Search for new physics
with atoms and molecules, Rev. Mod. Phys. 90, 025008
(2018).

[31] D. Antypas et al., New horizons: Scalar and vector ultralight
dark matter, arXiv:2203.14915.

[32] A. Banerjee, H. Kim, O. Matsedonskyi, G. Perez, and M. S.
Safronova, Probing the relaxed relaxion at the luminosity
and precision frontiers, J. High Energy Phys. 07 (2020) 153.

[33] I. Kozyryev, Z. Lasner, and J. M. Doyle, Enhanced sensi-
tivity to ultralight bosonic dark matter in the spectra of the
linear radical SrOH, Phys. Rev. A 103, 043313 (2021).

[34] C. Abel et al., Search for axionlike dark matter through
nuclear spin precession in electric and magnetic fields, Phys.
Rev. X 7, 041034 (2017).

[35] G. G. Raffelt, Astrophysical axion bounds, Lect. Notes
Phys. 741, 51 (2008).

[36] I. M. Bloch, Y. Hochberg, E. Kuflik, and T. Volansky,
Axion-like relics: New constraints from old comagnetom-
eter data, J. High Energy Phys. 01 (2020) 167.

[37] I. M. Bloch, G. Ronen, R. Shaham, O. Katz, T. Volansky,
and O. Katz (NASDUCK Collaboration), New constraints
on axion-like dark matter using a Floquet quantum detector,
Sci. Adv. 8, abl8919 (2022).

[38] A. Arvanitaki, M. Baryakhtar, and X. Huang, Discovering
the QCD axion with black holes and gravitational waves,
Phys. Rev. D 91, 084011 (2015).

[39] D. Aybas et al., Search for axionlike dark matter using solid-
state nuclear magnetic resonance, Phys. Rev. Lett. 126,
141802 (2021).

[40] A. Hook and J. Huang, Probing axions with neutron star
inspirals and other stellar processes, J. High Energy Phys.
06 (2018) 036.

HYUNGJIN KIM and GILAD PEREZ PHYS. REV. D 109, 015005 (2024)

015005-6

https://doi.org/10.1016/0550-3213(80)90370-3
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevD.91.015015
https://doi.org/10.1103/PhysRevD.100.115026
https://doi.org/10.1103/PhysRevLett.114.161301
https://doi.org/10.1103/PhysRevD.93.075029
https://doi.org/10.1103/PhysRevLett.115.011802
https://doi.org/10.1103/PhysRevLett.118.021302
https://doi.org/10.1103/PhysRevLett.118.021302
https://doi.org/10.1103/PhysRevLett.117.061301
https://doi.org/10.1103/PhysRevD.103.075017
https://doi.org/10.1103/PhysRevD.103.075017
https://doi.org/10.1103/PhysRevLett.123.141102
https://doi.org/10.1103/PhysRevLett.123.141102
https://doi.org/10.1103/PhysRevResearch.1.033187
https://doi.org/10.1103/PhysRevResearch.1.033187
https://doi.org/10.1103/PhysRevLett.126.051301
https://doi.org/10.1103/PhysRevLett.125.201302
https://doi.org/10.1103/PhysRevLett.126.071301
https://doi.org/10.1103/PhysRevLett.126.071301
https://doi.org/10.1038/s41586-021-04031-y
https://doi.org/10.1038/s41586-021-04031-y
https://doi.org/10.1103/PhysRevLett.128.121101
https://doi.org/10.1103/PhysRevLett.129.031302
https://doi.org/10.1103/PhysRevLett.129.031302
https://doi.org/10.1103/PhysRevLett.129.031301
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://arXiv.org/abs/2203.14915
https://doi.org/10.1007/JHEP07(2020)153
https://doi.org/10.1103/PhysRevA.103.043313
https://doi.org/10.1103/PhysRevX.7.041034
https://doi.org/10.1103/PhysRevX.7.041034
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1007/JHEP01(2020)167
https://doi.org/10.1126/sciadv.abl8919
https://doi.org/10.1103/PhysRevD.91.084011
https://doi.org/10.1103/PhysRevLett.126.141802
https://doi.org/10.1103/PhysRevLett.126.141802
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1007/JHEP06(2018)036


[41] A. Hook, Solving the hierarchy problem discretely, Phys.
Rev. Lett. 120, 261802 (2018).

[42] J. Gasser, M. E. Sainio, and A. Svarc, Nucleons with chiral
loops, Nucl. Phys. B307, 779 (1988).

[43] V. Bernard, N. Kaiser, J. Kambor, and U. G. Meissner,
Chiral structure of the nucleon, Nucl. Phys. B388, 315
(1992).

