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We show that coupling of ultralight dark matter (UDM) to quarks and gluons would lead to an oscillation
of the nuclear charge radius for both the quantum chromodynamic (QCD) axion and scalar dark matter, an
effect which is of particular importance for heavy elements. Consequently, the resulting oscillation of
electronic energy levels could be resolved with optical atomic clocks, and their comparisons can be used to
investigate UDM nuclear couplings, which were previously only accessible with other platforms. We
demonstrate this idea using the 2S1=2ðF ¼ 0Þ ↔ 2F7=2ðF ¼ 3Þ electric octupole and 2S1=2ðF ¼ 0Þ ↔
2D3=2ðF ¼ 2Þ electric quadrupole transitions in 171Ybþ. Based on the derived sensitivity coefficients for

these two transitions and a long-term comparison of their frequencies using a single trapped 171Ybþ ion, we
find bounds on the scalar UDM-nuclear couplings and the QCD axion decay constant. These results are at a
similar level compared to the tightest spectroscopic limits, and future investigations, also with other optical
clocks, promise significant improvements.

DOI: 10.1103/37vw-gc1r

Theories of ultralight dark matter (DM) bosons (scalar
or pseudoscalar) provide us with arguably the simplest
explanation for the nature of this enigmatic substance.
Ultralight DM (UDM) can be described as a classical field
coherently oscillating with a frequency proportional to its
mass mϕ. Well-motivated models of UDM include the
quantum chromodynamics (QCD) axion [1–5], the dilaton
[6], the relaxion [7,8], and possibly other forms of Higgs-
portal models [9]. All of these predict that the UDM would
couple to the standard model (SM) QCD sector, the quarks,
and the gluons, leading to oscillations of nuclear param-
eters. Scalar UDM generically couples linearly to the
hadron masses, whereas pseudoscalar UDM such as the
QCD-axion couples quadratically to them, see, e.g., [10].
Optical clocks have been used to constrain DM couplings

to electrons and photons (see [11] for a recent review). So
far, limits onUDMnuclear couplings have been obtained via
the g factor dependence of hyperfine transition frequencies
[12–16] and from molecular vibrations [17]. In principle,
they can also be derived from isotope mass shifts (via the
reduced-mass dependence). However, the corresponding
energy shifts scale as the inverse of the nuclear mass and
therefore the sensitivity to the DM-nucleus coupling is
suppressed.
In this Letter, we propose and demonstrate using the

oscillation of the nuclear charge radius for probing UDM-
nuclear couplings with optical atomic clocks. This method
is particularly effective for heavy atoms, opens comple-
mentary possibilities for investigating UDM-nuclear cou-
plings, and increases the number of possible experimental
platforms.
We derive the effects of nuclear charge-radius oscilla-

tions on electronic transitions and demonstrate the method
using two optical clock transitions of 171Ybþ. Calculating
the sensitivities of these transition frequencies to changes in
the nuclear charge radius allows us to directly relate
the QCD-axion and scalar UDM nuclear couplings to vari-
ations in the optical clock frequencies. From a 26-month
optical atomic frequency comparison using a single
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171Ybþ ion, we obtain an experimental bound on UDM
nuclear couplings.
The total electronic energy Etot of an atomic state

contains the energies associated with the finite nucleus
mass (mass shift, MS) and the nonzero nuclear charge
radius rN (field shift, FS). They can be parametrized as [18]

EMS≃KMS
1

mA
∝
1

A
and EFS≃KFShr2Ni∝A2=3; ð1Þ

where KMS and KFS are the mass-shift and field-shift
constants and the mass mA of an atom with atomic mass
number A is largely determined by the nuclear mass mN .
The variation of the total electronic energy associated with
the nuclear degrees of freedom can be written as [19]

ΔEtot

Etot

����
nuc

≃ −
EMS

Etot

ΔmN

mN
þ EFS

Etot

Δhr2Ni
hr2Ni

: ð2Þ

For heavy nuclei, the second term dominates, as in the case
of 171Ybþ shown below. Thus, by comparing two electronic
transition frequencies νa and νb of heavy atoms, we obtain

Δðνa=νbÞ
ðνa=νbÞ

¼ Ka;b
Δhr2Ni
hr2Ni

; ð3Þ

where we defined [20]

