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Prologue 

2

Th-239 progression of precision in isomeric-line’s : 

0.1 (2020)  =>  0.001 (2022)  =>  1:106 (Mar/Apr/24)  =>  1:1011 (Jun/24) 

δf/f

Europa, Ganymede, Callisto and Io

Jupiter



Outline 

Intro. (spin-0) ultralight dark-matter (UDM)

Current status, UDM searches

Laser excitation of Th-229 (news, sensitivity & robustness)

Summary
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Usually in this part we discuss:
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	Unseen Mass: The dark matter (DM) constitutes about 85% of the total mass       
    of the universe 

	Galaxy Formation & rotation curves: The gravitational influence of DM 
plays vital role in formation and evolution of galaxies & motions of stars 

	Cosmic Microwave Background (CMB): Observations of the temperature  
fluctuations shows excellent agreement with the  modelΛCDM



Instead we’ll take a different path following 
a theorist perspective

If you study the literature you’d find O(104) papers of model building of dark matter
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The space of possible theories is vast,               
but some of it is rather involved …
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Heavy, super-eV thermal dark matter (DM)

behaves as gas of individual quanta 

indep. of initial conditions (thermal) 


however, viable models are non-minimal



The space of possible theories is vast,               
but some of it is rather involved …
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Ultralight sub-eV DM (UDM) 

DM behaves as homogenous classical field


initial condition dependent (non-thermal)

viable very simple models, but hard to probe 

Our focus today



The simplest ever model of ultralight dark matter 

Just free (pseudo-) scalar light field, , with some initial homogenous condition, ℒ ∈ m2
ϕϕ2 ϕinit = ϕ0
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ϕ

V(ϕ)

What would be the cosmological evolution of such a field (assume ) ?H ≪ mϕ

ϕ0
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Late time evolution of scalar field, approximate oscillatory

Just free (pseudo-) scalar light field, , with some initial homogenous condition,  

The field oscillates around the minimum with late-time solution looks like:  

   

ℒ ∈ m2
ϕϕ2 ϕinit = ϕ0
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Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
ties have arbitrary normalization. Vertical dashed lines show the condition defining aosc..
Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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late-time H ≪ mϕ

ϕinit

ϕ(t) ≈ ϕ0 ( ai

a )
3
2

cos(mϕ t)
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Implication for ultralight dark matter (UDM) cosmology

What is the impact of the scalar field behavior [ ] on the cosmology:  

       (i) The EOS satisfies ,  and the energy density scales as  <=> ordinary matter

      (ii) The density goes like amplitude square, =>  the DM density is mapped to initial value,  :  

       

ϕ(t) ≈ ϕ0 ( ai

a )
3
2

cos(mϕ t)

wϕ = pϕ/ρϕ = 0 ρϕ ∝ a−3

ρϕ ∼ ϕ2
0 ( a

aosc )
−3

ϕ0

10-19 10-17 10-15 10-13 10-11

1011

1012

1013

1014

1015

1016

ϕinit [GeV]

mϕ [eV]

ϕinit ≡ θf (fmin) =
1018 GeV ( 10−27 eV

mϕ )
1
4

mϕ ≲ 10−15 eV

1015 GeV ( 10−15 eV
mϕ ) mϕ ≳ 10−15 eV

[assuming (“best case”) MeV reheating]

       (iii) Can be it considered as a classical field?    => sub-eV UDM behaves classically Noccup
ϕ ∼ 103 × ( eV

m )
4
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Ultralight scalar => simplest dark matter (DM) model

A sub-eV misaligned homogeneous scalar field => viable DM model 

Its amplitude oscillates with frequency equal to its mass,  

However, this field has no coupling to us (apart from gravitational), how can we search for it?  

A minimal plausible assumption is that it’d couple to us suppressed by some very high scale      

(Planck suppressed?),  which are extremely weak, for instance: 

w ∼ Hz ×
mϕ

10−15 eV

ℒPl ∈ dg
αs

π
ϕ

MPl
GG +

a
32π2f

GG̃ ⟹ dg
mn

MPl
ϕ n̄n +

mn

f
a n̄γ5n

scalar coupling 
effecting energy levels

pseudo-scalar axial coupling 
magnetic/spin-observables



Scalar coupling vs/ pseudo-scalar axial coupling

EP: Planck suppressed operators excluded for  
5th force: operators are excluded for 

mϕ ≲ 10−5 eV
mϕ ≲ 10−3 eV

ℒPl ∈ dg
ϕ

MPl

αs

π
GG ⟹ dg

mn

MPl
ϕ n̄n
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Fifth force

Bounds only constrain coupling that are 
~ 1012  weaker than the Planck scale

ℒaxion ∈
a

32π2f
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Status of ultralight dark matter (UDM) pseuode-scalar axial coupling 

Bounds are significantly weaker than scalar ones & in most regions far from probing minimal 
misalignment ULDM models

ℒaxion ∈
a

32π2f
GG̃
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Axion - the scalar way, the power of clocks #1
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(2ma) × ( 10−15 eV

mϕ

109 GeV
f )

2

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

Kim & GP (22) 
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Axion - the scalar way, the power of clocks #1

Naively: clocks can efficiently search for the oscillating signal of a light QCD-like-axion

ℒeff
axion ∈ 10−3 θ2(t) mN n̄n
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Axion - the scalar way, the power of clocks #2, stochasticity
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Due to velocity dispersion,  => sharp resonance + continuum at lower frequencies  

 To understand qualitatively, let’s consider first linear coupling, say that changes :

 

Frequency transformed: it would result in a sharp signal at  with width of  

However our signal is quadratic 

θ2(t)

α

δE(t) ↔ meα2(1 + θ(t)) ∝
ρDM

ma
cos wt , with w ≈ ma (1 +

v2

2 ), and P(v) ∝ exp ( −v2

σ2 ), with σ ∼ 10−3

ω ∼ ma O (10−6)

δE(w) ∝ ∫ δE(t) eiwt θ(t)2dt ∼ δ(w − 2ma) + F(w, ma, σ)

Masia-Roig et. al (23) 

F(w, ma, σ) ∝ ∫ eiwt P(v1) P(v2) cos ma ( v2
1 − v2

2

2 ) t dt d ⃗v1 d ⃗v2



Power spectrum of quadratic (axion) UDM

17

Kim, Lenoci, Perez & Ratzinger (23)

9

10-5 10-4 10-3 10-2 10-1 100 1010
1
2
3
4

FIG. 3. The spectrum of the quadratic operator �✓2 in the
isotropic limit. We choose � = 0.1 for demonstration. The
narrow peak at ! = 2m represents the harmonic oscillations,
while the plateau at ! < m�2 gives the low-frequency stochas-
tic background.

