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High Precision Experiments for Light Dark Matter 



Outline & rational  

We know that the DM mass is dominating the galactic dynamics, but, at 

shorter scales, say AU we know very little  

At these scales DM is subdominant, gravity is dominated by stars & BHs: 

We study how (i) this lead to axion capturing around stars;  then (ii) study 

implications for searches - recoherence; (iii) apply for Schwarzschild BHs

 New results related to imperfect axions in cosmology & nuclear clocks  
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Solving the DM EOM around point sources 

Consider ultralight DM (UDM): it behaves as wave, satisfying (around point 

sources):    (using NR-UDM,   &  ) 

The eigen modes of this “gravitational-hydrogen” problem are given by:  

iℏ ∂tψ = [−
ℏ2
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∇2 +

α
r ] ψ, ϕ(x, t) =
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ψ(x, t) α ≡

GmM
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bound state DM :                            continuous (galactic) wave DM :
1s

2s
3s

4s

vDM ∼ 10−3

r−1
Bohr ∼ mα ∼ Gm2Msun

Banerjee, Budker, Eby, Kim & GP (19)



Non interaction => no capturing of UDM 
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vDM ∼ 10−3

As the galactic DM velocity is much larger then the escape velocity from 

the sun   we expect the gravitational atom 

levels to be empty

vDM ∼ 10−3 ≫ vescape ∼ 10−4

No DM occupation => “atom” is empty

vDM ∼ 10−3

Furthermore, in the absence of interactions, no energy loss is possible, 
which is required for capturing 



Capturing mechanism via quartic avionic interaction

If UDM is axion (motivated to make it light) then it is expected to have 

quartic interactions 

Quartic interactions may lead to energy loss => capturing: 
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However generically int’  is too weak leading to no effect( m
10−14eV

107GeV
f

∼ 10−30)

Budker, Eby, Gorghetto, Minyuan & GP (23)



Capturing in the focusing regime
If the de Broglie wavelength of the incoming wave ~ Bohr radius there’s 

focusing and the matrix element is enhanced :    
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ξ ≡
λDB

rB
≈

α
v

∼
M∗

Msun

m
10−14 eV

v
10−3

⇒ rB ∼ AU

no focusing                               focusing  λDB ≪ rB λDB ∼ rB

Solar axion capturing time:    

JCAP12(2023)021
Figure 3. A comparison between the typical de Broglie wavelength of the DM waves, ωdB = 2ε/mvdm
assuming vdm → 240 km/ s, and the radius Rω = 1/mϑ ↑ 1/m

2, in our Solar System as a function of
the boson mass m. When ωdB > Rω, i.e. ϖfoc > 1, which happens for m ↭ 1.7 · 10→14 eV, gravitational
focusing is relevant (light gray region); the corresponding value of the radius Rω when the two are
equal is close to an AU. At large masses, m ↭ 2 · 10→13 eV (darker region), the radius of the Sun R↑
(green line) is larger than the would-be ground state radius Rω: our treatment of the bound states
does not apply, and the e!ect of the gravitational focusing changes.

stimulated capture in this case. In section 4.3 we prove that these intuitions are correct by
showing that ! > 0 if ϖfoc ↓ 1 and ! < 0 if ϖfoc ↔ 1. By simulating the system numerically,
in section 5 we provide evidence that the transition is likely to happen at least around ϖfoc → 1
(or smaller).

In figure 3 we compare ωdB and Rω in the Solar System as a function of the mass m.
From eq. (2.4) and figure 3, the condition ϖfoc ↭ 1 is verified for ϑ ↭ 10→4 or, equivalently, m

larger than approximately 10→14 eV, for which the corresponding ground state turns out to
have a radius of order AU or smaller; see eq. (2.1). This coincidence can be easily understood
by noticing that ϖfoc = 1 corresponds to a gravitational coupling of size ϑ = vdm/2ε; see
eq. (2.4). On the other hand, ϑ can be also interpreted as the e!ective circular velocity in the
bound state at a distance Rω, vb ↗

√
GM/Rω = ϑ. For Rω → AU, this is vb → 30 km/ s and

is indeed about of factor of 2ε smaller than vdm → 240 km/ s. Note that our approximation of
the 1/r potential and treatment of the bound states break down when Rω is smaller than the
solar radius R↑ (green line), which occurs for m ↭ 2 · 10→13 eV (darker region in figure 3).

Phases of formation. A consequence of eq. (2.3) is that the evolution of the system is
characterized by two or three phases, depending on whether ! is positive or negative. The
relevant timescale tracks the relaxation time via self-interactions

ϱrel ↗
64m

7
v

2
dm

ω2ς
2
dm

→ 9 Gyr
[

fa

108 GeV

]4[
m

10→14 eV

]3[
0.4 GeV/cm3

ςdm

]2[
vdm

240 km/s

]2
, (2.5)

where in the last equality we defined ω ↗ ↘m
2
/f

2
a , valid if the ULDM is an axion with

decay constant fa. This represents the typical time a particle in a gas with density ςdm and
average square velocity v

2
dm takes to change its velocity by order one via the self-interactions

mediated by ω, in the absence of external gravitational potentials [57, 58]. This timescale
ϱrel is therefore the analogue of the gravitational relaxation time [31], with gravitational
interactions replaced by the self-interactions. Even extremely weak self-interactions (ω ↔ 1),
for which the probability of any single 2 ≃ 2 scattering is small, lead a relatively short

– 5 –

Budker, Eby, Gorghetto, Minyuan & GP (23)



Briefly, several important implications
The DM density around us can be enhanced by up to 105

Naive coherent time enhanced by at least , needs rethinking (
vgal

vesc )
2

∼ 102

7

Standard   ignores DM discrete bounded component

Once ,  grows linearly again — recoherence

τcoh ≈ 1/mσ2

Tobs ≳ 1/δE τcoh

Is the Conventional Picture of Coherence Time Complete?
Dark Matter Recoherence

Chaitanya Paranjape,→ Gilad Perez,† Wolfram Ratzinger,‡ and Somasundaram Sankaranarayanan§

Department of Particle Physics and Astrophysics,

Weizmann Institute of Science, Rehovot, Israel 7610001

(Dated: April 15, 2026)

The local Solar gravitational potential forms a basin for ultralight dark matter (ULDM) with
discrete energy levels. Even if barely populated, it introduces a new characteristic timescale in DM
dynamics. This necessitates a generalization of the notion of coherence time. We find that, at long
times, the phenomenon of “recoherence” emerges, whereby a subcomponent of ULDM exhibits a
formally divergent coherence time. The fact that this generalized coherence time can significantly
exceed the naive estimate implies an enhanced sensitivity for dark matter searches that accumulate
data over extended observation periods.

INTRODUCTION

While there exist a large number of astrophysical and
cosmological observations of dark matter (DM) [1–7], its
nature remains one of the largest mysteries in physics.
Models of ultralight DM (ULDM) provide arguably the
simplest explanation for the origin of DM. Due to its
astronomical occupation and weak coupling, ULDM be-
haves as a classical field, which oscillates with a fre-
quency equal to the particle’s total energy [8]. Being
non-relativistic, the ULDM frequency is close to its mass
with small corrections due to kinetic and/or potential en-
ergy. Therefore, the signal induced by ULDM in direct
experimental searches is to a good approximation, har-
monic and deterministic, setting it apart from noise and
therefore enhancing the sensitivity. This enhancement is,
however, limited by the stochastic nature of the DM dy-
namics [9–17] , associated with the fact that it is known
to have a finite coherence time, after which its phase and
amplitude information is lost. The standard lore is that
the ULDM coherence time is given by O

(
1/mω

2
)
, with

m being the DM mass and ω → 10↑3 being the disper-
sion of the galactic DM velocity distribution. This lore is
missing a crucial piece of available information, namely
that, locally, the ULDM is subject to the gravitational
potential of the Sun. It implies that in addition to the
continuous set of scattering states, there is a set of dis-
crete bound states that ULDM may populate [18, 19].
In [20–30] , several gravitational and non-gravitational
dynamical mechanisms where discussed in which these
discrete states are populated.