Ka;b ≡ Kνa
FShr2Ni
νa

−
Kνb

FShr2Ni
νb

: ð4Þ

The mean squared nuclear charge radius of heavy elements
is dominated by the distribution of protons within the
nucleus rather than the charge structure of individual
nucleons [21] (see also [22] and the references therein).
The quantitative structure and details properties associated
with the distribution of protons within the nucleus is related
to the inter-nucleon interactions, which is controlled by a
variety of complex processes, such as the exchange of a
single pseudo-scalar, scalar and vector mesons, at tree level,
as well as double-exchange amplitude that corresponds to
loop processes [23–29]. However, we are only interested in
the log derivative of the charge radius with respect to the
QCD fundamental parameters, ΛQCD, and the axion field
(or the θQCD parameter). More specifically, we only require
to obtain the relevant scaling of the radius of heavy nuclei
in terms of these fundamental parameters. To obtain the
scaling we use mean-field computation, which has been
shown to be able to capture the gross features of heavy
nuclei (see, e.g., [30–32] for reviews). The relevant
quantities are obtained by studying the dependence of
hr2Ni on the QCD scale itself, and the pion mass square m2

π ,
through its dependence on the QCD vacuum angle (see [10]
for instance) and/or the quark masses [33]:

Δhr2Ni
hr2Ni

≈ α
ΔΛQCD

ΛQCD
þ β

Δm2
π

m2
π

����
ΛQCD

: ð5Þ

The calculation of α and β is described in Supplemental
Material [34] (and the full details in [54]), but in summary,
we evaluate how the charge radius depends on the lowest
resonance scalar coupling and mass, and the known
dependence of these on ΛQCD and the pion mass. Thus,
it allows us to calculate α and β in a theoretically controlled
way. We find

α ¼ −1.1; β ¼ −0.34; ð6Þ

and the errors of the mean field computation are estimated
to be 30% (see Supplemental Material [34] for more detail).
As a first type of UDM, we consider a light scalar DM

field, ϕðtÞ, interacting linearly with the up (u) and down (d)
quarks and gluons (Gμν) as [55]

L ⊃ −
ϕffiffiffi
2

p
MPl

"X
q¼u;d

dmq
mqq̄qþ dgβðgsÞ

2gs
GμνGμν

#
; ð7Þ

where βðgsÞ is the QCD β function, dg, dmq
are the coupling

constants, mq is the mass of the quark q and MPl ≃ 2.4 ×
1018 GeV is the reduced Planck mass. We keep the color
indices implicit. The oscillating DM background of the
mass mϕ, ϕðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=mϕ cosðmϕtÞ, induces a small

temporal component to αs, and ΛQCD and the quark masses
as

αsðtÞ ¼ αsð0Þ
�
1 − 2dg

βðgsÞϕðtÞ
gs

ffiffiffi
2

p
MPl

�
;
∂ lnΛQCD

∂ϕ
¼ dgffiffiffi

2
p

MPl

m̂ðtÞ ¼ m̂ð0Þ
�
1þ dm̂

ϕðtÞffiffiffi
2

p
MPl

�
;
∂ ln m̂
∂ϕ

¼ dm̂ffiffiffi
2

p
MPl

; ð8Þ

where we define m̂ ¼ ðmu þmdÞ=2 and dm̂ ¼ ðmudmu
þ

mddmd
Þ=ðmu þmdÞ. The variation of m2

π ∝ ΛQCDm̂ [56]
for a fixed ΛQCD can be related to dm̂ as

Δm2
π

m2
π

����
ΛQCD

¼ dm̂
ϕðtÞffiffiffi
2

p
MPl

: ð9Þ

Using Eqs. (3), (4), (5), (8), (9), for a linearly coupled scalar
DM of mass mϕ, we obtain