[44] S. Scherer and M. R. Schindler, A Primer for Chiral
Perturbation Theory (Springer Berlin, Heidelberg, 2012),
Vol. 830.

[45] M. Hoferichter, J. Ruiz de Elvira, B. Kubis, and U.-G.
Meißner, Matching pion-nucleon Roy-Steiner equations to
chiral perturbation theory, Phys. Rev. Lett. 115, 192301
(2015).

[46] Y. Aoki et al., FLAG review 2021, Eur. Phys. J. C 82, 869
(2022).

[47] D. Djukanovic, T. Harris, G. von Hippel, P. M. Junnarkar,
H. B. Meyer, D. Mohler, K. Ottnad, T. Schulz, J. Wilhelm,
and H. Wittig, Isovector electromagnetic form factors of the
nucleon from lattice QCD and the proton radius puzzle,
Phys. Rev. D 103, 094522 (2021).

[48] V. V. Flambaum and A. F. Tedesco, Dependence of nuclear
magnetic moments on quark masses and limits on temporal
variation of fundamental constants from atomic clock
experiments, Phys. Rev. C 73, 055501 (2006).

[49] C. J. Campbell, A. G. Radnaev, A. Kuzmich, V. A. Dzuba,
V. V. Flambaum, and A. Derevianko, A single-ion nuclear
clock for metrology at the 19th decimal place, Phys. Rev.
Lett. 108, 120802 (2012).

[50] E. Peik and C. Tamm, Nuclear laser spectroscopy of the
3.5 eV transition in Th-229, Europhys. Lett. 61, 181 (2003).

[51] B. Seiferle et al., Energy of the 229Th nuclear clock
transition, Nature (London) 573, 243 (2019).

[52] V. V. Flambaum and R. B. Wiringa, Dependence of nuclear
binding on hadronic mass variation, Phys. Rev. C 76,
054002 (2007).

[53] V. V. Flambaum and R. B. Wiringa, Enhanced effect of
quark mass variation in Th-229 and limits from Oklo data,
Phys. Rev. C 79, 034302 (2009).

[54] H. Kim and A. Lenoci, Gravitational focusing of wave dark
matter, Phys. Rev. D 105, 063032 (2022).

[55] R. Balkin, J. Serra, K. Springmann, and A. Weiler, The
QCD axion at finite density, J. High Energy Phys. 07
(2020) 221.

[56] R. Budnik, H. Kim, O. Matsedonskyi, G. Perez, and Y.
Soreq, Probing the relaxed relaxion and Higgs portal
scenarios with XENON1T scintillation and ionization data,
Phys. Rev. D 104, 015012 (2021).

[57] R. Balkin, J. Serra, K. Springmann, S. Stelzl, and A. Weiler,
Runaway relaxion from finite density, J. High Energy Phys.
06 (2022) 023.

[58] L. Di Luzio, B. Gavela, P. Quilez, and A. Ringwald,
An even lighter QCD axion, J. High Energy Phys. 05
(2021) 184.

[59] L. Di Luzio, B. Gavela, P. Quilez, and A. Ringwald, Dark
matter from an even lighter QCD axion: Trapped misalign-
ment, J. Cosmol. Astropart. Phys. 10 (2021) 001.

[60] M. Pospelov and A. Ritz, Theta vacua, QCD sum rules, and
the neutron electric dipole moment, Nucl. Phys. B573, 177
(2000).

[61] T. S. Roussy et al., Experimental constraint on axionlike
particles over seven orders of magnitude in mass, Phys. Rev.
Lett. 126, 171301 (2021).

[62] G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G.
Villadoro, The QCD axion, precisely, J. High Energy Phys.
01 (2016) 034.

[63] P. W. Graham and S. Rajendran, New observables for direct
detection of axion dark matter, Phys. Rev. D 88, 035023
(2013).

[64] D. Budker, P. W. Graham, M. Ledbetter, S. Rajendran, and
A. Sushkov, Proposal for a cosmic axion spin precession
experiment (CASPEr), Phys. Rev. X 4, 021030 (2014).

[65] N. Bar, K. Blum, and G. D’Amico, Is there a supernova
bound on axions?, Phys. Rev. D 101, 123025 (2020).

[66] N. Iwamoto, Axion emission from neutron stars, Phys. Rev.
Lett. 53, 1198 (1984).

[67] L. B. Leinson, Axion mass limit from observations of the
neutron star in Cassiopeia A, J. Cosmol. Astropart. Phys. 08
(2014) 031.

[68] A. Sedrakian, Axion cooling of neutron stars, Phys. Rev. D
93, 065044 (2016).

[69] K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, Limit
on the axion decay constant from the cooling neutron star in
Cassiopeia A, Phys. Rev. D 98, 103015 (2018).