2. Allan deviation

Let us consider a single clock comparison test in which
the axion causes a signal s(t) = K �✓2(t). If this sig-
nal cannot be distinguished from the noise, it still con-
tributes to the total observed variation of the frequencies
commonly characterized by the Allan deviation. In terms
of the fractional frequency shift, the Allan variance over
a period ⌧ = n · �t, where �t is the time between mea-
surements, is defined as [62]

�2
s(⌧) =

1

2(M � 1)

M�1X

i=1

|hs(⌧)ii+1 � hs(⌧)ii|
2 , (B17)

where hs(⌧)ii denotes the i-th measurement of s(t) over
the period ⌧ ,

hs(⌧)ii =
1

t

Z ti+⌧

ti

dt s(t) = K�✓2(ti) . (B18)

In the second step, we defined �✓2(ti) as the average value
of �✓2 over this period. The ensemble average of the Allan
variance then becomes

h�2
s(⌧)i =

K2

2(M � 1)
(B19)

⇥

M�1X

i=1

*����
Z

df
⇣
e�2⇡if(ti+⌧)

� e�2⇡ifti
⌘ f�✓2(f)

����
2
+

= 2K2

Z 1

0
df sin2(⇡f⌧)P�✓2(f). (B20)

Here the angle bracket denotes an ensemble average. The
Fourier transformation and power spectrum of �✓2 are
defined analogously to the ones of �✓2. To find the rela-
tion between these quantities let us consider the Fourier

transformation

f�✓2(f) =

Z
dt e2⇡itf


1

⌧

Z t+⌧

t
dt0 �✓2(t0)

�
(B21)

= e�⇡iftsinc(⇡f⌧) f�✓2(f) , (B22)

where sinc(x) = sin(x)/x. The two power spectra
are therefore simply related by a factor sinc2(⇡f⌧), i.e.
P�✓2(f) = sinc2(⇡f⌧)P�✓2(f). Using this, we find

h�2
s(⌧)i = 2K2

Z 1

0
dfP�✓2(f)

sin4(⇡f⌧)

(⇡f⌧)2
. (B23)

From this expression, the Allan deviation caused by the
quadratic coupling can be computed using the coupling
coe�cients that can be found in Tab. I and the power
spectral density from the last section. In particular, in
the isotropic limit, we find

h�2
s(⌧)i = 2K2✓40I(⌧/2⌧�) (B24)

with the integral I(x) defined as

I(x) =

Z 1

0

d!̄

2⇡
!̄K1(!̄)

sin4(!̄x)

(!̄x)2
. (B25)

The constraint on 1/f� is therefore obtained as

1

f�
=

"
m4�2

s,obs(⌧)

8K2⇢20I(⌧/2⌧�)

#1/4

(B26)

where �s,obs(⌧) is the experimentally measured Allan de-
viation with an averaging time ⌧ .

We obtain the bound shown in Figs. 1 and 2 as a green
dashed region, by requiring that the noise caused by the
coupling of the axion is below the 1� upper bound on
the Allan deviation shown in Fig. 1 of [31] for all given
values of ⌧ .

3. Cross-correlation

Above we computed the correlation between �✓2(!)
evaluated at the same spatial position. For the cross-
correlation of displaced detectors, we must evaluate
�✓2(!) at di↵erent spatial positions. In particular, we
are interested in

h f�✓2a(!) f�✓2
⇤
b(!

0)i = (2⇡)�(! � !0)
1

2
P cross
�✓2 (!, ~L).

(B27)

where f�✓2a(!) = f�✓2(!, ~xa) and ~L = ~xa � ~xb is the dis-
tance between two detectors. Following the same line of

a

~ stochastic signal

resonance

δE(w) ∝ δ(w − 2ma) + F(w, ma, σ)



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

Naively: clocks can efficiently search for the oscillating signal of a light QCD-like-axion

ℒeff
axion ∈ 10−3 θ2(t) mN n̄n
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Searching for scalar coupling to the strong/nuclear sector - 
a key for progress - large class of UDM models

19

QCD axion models:   

Dilaton:                                       see however  Hubisz, Ironi, GP & Rosenfeld (24)  

Higgs-mixing / relaxion:      

Nelson-Barr UDM:                    Dine, GP, Ratzinger & Savoray (24) 

a
f

GG̃ ⇒ ( a
f )

2

n̄n

dg
αs

π
ϕ

MPl
GG ⇒ dg

ϕ
MPl

mN

MPl
n̄n

sin θHϕ
αs

4πv
H GG ⇒ sin θHϕ

ϕ
v

mN n̄n

(ϵNB =
y2

s V2
us

16π2 ) ϕ
f

mu ūu ⇒ ϵNB
ϕ
f

mu n̄n

. . .

Piazza and M. Pospelov (10); Banerjee, Kim & GP (19)  



Why probing the strong sector \w clocks is challenging ? 

To understand let’s talk about how clocks probe DM                  
(theorist’s perspective - simplified model …)

20



Atomic clock in 1-slide

21

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? 

22

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)]



Observables directly probing coupling to QCD/nuclear sector

23

 Regular transition are sensitive to the reduced mass:                                                                              

         ,  however    (A is number of nucleons)

 Hyperfine clocks via the g-factor, however their sensitivity is “only” 1:1012-14

 One can use vibrational modes in molecules, scales like 

 Or charge radius effect, scales like  

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

mnuc ) me

Amp
∼ 10−5

me

Amp
∼ 10−3

A8/3α ( mBohr

mp )
3

Banerjee, Budker, Filzinger, Huntemann, Paz, GP,  Porsev & Safronova (23)

In vapor see: Oswald, Nevsky, Vogt, Schiller, Figuerora, Zhang, Tretiak, Antypas, Budker, Banerjee &  GP (21)  In corr. spec.: Madge, GP, Meir (24) 

Result \w a suppression factor: Ratom ∼ 103−5



Observables directly probing coupling to QCD/nuclear sector

24
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Figure 3. Constraints on the scalar couling dg to gluons (a) and axion decay constant fa (b) as a function of the DM mass.
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. Non-spectroscopic 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 1GeV is assumed. The red dash-dotted line
in (b) indicates the sensitivity enhancement in the presence of an axion-DM halo around the Sun.

molecular vibration transitions), the nuclear clock ex-
hibits an improvement of another six orders of magni-
tude. This is due to a degeneracy that allows measuring
a ⇠MeV-sensitive nuclear-transition energy at the ⇠eV
scale. However, the technological developments of nu-
clear clocks are still in their infancy compared to molec-
ular clocks.

