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The nature of dark matter (DM) and its interaction with the Standard Model (SM) is one of the biggest
open questions in physics nowadays. The vast majority of theoretically motivated ultralight-DM (ULDM)
models predict that ULDM couples dominantly to the SM strong/nuclear sector. This coupling leads to
oscillations of nuclear parameters that are detectable by comparing clocks with different sensitivities to
these nature’s constants. Vibrational transitions of molecular clocks are more sensitive to a change in the
nuclear parameters than the electronic transitions of atomic clocks. Here, we propose the iodine molecular
ion, Iþ2 , as a sensitive detector for such a class of ULDM models. The iodine’s dense spectrum allows us to
match its transition frequency to that of an optical atomic clock (Caþ) and perform correlation spectroscopy
between the two clock species. With this technique, we project a few-orders-of-magnitude improvement
over the most sensitive clock comparisons performed to date. We also briefly consider the robustness of the
corresponding “Earth-bound” under modifications of the ZN -QCD axion model.
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I. INTRODUCTION

Roughly 80% of the matter content of our Universe
consists of dark matter (DM). Despite ample evidence for
its existence from astrophysical and cosmological obser-
vations, little is known about its nature. One well-motivated
candidate for DM is a bosonic field with mass, mDM, in the
range of 10−22 eV to a few eV,1 the so-called ultralight DM
(ULDM). It is characterized by a large occupation number,
so that ULDM can be described as a coherently oscillating
background field, oscillating at its Compton frequency,
2πfC ¼ mDM, with an amplitude of

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=mDM, where

ρDM ¼ 0.4 GeVcm−3 is the local DM density [1].
Well-motivatedmodels of ULDM include the axion [2–6]

of quantum chromodynamics (QCD), the dilaton [7]
(though see Ref. [8]), the relaxion [9,10], and possibly
other forms of Higgs-portal models [11]. All of these predict
that the ULDM would couple dominantly to the Standard
Model (SM)QCD sector, the quarks, and the gluons, leading
to oscillations of nuclear parameters [12–14] such as the
mass of the proton.
Scalar ULDM generically couples linearly to the hadron

masses, whereas pseudoscalar ULDM such as the QCD-
axion couples quadratically to them, see, e.g., Ref. [15]

(see also Refs. [16,17] for induced subleading couplings to
electrodynamics). Furthermore, one can construct a broad
class of natural ULDM models where the leading DM
interaction with the SM fields is quadratic [18].
Variations of SM parameters can be searched for by

comparing the rates of two clocks (e.g., quantum transitions
or resonators) that exhibit different dependence on the
parameters in question [7,14,19]. Laboratory limits on
these variations have been obtained from various clock-
comparison experiments based on atomic or molecular
spectroscopy as well as cavities and mechanical oscillators
(see Refs. [20–23] for a review).
Atomic-clock comparisons based on electronic transi-

tions can probe DM coupling to the strong/nuclear sector,
to leading order, only indirectly via their dependence on
the reduced mass and the charge radius (see Ref. [24] for a
recent discussion). Measurements of atomic hyperfine
transitions, as well as comparison to optical or acoustic
resonators, allow probing DM interactions with the strong/
nuclear sector through oscillations of the nuclear param-
eters. However, hyperfine-transition frequencies are much
smaller than electronic-optical frequencies, making their
sensitivity much smaller. A similar argument for reduced
sensitivity also holds to the dependence of energy levels to
the nuclear parameters through the reduced mass or even
the charge-radius [24].
Direct sensitivity to the hadronic parameters can be

obtained from molecules, as they further feature rotational
and vibrational degrees of freedom with transitions that
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directly depend on the proton mass. This makes molecules
a sensitive detector to DM that couples to the SM’s strong
sector. Several molecular clock experiments have been
conducted to place constraints on linear drifts of nuclear
parameters, where the currently strongest molecular-clock-
based bound of ∂t logðμÞ ≲ 10−14 yr−1 is obtained from
comparing a transition between nearly degenerate vibra-
tional levels in different electronic potentials of KRb to a Cs
clock [25], with μ being the electron-to-proton mass ratio.
Limits on oscillations of the nuclear parameters with
frequencies in the range of 10 Hz to 100 MHz were
obtained using molecular spectroscopy from vibrational
transitions in the neutral iodine molecule, I2 [26].
A unique subset ofmolecules is the homonuclear diatomic

molecules such as Sr2 [27], Oþ
2 [28–30], or Nþ

2 [31]. The
symmetry of these apolar molecules dictates that rotational
and vibrational transitions of the same electronic state are
electric-dipole forbidden [32,33]. The lack of dipole cou-
pling makes these molecules ideal for creating molecular
qubits [34] and clocks [35], as their excited vibrational-state
natural lifetimes can extend to months.
A direct comparison between a molecular clock and an

optical clock will typically require a frequency comb to gap
between the distinct transition frequencies of the two
clocks. A class of methods to overcome the above problem
are known as “enhanced-sensitivity” methods [36–40].
These methods allow measuring an energy level with
optical-frequency sensitivity in the microwave-frequency
domain due to an accidental degeneracy in the spectrum. A
few examples are the constraints put on drifts in the fine-
structure constant and μ by exploiting degenerate transition
in atomic Dy [41] and molecular KRb [25], respectively.
Experiments to probe oscillations of μ with nearly-
degenerate transitions betweenvibrational levels in different
modes of polyatomic molecules, for instance, SrOH [40],
have also been proposed.
In this letter, we propose an “enhanced-sensitivity”

method that does not rely on an internal degenerate
transition within the atom or the molecule. Instead, we
propose to use correlation spectroscopy [42–45] between
transitions of two different clocks that are naturally degen-
erate. Here, we consider transitions as degenerate if the
difference in frequency is belowΔf ≲ 20 GHz. The remain-
ing frequency gap between the clocks is bridged using an
electro-optic modulator. In this case of degeneracy, the same
laser can be used to interrogate both clocks simultaneously.
This way, laser noise, which is a common-mode noise for
both clocks, does not degrade the measurement sensitivity.
We show that due to the dense spectrum of the heavy
molecular iodine ion, Iþ2 , a nuclear-parameters-sensitive
transition that is degenerate (up to a microwave frequency)
with the nuclear-parameters-insensitive clock transition in
Caþ exists.