Δðνa=νbÞ
ðνa=νbÞ

¼ Ka;b

�
αdg þ βdm̂

� ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p

mϕ

ffiffiffi
2

p
MPl

; ð10Þ

where we drop the explicit time dependence.
Let us now consider QCD axion models, where a

pseudoscalar field, the axion, a, couples to the gluon field,
contributing a term to the Lagrangian density [57–64]:
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L ⊃ ðg2s=32π2Þ½a=fa�GμνG̃μν; where fa is the axion decay
constant, gs is the strong coupling constant, and G̃μν is the
dual gluon field strength. Considering interactions at
energies much lower than the QCD confinement scale,
ΛQCD, this term gives rise to axion coupling to the hadrons.
More specifically the pion mass depends on the axion
as [56,65]

m2
πðθeffÞ ¼

Λ3
QCD

f2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

u þm2
d þ 2mumd cosðθeffÞ

q
; ð11Þ

where for the QCD-axion DM of mass ma, θeffðtÞ ¼
ða − haiÞ=fa ¼

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=ðmafaÞ cosðmatÞ.

The oscillating QCD axion DM induces an oscillating
component to the pion mass at quadratic order as [10,66]

Δm2
π

m2
π

¼ m2
πðθeffÞ −m2

πð0Þ
m2

πð0Þ
≃ −

mumdθ
2
effðtÞ

2ðmu þmdÞ2
: ð12Þ

Using Eqs. (3), (4), (5), (12), we obtain, again without the
explicit time dependence,

Δðνa=νbÞ
ðνa=νbÞ

¼ −βKa;b
mumd

ðmu þmdÞ2
ρDM
m2

af2a
: ð13Þ

The heavy 171Ybþ ion is a good candidate for the proposed
search, as it features two optical clock transitions: the
ð4f146sÞ2S1=2 − ð4f136s2Þ2F7=2 electric octupole (E3) and
the ð4f146sÞ2S1=2− ð4f145dÞ2D3=2 electric quadrupole (E2)
transition. We carried out isotope shift calculations for both
of these transitions. According to our analysis, the MS is 30
times smaller than the FS for the E3 transition and 300
times smaller for the E2 transition. For this reason, we
concentrate on the field shift in the following.
The FS operator, HFS [67], modifies the Coulomb

potential within the nucleus. To find the FS coefficient
KFS, we apply the finite-field method, adding HFS to the
initial Hamiltonian as a perturbation with a coefficient
λ∶H → Hλ ¼ H þ λHFS. The coefficient λ must be suffi-
ciently large to make the effect of the field shift larger than
the numerical uncertainty of the calculations, but small
enough to keep the change in the energy linear in λ. In our
calculation, we use λ ¼ �0.01. Diagonalizing Hλ, we can
find the eigenvalues Eλ and determine KFS as [68,69]

KFS ¼
5

6R2

∂Eλ

∂λ
; ð14Þ

where ∂hrNi=hrNi ¼ ∂R=R≡ ∂λ, and we consider a
nucleus as the uniformly charged ball with radius
R ¼ ffiffiffiffiffiffiffiffi

5=3
p hrNi.

The leading electron configurations of the 2S1=2 and
2D3=2 states have a filled 4f shell, while this is not the case
in the 2F7=2 state. To calculate the energies of these three

states, we use a 15-electron configuration interaction (CI)
method, including the 4f shell in the valence field.
We start from a solution of the Dirac-Hartree-Fock

(DHF) equations by performing this procedure for the
½1s2;…; 4f146s� electrons. Then, all electrons are frozen
and the electron from the 6s shell is moved to the 6p shell,
and the 6p1=2;3=2 orbitals are constructed in the frozen core
potential. All electrons are frozen again; the electron from
the 6p shell is moved to the 5d shell, and the 5d3=2;5=2
orbitals are constructed. The remaining virtual orbitals are
formed using a recurrent procedure described in [70,71].
In total, the basis set consists of five partial waves (l ≤ 4)

including orbitals up to 9s, 9p, 8d, 8f, and 7g. The
configuration space was formed by allowing single and
double excitations for the even-parity states from the
configurations 4f146s, 4f136p5d, and 4f135d5f and for
the odd-parity state from the configurations 4f146p,
4f136s2, 4f136p2, 4f136s5d, and 4f126s25f.
To check the convergence of the CI method, we calculate

the FS coefficients for four sets of configurations. First, we
include single and double excitations in the shells 6s, 6p, 5d,
5f, and 5g (we designate the set of excitations as [6sp5dfg]).
Then we sequentially included the single and double
excitations to [7sp6dfg], [8sp7dfg], and [9sp8dfg].
In Table I we present the FS coefficients KFS found for

the 2S1=2, 2D3=2, and 2F7=2 states, obtained for different
sets of configurations. In the last column we list the FS
coefficients Kν