Light scalars are further subject to constraints from
fifth force experiments and equivalence principle (EP)
tests [14, 71]. As these bounds are based on the cor-
responding Yukawa force mediated between free-falling
objects, they are independent of the cosmological abun-
dance, 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 [72, 73] and the MICROSCOPE experi-
ment [74]. The corresponding upper bound on the scalar
coupling of dg . 10

�6 is shown in gray in Fig. 3a.
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 �m2

� ⇠ d2
gGN⇤4

UV

16⇡2 , where ⇤UV is the
UV cutoff scale. The naturalness bound is obtained by
requiring that these mass corrections do not exceed the
mass itself, �m2

� . m2
�. The corresponding couplings

are indicated by the gray dotted line in Fig. 3a, assum-
ing a cutoff of ⇤UV ' 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 ax-
ion masses are obtained from searches for an oscillating

neutron electric dipole moment (nEDM) [75–77], con-
straining fa & 10

16
GeV

10�18 eV
ma

for ma . 10
�17

eV as
indicated in gray in Fig. 3b. From astrophysics, the ax-
ion nuclear coupling is constrained to fa & 4 ⇥ 10

8
GeV

by supernova (SN) [78, 79] (see, however, Ref. [80]) and
neutron star (NS) cooling bounds [81]. Furthermore,
an axion-DM-induced increase of the neutron-proton
mass difference during Big Bang Nucleosynthesis (BBN)
would reduce the 4He mass abundance [82], excluding
fa . 10

16
GeV min

h�
ma

10�16 eV

��1
,
�

ma
10�16 eV

��1/4
i

as in-
dicated by the light gray line. This bound, however, can
be avoided, e.g., through a non-standard cosmological
evolution of the axion, such that the values of ✓ 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
V (✓) = �f2

⇡ m2
⇡(✓), where f⇡ ' 92 MeV is the

pion decay constant. This establishes a relation
between the axion’s mass and its decay constant,
ma =

p
mumd

mu+md

m⇡f⇡

fa
' 10

�5
eV

1012 GeV
fa

[83, 84], the so-
called QCD axion line. Clock experiments, similar to
most other current experiments searching for ultralight
axions, struggle to reach the corresponding couplings re-
quired 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
line can be realized in technically natural models with-
out fine-tuning. For instance, in a ZN symmetric model
consisting of N identical copies of the SM, each with a
✓ parameter shifted by 2⇡/N with respect to the neigh-
boring sectors and interacting only through a common

 Madge, GP, Meir (24)

Bottomline: accessing the nucleus is hard \w atomic clocks, sensitivity suppressed by Ratom ∼ 103−5



Why all of this is about to change by potentially improving the 
sensitivity by a factor of 108-10  ?  

Laser excitation of the 
Th-229 nucleus
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(i) on the sensitivity and its robustness

(ii) BSM implications (line-shape)
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Natural fine tuning, Th-229 isomeric excitation
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Nuclear clock proposal: E. Peik and Chr. Tamm, Europhys. Lett. 61, 181-186 (2003)
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Th-229 shell’s structure, one unpaired neutron, the transition

90 protons, 139 neutrons
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 

Mössbauer spectroscopy
High- resolution, recoil- free 
gamma- ray spectroscopy 
performed with nuclei in solids, 
tuned via the Doppler shift 
between a moving source  
and stationary absorber.
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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The nuclear level structure “can be described” 

in terms of an elliptic core and an unpaired neutron 

Beeks et al: Nat. Rev. (21)
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Laser Excitation of the Th-229 Nucleus

J. Tiedau ,* M. V. Okhapkin ,* K. Zhang ,* J. Thielking , G. Zitzer , and E. Peik †

Physikalisch-Technische Bundesanstalt, 38116 Braunschweig, Germany

F. Schaden,* T. Pronebner , I. Morawetz, L. Toscani De Col , F. Schneider , A. Leitner,
M. Pressler, G. A. Kazakov , K. Beeks , T. Sikorsky, and T. Schumm ‡

Vienna Center for Quantum Science and Technology, Atominstitut, TU Wien, 1020 Vienna, Austria

(Received 5 February 2024; revised 12 March 2024; accepted 14 March 2024; published 29 April 2024)

The 8.4 eV nuclear isomer state in Th-229 is resonantly excited in Th-doped CaF2 crystals using a
tabletop tunable laser system. A resonance fluorescence signal is observed in two crystals with different
Th-229 dopant concentrations, while it is absent in a control experiment using Th-232. The nuclear
resonance for the Th4þ ions in Th:CaF2 is measured at the wavelength 148.3821(5) nm, frequency
2020.409(7) THz, and the fluorescence lifetime in the crystal is 630(15) s, corresponding to an isomer half-
life of 1740(50) s for a nucleus isolated in vacuum. These results pave the way toward Th-229 nuclear laser
spectroscopy and realizing optical nuclear clocks.

DOI: 10.1103/PhysRevLett.132.182501

The resonant excitation of elementary quantum systems
with coherent electromagnetic radiation is at the heart of
many experiments in physics, like spectroscopy of atoms
and molecules, atomic clocks, quantum information
processing, and others. Coherent laser excitation has many
applications, especially when highly precise control of
frequency or phase of quantum superposition states is
required, but it has hardly been used in nuclear physics
to date [1]. The difficulty in laser excitation of nuclei is
understandable from the huge mismatch between typical
nuclear excitation energies and available laser photon
energies. Nuclear excitation has been demonstrated in
laser-produced plasmas, where the interaction is mediated
via electrons that are accelerated in an intense laser field
and interact with the nucleus in collisions or via brems-
strahlung in the x-ray regime [2]. Different nuclei have
been resonantly excited with synchrotron radiation on
transitions in the energy range of 6–60 keV with lifetimes
in the nano- to microsecond range [3]. A 12.4 keV
resonance in Sc-45 with a lifetime of 0.47 s has recently
been excited at the European x-ray free-electron laser [4].
The Th-229 nucleus is known for its unique low-energy

isomeric state [5–7]. Its excitation energy of 8.4 eV places
the nuclear transition in the vacuum-ultraviolet (VUV)
spectral range and makes it accessible for experiments with
tabletop laser systems and the tools of precision optical