As we show below, the presence of these discrete states
may dramatically change how we think about the ULDM
coherence time and more importantly a!ect the expected
sensitivity of current and near future ULDM experi-
ments. We show that even a small amount of DM
bounded to spatially confined systems leads to a formal
divergence of the commonly considered coherence time.
We therefore introduce a straightforward generalization
of coherence time that takes into account the time an

experiment is run for. While being finite, it may still
vastly exceed the common coherence time resulting in
significantly improved experimental sensitivities.

We obtain that, in the limit of long observation time,
the generalized coherence time starts growing with the
observation time, once the energy levels get resolved. We
coin this phenomenon DM-recoherence.
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FIG. 1. Evolution of the sensitivity to the e!ective DM cou-
pling in a broadband search as a function of observation time.
The energy spread ”E of states populated by DM leads to de-
coherence and a deterioration of the sensitivity. Bound states
with finite energy spacing ωE eventually lead to recoherence
and the same scaling as in the coherent regime is recovered.

In Fig. 1 we show the schematic scaling of the sensi-
tivity to the e!ective coupling of a scalar ε constituting
DM to the standard model in a broadband search. Due to
the DM populating multiple levels with energies spread
by ”E , the DM signal decoheres after an observation
time, Tobs → ”E

↑1 . Beyond this point the sensitivity

scales as T
1/4
obs rather than T

1/2
obs . DM in discrete bound

states, with a typical energy spacing → ϑE , eventually
leads to the phenomenon of recoherence, beyond which

the scaling T
1/2
obs is recovered. To give the readers a rough

idea regarding the relevant scales, consider ULDM with a
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Solar halo dominating detection prospects
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FIG. 2. In the shaded regions, the Solar halo dominates the detection prospects. This may even be the case if the halo is
less dense than the galactic DM at the position of Earth (ω→ < ωgal, region below horizontal black line). The vertical black
line marks the DM mass m for which the gravitational atom’s Bohr radius equals 1AU. Left: Halo populated only by the 1s
ground state. The DM field is always coherent if the Solar halo dominates (orange). If subdominant, it recoheres on timescales
longer than the galactic halo coherence time → 1/(mε2) such that even a subdominant halo can enhance the experimental
significance for su!ciently long integration times (blue). Extrapolating the halo profile inward excludes the red region from
Mercury’s ephemeris [35]. Right: Virialized halo with all gravitational atom states populated. For Bohr radii larger than 1AU
(left of the black line), the 1s state dominates and the behavior matches the left panel. For smaller Bohr radii, multiple states
contribute at Earth, causing recoherence even when the galactic halo is negligible (light purple), and potentially multiple stages
of de- and recoherence when it dominates (dark purple). The pink, vertical lines mark the mass at which for small observation
times (2 days, month) the Solar halo as a whole decoheres due to its finite width. The purple lines conversely give the mass
where the halo recoheres after longer times (year, 10 years) due to the discrete energies. The green line shows the expected
Solar halo density if equilibrated with the galactic halo.

every time !t for some period Tobs . Subsequently, one
may Fourier transform the data and search for dark mat-
ter in the frequency range 2ω/Tobs ↭ m ↭ ω/!t . The
measurement errors of subsequent measurements in these
experiments are typically uncorrelated. This leads to a
white noise power spectrum Pns, which is independent of
the frequency. The goal of a dark matter search is to pick
out the frequency modulation caused by the coupling of
the scalar out of this noise. We show in the supplemental
material that the signal to noise ratio (SNR) of such a
search is given by

SNR2 =
Tobsεcoh(Tobs)

2

”2
sig(0)

P 2
ns

, (8)

where εcoh(Tobs) is the generalized coherence time intro-
duced in Eq. (1). The strength of the signal is character-
ized above by ”sig(0) = →(ϑ log(ϖ1/ϖ2))2↑ = K

2
O

g
2
ωO

→ϱ
2
↑ .

The field strength can be related to the local dark mat-
ter density →ϱ

2
↑ ↓ ςDM/m

2 . In this way we can express
the sensitivity to the e#ective coupling gωO that can be
probed by a given experiment as,

gωO
=

(
Tobsεcoh(Tobs)

2

)→1/4 (
ςDM

PnsSNRth

)→1/2
m

KO

,

(9)
where SNRth denotes the threshold SNR required for de-
tection or exclusion. We therefore find that the sensitiv-
ity grows as ↔ T

1/2
obs while the coherence time grows linear

with Tobs , and ↔ T
1/4
obs when it is constant as shown in

Fig. 1.
In Fig. 2 we show the parameter space where a Solar

DM halo would dominate the detection prospects of a
clock comparison search in terms of the DM mass and
the Solar halo density relative to the galactic density
ς

↑
/ς

gal. For the virial halo on the right we further in-
dicate the density that a Solar halo would have if e.g.
gravitational interactions [24, 26] would equilibrate its
occupation numbers with the galactic halo.

It becomes clear that datasets extending over a decade
as e.g. the ones reported in [51], may detect a Solar halo
only contributing ↗ 1% of the galactic halo first. This
presents a natural extension of current searches for halos
dominating the density [52]. We expect potentially even
larger enhancements in sensitivity for a DM halo around
Earth, since all timescales for such a halo are shorter and
the e#ect of recoherence therefore matters more over the
period an experiment may be run. We leave a detailed
investigation of this case to future work.

The authors thank A. Caputo and N. Rodd for com-
ments on the manuscript and D. Budker and A. Sushkov
for insightful discussions. GP is funded by the ISF, Min-
erva, NSF- BSF and the European Union (ERC, DM-
Dawn, 101199868).

1s halo - shaded region dominated by captured DM recoherence

Banerjee, Budker, Eby, Kim & GP (19)

Paranjape, GP, Ratzinger & Sankaranarayanan (26)



Schwarzschild (SC) black hole (BH) DM capturing 
Capturing applies to SC BH, however, with several modifications, as states 
are not stable (quasi-bound states), ;  for solar mass BH: Γ ∝ mα5+4l

8

τn0 ∼ = 1010 yr n3 ( α
10−4 )

−5

( m
10−14 eV )

−1

, τn1 ∼ 1027 yr n3 ( α
10−4 )

−9

( m
10−14 eV )

−1

1s 
halo

2p→ 2s
→ BH

2p → BH

Halo formation 
is too slow

Higher 
order GR 
effects

No 
capture

Forbidden from 
structure formation

Dilute 
2p halo

Dense 
2p halo

Dense:
!!"#$% ≅ 2 ⋅ 10&'(!)*
'!"#$% ≅ 5 ⋅ 10+	',-!./0#$1%

Dilute:
!!"#$% ≅ 2 ⋅ 10&'2!)*
'!"#$% ≅ 3	',-!./0#$1%

m[eV]

3d ??

Budker, Bottaro, Firsov, GP, Steuer, Telem, in prep’

Baumann, Chia, Stout &  Haar (19)



The era of thorium 
(nuclear clock) supremacy 
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Why is nuclear clock so special 

10

Th-229 progression of precision in isomeric-line’s : 
1:10 (2020) => 1:103 (2022) => 1:106 (Mar/Apr/24) => 1:1011 (Jun/24) => 1:1013 (26) => 1:1014 (26)  

δf/f

Europa, Ganymede, Callisto and Io

Jupiter

Furthermore, as we see next, there’s a 108-10 enhanced sensitivity 
factor to dark matter (DM) & beyond physics => a new era

More in Konstantin’s talk



what makes nuclear clock so special ?
Motivated ultralight DM (UDM) dominantly couples to nuclear sector => exp. challenge:           

sensitivity of atomic probes is suppressed by Ratom
nuc ∼ 103−5

Th-229 => dual-benefit: 

(i) directly probe nuclear part (avoiding );

(ii) boost factor -   =>         

Ratom
nuc

fTh = ΔEnuc − ΔEEM ∼ 8 eV ≪ ΔEnuc,EM Kcanc ∼
ΔEnuc,EM

fTh
∼ 105 ≫ 1

DM

Enhancement of 108-10  relative to current probes of DM!Ratom
nuc × Kcanc ∼

11



Present and near future implications

 2026: , this should be translated to effective sensitivity:       

 of atomic clocks, going beyond the frontier! 

It leads to the following questions:  

 (i) Can we search for DM via Th-229 now (before nuclear clocks construction)?  

 (ii) Quantify ?  

δf
f

∼ 10−14

δf
f /(Rnuc

atom × Kcanc) ∼ 10−22..−24

Kcanc

12

See Konstantin’s talk



Line analysis - way before Th-clocks, can find DM today!