We calculate the absolute sensitivity of the molecular
transition to changes in μ and estimate our scheme’s
spectroscopic stability. With that, we calculate the method’s
sensitivity for ULDM searches. Our projected sensitivity
for both scalar and axion ULDM can extend beyond the
reach of current laboratory tests, depending on the mass
range. For axion DM, however, constraints from density
corrections to the axion potential, for instance, inside or on
the surface of the Earth, preclude the parameter space in
which our scheme yields the strongest constraints. We
particularly provide some analysis regarding the robustness
of these constraints in the context of the ZN QCD-axion
model [46]. Our proposed method projects a few-orders-of-
magnitude improvement in ULDM sensitivity over best
atomic clock comparisons.

II. IODINE MOLECULAR ION

Pašteka et al. [39] suggested using dihalogen molecular
ions for searching variations of fundamental constants by
exploiting degenerate transitions between the two spin-
orbit manifolds of their X 2ΠΩ electronic ground states.
Here, we look at the homonuclear dihalogen molecular
iodine ion, Iþ2 , as a sensitive ULDM detector. The mole-
cule’s heavy mass of 254 u dictates a dense rovibrational
spectrum. We propose to utilize this dense spectrum for
correlation spectroscopy [42–45] with the Caþ optical
atomic-ion clock by exploiting frequency-degeneracy
between the molecular and atomic clocks’ transitions.
The spectrum of the lowest electronic states of Iþ2 , and

for comparison, Nþ
2 , are given in Figs. 1(a) and 1(b),

respectively. The much denser spectrum of the heavy Iþ2 as
compared to Nþ

2 is visually striking. It opens up oppor-
tunities for new-physics searches as discussed in this paper.
The rovibrational energy levels of the X 2Π3=2;g elec-

tronic ground state are given by [47]

Ev;J ¼ ωe

�
vþ 1

2

�
− ωeχe

�
vþ 1

2

�
2

þ
�
Be − ae

�
vþ 1

2

��
JðJ þ 1Þ: ð1Þ

Here, ωe is the vibrational constant, ωeχe is the anharmonic
vibrational correction, Be is the rotational constant, and ae
is its vibrational correction. We use the experimentally
measured spectroscopic values of Deng et al. [47] to
calculate rovibrational transition frequencies (a unit con-
versation factor is implicit), fv0;J0←v;J ¼ Ev0;J0 − Ev;J, that
match that of the clock transition of Caþ, fCaþ ¼
411 042 129 776 400.4ð7Þ Hz [51]. We found that the
transition in Iþ2 , fIþ2 ¼ f80;51←5;52, is degenerate with the
Caþ clock transition to within the uncertainty of the known
spectroscopic values, Δf ¼ fIþ

2
− fCaþ ¼ 5� 169 GHz

[Fig. 1(b) purple solid arrow]. The main contribution to
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this uncertainty stems from the anharmonic vibration
term, δðΔfÞ ≈ δωeχeðv0 − vÞðv0 þ vþ 1Þ with δωeχe ≈
0.00087 cm−1 [47]. We confirmed that for different values
of ωeχe within the spectroscopic error, δωeχe, there exists a
degenerate transition in the microwave domain between the
molecule and the atomic clocks (Fig. 2). This is possible
due to the dense spectrum of the Iþ2 molecule that allows
tuning the transition frequencies by choosing different
vibrational and rotational quantum numbers.
The absolute sensitivity of a molecular transition to a

change in the proton-to-electron mass ratio, fμ;v0;v ¼
μdfv0;v=dμ, is given by

fμ;v0;v ¼ −
1

2
ωeðv0 − vÞ

�
1 − 2

ωeχe
ωe

ðv0 þ vþ 1Þ
�
: ð2Þ

Here, we neglected the small contribution of the rotational
constants to the absolute sensitivity and higher anharmonic
vibrational terms. FromEq. (2), we see that for increasing the
sensitivity, we need to consider a large overtone transition,
v0 − v ≫ 1. In addition, for high vibration (v0 þ v ≫ 1), the
anharmonic-vibration-correction constant, ωeχe, tends to
decrease the sensitivity. The absolute sensitivity of vibration
transition compatible with correlation spectroscopy in our
system are given in the legend of Fig. 2.

III. CORRELATION SPECTROSCOPY

Correlation spectroscopy [42–45] is a powerful method
to increase the probe time beyond the laser coherence time
up to the fundamental limit given by the transition’s natural
lifetime. In the context of new-physics searches, we
propose to use it to extract the difference in the beating
of two clocks with different sensitivities to oscillating DM
fields. The method circumvents the need for a frequency
comb to compare the two clock’s optical frequencies.
Instead, the correlation-spectroscopy signal is already
generated in the microwave regime, where it can be
referenced to a commercial microwave clock. The method
also slightly relaxes the need for ultra-stable and sub-Hz
laser sources for clock interrogation as the laser noise is a
common-mode noise that factors out in this method.
Denoting the ground and excited state of clock

i (i ¼ 1, 2) by jgii and jeii, respectively, the state of the
two clocks during the Ramsey correlated interrogation is
given by

jψi ¼ jg1i þ eiðφ1þφNÞje1iffiffiffi
2

p ⊗
jg2i þ eiðφ2þφNÞje2iffiffiffi

2
p

¼ 1

2

�jg1g2i þ eiðφ1þφ2þ2φNÞje1e2i
þ eiφN ðeiφ1 je1g2i þ eiφ2 jg1e2iÞ

�
: ð3Þ

(a) (b)

FIG. 1. The vibration spectrum in the electronic ground state of Nþ
2 (a) and Iþ2 (b) molecular ions (blue horizontal lines). Electronic

ground (blue), spin-orbit (orange), and excited (green) states are calculated under the Morse potential approximation. Spectroscopic
values are taken from Refs. [47–50]. The purple arrows correspond to the transition frequencies of Caþ [51] (solid line) and Baþ [52]
(dashed line, see discussion) optical atomic-ion clocks.