frequency metrology. A number of proposals have been put
forward based on these exceptional properties (see [8,9] for
recent reviews), including the concept of a nuclear optical
clock of very high accuracy [10,11] and high sensitivity in
tests of fundamental physics [12,13]. Reflecting the
inherent robustness of nuclear transitions to external fields
and chemical environment, even a solid-state version
of an optical clock has been proposed, based on Th-229
doped into a VUV-transparent crystal, with a band gap that
is larger than the isomer energy [14,15]. Placing the atoms
in a solid-state crystal lattice confines them to a region
that is much smaller than the excitation wavelength
(Lamb-Dicke regime), which suppresses the effects of
photon recoil and first-order Doppler shift on the nuclear
transition [15].
Previous attempts to excite the low-energy transition of

the Th-229 nucleus with a laser or other light source have
not been successful. Part of the difficulty resulted from a
large uncertainty in the transition wavelength that was
initially determined from differences of much larger γ
photon energies [5]. Another difficulty arises from the fact
that Th-229 is radioactive, undergoing α decay with a half-
life of 7825(87) yr [16]. Consequently, the detection of a
weak nuclear resonance fluorescence signal from a sample
of Th-229 is hampered by a strong background of radio-
luminescence and Cherenkov radiation from several stages
of the Th-229 decay chain [17–19]. Three unsuccessful
attempts on excitation of Th-229 resonance in solid
samples have been reported, using undulator radiation at
electron storage rings, with spectral photon fluxes up to
100 photons=ðs HzÞ [20–22]. Covering a wide wavelength
range between 120 and 300 nm, none of these experiments
detected a signal related to the nuclear transition.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW LETTERS 132, 182501 (2024)
Editors' Suggestion Featured in Physics

0031-9007=24=132(18)=182501(6) 182501-1 Published by the American Physical Society

Laser excitation of the 229Th nuclear isomeric transition in a solid-state host

R. Elwell,1 Christian Schneider,1 Justin Jeet,1 J. E. S. Terhune,1 H. W. T. Morgan,2

A. N. Alexandrova,2 H. B. Tran Tan,3, 4 Andrei Derevianko,3 and Eric R. Hudson1, 5, 6

1
Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA

2
Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, CA 90095, USA

3
Department of Physics, University of Nevada, Reno, Nevada 89557, USA

4
Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, New Mexico 87545, USA

5
Challenge Institute for Quantum Computation, University of California Los Angeles, Los Angeles, CA, USA

6
Center for Quantum Science and Engineering, University of California Los Angeles, Los Angeles, CA, USA

(Dated: April 19, 2024)

LiSrAlF6 crystals doped with 229Th are used in a laser-based search for the nuclear isomeric transi-
tion. Two spectroscopic features near the nuclear transition energy are observed. The first is a broad
excitation feature that produces red-shifted fluorescence that decays with a timescale of a few sec-
onds. The second is a narrow, laser-linewidth-limited spectral feature at 148.38219(4)stat(20)sys nm
(2020407.3(5)stat(30)sys GHz) that decays with a lifetime of 568(13)stat(20)sys s. This feature
is assigned to the excitation of the 229Th nuclear isomeric state, whose energy is found to be
8.355733(2)stat(10)sys eV in 229Th:LiSrAlF6.

The nuclear isomeric state in the 229Th nucleus, de-
scribed by the Nilsson quantum numbers (3/2)+ [631] has
the lowest energy of all known nuclear excited states.
This extraordinary property, coupled with its expected
long lifetime, should allow access to a number of novel
applications, including construction of an optical nuclear
clock that may be more robust [1] than and/or outper-
form [2, 3] current technology. It is also expected to allow
the most sensitive test to date of the variation of the fun-
damental constants [1, 4, 5].

While recent work has greatly improved the knowledge
of the isomeric state energy [6–8], to realize the afore-
mentioned goals requires an energy measurement with
laser spectroscopic precision of the isomeric transition,
(3/2)+ [631] (5/2)+ [633]. It was proposed [1] that due
to the optical Mößbauer e↵ect, a high-bandgap crystal
doped with 229Th might provide an attractive platform
for performing this spectroscopy. As a result, consider-
able e↵ort has been put towards developing high-quality
229Th-doped crystals, both by traditional methods [9, 10]
and using implantation at a radioactive beamline [11].
This led to an important experiment at ISOLDE [11],
which established that detection of a long-lived nuclear
decay (⌧ ⇠ 1000 s) is possible in a crystalline host
and that the wavelength of the isomeric transition was
148.7(4) nm – parentheses denotes the 68% confidence
interval.

Here, we report the results of a laser-based search
for the 229Th isomeric nuclear transition in 229Th-doped
LiSrAlF6 crystals. Using a vacuum-ultraviolet (VUV)
laser system [12], we have searched for the transition be-
tween 147.43 nm-182.52 nm (6.793 eV-8.410 eV). We ob-
serve wideband fluorescence from 229Th-doped crystals
in the spectral region identified by the ISOLDE exper-
iment [11], while undoped and 232Th-doped crystals do
not exhibit similar fluorescence. This fluorescence ap-
pears to possess multiple time scales that are of order a

few seconds. We also observe a narrow, laser-linewidth-
limited spectral feature at 148.38219(4)stat(20)sys nm,
which decays with a lifetime of 568(13)stat(20)sys s. This
feature does not appear in a 232Th-doped LiSrAlF6 crys-
tal.

Very recently, using the approach of Ref. [1], a
narrow spectroscopic feature was observed in the
laser spectroscopy of 229Th-doped CaF2 crystals at
148.3821(5) nm [13]. Since this feature did not appear in
a 232Th-doped CaF2 crystal it was assigned to the 229Th
isomeric transition. Such assignment relies on the chem-
ical identity of 232Th- and 229Th-doped crystals, which,
given that the radioactivity of 229Th may lead to forma-
tion of radiation-induced color centers in 229Th-doped
crystals, is not guaranteed – especially given the history
of the search for the isomeric transition [14, 15]. However,
given that the feature is observed in both 229Th-doped
CaF2 and LiSrAlF6 crystals under di↵erent experimen-
tal conditions, it appears safe to assign it to the 229Th
nuclear isomeric transition.