13

The DM affects the spectrum in 2 ways:

(i) Slow oscillation - time resolved, location of the line’s peak oscillates

(ii) Fast oscillation, line’s shape modified  
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A

B C

𝖽𝖣𝗐𝖶𝗄𝗁𝖲
2,020,407,298,701.16 kHzλ𝖢 𝟢

Time-Resolved Analysis𝗀𝖳𝗋 ≲ 10−4 𝖧𝗓 𝗏

Transition “b”

Lineshape Analysis𝗀𝖳𝗋 ≳ 10−4 𝖧𝗓 𝗏

8.4 eV𝖤ω 𝟢

𝗀𝖳𝗋 = ⟩𝖳𝗋/2δ

FIG. 1. Schematic diagram of the influence of dark matter (DM) on the 229Th spectroscopy, leading to two search methods
relevant for di!erent DM frequency regimes. (A) A cartoon of thorium nuclei embedded in a crystal, in the presence of ULDM
waves (dark gray bands). The isomer transition is also shown. (B) A schematic of the time-resolved analysis, which relies
on the varying position of the centre frequency of the transition, as relevant for low-mass (frequency) DM. (C) The lineshape
analysis, where the DM oscillation frequencies are fast enough such that the shape of the resonance is changed, either through
broadening or in the most extreme circumstances, a double peak structure appears.

In stark contrast, the uniquely low-energy (→ 8 eV) nu-
clear transition in 229Th , which is accessible to laser
spectroscopy [15], exhibits an extraordinary 108 ↑ 1010

enhancement in sensitivity to variations of nuclear pa-
rameters compared to optical transitions [16, 17]. This
combination of an exceptionally insensitive reference and
an exceptionally sensitive probe enables us to surpass ex-
isting searches based on optical atomic clocks and tests
of violation of the equivalence principle, even before the
nuclear clock has reached atomic clock-level precision.

A key novelty of this work is a unified analysis strat-
egy applied to time-stamped nuclear spectroscopy data
recorded over ten months, with individual scans lasting
approximately two hours (see Fig. 1). A time-resolved
analysis of the transition frequency searches for slow DM-
induced oscillations of the transition frequency, with pe-
riods ranging from months down to hours. A refined
lineshape analysis, building on Ref. [16], probes faster
oscillations that occur within a single line scan by de-
tecting DM-induced distortions of the spectral profile.
Applied to new and recent spectroscopic data, this com-
bined strategy improves sensitivity by six to seven orders
of magnitude compared to Ref. [16].

II. DATA TAKING

High-resolution frequency-based precision laser spec-
troscopy [11, 12] was performed in JILA on three 229Th-
doped CaF2 crystals (C10, C13, X2) produced by TU
Wien [18], each with di!erent doping concentrations.
The nuclear transition in these crystals is split via the
interaction between the nuclear quadrupole moment and
the electric field gradient the nuclei experience in the
crystal environment, resulting in five main spectral lines.
Following the designation given in Ref. [11], the line “b”
(mg = ±

5
2 ↓ me = ±

3
2 ) exhibits the narrowest linewidth

and the smallest coe”cient of the temperature depen-
dence of its center frequency [12], and is thus used for
the model constraint reported in this paper.

The data were taken with a vacuum ultraviolet (VUV)
frequency comb [19] referenced to the JILA Sr opti-
cal atomic clock [20] ensuring precise and accurate fre-
quency reproducibility. By precisely tuning either the
comb carrier-envelope o!set frequency or the repetition
frequency, we can scan the narrowline comb teeth over
any spectral feature of interest within the spectral enve-
lope of the comb.
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FIG. 1. Schematic diagram of the influence of dark matter (DM) on the 229Th spectroscopy, leading to two search methods
relevant for di!erent DM frequency regimes. (A) A cartoon of thorium nuclei embedded in a crystal, in the presence of ULDM
waves (dark gray bands). The isomer transition is also shown. (B) A schematic of the time-resolved analysis, which relies
on the varying position of the centre frequency of the transition, as relevant for low-mass (frequency) DM. (C) The lineshape
analysis, where the DM oscillation frequencies are fast enough such that the shape of the resonance is changed, either through
broadening or in the most extreme circumstances, a double peak structure appears.

In stark contrast, the uniquely low-energy (→ 8 eV) nu-
clear transition in 229Th , which is accessible to laser
spectroscopy [15], exhibits an extraordinary 108 ↑ 1010

enhancement in sensitivity to variations of nuclear pa-
rameters compared to optical transitions [16, 17]. This
combination of an exceptionally insensitive reference and
an exceptionally sensitive probe enables us to surpass ex-
isting searches based on optical atomic clocks and tests
of violation of the equivalence principle, even before the
nuclear clock has reached atomic clock-level precision.

A key novelty of this work is a unified analysis strat-
egy applied to time-stamped nuclear spectroscopy data
recorded over ten months, with individual scans lasting
approximately two hours (see Fig. 1). A time-resolved
analysis of the transition frequency searches for slow DM-
induced oscillations of the transition frequency, with pe-
riods ranging from months down to hours. A refined
lineshape analysis, building on Ref. [16], probes faster
oscillations that occur within a single line scan by de-
tecting DM-induced distortions of the spectral profile.
Applied to new and recent spectroscopic data, this com-
bined strategy improves sensitivity by six to seven orders
of magnitude compared to Ref. [16].

II. DATA TAKING

High-resolution frequency-based precision laser spec-
troscopy [11, 12] was performed in JILA on three 229Th-
doped CaF2 crystals (C10, C13, X2) produced by TU
Wien [18], each with di!erent doping concentrations.
The nuclear transition in these crystals is split via the
interaction between the nuclear quadrupole moment and
the electric field gradient the nuclei experience in the
crystal environment, resulting in five main spectral lines.
Following the designation given in Ref. [11], the line “b”
(mg = ±

5
2 ↓ me = ±

3
2 ) exhibits the narrowest linewidth

and the smallest coe”cient of the temperature depen-
dence of its center frequency [12], and is thus used for
the model constraint reported in this paper.

The data were taken with a vacuum ultraviolet (VUV)
frequency comb [19] referenced to the JILA Sr opti-
cal atomic clock [20] ensuring precise and accurate fre-
quency reproducibility. By precisely tuning either the
comb carrier-envelope o!set frequency or the repetition
frequency, we can scan the narrowline comb teeth over
any spectral feature of interest within the spectral enve-
lope of the comb.
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FIG. 1. Schematic diagram of the influence of dark matter (DM) on the 229Th spectroscopy, leading to two search methods
relevant for di!erent DM frequency regimes. (A) A cartoon of thorium nuclei embedded in a crystal, in the presence of ULDM
waves (dark gray bands). The isomer transition is also shown. (B) A schematic of the time-resolved analysis, which relies
on the varying position of the centre frequency of the transition, as relevant for low-mass (frequency) DM. (C) The lineshape
analysis, where the DM oscillation frequencies are fast enough such that the shape of the resonance is changed, either through
broadening or in the most extreme circumstances, a double peak structure appears.

In stark contrast, the uniquely low-energy (→ 8 eV) nu-
clear transition in 229Th , which is accessible to laser
spectroscopy [15], exhibits an extraordinary 108 ↑ 1010

enhancement in sensitivity to variations of nuclear pa-
rameters compared to optical transitions [16, 17]. This
combination of an exceptionally insensitive reference and
an exceptionally sensitive probe enables us to surpass ex-
isting searches based on optical atomic clocks and tests
of violation of the equivalence principle, even before the
nuclear clock has reached atomic clock-level precision.

A key novelty of this work is a unified analysis strat-
egy applied to time-stamped nuclear spectroscopy data
recorded over ten months, with individual scans lasting
approximately two hours (see Fig. 1). A time-resolved
analysis of the transition frequency searches for slow DM-
induced oscillations of the transition frequency, with pe-
riods ranging from months down to hours. A refined
lineshape analysis, building on Ref. [16], probes faster
oscillations that occur within a single line scan by de-
tecting DM-induced distortions of the spectral profile.
Applied to new and recent spectroscopic data, this com-
bined strategy improves sensitivity by six to seven orders
of magnitude compared to Ref. [16].