PROSPECTS OF NUCLEAR-COUPLED-DARK-MATTER … PHYS. REV. D 110, 015008 (2024)

015008-3



Here, φi ¼ ΔiTR þ φ̃i is a deterministic phase accumulated
during the Ramsey interrogation time, TR, where Δi is
laser’s detuning from resonance, and φ̃i is a user-controlled
phase. The laser noise, φN , is common for both clocks and
results in fast decoherence of half of the signal while the
other half is immune to it.
The correlation signal is given by a parity measurement,

Π̂ ¼ σ̂z;1 ⊗ σ̂z;2, on the two clocks [44],

hΠ̂i ¼ 1

2
cosðΔ21TR þ φ̃21Þe−ΓTR: ð4Þ

Here, Δ21 ¼ Δ2 − Δ1 and φ̃21 ¼ φ̃2 − φ̃1, and Γ is the
inverse of the excited-state natural lifetime. The factor 1=2
is due to the decoherence of half of the signal and the factor
e−ΓTR takes into account the finite lifetime of the clock’s
excited state.
The fractional instability of the correlation-spectroscopy

signal limited by quantum-projection noise and excited-
state lifetime is given by [44]

σcðτÞ ¼
2

2πf
ffiffiffiffiffiffiffiffi
TRτ

p eΓTR; ð5Þ

where f is the transition frequency, and τ the total inter-
rogation time. The minimal instability is achieved at a
Ramsey pulse time that equals half the spontaneous life-
time, TR ¼ Γ−1=2 [44].

Since the lifetime of excited vibrational states of homo-
nuclear molecules is estimated in months, the clock com-
parison instabilitywill be limited by the excited-state lifetime
of the Caþ clock, ΓðCaþÞ ¼ ð1.16 sÞ−1 [53]. We choose a
Ramsey pulse time of TR ¼ 0.58 s and calculate the clock-
comparison instability to be σcðτÞ ¼ 1.68 × 10−15=

ffiffiffiffiffiffiffi
τ=s

p
.

We evaluate the sensitivity for proton-to-electron mass
ratio changes using our calculated transition absolute
sensitivity,

δμðτÞ
μ

¼ δfðτÞ
fμ

¼ σcðτÞ
f
fμ

: ð6Þ

Using the Caþ-lifetime-limited instability of our system,
the Caþ clock frequency, f ≈ 411 THz, and the iodine’s
absolute sensitivity, fμ ≈ 150 THz, we get δμðτÞ=μ ≈ 4.6×

10−15=
ffiffiffiffiffiffiffi
τ=s

p
.

After some averaging time, τp, the fractional instability
of the clock will stop improving as ∼1=

ffiffiffi
τ

p
. This is the

clock’s precision, where uncontrolled fluctuations in
the experiment parameters lead to oscillations in the
clock signal not emanating from DM. We take a value
of σc ≈ 10−18 as our clock-comparison precision. With this
value, a sensitivity of δμ=μ ≈ 2.7 × 10−18 is reached after
averaging for τp ≈ 33 days.
The clock’s precision does not necessarily limit the

clock-comparison sensitivity. For example, astrophysical
observations with limited precision of δμ=μ ∼ 10−7 can
limit drifts of 10−17 yr−1 assuming a linear variation of μ
over a coarse of 1010 yr [21]. The maximum sensitivity to
drifts in μ assuming continuous measurement over a period
of time, τ, is given by

∂t log μ ¼ 2
ffiffiffi
2

p δμðτÞ
μ

τ−1: ð7Þ

For our system parameters, the drift sensitivity is
∂t log μ ≈ 1.2 × 10−14=ðτ=sÞ3=2 ½s−1�. After averaging for
31 hours, we can reach a drift sensitivity of 10−14 yr−1 as
obtained in the KRb experiment [25]. A one-year campaign
will result in drift sensitivity of 2.3 × 10−18 yr−1, an order
of magnitude better sensitivity than the most stringent
bound set to date on drifts [54].

IV. ULDM SENSITIVITY

We consider here two generic spin-zero ULDM candi-
dates to interpret our results as limits on the DM coupling: a
scalar field ϕwith massmϕ and an axion field a of massma

with pseudoscalar couplings to QCD.
The interactions of the scalar field with the QCD part of

the SM at low energies are governed by the Lagrangian

L ⊃ −κϕ
dgβs
2gs

Ga
μνGa μν: ð8Þ

FIG. 2. Degeneracy of Iþ2 and Caþ clocks. The dominant term
for the uncertainty in the Iþ2 transition frequency is the uncertainty
in the anharmonic-vibrational correction constant, δωeχe.
The x-axis represents a possible deviation of ωeχe from its
literature value,Δωeχe. The error bars represent the range of ωeχe
values for which jfIþ

2
− fCaþ j < 20 GHz. We indicate different

vibrational transitions with different colors (see legend). The
y-axis represents the ground-rotational state of the transition.
We indicate a change in the rotational quantum number,
ΔJ ¼ 1;−1, 0, by triangles pointing up, pointing down, or no
triangles, respectively.
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Here, gs and βs are the QCD coupling constant and
β-function, respectively, Ga