To interpret these results, we present ab initio crystal
structure calculations that suggest the observed short-
time fluorescence could be due to coupling of the 229Th
nucleus to the electronic and phononic degrees of freedom
of the crystal. This coupling may also explain why only a
fraction of the 229Th nuclei doped into the crystal appear
to contribute to the observed narrow, isomeric transition.

The experiments reported here were conducted via
monitoring the resulting fluorescence from crystals
following illumination with a VUV laser. Four
di↵erent VUV transparent LiSrAlF6 crystals were
used in these experiments, all with dimensions
⇡ 3 mm ⇥ 3 mm ⇥ 10 mm. Two were doped with 229Th
(crystal 2.2 with 229Th density ⇢229 ⇡ 5(1016) cm�3 and
crystal 3.1 with ⇢229 ⇡ 5(1015) cm�3), one was doped
with 232Th (⇢232 ⇡ 1(1016) cm�3) to understand any flu-
orescence resulting from the chemistry of Th in LiSrAlF6,

ar
X

iv
:2

40
4.

12
31

1v
1 

 [p
hy

sic
s.a

to
m

-p
h]

  1
8 

A
pr

 2
02

4

The (other) April revolution? 



29

Moore's law on steroids - quantum sensors

Th-239 progression of precision in isomeric-line’s : 

0.1 (2020)  =>  0.001 (2022)  =>  1:106 (Mar/Apr/24)  =>  1:1011 (Jun/24) 

δf/f

21 22 23 24

100

104
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year

Mathematica’s fit to double exponent:

IP = LogPlot[10^(1.7^(t - 20)), {t, 20, 24.5}];

Show[{LP, IP}]



What was measured ? (ex. from Tiedau et al.)

Used super broad super powerful laser ~ few GHz to shine on Th-229-doped CaF2 crystal   

Scan the frequencies (width of 10-5 to cover region of 0.1 eV!), then after ~ 1000 s got 
back fluorescence at a specific frequency equal to: 2020.409(3-7) THz resulting with     
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photomultiplier tube (PMT) by two dielectric mirrors. The
mirrors are reflective over the wavelength range between
141 and 152 nm [32] and used to filter out the main part of
the background of crystal radioluminescence [26]. A short
focal length MgF2 lens is used to focus the signal onto the
PMT. To minimize direct exposure of the PMT with high-
energy γ radiation from the crystal, a lead shield is placed
on the side of the crystal holder opposite to the collection
mirror. A CCD camera and a laser pilot beam are used for
imaging the crystal position and its overlap with the VUV
radiation. The CCD camera also monitors the radio- and
photoluminescence of the crystals during VUV laser
excitation and gives additional information about the
transmission of the crystal.
The experimental sequence consists of alternating VUV

laser excitation and detection intervals. In the initial search
of the isomer transition, we irradiate the crystal for te ¼
120 s and record a PMT signal for td ¼ 150 s. During the
excitation cycle, the Ti:Sa laser frequency ν2 (see Fig. 1) is
scanned continuously with a triangular modulation of
"15 GHz around the central value for each frequency
step. The modulation speed is chosen such that the VUV
pulses leave no gap in the scanned frequency. Meanwhile,
the PMT is protected from scattered laser light by applying
a þ300 V blocking voltage to the first dynode. During the
detection time, the pump laser of the pulsed dye amplifiers
is turned off to avoid VUV scattering light on the signal
PMT, and the scanning laser frequency is moved to the
next point.
The wavelength of the VUV source is determined by

monitoring the frequencies (ν1, ν2) of the cw four-wave
mixing lasers by a Fizeau wavemeter, taking into account a
measured total frequency shift of ΔB ¼ −6δB1 þ δB2 ¼
−10.1ð5Þ GHz, which appears in stimulated Brillouin
scattering mirrors of the amplifiers [27]. To exclude
possible systematic errors, we use two independent wave-
meters, permanently calibrated with a clock laser of the
Ybþ optical frequency standard [33].
The background pressure in the spectroscopy vacuum

chamber is about 10−5 Pa. During the operation of the
VUV source, we observe a buildup of polymeric carbon on
the optical elements that are exposed to VUV radiation
(see, for example, Ref. [34]). To remove surface carbon,
hydrocarbons, and organics from the optical viewport,
the focusing lens, and the crystal, we use an Evactron
E50 decontaminator for in situ plasma cleaning on a
weekly basis.
An initial search for the isomer excitation covering the

wavelength range from 148.2 to 150.3 nm was done using
the C10 crystal (see Table I) with a lower concentration of
229Th. The C10 crystal was used to prevent possible
damage to the highly doped X2 crystal under the high
pulse power of the VUV radiation over a long exposure
time. The luminescence from the crystal produced a
background PMT signal of 130–160 counts per second

(cps) with a typical shot noise of ≤ "2 cps when averaged
over a 150 s detection cycle. The total search range was
covered in approximately 20 measurement runs with ≈50
wavelength steps each [32]. The time per run is limited by
the formation of an ice layer on the cold crystal that absorbs
VUV light. The ice layer is detectable as a reduction of the
VUV luminescence signal on the PMTwith a time constant
on the order of 5–6 h. Therefore, a warm-up cycle for
transmission recovery at room temperature is applied after
each run.
While scanning over the full range using the C10 crystal,

we observe one clearly detectable fluorescence peak [32] at
the excitation wavelength 148.38 nm. A scan around the
same wavelength with the highly doped, freshly fluorinated
[30] X2 crystal shows an ≈25 times higher signal with the
same frequency center position and similar shape as for
C10 [Fig. 2(a)]. The radioluminescence background of the
X2 crystal is about 400 cps. The measured fluorescence
signal and the estimated count rate [32,35] are consistent
within one order of magnitude. The signals are recorded
with "5 GHz modulation of the VUV laser over the
frequency steps, in order to exclude frequency gaps during
the scanning. The width and the shape asymmetry of the
observed resonances are determined by the VUV source
linewidth and by the scanning rate, because the measure-
ment time for one frequency step is shorter than the isomer
lifetime (see Fig. 3). Reducing the scanning rate would lead
to an additional distortion of the signal due to ice-layer
formation. Figure 2(b) shows the shape of the resonances in
the X2 crystal for both scanning directions (red dashed and

(a)

(b)

(c)

FIG. 2. (a) VUV fluorescence signals from the Th-229-doped
X2 crystal, recorded in frequency scans from higher to lower
frequency (squares) and lower to higher frequency (dots). The
measurement time between frequency steps is shorter than the
isomer decay time (see Fig. 3), which leads to an asymmetry in
the resonance curves. (b) The resonance asymmetry is removed,
together with the radioluminescence background, from the plots
(a) in postprocessing. (c) Result of a control experiment with the
Th-232-doped V12 crystal.
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∼ 10−6 Tiedau et al. (24)



Enhanced sensitivity,  229Th

How to estimate the sensitivity say of UDM that couples only to the QCD sector? 