II. DATA TAKING

High-resolution frequency-based precision laser spec-
troscopy [11, 12] was performed in JILA on three 229Th-
doped CaF2 crystals (C10, C13, X2) produced by TU
Wien [18], each with di!erent doping concentrations.
The nuclear transition in these crystals is split via the
interaction between the nuclear quadrupole moment and
the electric field gradient the nuclei experience in the
crystal environment, resulting in five main spectral lines.
Following the designation given in Ref. [11], the line “b”
(mg = ±

5
2 ↓ me = ±

3
2 ) exhibits the narrowest linewidth

and the smallest coe”cient of the temperature depen-
dence of its center frequency [12], and is thus used for
the model constraint reported in this paper.

The data were taken with a vacuum ultraviolet (VUV)
frequency comb [19] referenced to the JILA Sr opti-
cal atomic clock [20] ensuring precise and accurate fre-
quency reproducibility. By precisely tuning either the
comb carrier-envelope o!set frequency or the repetition
frequency, we can scan the narrowline comb teeth over
any spectral feature of interest within the spectral enve-
lope of the comb.

Fuchs, Kirk, Madge, Paranjape, Peik, GP, Ratzinger & Tiedau (24);
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Ultralight dark matter is expected to induce oscillations of nuclear parameters. These oscillations
are characterized by extremely weak couplings or high suppression scales, with the Planck scale – the
characteristic scale of quantum gravity – serving as a natural benchmark. Probing this phenomenon
requires systems with exceptional sensitivity to shifts in nuclear energies. The uniquely low-energy
nuclear isomeric transition in 229Th provides such sensitivity: it directly probes the nuclear inter-
action and, owing to a near cancellation between electromagnetic and nuclear contributions, its
response to changes in nuclear structure is greatly amplified. We devise and perform a new type of
ultrasensitive search for dark matter which uses the precision nuclear spectroscopy at JILA to set
the strongest bounds in the mass range 10→21 eV ↭ mDM ↭ 10→19 eV. Our results probe e!ective
interaction scales exceeding 106 times the Planck scale (the Mega-Planck scale) and establish the
229Th system as the leading probe of dark matter couplings to the nuclear sector.

I. INTRODUCTION

Dark matter (DM) constitutes most of the matter in
the Universe, yet its microscopic nature remains un-
known. Ultralight dark matter (ULDM) is arguably the
simplest class of DM candidates and is naturally pro-
duced via the misalignment mechanism in the early Uni-
verse [1–3]. Many well-motivated ULDM models predict
that the dominant non-gravitational interactions of DM
are not with electromagnetism, but with the strong nu-
clear sector of the Standard Model. More specifically,
these interactions are with neutrons and protons (or,
more fundamentally, with their quark and gluon con-
stituents). Representative examples for ULDM models
with couplings to the strong nuclear sector include the
QCD axion [1–3], the dilaton [4] (see, however, [5]), re-
laxion models [6, 7], Higgs portals [8], and alternatives to
the QCD axion [9]. In these scenarios, the interactions
between DM and the Standard Model are suppressed by

↑ arakawaj@udel.edu
† elina.fuchs@desy.de
‡ fiona.kirk@weizmann.ac.il
§ gilad.perez@weizmann.ac.il
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very large energy scales, rendering them exceptionally
weak and challenging to probe experimentally.
More generally, regardless of any specific DM theory,

the Planck scale provides an important target, since it is
the characteristic scale at which gravity becomes strong
and new fundamental physics is expected to emerge. In
this work, we break new ground by probing couplings be-
tween ULDM and the electromagnetic and nuclear fields
that are suppressed by an energy six orders of magnitude
above this scale.
ULDM behaves as a classical background field, oscillat-

ing at a frequency set by its mass mDM. Such oscillations
induce time variations of the fundamental constants via
the ULDM couplings (see [10] for a recent review and
references therein). In particular, such couplings lead to
a modulation of transition frequencies

ω(t) → ω0 + εωDM cos (mDMt) , (1)

where the amplitude εωDM depends on the local DM den-
sity, the strength of the DM couplings and the sensitivity
of the transition in question.
In this work, we use recent and new high-resolution

spectroscopic data of the 229Th isomer transition ac-
quired at JILA, which is recorded via direct frequency
comparison with a Sr-based optical atomic clock [11, 12].
The 1S0–3P0 transition of the Sr clock has one of the low-
est sensitivities to changes of fundamental constants and
thereby serves as an anchor frequency reference [13, 14].
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FIG. 2. Searches for coupling of scalar DM ω to quark masses (left) and gluons (right). The coloured regions represent
constraints from searches for time variations in frequencies, assuming the scalar field constitutes DM. The red region shows
the constraint derived in this work under two scenarios for the sensitivity factor K (see text for details on the challenge to
calculate K). For small masses and correspondingly low frequencies, the bound is inferred from the time-resolved analysis. For
larger masses, we apply the lineshape analysis. For the lineshape analysis we further show an agnostic bound relying purely
on the recorded width (straight) as well as one where a Lorentzian shape arising from the crystal environment is assumed
(dotted). In contrast, the gray regions are excluded by constraints that rely on the scalar being su!ciently massive to support
the existence of Milky Way (MW) satellite galaxies [29], as well as from tests of equivalence principle (EP) violations mediated
by the scalar field [30]. The provisional operation of a nuclear clock already bests the bounds coming from atomic clocks
reaching the standard quantum limit [24–26, 31–33] (teal). At masses mDM ↭ 10→19 the nuclear clock already explores yet
unconstrained territory.

isomer in 229Th at an energy of 8 eV is most likely the re-
sult of an accidental cancellation of the nuclear and elec-
tric contributions of O(1MeV) to its excitation energy.
This leads to the naive expectation that the sensitivity of
the nuclear clock is |Kg| → |Km̂| = 105 → 1MeV/8 eV ,
as any change in nuclear parameters or the electromag-
netic fine-structure constant would upset this cancella-
tion [35, 36]. In Fig. 2, we show the 2ω-bounds on scalar
DM assuming this naive estimation of the sensitivity fac-
tor as a light red shaded area.

Due to the complicated nature of nuclear physics, more
reliable, ab initio calculations of the sensitivity coe!-
cients are not currently available, while predictions ob-
tained by di”erent e”ective nuclear models show signif-
icant discrepancies [17, 37]. More detailed modelling of
the sensitivity to the electromagnetic sector, Ke, sug-
gests that it is likely an order of magnitude smaller,
|Ke| → 104 [17, 37]. Therefore, we also present our limits
assuming that |Kg| → |Km̂| = 104 in dark red.

We use Eq. (5) to convert the bounds on εϑDM obtained
in Sections IIIA and III B into constraints on the ULDM
couplings dX . We additionally account for the stochastic
nature of ULDM, which weakens the bounds by a factor
of three [38].

As discussed in Section III B, the constraint on εϑDM

derived from the linewidth or Lorentzian lineshape anal-
ysis remains valid up to masses mDM → 10→12 eV (fDM →

10 kHz) . Beyond the displayed mDM range, the sensitiv-
ity to the couplings in the nuclear sector can therefore
be extrapolated by using the scaling d ↑ mDM. Conse-
quently, our lineshape analysis provides the most strin-
gent direct constraints on variations of quark masses and
the QCD scale over the mass range mDM → 10→21

↓

10→12 eV.
In Fig. 2, we compare our results with constraints from

atomic clocks (teal) [24–26, 31–33]. Even operating as a
provisional nuclear clock, the 229Th experiment strength-
ens the direct limits on oscillations of the quark masses
m̂ by one to two orders of magnitude, and on the strong
coupling g by nearly an order of magnitude, even under
the conservative assumption K = 104. In contrast, for
couplings to the electromagnetic fine-structure constant,
atomic clocks based on electronic transitions, remain sig-
nificantly more sensitive (see SI).