μν is the gluon field-strength
tensor, and κ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

4πGN
p

with the Newton constantGN . The
normalization of the dilaton coupling dg is chosen such that
the couplings are renormalization group invariant [13,14].
For the axion, the coupling to gluons is given by

L ⊃
g2s

32π2
a
fa

G̃a
μνGa μν; ð9Þ

where G̃a
μν ¼ 1

2
ϵμναβGaαβ is the dual gluon field-strength

and fa is the axion decay constant.
The scalar interactions in Eq. (8) induce oscillations in

the QCD scale, ΛQCD, with a corresponding fractional
change linear in the scalar field,

ΔΛQCD

ΛQCD
¼ dgκϕ: ð10Þ

The axion interaction Eq. (9), on the other hand, causes
oscillations of the pion mass mπ ,

m2
πðθÞ ¼ m2

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4mumd

ðmu þmdÞ2
sin2

θ

2

s
; ð11Þ

where θ ¼ a=fa, and mu and md are up and down quark
masses. To leading order, the oscillations are quadratic in
the DM field,

Δm2
π

m2
π

¼ −
mumd

2ðmu þmdÞ2
θ2: ð12Þ

The changes in ΛQCD and m2
π then, in turn, lead to

oscillations in the nucleon mass, mN , and hence in the
electron-to-proton mass ratio, related to Eqs. (10) and (12)
by

ΔmN

mN
∼
ΔΛQCD

ΛQCD
∼ κdg

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
mϕ

cosðmϕtÞ; ð13Þ

and [15]

ΔmN

mN
∼
σπN
mN

Δm2
π

m2
π

∼ 0.006
ρDM
m2

af2a
cosð2matÞ; ð14Þ

respectively, where σπN ∼ 60 MeV [55] is the nuclear-σ
term.2 Note that the quadratic coupling of the axion field
leads to oscillations in twice the Compton frequency.

V. ULDM SEARCHES

In Fig. 3, we show the projected sensitivity for the scalar
[Fig. 3(a)] and axion [Fig. 3(b)] coupling to gluons from
correlation spectroscopy of Iþ2 and Caþ (thick red line) as a
function of the DM mass. We account for stochastic
fluctuations of the DM amplitude, leading to a reduction
of the limits for measurements shorter than the coherence
time by a factor of ∼3 [57]. We assume that measurements
are taken at a rate determined by the Ramsey time over
the course of one month. We are hence primarily sensitive
to DM masses between 2π=ð31 dÞ−1 ≈ 10−21 eV and
2π=ð0.58 sÞ−1 ≈ 10−14 eV, where our setup can probe
scalar couplings of dg ≳ 10−5

mϕ

10−18 eV and decay constants

around fa ≲ 2 × 1014 GeV 10−18 eV
ma

.
DM fields with higher masses can still be probed via

aliasing [58] or dynamical decoupling [59], while DM
oscillating at lower frequencies produces a drift-like signal.
The observations of Milky Way satellite galaxies, however,
impose a lower bound on the ULDM mass ofmDM ≳ 2.9 ×
10−21 eV [60], indicated by the vertical gray lines in Fig. 3.
For axion masses around ma ∼ 10−14 eV, the local DM
density can further be enhanced as the Sun can capture the
axion, forming a solar DM halo [61]. As the DM induced
changes in the nucleon mass scale with the DM density,
cf. Eq. (14), this also amends the constraints from clock
experiments. The corresponding amelioration of our pro-
jected sensitivity is depicted by the red dashed-dotted line
in Fig. 3(b).
For comparison, we also depict the constraints on gluon-

coupled-ULDM oscillations from existing clock experi-
ments as solid colored lines. Atomic clocks (blue) involv-
ing hyperfine transitions in comparisons of Rb/Cs [62],
H/Si [63], Yb/Cs [64] and Sr/Cs [65] are sensitive to
DM masses below 10−17 eV and couplings around dg ≳
10−3

mϕ

10−18 eV and fa ≲ 1013 GeV 10−18 eV
ma

, respectively. A
similar mass and coupling range can be constrained from
DM-induced variations of the charge radius in octupole
(E3) and quadrupole (E2) electric transitions in an Ybþ
atomic clock [24] (cyan). Acoustic oscillators (green) based
on H/Quartz-Quartz/Sapphire [66] and Rb/Quartz [67] can
reach up to mDM ∼ 10−12 eV with dg ≳ 10 to 100 and fa ≲
1010 GeV at the lower mass end (around 10−18 eV),
whereas molecular spectrosopy of neutral I2 (not shown
in the plot) can probe dg ≳ 105 and fa ≲ 106 GeV for
masses above 10−14 eV [26]. The prospective reach of our
proposed experiment hence exceeds the sensitivity of
current clock probes of oscillating DM by orders of
magnitude.
We further indicate the projected sensitivities of a

molecular SrOH clock [40] (orange) and a hypothetical
nuclear clock based on 229mTh [7,68,69] (purple) by dashed
lines, assuming a one-year campaign length in both. While
the projection for the former is comparable to what can be