Let’s break the energy difference according to nucl’ & Coulomb parts, following the lore:   

                          

                            Therefore the lore says:     

 Now let’s assume that we have a UDM couples only to the QCD sector ( ):

fTh−229 = ΔEnu−clock ∼ ΔEnuc − ΔEEM ∼ 8 eV ≪ ΔEnuc ∼ ΔEEM

Kcanc = ΔEnuc/fTh−229 ∼ 105 ≫ 1

αs(t)

31enhancement of 108-10 relative to existing probes of QCD!Ratom × Kcanc ∼

∂ log fTh−229

∂ log αs
=

αs

fTh−229

∂ΔEnuc

∂αs
=

Enuc

fTh−229

∂ log Enuc

∂ log αs
≡ Kcanc ×

∂ log Enuc

∂ log αs



Present and near future implications

 We have now , this should be translated to effective sensitivity       

 of atomic clocks, possibly beyond the frontier! 

δf
f

∼ 10−6−11

δf
f

× Ratom × Kcanc ∼ 10−14−19 − 10−16−21

32

6

FIG. 3. Line shape fit using orthogonal distance regression
for the case of !DM = 1Hz. The best-fit parameters and cor-
responding covariance matrices for the models without (blue)
and with (black) DM are shown in Table I.

break between the two scans with decreasing and increas-
ing frequency. Hence, DM oscillations with angular fre-
quencies below roughly !DM . 100 rad Hz are coherent
throughout the entire scan. For fixed !DM, we can then
constrain �⌫DM marginalizing over N , �L, ro↵ , �⌫o↵ ,
and '0.

Line shape fit using orthogonal distance regression A
bound on �⌫DM can be obtained directly from a curve
fit to the data presented in Fig.(insert fig). During data
taking, a ⇠ 5 GHz triangular frequency modulation was
applied to the VUV laser frequency. However, as we do
not know the exact amplitude and phases of the mod-
ulation, we do not include this modulation in �⌫n(x),
but instead model it by assigning a corresponding un-
certainty on the detuning steps. The uncertainties on
the frequency detuning are thus assumed to be of the
order ��⌫ ⇠ 10 GHz/

p
12 ⇡ 3 GHz. The uncertainties

on the counts are modeled by the standard deviation
of the counts recorded in the side-bands, which we de-
fined as the regions corresponding to frequency detuning
|�⌫0| > 50 GHz. We obtain �y ⇡ 5. Assigning the same
uncertainties (��⌫ , �y) to all data points (�⌫0,n, yn) (red
error bars in Fig. 3), we perform an orthogonal distance
regression on the data points, with the curve defined by
(�⌫0, y(�⌫0)). In absence of DM the fit parameters are the
count o↵set ro↵ , the normalisation factor N , the Lorentz
line width �L, and the detuning o↵set �⌫o↵ . In pres-
ence of DM with a characteristic frequency of !DM , the
additional fit parameters are �⌫DM and 'DM. As ex-
pected, we observe that the fit is insensitive to the value
of 'DM in the limit where the characteristic time of the
DM oscillation is much shorter than the detection time,
i.e. TDM ⌘ 2⇡/!

�1
DM ⌧ td.

We estimate the bound on �⌫DM by �⌫DM|best-fit +
2 ��⌫DM . For DM frequencies !DM 2

⇥
10�1

, 102
⇤

Hz,

FIG. 4. Comparison of the bounds on the amplitude �⌫DM of
the DM frequency modulation obtained by the MCMC and
ODR methods described in ?? . Add Wolfram and Chai’s
method?

SM fit DM fit

ODR MCMC ODR MCMC

ro↵ [Hz] �15± 1 �14± 2 �14± 2 �13± 2

N [Hz] 480± 30 460± 30 530± 60 490± 50

�L [GHz] 22± 1 23± 2 20± 2 21± 2

�⌫o↵ [GHz] — �1.4± 0.7 — �2± 4

'DM — — 8± 35 3± 2

�⌫DM [GHz] — — 5± 2 5± 3

TABLE I. Best-fit parameters of the ODR and sample means
from the MCMC in the setup without (SM) and with DM
with a characteristic angular frequency !DM = 1Hz. The
corresponding covariance matrices are given in Eq. (??) will
update ODR nbrs, bring 'DM values into [0, 2⇡] interval

we observe a flat frequency behaviour with a median of
�⌫DM ⇡ 10 GHz. The e↵ect of the DM oscillation on the
nuclear lineshape can be studied by propagating the un-
certainties on the fit parameters to y(�⌫0). In Fig. 3 we
show the 2� region for the model without DM in blue
and the 2� region for the model with DM in black.
Monte Carlo sampling We also employ a Bayesian

approach using a Markov chain Monte Carlo (MCMC)
sampler. Our likelihood is given by

log L = �
1

2

X

n

✓
y(�⌫0,n) � yn

�n

◆2

where �⌫0,n are the frequency o↵sets and yn the corre-
sponding postprocessed PMT counts (i.e. after remov-
ing the radioluminescence background and decays from
previous excitations). For the uncertainty �n, we again
take the variance �y of the data points in the side-
bands. In the region around the peak, |�⌫0| < 50 GHz,
we further propagate the uncertainty ��⌫ on the de-
tuning to the count rate and add it in quadrature, i.e.

�
2
n

= �
2
y

+ �
2
�⌫

��� dy

d�⌫0
(�⌫0,n)

���
2
, where we evaluate the ab-

solute value of the derivative as the mean of the absolute
values of the slopes between each point and its left and
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 However, how can we use the existing info where nuclear clocks are unavailable ?  