FS determined for the transitions between
the excited states 2D3=2 and 2F7=2 and the ground state,
as Kν

FS ≡ KFSð2D3=2;2 F7=2Þ − KFSð2S1=2Þ.
As seen in Table I, the coefficients Kν

FS are insensitive to
increasing the number of configurations. To estimate a

TABLE I. The FS coefficients of levels KFS and transitions
Kν

FS ≡ KFSð2D3=2;2 F7=2Þ − KFSð2S1=2Þ for various sets of basis
configurations used in the calculation.

Set of conf-s Term KFS ðGHz=fm2ÞKν
FS ðGHz=fm2Þ

½6sp5dfg� 2S1=2 −776.3
2D3=2 −790.9 −14.6
2F7=2 −736.6 39.7

½7sp6dfg� 2S1=2 −776.2
2D3=2 −791.3 −15.1
2F7=2 −737.2 39.1

½8sp7dfg� 2S1=2 −776.0
2D3=2 −791.3 −15.3
2F7=2 −736.5 39.5

½9sp8dfg� 2S1=2 −775.9
2D3=2 −791.2 −15.3
2F7=2 −736.0 39.9

Final 2S1=2 − 2D3=2 (E2) −15
2S1=2 − 2F7=2 (E3) 40
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possible contribution from the core shells, we include six
5p electrons in the valence field and perform calculations in
the framework of the 21-electron CI. The coefficients Kν

FS
change only at the level of 2%. Assuming that the
contribution from other core shells can be as large as
10% and also taking into account a possible contribution
from valence-valence correlations beyond the ½9sp8dfg�
set of configurations, we estimate the uncertainty of Kν

FS at
the level of 12-15%. Using the final values given in Table I,
we find that the ratio of the FS coefficients KFS for the E3
and E2 transitions is −2.7ð6Þ. This result agrees well with
that obtained in a recent experimental determination of high
precision KνE3

FS =K
νE2
FS ¼ −2.1962536ð14Þ [72].

The frequencies of the investigated E3 and E2 transitions
are νE3 ≈ 6.42 × 1014 Hz and νE2 ≈ 6.88 × 1014 Hz,
respectively. Using the calculated FS coefficients KνE2

FS ¼
−15 GHz=fm2 and KνE3

FS ¼ 40GHz=fm2 and hrNi ≈ 5.3 fm
[73], we obtain

KE3;E2 ¼
�
KνE3

FS

νE3
−
KνE2

FS

νE2

�
hr2Ni ≃ 2.4 × 10−3: ð15Þ

For a physical insight, we give an order-of-magnitude
estimate of the FS coefficient in Supplemental Material
[34], which is only a rough approximation and not a
substitute for the detailed calculation presented here.
We experimentally demonstrate the proposed method

using a single-ion 171Ybþ optical clock [74,75]. A single
trapped ion is probed in the E3 and E2 transitions in an
alternating fashion using laser pulses with wavelengths of
about 467 nm and 435 nm, respectively (see [76,77] for
details on the clock operation). The E3 transition is
interrogated with a Ramsey dark time of 500 ms. For
the E2 transition, the natural lifetime of the excited state of
about 50 ms limits the interrogation time, and we typically
use a single 42 ms Rabi pulse.
The frequency ratio measurement is determined by the

atomic reference for averaging intervals larger than about
200 s. Then, the measurements of νE3=νE2 are limited by
white frequency noise, given by the quantum projection
noise due to the limited interrogation time of the E2
transition. The measurement instability is 1.0 × 10−14=

ffiffiffi
τ

p
,

where τ is the averaging time in seconds.
We analyze about 235 days of data taken in a total period