In addition to these direct limits, there exist con-
straints on equivalence-principle–violating forces that are
independent of whether the field constitutes DM [30]
(shown in gray in Fig. 2). Notably, this is the first in-
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Instead of waiting 20 mins after each excitation for fluorescent light, absorptive spectroscopy has been 
adopted, w a CW-laser, allowed for much faster sequence => improved time-resolved sensitivity
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FIG. 4. Dark Matter exclusion plots. a, Lomb-Scargle periodogram calculated from the T = 20 s, ttot → 23 h measurement of the
beat frequency of the Th-229 nuclear clock and the Yb+ ion clock. We indicate the detection threshold that was not met at any frequency,
as well as the exclusion band. We can exclude with 95% certainty that no oscillations with amplitudes above this value are present.
b, Exclusion plot for scalar bosons with a mass mω and a coupling to photons with a dimensionless coupling constant de. The shaded
areas have been excluded by various clock comparisons [45–50] under the assumption that the scalar boson constitutes the majority of
the observed dark matter. Astrophysical observations of satellite galaxies of the Milky Way provide a lower limit on the possible mass of
such particles. Equivalence principle tests (EP) [47, 51] were able to set limits on new forces mediated by scalar particles. We follow the
convention of Ref. [43] and give two bands corresponding to sensitivity factors kTh of 104 and 105. The sensitivity factors of the Yb+

reference clock of kYb+ → 1 are negligible in comparison [52]. c, For the variation of the QCD confinement scale !QCD, the sensitivity
of the Th-229 transition remains the same while limits from atomic clocks become significantly weaker. Here, the Th-229 nuclear clock is
able to test a region of the parameter space that was previously not accessible. d, Also for the variation of the mass of the up and down
quarks mq , the Th-229 clock is able to provide new bounds.

to have reduced linewidths. In such crystals, Th-229
is not a dopant and thus does not distort the crystal
structure, presumably reducing inhomogeneous broaden-
ing of the nuclear transition. This is also expected to
improve the line center reproducibility. Another relevant
contribution to the linewidth is the magnetic interaction
with neighboring F-19 nuclei, causing broadenings in the
range of (0.1-1 kHz) [4, 26]. Through the use of spinless
solids [56], even smaller linewidths might become acces-

sible in the future. To benefit from these improvements,
the linewidth of future VUV lasers needs to be narrowed
down equivalently. Using a conservative linewidth esti-
mate of ! = 1kHz, a crystal with similar doping density
and dimensions as the one currently used would yield
an optical depth ω̄LεThϑ → 1. With this, and using a
100 pW laser with a high stability cavity, a fractional fre-
quency instability of ↑ 10→16/

√
ϖ/s could be reached.

This would bring the frequency instability of the nuclear



Using nuclear clock to search for (non-DM) light scalars

 Nuclear clock is extremely sensitive to variation in the strong coupling 

 Replace time-varying DM with scalar space-dependence value, , away from a source;  

Two limits for such a 5th force search: 
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FIG. 2. Zoomed-in view of the large-distance region of Fig. 1,
illustrating the reach of the proposed nuclear clock-based
quintessometers (yellow) compared to existing bounds from
relative acceleration (dark gray). A nuclear clock operating
on earth for one year covers the region enclosed by the red
line, due to the Earth’s eccentric orbit around the Sun. Sim-
ilarly, a satellite clock with high orbital eccentricity extents
the reach to the area enclosed by the thick orange line. If the
satellite clock is both stable and accurate to the quoted level,
the reach further extends to the thin orange line. An Earth-
based transportable experiment, where the height of the clock
is varied from sea level to a 4 km altitude, is shown in purple.

spaced perforations along a circular path, where the
hole diameters and spacing are much larger than s1.
Rapidly rotating this disk near the nuclear clock would
create a periodic modulation of the frequency, leading
to sidebands separated by multiples of the modulation
frequency ωmod, corresponding to the rate at which the
holes pass by the doped crystal.

We now outline an interrogation scheme based on side-
bands and provide a rough sensitivity estimate. The
periodic influence of the dense sections of the rotating
disk modulates the isomeric transition frequency in a
thin surface layer of the crystal at a frequency ωmod.
Consequently, 229Th nuclei within this layer can be ex-

cited by a laser whose frequency is detuned by ±ωmod

from the unperturbed transition frequency in the ab-
sence of the disk. The excitation rate at this detuned
frequency is suppressed by a factor of R1 = |J1(ε)|2R
compared to the rate R in the absence of modulation,
where J1 is the order-one Bessel function of the first kind,
and ε = ϑω/ωmod is the modulation index. To ensure
that only these modulated nuclei are excited, the mod-
ulation frequency must be much larger than the tran-
sition linewidth in the crystal, i.e., ! → ωmod. For
CaF2, the linewidth is dominated by random dipole in-
teractions with neighboring nuclei and is predicted to be
! ↑ 200Hz [9]. Recent measurements however found
linewidths about 2 orders of magnitude larger due to
unidentified sources [59]. Below we optimistically assume
that these di”culties can be overcome by usage of more
advanced crystals. For small ε, we use the approxima-
tion |J1(ε)|2 = ε

2
/4. Since we are interested in small

frequency variations, and thus small ε, we consider the
regime where the excitation rate R1 is much smaller than
the decay rate in the crystal, ϖ ↓ 1/630 s. After illumi-
nating the crystal for a duration of approximately 1/ϖ, an
equilibrium is reached where a fraction of ↑ R1/ϖ of the
nuclei experiencing the scalar field ϱ are excited. Assum-
ing the crystal has a cylindrical shape with a front area
A aligned with the disk, the number of a#ected 229Th
nuclei is approximately ↑ nThA/mω, under the assump-
tion that 1/mω ↭ s1, where nTh is the thorium dopant
density. The total number of excited nuclei is then given
by

Nexc ↑ nTh
A

mω

ε
2

4

R

ϖ
. (22)

After the laser is turned o#, these excited nuclei emit a
signal photon within a time of order 1/ϖ, which can be
detected with probability psig, leading to a total signal
count of Nsig = psigNexc. To detect the e#ect, the signal
count must be large enough, i.e., Nsig ↭

√
Nbkg, where

the background count Nbkg is primarily due to radiolu-
minescence from the ε-decays of 229Th [9], which has a
half-life of ςε ↑ 8000 yr. Conservatively assuming that
this background originates from the whole volume of the
crystal, the count rate is given by

Nbkg ↑ pbkgnTh
Ad

ςεϖ
, (23)

where d is the thickness of the crystal and pbkg is the
probability that a photon emitted after an ε-decay is
misidentified as a signal photon. Combining these ex-
pressions, the sensitivity to fractional frequency shifts is,

ϑω

ω
=

2ωmod

ω

(
pbkg

p2sig

m
2
ωd

nThA

ϖ

R2ςε

)1/4

. (24)

For typical experimental parameters, i.e., ωmod = 1kHz,

9

While these systematic e!ects may limit the sensitiv-
ity of this method, they also present interesting avenues
for further study. The field shift and quadrupole split-
ting primarily a!ect the electric component of the isomer
transition energy. Their relative significance is enhanced
due to the cancellation between electric and nuclear con-
tributions, similar to the mechanism that enhances sensi-
tivity to new physics. To date, isotope-induced frequency
shifts in solid-state environments have not been observed
in conventional Mössbauer spectroscopy3. Investigating
such e!ects could therefore be an interesting scientific
target in its own right. Given that the absolute frequency
shifts in both quadrupole splitting and field shift could
reach ωε = O(0.1 → 1MHz), they may already be de-
tectable with existing experimental setups [11]. Further
note that besides the shift of the mean frequency when
changing the isotope composition of the crystal, the ef-
fects discussed above may lead to a broadening of the
linewidth in an isotopically non-pure crystal. In this case
the isotope distribution varies around each thorium site
inducing local frequency o!sets. We would, however, ex-
pect the e!ect of a rearrangement of isotopes to be much
smaller than replacing them. An estimate of the induced
width is left for future work.

Finally, we note that a more detailed investigation
of the systematic errors and technical challenges asso-
ciated with the two methods discussed for short-distance
searches may reveal that a combination of both yields
optimal results. For instance, laser excitation of the tho-
rium isomer transition has recently been demonstrated
in ThF4 films with thicknesses of O(10 nm) on various
substrates [66]. This setup could serve as a static alter-
native to the spinning disk, enabling searches at compa-
rable distances, as di!erences in the substrate would in-
duce an EP-violating shift. Note however that substrate
induced strain may broaden the line significantly and so
far narrow comb spectroscopy in these films is absent.