 Line shape analysis:                                           can already be used to search for DM           

& other phenomena



Searching for DM via the line shape

 Line shape analysis, we can understand via considering 2 interesting limits:                                                                             

    (i) slow oscillation - (DM-mass)-1 >> typical time scale of measurement => drift of line        

   (ii) fast oscillation - (DM-mass)-1 <<  typical time scale => sidebands, and if the amplitude of     

         oscillation >> DM-mass => “Barad-Dur” modification of line                => new constrain      
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where Teq ⇠ 1 eV is the temperature of matter-radiation
equality and ⇢DM ' 0.4 GeV cm�3 is the local DM den-
sity today. For the canonical QCD axion, N = 1, whereas
in ultralight ZN axion models [6, 10], m
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Side band analysis

The appearance of sidebands can be derived by consid-
ering a two-level system, where without loss of generality
we might take the energy of the groundstate as 0, while
the energy of the excited state is given by Eq. (1). For
simplicity assuming that ' = 0 , the excited state |"i

evolves as

| "(t)i = exp (�i2⇡⌫0t � i↵ sin(!DMt)) |"i (29)

=
1X

n=�1
Jn (↵) exp (�i(2⇡⌫0 + n!DM)t) |"i ,

(30)

where we used the Jacobi-Anger expansion in the sec-
ond step and Jn denotes the n-th Bessel function and
↵ = 2⇡�⌫DM/!DM the modulation index [11]. The result
suggests that the transition can be resonantly driven at
frequencies ⌫0+n!DM/(2⇡) although the relative rate will
be suppressed by the statistical weight |Jn(↵)|2. There-
fore the line shape is convoluted with

I(⌫) =
1X

n=�1
|Jn (↵)|2 �(⌫ � (⌫0 + n!DM/(2⇡))) , (31)

instead of Eq. (5). For ↵ ⌧ 1 one observes a main peak at
⌫0 as |J0(↵)|2 ⇡ 1 together with two sidebands at !0±!m

with the intensity being suppressed by |J1(↵)|2 ⇡ ↵
2
/4.

Peaks of higher order are even further suppressed. If an
experiment is able to detect sidebands with a relative in-
tensity �I/I compared to the main peak, one is therefore
able to constrain

⌦ . 2!m

r
�I

I
. (32)

Note that in the opposite limit of ↵ � 1 all side-bands
up to n ' ↵ contribute significantly. In fact it can be
shown that in this limit the usage of the above expres-
sion for I(!) and Eq. (1) is equivalent if the frequency
uncertainty of the experiment is large compared to !m

(or if the atoms move around (Doppler broadening) /
other random noise is present). This can be seen from
Fig. 5, where we show the above expression convoluted
with a Gaussian of width 5!m in orange as well as Eq. (1)
in green for ↵ = 100 .

�100 0 100

!/!m

I
[a

.u
.]

� = 100

�2 0 2

!/!m

� = 0.5

FIG. 5. Sideband search at large and small modulation index
↵.

Scalar DM

Consider we have a Dilatonic DM coupled to the Stan-
dard Model. Namely, consider the following coupling to
gluons:

L � � · � ·
dg�s

2gs

· G
a

µ⌫
G

a,µ⌫ (33)

Where  =
p

4⇡GN , gs is the strong coupling, �s is
the QCD beta function, � is Dilaton DM and dg is the
coupling. The scalar coupling induces oscillations in the
QCD scale as follows:

�⇤QCD

⇤QCD

=  · dg · � (34)

Now, if we consider the Nuclear clock transition ETh =
8.355 eV, Then we can write:

�ETh

ETh

= KTh

�⇤QCD

⇤QCD

(35)

Here we take the sensitivity coe�cient to be KTh = 105,
which gives us:

�ETh = ETh · KTh ·  · dg · � (36)

Treating � like a standard ultra-light wave DM, we can
write:

�ETh = ETh · KTh ·  · dg ·

p
2⇢�

m�

· cos(mt) (37)

Comparing with our side-band analysis, we see that here
we have the modulation amplitude to be ⌦ = ETh ·KTh ·

 · dg ·

p
2⇢�

m�
and modulation frequency to be !m = m.

Therefore, the modulation index for Dilaton being:

↵ = ETh · KTh ·  · dg ·

p
2⇢�

m
2
�

(38)
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where Teq ⇠ 1 eV is the temperature of matter-radiation
equality and ⇢DM ' 0.4 GeV cm�3 is the local DM den-
sity today. For the canonical QCD axion, N = 1, whereas
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Side band analysis

The appearance of sidebands can be derived by consid-
ering a two-level system, where without loss of generality
we might take the energy of the groundstate as 0, while
the energy of the excited state is given by Eq. (1). For
simplicity assuming that ' = 0 , the excited state |"i

evolves as

| "(t)i = exp (�i2⇡⌫0t � i↵ sin(!DMt)) |"i (29)

=
1X

n=�1
Jn (↵) exp (�i(2⇡⌫0 + n!DM)t) |"i ,

(30)

where we used the Jacobi-Anger expansion in the sec-
ond step and Jn denotes the n-th Bessel function and
↵ = 2⇡�⌫DM/!DM the modulation index [11]. The result
suggests that the transition can be resonantly driven at
frequencies ⌫0+n!DM/(2⇡) although the relative rate will
be suppressed by the statistical weight |Jn(↵)|2. There-
fore the line shape is convoluted with

I(⌫) =
1X

n=�1
|Jn (↵)|2 �(⌫ � (⌫0 + n!DM/(2⇡))) , (31)

instead of Eq. (5). For ↵ ⌧ 1 one observes a main peak at
⌫0 as |J0(↵)|2 ⇡ 1 together with two sidebands at !0±!m

with the intensity being suppressed by |J1(↵)|2 ⇡ ↵
2
/4.

Peaks of higher order are even further suppressed. If an
experiment is able to detect sidebands with a relative in-
tensity �I/I compared to the main peak, one is therefore
able to constrain

⌦ . 2!m

r
�I

I
. (32)

Note that in the opposite limit of ↵ � 1 all side-bands
up to n ' ↵ contribute significantly. In fact it can be
shown that in this limit the usage of the above expres-
sion for I(!) and Eq. (1) is equivalent if the frequency
uncertainty of the experiment is large compared to !m

(or if the atoms move around (Doppler broadening) /
other random noise is present). This can be seen from
Fig. 5, where we show the above expression convoluted
with a Gaussian of width 5!m in orange as well as Eq. (1)
in green for ↵ = 100 .
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FIG. 5. Sideband search at large and small modulation index
↵.