T of about 26 months and search for sinusoidal modu-
lations as described in [77]. We find no modulation with an
amplitude exceeding significantly that expected from the
quantum projection noise. The upper 95% confidence
levels of the extracted oscillation amplitudes yields largely
frequency-independent limits below about 2 × 10−17 on the
relative amplitudes for frequencies in the range 1=T ≈
1.4 × 10−8 Hz to 0.005 Hz. For frequencies smaller than
1=T (corresponding to DM masses below 6.0 × 10−23 eV),
where our data cover less than a full oscillation cycle, the

limits on the amplitude increase since being near an
antinode of an oscillation cannot be ruled out.
Since we did not find any statistically significant

sinusoidal modulations in our data, we can use our results
to constrain any model that would lead to such modula-
tions. Using the relation between oscillations in the
frequency ratio νE3=νE2 and the UDM couplings 1=fa,
as well as dg and dm̂ given in Eqs. (13) and (10)
respectively, we derive limits for these couplings. Here,
we assume that the UDM field of mass mϕ (ma) comprises
all of the DM with ρDM¼ 0.4 GeV=ðcmÞ3. Note that for
UDM masses below ≈10−22 eV, this assumption needs to
be relaxed, leading to weakened bounds for these masses,
which is not considered in any of the constraints plotted.
Different UDM models predict possible local over- or
underdensities compared to the standard halo model, e.g.,
solar halo [78], bosenova [79], and streams [80]. Other
papers predict large density enhancement close to the

(a)

(b)

FIG. 1. Exclusion plot for the linear scalar DM coupling (a) to
the gluons dg and (b) to the quark masses dm̂ as a function of DM
massmϕ. Using the field shift effect, limits at the 95% confidence
level from long-term measurements of the frequency ratio
νE3=νE2 in a single-ion optical clock are shown in dark red.
Based on the same experiment, the much weaker limit from the
mass shift is shown for reference. The dashed line shows a
projection assuming amplitude limits at the 1 × 10−18-level. The
gray and the blue lines depict the strongest EP bound [92] and the
bound from various fifth force searches [93], respectively.
Bounds from existing spectroscopy experiments are also shown:
Rb/Cs [12] (turquoise), Yb/Cs [14] (orange), H/Si [13] (purple).
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surface of the earth. See [81] for the case of ∼Oð1Þ GeV
DM mass, and enhancement due to gravitational effects
in [82] and [83]. The present analysis is sensitive to square
root of the local DM density and a detailed analysis in terms
of the individual models would be required to determine
limits for different densities, signal durations, and the UDM
coherence properties.
The largest DM mass included in our analysis is

approximately 2 × 10−17 eV, which has a coherence time
of more than six years, well above our total measurement
period of T ≈ 2 years. Thus, we do not need to include DM
decoherence in our analysis. We take into account stochas-
tic fluctuations of the DM amplitude and correspondingly
rescale our limits by a factor of 3 [84]. In Fig. 1, we show
the exclusion plot of the scalar UDM coupling dg to gluons
and dm̂ to the quark masses as a function of DM mass, mϕ.
Our limits are competitive compared to other spectroscopic
limits [12–14], but importantly rely on a completely
different effect, which makes our search complementary
to previous results. We set new limits on the coupling dg for
masses around 10−22 eV. For reference, we also plot the
much weaker limits derived from the mass shift. This effect
is suppressed here, but it can be used instead of the field
shift to probe the nuclear degrees of freedom with optical
clocks based on light elements. While bounds from EP tests
and fifth-force searches are more stringent than spectro-
scopic bounds for most masses within the range inves-
tigated here, we note that for a nongeneric coupling of
scalar UDM to the SM content, bounds from the EP-
violation and fifth-force experiments may be further sup-
pressed by a factorOð10−3Þ [17,85]. In Fig. 2, we show the

parameter space of axion-gluon coupling of Eq. (13) as a
function of the axion mass, ma. Our limits do not currently
exceed those of experiments that search for an oscillating
neutron electric dipole moment, [86]. However, future
investigations using dynamical decoupling techniques
[87,88] can extend the search toward higher masses into
a previously experimentally unexplored regime. In this
context, we note that the bound associated with Earth [89]
is not related to a search for oscillating energy levels. It
originates from the fact that for small enough fa the Earth’s
matter density affects the axion potential, driving it away
from zero. This bound can possibly be avoided if one
introduces a new interaction between the axion and the SM
matter fields. In forthcoming work, the analysis in this
paper will also be extended to higher frequencies (up to
∼100 MHz) based on the experimental data from atomic
[90] and molecular [91] spectroscopy.
The measurement can be improved by accumulating

more data or, given a certain measurement time, improving
its instability. Since the νE3=νE2 measurement instability is
limited by the finite lifetime of the E2 excited state,
comparing the E3 clock to a clock with superior stability
and suitable sensitivity will lead to an improved search. The
projections shown in the plots assume amplitude limits at
the level 1 × 10−18, which could be obtained with the
present νE3 instability and similar measurement time.
In summary, we show that UDM interacting with the