VII. CONCLUSIONS

We demonstrate that nuclear clocks, particularly solid-
state variants, can serve as quintessometers, namely
quantum sensors with unprecedented sensitivity to fifth-
forces. We show how nuclear clocks can probe new scalar
force mediators at submicron scales, unveiling uncharted
regions of coupling and mass, while also significantly en-
hancing equivalence-principle tests at kilometer scales
and beyond. Furthermore, we highlight the potential of
transportable nuclear clocks to detect scalar interactions
over distances exceeding 10 km, complementing space-
based missions. Finally, we discuss how nuclear e!ects

3
Other properties related to Mössbauer spectroscopy like the

recoil-free fraction have been observed to change due to sub-

stitution of isotopes [80].
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FIG. 3. Zoomed-in view of the small-distance region of Fig. 1,
illustrating the expected sensitivities from placing a rotating
disk at a distance of 10 nm from a nuclear clock (green), and
from CaF2 crystals made of di!erent Ca isotopes doped with
229Th. The cyan area represents the bound derived from the
non-observation of a Mössbauer shift in ZnO due to enrich-
ment (see Section A). The light gray region is constrained by
fifth-force searches [38–40, 46] and neutron scattering experi-
ments [71].

in lattices with di!erent isotopes can be detected, lever-
aging the high level of degeneracy between the excited
isomeric state of 229Th and its ground state.
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The imperfect axion 

18

(i)  what does imperfect axion means?  
(ii) domain wall free low quality axion 
(iii) (first) search of imperfect axion \w nuclear clock



Imperfect axion

19

Axion models rely on the QCD CP phase,  => dynamical \w 

2 fundamental reasons for why the axion VEV is shifted from zero:

θ̄ ⟨θ̄⟩a = 0

(i) quality problem: quantum gravity induces PQ-violating (PQV) terms inducing shift  

to the axion VEV,  & PQV mass, 

(ii) NP-CP-problem => expected TeV CPV would shift the axion from its VEV

θeff = ⟨θ̄⟩a ≠ 0 ≪ 10−10 mPQ

ma
≲ θ̄exp ≲ 10−5

  \w:θeff =
K′￼

K
,

2

at di!erent distances from the source then probes the cor-
responding variation of the QCD angle. [AS: add com-
ment on values of ωe! at which clocks set strongest bound]

The remainder of the paper is organized as follows.
In Sec. II, we briefly review the mechanisms that can
prevent complete PQ relaxation. In Sec. III, we develop
the nuclear-clock phenomenology, treating separately the
dark-matter (Sec. IIIA) and non-dark-matter (Sec. III B)
cases. We discuss our results in Sec. IV.

II. IMPERFECT AXIONS

The PQ solution holds as long as QCD instantons are
the sole source of explicit breaking of the U(1)PQ symme-
try through the anomaly, and only as long as the QCD
topological term is the sole source of CP violation in the
theory. If either fails, the axion no longer relaxes ω̄QCD

to zero but to some small non-vanishing value.
For example, consistent theories of quantum gravity

are generically expected to break any exact global sym-
metry [7–10] (see [11–13] for the explicit case of the PQ
symmetry), thus generating Planck-suppressed operators
carrying non-zero PQ charge like

”V =
g eiω

Mn→4

Pl

#n+h.c. →
g fn

a

2n/2Mn→4

Pl

cos

(
n
a

fa
+ ε

)
. (5)

This operators generate an additional contribution to the
axion potential that is generically misaligned with the
QCD contribution,1 such that the axion relaxes to a mini-
mum ωe! ↑= 0. Consistency with current bounds typically
requires forbidding PQ-breaking operators up to dimen-
sions of order n ↓ 10 or higher, an issue known as the
axion quality problem.

Even with an exact U(1)PQ, New Physics (NP) gener-
ically comes with new CP-violating operators O!!CP .
These operators can induce a tilt in the axion potential,
and therefore an e!ective angle ωe! = ↔K ↑/K, where
[18–21]

K = ↔i

∫
d4x

〈
0
∣∣∣T

{ϑs

8ϖ
GG̃(x)

ϑs

8ϖ
GG̃(0)

} ∣∣∣0
〉
,

K ↑ = ↔i

∫
d4x

〈
0
∣∣∣T

{ϑs

8ϖ
GG̃(x)CiO

!!CP
i (0)

} ∣∣∣0
〉
. (6)

Computing the induced ωe! requires nonperturbative
techniques in this case. Exploiting current algebra, and

1 The magnitude of gravitational PQ breaking is, however, model
dependent. If it is generated non-perturbatively, its coe!cient
may scale as g → A exp(↑Sinst) [14–17], where both the instan-
ton action Sinst and the prefactor A depend on the ultraviolet
completion. Consequently, Planck suppression alone does not
determine the size of the breaking.

defining O = O!!CP ↔O
†

!!CP
, we find2

ωe! =
1

K

∑

O

ϱO ImCO ↗O↘. (7)

where ϱO and CO are the axial charge3 and the di-
mensionful Wilson coe$cient of an e!ective operator O,
while ↗O↘ denotes its matrix element on the QCD CP-
preserving vacuum. The axion then settles not at the
CP-conserving point but at a nearby minimum displaced
by an amount controlled by the size of the new CP viola-
tion and by its typical scale %CP. Notably, the SM alone
already contains further CP violation other than the ω-
term, namely the phase of CKM matrix. In this case,
a further small contribution is obtained, approximatelly
ωCKM

e!
≃ 10→18 [6, 32, 33][YS: I suggest to replace the

last sentence by: In this case, perturbative e!ects are
estimated as ωCKM

e!
↓ 10→19 [32], while long-distance ef-

fects are ωCKM

e!
↓ 4 ⇐ 10→17 [34], see also [6, 33, 35, 36].

][AS: are you sure that non of these is about the usual
radiative corrections to ω? If so, I am ok with replacing
the sentence].
Both explicit breaking of PQ symmetry and extra

sources of CP violation (or combinations of the two, see
e.g. [37–39]) lead to a similar e!ective description, and
we adopt an agnostic, phenomenological stance towards
their origin in the following. Irrespective of its micro-
scopic origin, we separate the axion field into its vacuum
expectation value and its spacetime-dependent fluctua-
tion, so that the physical QCD angle becomes [YS: this
already appear above, I think can be removed.]

&(x) = ωe! +
a(x)

fa
. (9)

The angle ωe! measures the displacement of the true
minimum from the CP-conserving point. In the perfect
axion limit ωe! ⇒ 0 and CP is restored in the strong
sector, while ωe! ↑= 0 signals an imperfect axion, whose
couplings to matter are no longer purely CP-even. [YS:
we may remove the starting of the paragraph up to here
and unify with the above paragraph.] In the following, we
treat ωe! as an independent parameter subject to EDM
constraints. We do not impose the standard QCD rela-
tion between ma and fa unless stated explicitly.

2 The estimates of the coe!cients K and K→ in Eq. (6) may be
modified in presence of small-size instantons generated by non-
trivial utraviolet dynamics involving the QCD color group [22–
31]

3 The axial charge ωO of an operator O is defined from the com-
mutator [QA,O] = ωOO, where the axial charge operator is

QA =
∑

f

mumdmd

mumd +mums +mdms
m↑1

f q̄fε
0ε5qf (8)

A detailed derivation of 7 further discussion on the phenomenol-
ogy of CP-violating observables will be discussed in a future
work.
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ment on values of ωe! at which clocks set strongest bound]

The remainder of the paper is organized as follows.
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prevent complete PQ relaxation. In Sec. III, we develop
the nuclear-clock phenomenology, treating separately the
dark-matter (Sec. IIIA) and non-dark-matter (Sec. III B)
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try through the anomaly, and only as long as the QCD
topological term is the sole source of CP violation in the
theory. If either fails, the axion no longer relaxes ω̄QCD

to zero but to some small non-vanishing value.
For example, consistent theories of quantum gravity
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metry [7–10] (see [11–13] for the explicit case of the PQ
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This operators generate an additional contribution to the
axion potential that is generically misaligned with the
QCD contribution,1 such that the axion relaxes to a mini-
mum ωe! ↑= 0. Consistency with current bounds typically
requires forbidding PQ-breaking operators up to dimen-
sions of order n ↓ 10 or higher, an issue known as the
axion quality problem.