[70] M. V. Beznogov, E. Rrapaj, D. Page, and S. Reddy,
Constraints on axion-like particles and nucleon pairing in
dense matter from the hot neutron star in HESS J1731-347,
Phys. Rev. C 98, 035802 (2018).

[71] L. B. Leinson, Impact of axions on the Cassiopea A neutron
star cooling, J. Cosmol. Astropart. Phys. 09 (2021) 001.

[72] M. Buschmann, C. Dessert, J. W. Foster, A. J. Long, and
B. R. Safdi, Upper limit on the QCD axion mass from
isolated neutron star cooling, Phys. Rev. Lett. 128, 091102
(2022).

[73] K. Blum, R. T. D’Agnolo, M. Lisanti, and B. R. Safdi,
Constraining axion dark matter with big bang nucleo-
synthesis, Phys. Lett. B 737, 30 (2014).

[74] D. Lee, U.-G. Meißner, K. A. Olive, M. Shifman, and T.
Vonk, θ -dependence of light nuclei and nucleosynthesis,
Phys. Rev. Res. 2, 033392 (2020).

[75] H. Davoudiasl, J. Gehrlein, and R. Szafron, Is the θ̄ parameter
of QCD constant?, Phys. Rev. Lett. 129, 161802 (2022).

[76] V. Bernard, Chiral perturbation theory and baryon proper-
ties, Prog. Part. Nucl. Phys. 60, 82 (2008).

[77] C. Hanhart, J. R. Pelaez, and G. Rios, Quark mass depend-
ence of the ρ and σ from dispersion relations and
chiral perturbation theory, Phys. Rev. Lett. 100, 152001
(2008).

OSCILLATIONS OF ATOMIC ENERGY LEVELS INDUCED BY … PHYS. REV. D 109, 015005 (2024)

015005-7

https://doi.org/10.1103/PhysRevLett.120.261802
https://doi.org/10.1103/PhysRevLett.120.261802
https://doi.org/10.1016/0550-3213(88)90108-3
https://doi.org/10.1016/0550-3213(92)90615-I
https://doi.org/10.1016/0550-3213(92)90615-I
https://doi.org/10.1103/PhysRevLett.115.192301
https://doi.org/10.1103/PhysRevLett.115.192301
https://doi.org/10.1140/epjc/s10052-022-10536-1
https://doi.org/10.1140/epjc/s10052-022-10536-1
https://doi.org/10.1103/PhysRevD.103.094522
https://doi.org/10.1103/PhysRevC.73.055501
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1103/PhysRevLett.108.120802
https://doi.org/10.1209/epl/i2003-00210-x
https://doi.org/10.1038/s41586-019-1533-4
https://doi.org/10.1103/PhysRevC.76.054002
https://doi.org/10.1103/PhysRevC.76.054002
https://doi.org/10.1103/PhysRevC.79.034302
https://doi.org/10.1103/PhysRevD.105.063032
https://doi.org/10.1007/JHEP07(2020)221
https://doi.org/10.1007/JHEP07(2020)221
https://doi.org/10.1103/PhysRevD.104.015012
https://doi.org/10.1007/JHEP06(2022)023
https://doi.org/10.1007/JHEP06(2022)023
https://doi.org/10.1007/JHEP05(2021)184
https://doi.org/10.1007/JHEP05(2021)184
https://doi.org/10.1088/1475-7516/2021/10/001
https://doi.org/10.1016/S0550-3213(99)00817-2
https://doi.org/10.1016/S0550-3213(99)00817-2
https://doi.org/10.1103/PhysRevLett.126.171301
https://doi.org/10.1103/PhysRevLett.126.171301
https://doi.org/10.1007/JHEP01(2016)034
https://doi.org/10.1007/JHEP01(2016)034
https://doi.org/10.1103/PhysRevD.88.035023
https://doi.org/10.1103/PhysRevD.88.035023
https://doi.org/10.1103/PhysRevX.4.021030
https://doi.org/10.1103/PhysRevD.101.123025
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1088/1475-7516/2014/08/031
https://doi.org/10.1088/1475-7516/2014/08/031
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.98.103015
https://doi.org/10.1103/PhysRevC.98.035802
https://doi.org/10.1088/1475-7516/2021/09/001
https://doi.org/10.1103/PhysRevLett.128.091102
https://doi.org/10.1103/PhysRevLett.128.091102
https://doi.org/10.1016/j.physletb.2014.07.059
https://doi.org/10.1103/PhysRevResearch.2.033392
https://doi.org/10.1103/PhysRevLett.129.161802
https://doi.org/10.1016/j.ppnp.2007.07.001
https://doi.org/10.1103/PhysRevLett.100.152001
https://doi.org/10.1103/PhysRevLett.100.152001