QCD sector leads to oscillations of the nuclear charge
radius and consequently of electronic transition frequen-
cies, which can be investigated with high precision in
optical clocks. We apply this idea to two transitions in
171Ybþ. A long-term measurement of the frequency ratio,
and the calculated sensitivities, provide constraints on the
coupling of UDM to quarks and gluons. While these results
only improve the coupling dg for a small mass range, they
constitute, to our knowledge, the first investigation of
UDM-nuclear couplings using an optical atomic clock
comparison. Future investigations based on the derived
principle, employing combinations of optical clocks prom-
ising larger sensitivity, in particular, those based on highly
charged ions [94,95], are expected to investigate couplings
well below the current parameter range.

Acknowledgments—We would like to thank Hyungjin
Kim, Eric Madge, Ziv Meir, Gerald Miller, Shmuel
Nussinov, Roee Ozeri, Ekkehard Peik, and Antonio
Pineda for useful discussions. The work of A. B. is
supported by the Azrieli foundation. The work of D. B.
is supported in part by the Deutsche Forschungs-
gemeinschaft (DFG)—Project ID 423116110 and
Cluster of Excellence “Precision Physics, Fundamental
Interactions, and Structure of Matter” (PRISMA ++
EXC 2118/1) funded by the DFG within the German
Excellence Strategy (Project ID 390831469). The work
of G. P. is supported by grants from BSF-NSF, a Friedrich

FIG. 2. Exclusion plot for the QCD axion coupling 1=fa as a
function of the axion mass,ma. The limits based on the long-term
measurements of the frequency ratio νE3=νE2 in a single-ion
optical clock are shown in dark red. The dashed line is a
projection assuming amplitude limits at the 1 × 10−18-level.
Existing limits based on oscillating neutron electric dipole
moment [86] are shown in brown, and theory limits due to
density effects of the Earth [89] as a dotted green line. Bounds
from existing spectroscopy experiments are also shown: Rb/Cs
[12] (turquoise), Yb/Cs [14] (orange), H/Si [13] (purple).

PHYSICAL REVIEW LETTERS 135, 223001 (2025)

223001-5



Wilhelm Bessel research award,GIF, ISF,Minerva, SABRA
Yeda-Sela WRC Program, the Estate of Emile Mimran, and
the Maurice and Vivienne Wohl Endowment. The work of
M. S. was supported in part by the NSFQLCI Award OMA-
2016244, NSF Grants No. PHY-2012068 and No. PHY-
2309254. The work of M. S. and S. P. was supported by the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program
(Grant No. 856415). The work of M. F. and N. H. was
supported by the DFG under SFB 1227 DQ-mat—Project-
ID 274200144—within project B02 and the Max Planck–
RIKEN–PTB Center for Time, Constants and Fundamental
Symmetries.

[1] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,
127 (1983).

[2] L. F. Abbott and P. Sikivie, Phys. Lett. 120B, 133
(1983).

[3] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[4] A.Hook, Proc. Sci. TASI2018 (2019) 004 [arXiv:1812.02669].
[5] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.

Rep. 870, 1 (2020).
[6] A. Arvanitaki, J. Huang, and K. Van Tilburg, Phys. Rev. D

91, 015015 (2015).
[7] A. Banerjee, H. Kim, and G. Perez, Phys. Rev. D 100,

115026 (2019).
[8] A. Chatrchyan and G. Servant, J. Cosmol. Astropart. Phys.

06 (2023) 036.
[9] F. Piazza and M. Pospelov, Phys. Rev. D 82, 043533 (2010).

[10] H. Kim and G. Perez, Phys. Rev. D 109, 015005 (2024).
[11] D. Antypas et al., arXiv:2203.14915.
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