2Results for σπN from lattice simulations range from 30 to
80 MeV [56].
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achieved with our Iþ2 =Ca
þ setup within half an order

of magnitude3 (as both proposals rely on molecular
vibration transitions), the nuclear clock exhibits an
improvement of another six orders of magnitude. This is
due to a degeneracy that allows measuring a ∼MeV-
sensitive nuclear-transition energy at the ∼eV scale.
However, the technological developments of nuclear clocks
are still in their infancy compared to molecular clocks.
Light scalars are further subject to constraints from fifth

force experiments and equivalence principle (EP) tests
[14,72]. As these bounds are based on the corresponding
Yukawa force mediated between free-falling objects, they
are independent of the cosmological abundance, i.e., they
do not depend on whether the scalar constitutes DM or not.
For comparison, we depict the measurement results of the
Eötvös parameter by the Eot-Wash group [73,74] and the
MICROSCOPE experiment [75]. The corresponding upper
bound on the scalar coupling of dg ≲ 10−6 is shown in gray
in Fig. 3(a).
From the theoretical side, the scalar couplings and

masses can be constrained by naturalness arguments.
The coupling to gluons induces corrections to the scalar

mass on the order of Δm2
ϕ ∼

d2gGNΛ4
UV

16π2
, where ΛUV is the UV

cutoff scale. The naturalness bound is obtained by requiring
that these mass corrections do not exceed the mass itself,
Δm2

ϕ ≲m2
ϕ. The corresponding couplings are indicated by

the gray dotted line in Fig. 3(a), assuming a cutoff of

ΛUV ≃ 1 GeV, where the region below the line is motivated
by naturalness.
Additional constraints on the axion-gluon coupling

arise from various couplings to nuclei generated by the
interaction of Eq. (9). The strongest bounds at low axion
masses are obtained from searches for an oscillating
neutron electric dipole moment (nEDM) [76–78], con-
straining fa ≳ 1016 GeV 10−18 eV

ma
for ma ≲ 10−17 eV as

indicated in gray in Fig. 3(b). From astrophysics, the
axion nuclear coupling is constrained to fa ≳ 4 ×
108 GeV by supernova (SN) [79–81] (see, however,
Ref. [82]) and neutron star (NS) cooling bounds [83].
Furthermore, an axion-DM-induced increase of the neu-
tron-proton mass difference during big bang nucleosyn-
thesis (BBN) would reduce the 4He mass abundance [84],
excluding fa ≲ 1016 GeV min ½ð ma

10−16 eVÞ−1; ð ma

10−16 eVÞ−1=4�
as indicated by the light gray line. This bound, however,
can be avoided, e.g., through a nonstandard cosmological
evolution of the axion, such that the values of θ at BBN
and today are not related via the usual relation.
In minimal QCD axion models, the interaction in Eq. (9)

induces a potential for the axion given by VðθÞ ¼
−f2πm2

πðθÞ, where fπ ≃ 92 MeV is the pion decay constant.
This establishes a relation between the axion’s mass and its

decay constant, ma ¼
ffiffiffiffiffiffiffiffiffi
mumd

p
muþmd

mπfπ
fa

≃10−5 eV1012 GeV
fa

[85,86],
the so-called QCD axion line. Clock experiments, similar to
most other current experiments searching for ultralight
axions, struggle to reach the corresponding couplings
required to obtain low axion masses, requiring the consid-
eration of models that do not follow this relation. Masses
significantly below the mass predicted by the QCD axion

(a) (b)

FIG. 3. Constraints on the scalar coupling dg to gluons (a) and axion decay constant fa (b) as a function of the DMmass. The thick red
line indicates the projected constraint from correlation spectroscopy derived in this work. Current limits from atomic spectroscopy are
indicated by solid colored lines, whereas the projections for future experiments are shown as dashed lines. Nonspectroscopic bounds are
shown in gray (see more detailed discussion in the text). The region below the dotted line in (a) is motivated by naturalness arguments for
the scalar mass if a cutoff around 1 GeV is assumed. The red dash-dotted line in (b) indicates the sensitivity enhancement in the presence
of an axion-DM halo around the Sun.

3In Ref. [70], similar bounds have been projected for atom
interferometry constraints from the MICROSCOPE mission [71].
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line can be realized in technically natural models without
fine-tuning. For instance, in a ZN symmetric model con-
sisting of N identical copies of the SM, each with a θ
parameter shifted by 2π=N with respect to the neighboring
sectors and interacting only through a common axion field,
the axion mass resulting from the summation over the N
sectors is suppressed exponentially by a factor ðmu=mdÞN
compared to the canonical QCD axion mass [46].
Superradiant axion production in the vicinity of spinning

black holes [87], on the other hand, puts upper limits on the
DM self-interaction. Figure 3(b) shows superradiance
bounds from supermassive black holes [88] as a dash-
dotted gray line, assuming self-interactions λ ∼m2

a=f2a,
corresponding to the canonical cosine potential of the
axion. This constraint however changes if the self-
interactions are nonstandard, and is, for instance, in the
ZN model for light axions suppressed by the number of
copies.
For axions lighter than the canonical QCD axion, density

corrections can flip the sign of the axion potential inside
compact objects such as Earth. If the Compton wavelength
of the axion inside Earth is smaller than the Earth’s radius,
the axion field shifts to θ ¼ π in the interior, which leads to
nonzero θ on the surface. This constrains the decay constant
for light axions to fa ≳ ffiffiffiffiffiffi

ρ⊕
p

R⊕ ∼ 1013 GeV, where ρ⊕ and
R⊕ are the Earth’s density and radius, respectively [89]. The
corresponding axion masses and couplings at which the
axion develops a static profile around Earth are indicated by
the gray-shaded region in Fig. 3(b). Stronger bounds around
fa ≳ 1016 GeV can be obtained from the same effect
considering processes in the solar core or the mass-radius
relation ofwhite dwarfs [90]. In addition, it can induce a new
ground state of nuclear matter at finite density, extending the
mass range of neutron stars beyond theQCDprediction [91].