Even with an exact U(1)PQ, New Physics (NP) gener-
ically comes with new CP-violating operators O!!CP .
These operators can induce a tilt in the axion potential,
and therefore an e!ective angle ωe! = ↔K ↑/K, where
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Computing the induced ωe! requires nonperturbative
techniques in this case. Exploiting current algebra, and

1 The magnitude of gravitational PQ breaking is, however, model
dependent. If it is generated non-perturbatively, its coe!cient
may scale as g → A exp(↑Sinst) [14–17], where both the instan-
ton action Sinst and the prefactor A depend on the ultraviolet
completion. Consequently, Planck suppression alone does not
determine the size of the breaking.

defining O = O!!CP ↔O
†

!!CP
, we find2

ωe! =
1

K

∑

O

ϱO ImCO ↗O↘. (7)

where ϱO and CO are the axial charge3 and the di-
mensionful Wilson coe$cient of an e!ective operator O,
while ↗O↘ denotes its matrix element on the QCD CP-
preserving vacuum. The axion then settles not at the
CP-conserving point but at a nearby minimum displaced
by an amount controlled by the size of the new CP viola-
tion and by its typical scale %CP. Notably, the SM alone
already contains further CP violation other than the ω-
term, namely the phase of CKM matrix. In this case,
a further small contribution is obtained, approximatelly
ωCKM

e!
≃ 10→18 [6, 32, 33][YS: I suggest to replace the

last sentence by: In this case, perturbative e!ects are
estimated as ωCKM

e!
↓ 10→19 [32], while long-distance ef-

fects are ωCKM

e!
↓ 4 ⇐ 10→17 [34], see also [6, 33, 35, 36].

][AS: are you sure that non of these is about the usual
radiative corrections to ω? If so, I am ok with replacing
the sentence].
Both explicit breaking of PQ symmetry and extra

sources of CP violation (or combinations of the two, see
e.g. [37–39]) lead to a similar e!ective description, and
we adopt an agnostic, phenomenological stance towards
their origin in the following. Irrespective of its micro-
scopic origin, we separate the axion field into its vacuum
expectation value and its spacetime-dependent fluctua-
tion, so that the physical QCD angle becomes [YS: this
already appear above, I think can be removed.]

&(x) = ωe! +
a(x)

fa
. (9)

The angle ωe! measures the displacement of the true
minimum from the CP-conserving point. In the perfect
axion limit ωe! ⇒ 0 and CP is restored in the strong
sector, while ωe! ↑= 0 signals an imperfect axion, whose
couplings to matter are no longer purely CP-even. [YS:
we may remove the starting of the paragraph up to here
and unify with the above paragraph.] In the following, we
treat ωe! as an independent parameter subject to EDM
constraints. We do not impose the standard QCD rela-
tion between ma and fa unless stated explicitly.

2 The estimates of the coe!cients K and K→ in Eq. (6) may be
modified in presence of small-size instantons generated by non-
trivial utraviolet dynamics involving the QCD color group [22–
31]

3 The axial charge ωO of an operator O is defined from the com-
mutator [QA,O] = ωOO, where the axial charge operator is

QA =
∑

f

mumdmd

mumd +mums +mdms
m↑1

f q̄fε
0ε5qf (8)

A detailed derivation of 7 further discussion on the phenomenol-
ogy of CP-violating observables will be discussed in a future
work.

It might not be a bug it’s a feature 
Pospelov & Ritz (00)

For rev.: Di Luzio, Giannotti, Nardi & Visinelli (22)



Domain walls (DWs) free low quality axion  

20

If the UV PQ sector consists of N>1 fund’ 

quarks => axion potential is  

leading to N equivalent minima => DWs 

problem for QCD-strings              

cos(Na/f )

We show that quality-PQV operators 
could resolve this problem if before the 
DWs are form the constant PQV mass 
dominates the axion dynamics.                     
Next gen’ n-EDM exp’ => strong test            

credit: Saurav Das

Figure 2: Constraints on the axion decay constant fa and the PQ-breaking term, parametrized by ωe! ,
for the QCD axion with N > 1. The line mPQ/ma(Tω) = 1 separates the two regimes: below it, PQ
breaking becomes relevant before the QCD potential, and the N > 1 QCD DW network never forms;
above it, the long-lived QCD network forms and eventually decays due to the small PQ bias. Owing to the
logarithmic enhancement of the string tension, we expect the actual transition between the two regimes
to shift to mPQ/ma(Tω) → 2.6. The blue region shows the bound from dark-matter overproduction by
axions radiated during the string scaling regime; the orange region shows the bound from axions emitted
by the long-lived DW network. We show the supernova bound in green (SN1987A). The bulk of the
allowed parameter space lies in the region where the DWs disappear early due to the additional PQ
breaking. The relativistic axions emitted by strings might inhibit DW formation: in this case early decay
induced by PQ-breaking only occurs below the purple dashed line, see App. C.

the period when H ↭ mPQ and VPQ first, and VQCD later, become relevant. In di!erent lines we
vary mPQ/ma(Tω), but keep N = 2, and logPQ = 4.2 fixed (this is the largest value for which the
DWs decay su”ciently early to keep finite-volume e!ects under control given our lattice sizes). At
H ↑ mPQ the scaling regime stops. The value mPQ/ma(Tω) = 4.6 is large enough that the network
fully collapses under the e!ect of VPQ before VQCD has any influence. For smaller mPQ/ma(Tω), the
e!ect of VQCD becomes more substantial and the network takes longer to decay. Correspondingly,
ω rises as the QCD potential starts to produce a possibly stable DW network with N = 2. Even
when the network has not fully collapsed before the QCD potential becomes dominant (e.g. for
mPQ/ma(Tω) = 0.45), the collapse nevertheless continues, and no stable DW network forms. This
is because the string-wall network is already heavily biased from the onset of collapse that occurred

6

DW-free region

Gorghetto, Hardy, GP & Stelzl (26)



Imperfect axion & nuclear clock

Bottaro, Caputo, GP, Soreq & Stanzione, to appear

Axion couples quadratically to pions leading to oscillation of energy levels in atoms & 

nuclear clocks: 
δm2

π

m2
π

≈ 0.1 θ2 , w θ ≡ a/f Kim & GP (22) 

Using the dep. of charge radius and/or nucleon masses on , we expect   mπ
δfTh

fTh
≈ 103θ2

Banerjee et al. (25)

21

For imperfect axions we expect however:    
δfTh

fTh
≈ 103 (θ2+2θeff θ)



Linear & quadratic imperfect axion’s nuclear clock searches
Bottaro, Caputo, GP, Soreq & Stanzione, to appear

Imperfect couplings,  , lead to several new implications: δfTh

fTh
≈ 103 (θ2+2θeff θ)

22

(i) Different scaling:   θperfect ≲ 10−1 Kθ

103 ( δfTh

fTh )
exp

& θimperfect ≲ 107 10−10

θeff

Kθ

103 ( δfTh

fTh )
exp

10-18 10-17 10-16 10-15 10-14

10-12

10-11

10-10

10-9

10-8

10-7θ

( δfTh

fTh )
exp

θ imperfect(θeff
= 10−10 )

θperfect(θeff
= 10−9 )θperfect

excluded

current sensitivity

(ii) Entered era where linear (imperfect) ~ quadratic (imperfect)  calls for combined 2-freq’ search  



Projection, imperfect vs perfect axion sensitivity @ nuclear clock

Using PTB’s summer result’s & estimation of sensitivity progress we project:

23

Bottaro, Caputo, GP, 
Soreq & Stanzione, to appear



Summary & overview

24

UDM could be captured around astrophysical objects

Leading to rich phenomenology including enhanced density, longer 

coherent time, recoherence, bosenova …

First look at (SC) BH: mechanism seems to hold including 2p capturing 

We have entered the era of nuclear clock supremacy

Studying the imperfect axion seems theoretically motivated, discussed 

implication for cosmology (DW-problem) & new signals at nuclear clocks. 



Backups
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 (first) search of imperfect axion \w nuclear clock

Bottaro, Caputo, GP, Soreq & Stanzione, to appear

Axion couples quadratically to pions 

leading to oscillation of energy levels 

in atoms & nuclear clocks 

δm2
π

m2
π

≈ 0.1 θ2 , w θ ≡ a/f

Kim & GP (22) 

Using the dep. of the charge radius 

on pion mass we can convert it to the 

nuclear EM dependence:
δfTh

fTh
≈ 103θ2 , assume KEM ∼ 105

Implies a new type of search for the 

imperfect axion: 
δfTh

fTh
≈ 103 (θ2 + 2θeff θ)

Banerjee et al. (25) 
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How robust is the sensitivity factor? 