VI. A COMMENT ON THE EARTH BOUND

Before moving forward, let us comment on the robust-
ness of the Earth, Sun and white dwarfs density-correction
bounds in Fig. 3(b). In the following we will focus on the
Earth bound, even though similar arguments can be made
on all density-correction bounds. Unlike the bounds arising
from direct ULDM searches, it is inferred from the fact that
the density of the Earth changes the structure of the axion
potential [46]. Similar to our molecular clock bound, these
density corrections stem from the θ-dependence of the
nucleon mass. This in turn induces density corrections to
the axion mass,

Δm2
aðρNÞ ¼

ρN
f2a

∂mN

∂m2
π

∂
2m2

π

∂θ2
¼ σπNρN

f2a

1

m2
π

∂
2m2

π

∂θ2
; ð15Þ

where ρN is the nucleon number density and ∂
2m2

π

∂θ2
< 0 at the

origin, cf. Eq. (12). In a dense medium, as, for instance,
inside Earth, the minimum of the axion potential at θ ¼ 0

can hence turn into a maximum, giving rise to the bound in
Fig. 3(b).
The Earth bound and our molecular clock limits are

therefore interrelated. As a consequence, an alleviation of
the former in general also leads to a mitigation of the latter,
provided that the sign of the density corrections in Eq. (15)
is unchanged. Going to the extreme case, if additional
contributions to the nucleon mass render the density
correction Δm2

aðρNÞ positive, the Earth bound is com-
pletely removed. In this case, the origin remains a minimum
of the axion potential, even in a dense medium. Clock
experiments, on the other hand, do not depend on the sign
of the axion-nucleon coupling and would, therefore, still be
sensitive. Such a drastic change of the axion interaction is,
however, nontrivial to achieve. In particular, to comply with
constraints from nuclear physics, the pion-nucleon inter-
action should not be modified significantly. Furthermore,
care has to be taken to prevent the phases of additional
couplings from spoiling the solution of the strong CP
problem.
To this end, first, consider the nuclear mass term in two-

flavor chiral perturbation theory. The leading mass correc-
tion comes from the term L ⊃ c1hχþiN̄N [92–94], where
c1 ¼ −1.1 GeV−1 [95] is a low-energy constant,N¼ðp;nÞ
is the nucleon isospin doublet, and hχþi ¼ m2

πf2π
2ðmuþmdÞ ×

tr½MaU† þ H:c:�. Here, Ma is the axion-dependent quark
mass matrix, i.e., after the θ-term, Eq. (9), has been
removed via a chiral rotation of the quark fields, and U ¼
expðiΠaσa=fπÞ with σa being the Pauli matrices describes
the pion fields Πa. This gives the tree-level contribution to
the θ-dependence of the nucleon mass. At one-loop, the
latter is given by [92,94],

mNðθÞ ¼ m0 − 4c1m2
πðθÞ −

3g2Am
3
πðθÞ

32πf2π
; ð16Þ

where m0 is the nucleon mass in the chiral limit
(mu;md → 0), m2

πðθÞ is the axion-dependent pion mass
in Eq. (11), and gA ¼ 1.27 [96] is the nucleon axial-vector
coupling to pions.
Our main idea is to modify the model such that an

additional contribution to the nuclear mass is induced,

ΔmN ¼ −4c̃m2
πðθÞ: ð17Þ

We do so in the context of the ZN axion model [46],
consisting ofN copies of the SM with a ZN symmetry and
interacting only through the axion. We extend the model by
additional couplings between the nucleons of each copy (i)
and the pions of the neighboring sectors (i� 1),

ΔL ⊃
XN
i¼1

1

2
c̃
�
hχðiþ1Þ

þ i þ hχði−1Þþ i
�
N̄ðiÞNðiÞ: ð18Þ
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In the limit of large N , we obtain the nucleon mass
correction in Eq. (17). Alternatively, Eq. (17) might be
generated via interactions with an additional scalar with
density-dependent expectation value, as, e.g., introduced in
a different context to circumvent stellar cooling bounds in
Refs. [97–99].
With Eq. (17), the density correction to the axion mass is

modified to Δm2
a ¼ mumd

ðmuþmdÞ2 ð4c̃m
2
π − σπNÞρN=f2a. The cou-

pling probed by our Iþ2 =Ca
þ clock comparison and the

Earth bound are obtained replacing 1=fa in Eq. (14) by

1

fa
→

1

feff
¼ 1

fa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi				 4c̃m2
π

σπN
− 1

				
s

: ð19Þ

Note that other clock comparisons involving hyperfine
transitions also depend on the gyromagnetic g-factor of the
nucleus [15], and hence scale differently compared to
Eq. (19). In the Rb/Cs clock comparison, for instance,
the direct dependence on the nuclear mass is canceled to
leading order, so that the bound is not affected by the
additional interaction.
Completely removing the Earth bound requires

c̃≳ c̃crit ¼ σπN
4m2

π
≈ 0.81 GeV−1. The applicability of an effec-

tive theory with such a low cutoff is certainly questionable.
Nonetheless, the construction in Eq. (18) might still be of
interest in the context of other experiments probing differ-
ent axion couplings with a sensitivity close to the Earth
bound. However, already for c̃ ∼ 0.1 GeV−1, the bound is
relaxed by less than 10%. For illustration, we still consider
c̃≳ c̃crit in the following.
A further investigation of whether the model can escape

other constraints is deferred to future work. In particular, as
we introduce couplings between nucleons and dark pions of
similar size as the corresponding coupling within the SM,
Eq. (18) is subject to presumably strong constraints from
missing energy searches. Note, however, that since Eq. (18)
does not change the interactions between the SM pions and
SM nucleons, QCD predictions are not altered significantly.
In addition, assuming a reheating temperature of a few
MeV, this term will not change the thermal history as in all
sectors the pions acquire masses of the order of ΛQCD and
the additional sectors, thus, do not thermalize with the SM.
In order to preserve the axion as a solution to the strong

CP problem, the phase of the coupling in Eq. (18) further
needs to be aligned with the QCD θ̄ parameter. As the phase
is a technically natural parameter, aligning the phases ad hoc
is stable against radiative corrections. Furthermore, the
alignment could for instance be achieved by adding N real
scalar fields ϕðiÞ, which acquire a vacuum expectation value
hϕðiÞi ¼ vϕ and generate the light quark masses by effective

interactions of the form LðiÞ ⊃ −½ϕðiÞ
vϕ

q̄ðiÞL MðiÞ
a qðiÞR þ H:c:�.

Equation (18) can then be generated by couplings to the

gluons of the neighboring sectors, ϕðiÞ
2Λ ½Ga

μνGa μν�ði�1Þ with

Λ > vϕ, after integrating out the scalars. Assuming

mϕ ∼ vϕ, we obtain c̃ ∼ f2πmN
v3ϕΛ

, where we need to impose

vϕ ≫
ffiffiffiffiffiffiffiffiffiffiffi
mϕfπ

p
∼ 100 MeV to avoid corrections to the pion

mass. To reach c̃ ¼ c̃crit, we would however need
Λv3ϕ ∼ ð220 MeVÞ4, pushing the effective theory beyond
its limits. The construction above can hence only be used to
reduce the Earth bound by a factor of few at best. While the
construction of amore elaborate realization of Eq. (18) and a
proper exploration of the constraints on this scenario is
beyond the scope of this letter, we can still discuss its
implications on the Earth bound in the following.
Figure 4 illustrates the dependence of the projected

exclusion limits in this work and from existing clock
experiments on the coupling c̃ in the presence of the
additional term in Eq. (17). The inset depicts the rescaling
factor feff=fa, with the vertical dotted line indicating the
critical value c̃crit. In the red region below c̃crit, both the
density-effect bounds and the our clock comparison limits
are rescaled by the same factor, whereas in the green region
above c̃crit, the Earth, Sun and white dwarf bounds are
removed while the clock-comparison limits prevail. For
completeness, we explore also sub-GeV values of c̃−1, and
find that for c̃ ≃ 1.6 GeV−1, the rescaling factor is
feff=fa ¼ 1, i.e., the sensitivity of our clock experiment
is the same as without the additional coupling. Obviously,
the sensitivity is enhanced for larger values of c̃, whereas it
is reduced at lower values. Note that the nuclear dipole
moment is not sensitive to the coupling in Eq. (18), but
rather directly to the value of fa, so that, to leading order,

FIG. 4. Axion DM bounds from clock comparisons in the
presence of the additional interaction in Eq. (18) for different
values of c̃ > c̃crit. The inset depicts the factor by which the
axion-nuclear coupling is modified as a function of c̃, with the
Earth bound vanishing in the green region. For c̃ ¼ 1.6 GeV−1,
the solid red line in the figure coincides with the one without the
additional interaction shown in Fig. 3(b), i.e., feff ¼ fa. Note that
the nEDM bound does not depend on c̃.
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the nEDM bounds do not depend on c̃. The same applies
for the superradiance bound, which we, however, omit in
Fig. 4 as it probes the axion self-coupling instead of the
coupling to nuclei.
We find that significant modifications of the bounds

from density corrections to the axion potential are rather
difficult to achieve with effective operators, even when
neglecting potential constraints and taking the cutoff scale
beyond the range of applicability of the effective theory.

VII. EXPERIMENTAL REALIZATION

This section gives a concise description of our envi-
sioned experimental realization. A single Iþ2 molecular ion
will be trapped together with a single atomic ion in a radio-
frequency ion trap in what is known as a quantum-logic
configuration [100–102]. The atomic ion will be used for
high-fidelity and quantum nondemolition state detection of
the molecular-ion state [102] by utilizing the shared motion
of the two species in the trap. Due to the large mass of 254 u
of 127Iþ2 , we will use a heavy atomic ion, e.g., 176Ybþ or
138Baþ, for efficient motional coupling between the atomic
and molecular ions.
The molecular ion will be loaded into the trap from a

pulsed molecular beam. A small amount of solid iodine will
be heated to ∼80 °C to increase its vapor pressure. An inert
seeding gas will be used to transport the I2 molecules into
the vacuum chamber and the ion trap [103]. The state-
selective resonance-enhanced multi-photon ionization
method [104] will be used to ionize the neutral iodine
molecules into the Iþ2 rovibrational ground state [49]. The
rotational splitting in the ground state, 2Be ≈ 2.4 GHz, is
large enough to be resolved with pulsed (few ns long)
lasers. Subsequent to their ionization, the molecules will be
trapped in the deep potential created by the ion-trap’s
oscillating electric fields. Collisions with the laser-cooled
atomic ions in the trap will lead to sympathetic cooling.
The ion trap will be cooled to ∼4 K to improve the

vacuum conditions and reduce the rate of state-changing
and chemical-reaction collisions. These collisions could
reduce our experiment’s overall duty cycle if they exceed
the rate at which we load a new molecule into the trap.
Typical loading time should be between a few seconds
to a few minutes. With the highly-reactive, Ar13þ, highly
charged ion, a cryogenic ion-trapping setup achieved
45 min of trapping before a reaction occurred [105]. We
expect longer lifetimes for the Iþ2 molecule in the same
vacuum conditions.
Correlation spectroscopy will be performed with a single

laser locked to anultra-stable low-expansioncavity. The laser
will be split into two arms, each reaching a different clock
setup. From the splitting point, each arm will be fiber-noise
compensated. One armwill use an electro-opticmodulator to
bridge the microwave frequency (< 20 GHz) difference
between the two clocks. We will monitor this microwave

frequency using a microwave reference to detect drifts and
oscillating signals potentially emanating from ULDM. The
required relative-frequency precision of the microwave
reference should be better than ∼6 × 10−14. This precision
is achievablewith commercially available cold-vapor atomic
clocks [106].