 Can we measure or test this enhancement factor,  ? 

 Calculation of the nuclear binding energy difference is very challenging … 

 Can instead consider at the electrostatic binding energy of the two states  

We provide two ways to do it:  

    (i) classical approach to the nuclei (charge density is a simple function) 

    (ii) QFT-EFT inspired way, using QM model of the neutron-core system

Kcanc = ΔEnu/ΔEnu−clock ∼ 105 ≫ 1

27

Berengut, Dzuba, Flambaum & Porsev (09); Fadeev, Berengut & Flambaum (20)

with: Andrea Caputo, Doron Gazit, Hans Werner Hammer, Joachim Kopp , Gil Paz & Konstantin Springmann 

Hammer, König, & van Kolck (19)



Geometrical/classical model

 Given a shape and charge density of both states we can evaluate  

 Result depends on number of variables (some are measured some are not)

ΔEEM

28

nightmare 

scenario 


   = quadrupole moment,  = state difference,  
 = higher moments,  = thickness via WS (Fermi) distribution

Q0 Δ
β3,4 Δa

Kcanc



Power spectrum of quadratic (axion) UDM, the stochastic signal

Important to search for “heavyish” UDM  
with mass above Hz (10-15 eV)

ℒeff
axion ∈ 10−3 θ2(t) mN n̄n

f −1 [GeV−1]

10°
22
10°

21
10°

20
10°

19
10°

18
10°

17
10°

16
10°

15
10°

14
10°

13
10°

12
10°

11
10°

10
10°

9
10°

8
10°

7
10°

6
10°

5
10°

4
10°

3
10°

2

ma [eV]

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

|g
an

|

µHz mHz Hz kHz MHz GHz THz

atomic clock 
1:1021

stochastic signal

Kim, Lenoci, Perez & Ratzinger (23)

Can time correlate 2 clocks 
to get rid of white noise, 
extract the stochastic signal



Naturalness

5th force searches

EP testsdme
≲ 4πmϕMPl/meΛnat ≈

mϕ

10−15 eV
me

Λnat

Λ nat
∼ m e

Λ nat
∼ TeV

Unnatural 

Linear coupling seems to also be seriously challenged by naturalness 
30



Oscillations of energy levels induced by QCD-axion-like DM

31

Kim & GP (22)

 Consider axion model \w  coupling, usually searched by magnetometers (αs/8) (a/f) GG̃

 However, spectrum depends on  :  θ2 = (a(t)/f )2

DESY-22-088

Oscillations of atomic energy levels induced by QCD axion dark matter

Hyungjin Kim⇤

Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

Gilad Perez†

Department of Particle Physics and Astrophysics,

Weizmann Institute of Science, Rehovot, Israel 7610001

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 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 consider axion models, consisting of a pseudo-scalar
field a with the following coupling to the gluon field
strength,

L =
g
2
s

32⇡2

a

f
G

a

µ⌫
eGaµ⌫

, (1)

where f is an axion decay constant, gs is a strong cou-
pling and eGaµ⌫ 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 de-
pends on the axion field as

m
2
⇡
(✓) = B

q
m2

u
+m

2
d
+ 2mumd cos ✓ .

Here ✓ = a/f and B = �hq̄qi0/f
2
⇡

with a pion decay
constant f⇡ ' 93MeV. The resulting axion potential can
be described by V (✓) = �m

2
⇡
(✓)f2

⇡
to leading order [1].

Due to the ✓-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 com-
ponent, given by

�m
2
⇡

m2
⇡

= �
mumd

2(mu +md)2
✓
2
. (2)

Other nuclear quantities such as hadron masses and mag-
netic moments consist of similar oscillating contributions,
all induced by the e↵ective quadratic coupling between
the axion and the matter fields. It results in a correspond-
ing time-variation of the atomic energy levels, which can
be probed by monitoring transition frequencies of stable
frequency standards. This method was suggested by Ar-
vanitaki et al. [13] for dilaton/scalar DM searches (or a

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

relaxion DM [14]), where the DM field naturally couples
to the field strength of the strong and electromagnetic
interactions as well as fermion masses (see also [15, 16]).
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
principle can be applied to probe the coupling (1). We
show the current constraints and projections of future
experiments as well as other constraints in Figure 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 be-
tween the electron magnetic moment and the magnetic
field generated by the proton magnetic moment. The
transition frequency of the ground state hydrogen hyper-
fine structure is

fH =
2

3⇡

gpm
2
e
↵
4

mp

' 1420MHz,

where gp = 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 oscil-
lating component, and so does transition frequency fH .
The fractional variation of hyperfine transition frequency
can be written as

�fH

fH
=

�gp

gp
�

�mp

mp

=


@ ln gp
@ lnm2

⇡

�
@ lnmp

@ lnm2
⇡

�
�m

2
⇡

m2
⇡

' 10�15
⇥

cos(2mt)

m
2
15f

2
10

(3)

where we have defined m15 = m/10�15 eV and f10 =
f/1010 GeV, and used @ ln gp/@ lnm2

⇡
' �0.17 and
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Brower, Chandrasekharanc, Negele & Wiese (03)

MeV × θ2n̄n ⇒
δf
f

∼
δmN

mN
∼ 10−16 × cos(2ma) × ( 10−15 eV

mϕ

109 GeV
f )

2

vs mN
a
f

n̄γ5n ⇒ (f ≳ 109 GeV)SN

It’s exciting as clocks (& EP tests) are much more precise than magnetometers 
They can sense oscillation of energy level due to change of mass of the 
electron or QCD masses to precision of better than 1:1018 !



Axion - the scalar way, the power of clocks

Maybe should accept that probing axions is work in progress (new proposals)

The sensitivity to scalar interaction is 1012  stronger, can we use it?

Axion models do predict quadratic scalar coupling that are                     
suppressed however by  => hopeless to probe

Yet, in the case of QCD-like-axion only suppressed by        

Target for clocks          

m2
a /f2

∂ ln mπ

∂θ2
∼

mu,d

ΛQCD
, θ = a/f

MeV × θ2n̄n ⇒
δf
f

∼
δmN

mN
∼ 10−16 × cos(2mat) × ( 10−15 eV

ma

109 GeV
f )

2

Banerjee, GP, Safronova, Savoray & Shalit (22) 

Kim & GP (22) 
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Why probing the strong sector \w clocks is challenging ? 

Why is nuclear clock going is a game changer ? 

33

(theorist’s perspective - simplified version)

To understand let’s talk about how clocks probe DM                            



Atomic clock in 1-slide

34

A clock requires an apparatus that repeat itself in a very precise manner

Atomic clocks are based on cases where there are electronic transitions 

between stable 2-level system,  H ≈ ΔE × σZ

In the experiment, via laser, one prepare a linear combination of these levels

                         

           <=>   perfect pendulum 

ψ+(t = 0) ∼
|0⟩ + |1⟩

2
⟹ ψ(t)+ ∝

|0⟩ + exp(iΔEt) |1⟩

2

|⟨ψ+(t = 0) |ψ+(t)⟩ |2 = cos ( ΔEt
2 )

2



Clocks and ultralight DM (UDM) search? 

35

Establisehd that clock is a perfect oscillator: 

Why is it an excellent ultralight DM (UDM) detector?

    For electronic transitions:  

|⟨ψ+(t = 0) |ψ+(t)⟩ |2 = cos ( ΔEt
2 )

2

ΔE ∝ mreduced α2 , with mreduced ≈ me (1 −
me

mnuc )
 Scalar DM  could couples to F2  or to the electron would induce oscillatory 

component:    which atomic clocks can senseΔE ∝ [const +
2ρ

mUDM
cos (mUDM t)]



Searching for ULDM coupling to nuclear sector is challenging
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Motivated UDM dominantly couples to nuclear sector sensitivity of atomic probes

It creates major challenge, just saw it discussing clocks that probes the EM sector: 

            ΔE ∝ mreduced α2 , with mreduced ≈ me (1−
me

mnuc )

 Typically results with suppressed sensitivity by a factor of  Ratom
nuc ∼ 103−5