VIII. DISCUSSION

The enhanced sensitivity of the proposed experiment
stems from the direct sensitivity of molecular vibration
transitions to ULDM that couples to gluons. The choice of
Iþ2 is due to its dense spectrum that allows tuning of the
overtone transition to that of an optical atomic clock.
Moreover, the homonuclear nature of Iþ2 will allow for a
long interrogation time due to the decoupling of such
molecules from blackbody radiation.
The dense spectrum of Iþ2 imposes an experimental

challenge. The clock operation requires the preparation
of the molecule in a single quantum state. Due to the
homonuclear nature of the molecule, one cannot rely
on blackbody-radiation-assisted state preparation [101].
Methods for single-quantum-state preparation for homonu-
clear molecular ions will rely on quantum-state projection
and search algorithms [107]. In addition, the Iþ2 molecule has
six different total-nuclear-spin-isomer configurations
(I ¼ 0; 1; 2; 3; 4; 5). While coherent manipulation of the
total-spin-isomer quantum number was suggested [34], we
could also create a total-nuclear-spin-averaged clock.
To reach the quoted sensitivity, we need to measure the

molecular transitions with comparable precision of optical
atomic clocks. No fundamental limit exists for achieving
such precision in molecules [28,31,108]. Moreover, due to
their complex spectrum, molecules allow additional tuning
mechanisms to enhance precision [34]. However, the
systematic-shift analysis for the Iþ2 molecule still needs
to be performed.
Ab initio molecular calculations are needed to estimate

the magnitude of the coupling of vibrational overtones and
the mixing of the electronic excited state (A 2Π3=2) with the
electronic ground state. These are crucial for estimating the
clock’s Rabi frequencies, excited-states lifetimes, and
systematic shifts. These molecular calculations are beyond
the scope of this work.
The correlation spectroscopy method improves the clock

stability by rejecting laser noise. In the case of the Caþ
optical clock, however, we gain only a factor of few in
stability compared to the state of the art [109]. This is due to
the relatively short excited-state lifetime of Caþ (1.16 s). A
molecular clock comparison to an optical clock with much
longer excited-state lifetimes, such as the 27Alþ (20.6 s),
87Sr (160 s), or 171Ybþ (5 yr) optical clocks [110,111] will
benefit more in terms of stability. Our choice of Caþ was
due to its relatively low transition energy to reduce mixing
effects from excited electronic states in the molecule and its
upcoming availability in the researchers’ institute [112].
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A relatively unexplored choice of a clock with a long
excited-state lifetime is the Baþ (31.2 s) [113] infrared
atomic clock with a transition frequency of fBaþ ¼
170 126 432 449 333.3ð4Þ Hz [52]. The iodine’s rovibra-
tional transition f35;38←8;39 overlaps that of the barium’s
clock, fIþ

2
− fBaþ ¼ ð−3� 31Þ GHz. The overtone does

not overlap the electronic excited A-state [dashed purple
arrow in Fig. 1(b)]. The transition’s absolute sensitivity,
fμ;35;8 ¼ −73.6 THz, is roughly twice smaller than in the
case of Caþ clock comparison. However, the lifetime-
limited stability is higher, σcðτÞ ¼ 8 × 10−16=

ffiffiffiffiffiffiffi
τ=s

p
. The

resulting sensitivity using the Baþ clock, δμ=μ ¼ 1.9×
10−15=

ffiffiffiffiffiffiffi
τ=s

p
, is ∼2.5 times better than the sensitivity with

the Caþ clock.
When performing correlation spectroscopy of two clocks

in separated traps, uncorrelated magnetic-field noise can
limit the clock’s coherence time. Passive and active mag-
netic-field-noise stabilization can tremendously decrease
the magnetic-field-noise amplitude and increase the clock’s
coherence time [114]. The magnetic noise will be correlated
when the clocks are located in the same trap. However, for
clocks of a different species, the difference in magnetic
susceptibility of the two clockswill limit the coherence time.
Due to the dense spectrumofmolecules, one can find a clock
transition with similar susceptibility to that of the atom, and
by that, increase the coherence time even more.

IX. SUMMARY

In this paper, we have proposed a search for ULDM-
induced oscillations of the nuclear parameters using corre-
lation spectroscopy of Iþ2 molecular-ion and Caþ atomic-ion
clocks. Our scheme exploits the dense rovibrational spec-
trum of Iþ2 , which provides transition frequencies that are
degenerate with the Caþ clock transition with a frequency
difference in the microwave regime. Both clocks are inter-
rogated using the same laser, mitigating laser noise. Our
proposed method is adequate for any molecule or molecular
ion, diatomic or polyatomic, with a dense spectrum and good
clock transitions.
Our setup’s projected reach improves upon the sensi-

tivity of current clock experiments by 1–3 orders of
magnitude. We have interpreted the projections in terms
of ULDM consisting of a scalar field or an axion coupled to
gluons. We provide sensitivity in the DM mass range
mDM ∼ 10−21 eV to 10−14 eV. For scalar DM, we exceed

the most stringent sensitivity coming from EP tests in the
mass range below mϕ ≲ 10−19 eV. For axion DM, our
sensitivity is competetive to the one from searches for
oscillating nEDMs for masses around ma ∼ 2 × 10−17 eV
to 2 × 10−15 eV. In minimal models we cannot probe decay
constants that are large enough to avoid a density-induced
axion-field profile around Earth. We have briefly discussed
how nonminimal models can modify the Earth-based
bound; however, those require radical changes to the
ZN -QCD model, and more work is needed to conclude
whether these models are viable.
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