Scalar DM

Consider we have a Dilatonic DM coupled to the Stan-
dard Model. Namely, consider the following coupling to
gluons:

L � � · � ·
dg�s

2gs

· G
a

µ⌫
G

a,µ⌫ (33)

Where  =
p

4⇡GN , gs is the strong coupling, �s is
the QCD beta function, � is Dilaton DM and dg is the
coupling. The scalar coupling induces oscillations in the
QCD scale as follows:

�⇤QCD

⇤QCD

=  · dg · � (34)

Now, if we consider the Nuclear clock transition ETh =
8.355 eV, Then we can write:

�ETh

ETh

= KTh
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(35)

Here we take the sensitivity coe�cient to be KTh = 105,
which gives us:

�ETh = ETh · KTh ·  · dg · � (36)

Treating � like a standard ultra-light wave DM, we can
write:

�ETh = ETh · KTh ·  · dg ·
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Comparing with our side-band analysis, we see that here
we have the modulation amplitude to be ⌦ = ETh ·KTh ·
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and modulation frequency to be !m = m.
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INTRODUCTION

[EM: Moved this from the laser excitation sec-
tion to intro:] In order to build an optical clock based
on the 8.4 eV nuclear isomer state, the transition en-
ergy has to be known with great precision. To achieve
this goal, multiple spectroscopy experiments have to be
done to incrementally reduce the error. Recently, for
the first time, the isomer state was resonantly excited
by a tabletop tunable laser system [1] decreasing the er-
ror by almost three orders of magnitude compared to the
previous measurement. [EM: Independent confirma-
tion by [2, 3], another two orders-of-magnitude
improvement in [4].]

LASER EXCITATION OF 229Th

Schematically, the laser excitation of the 229Th iso-
mer in Refs. [1–4] is achieved as follows. A 229Th-doped
crystal is irradiated with vacuum-ultraviolet (VUV) laser
light for a time period te. Subsequently, fluorescence pho-
tons from isomer decays are recorded in a photon mul-
tiplier tube (PMT) for a period td. This excitation and
measurement sequence is then repeated, varying the fre-
quency of the VUV laser and thereby scanning the 229Th
resonance curve. [EM: Is this su�ciently general to
also fit Ref. [4]?]

In the following, we mainly focus on frequency scans
of the highly-doped CaF2 crystal X2 shown in Fig. 2 of
Ref. [1]. The data is taken with an excitation time of
te = 120 s and a measurement time of td = 150 s. The res-
onance is scanned twice, once with decreasing and once
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with increasing laser frequency. Since the time between
two subsequent measurements is smaller than the fluores-
cence lifetime ⌧ = 630 s, the resulting resonance curves
are asymmetric and depend on the scan direction, as the
count rate also includes decays from isotopes excited dur-
ing previous illumination cycles. This asymmetry, as well
as radioluminescence background counts from nuclear de-
cays of the isomer, are then subtracted, producing sym-
metric resonance curves that agree between the two scan
directions.

BOUNDS ON ULDM FROM LINESHAPE

Precise knowledge of the isomer transition energy will
eventually allow us to build a nuclear clock. On the
way there, it is already possible to probe models of new
physics via variations in the line shape they cause. Here,
we describe such a search focusing on models of ULDM
that generically lead to a variation of the transition fre-
quency of the form

⌫(t) ' ⌫0 + �⌫DM cos(!DMt + 'DM) . (1)

Above ⌫0 denotes the nuclear transition frequency in the
absence of DM, �⌫DM is the amplitude of the variation
which results generally as a combination of the DM cou-
pling and density as well as the sensitivity of the tran-
sition in question. The frequency of oscillation !DM is
given by the DM mass mDM or 2 mDM, depending on
whether one considers a linear or quadratic coupling, and
'DM is a random phase.

To gain some physical intuition, it is helpful to con-
sider a few interesting limits of how this variation in
transition frequency manifests itself. When the DM am-
plitude is much larger than the DM frequency, i.e. when
�⌫DM � !DM/(2⇡), we can treat the above expression as
the instantaneous transition energy at time t such that
the nucleus is only resonantly excited if the laser fre-
quency matches ⌫(t). Due to the line width of the laser
used in Ref. [1] currently limiting the sensitivity to dark
matter, all parameter space considered here lies in this
regime. Further, if the period of the DM oscillation is
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FIG. 1. Bounds on a scalar coupled to QCD. Colored bounds are searches for time variations of frequencies due to the scalar
being DM, while the gray areas are constrained by DM being heavy enough to allow for milkyway satellite galaxies as well
as equivalence principle violating forces mediated by the scalar. The red shaded area gives the bound resulting from the
measurement of the Thorium lineshape of Ref. [1] limited by the ⇠ 10GHz laser linewidth (this work) and for m� ⇠ 10�16 eV
is only 1-2 orders of magnitude weaker than the currently strongest bounds shown by the blue shaded area. The orange line
represents the approximate reach of the setup used in Ref. []. For small masses we envision the operation of a rudimentary clock
comparing the peak frequency every 2 hours with an error of 5 kHz for a month. At large masses a bound from the lineshape
can be derived limited by the 300 kHz linewidth of the laser with the exact behavior in the intermediate region (dashed) to
be determined. In purple we show the reach of a lineshape measurement limited by the 100Hz width of the transition inside
CaF2 due to the random magnetic field caused by the fluorine. Finally we show the reach of a single ion quantum projection
noise limited clock based on the thorium transition running for 3 months in dark blue. Note that while such a measurement
theoretically constraints arbitrary large masses, in practice dedicated searches are needed in the dashed section.

than the change in Coulomb energy / e
2 in the tran-

sition O(100 keV) and must largely be compensated by
the change in the QCD sector / ⇤QCD/(mu +md) . This
leads to Ke = O(104) and Kg = �(Kmu + Kmd) =
O(105) []. This is in contrast to electronic transitions
where one typically finds Ke = O(1). Due to the nucleus
only playing a minor role in other optical transitions, the
sensitivity to the QCD sector is suppressed and in the
best case Kg ⇠ Kmq = O(103) . For simplicity and to
show the potential of interrogating the thorium isomer
transition, we concentrate in the following on a nucle-
ophil scalar only coupling via dg.

As an example for a quadratically coupled field we
will further consider the QCD axion a. It arises as the

pseudo-Goldstone boson in the spontaneous breaking of
the Peccei-Quinn symmetry and exhibits the defining
coupling

La �
g
2
s

32⇡2

a

f
G

a

µ⌫
G̃

aµ⌫
, (10)

where G̃ is the dual of the gluon field strength. Once
QCD confines this coupling gives rise rise to quadratic
interactions between pions and the axion

m
2
⇡
(✓) = B(m2

u
+ m

2
d

+ 2mumd cos(✓))1/2 (11)

with ✓ = a/f and B = hqqi/f
2
⇡
. Expanding around ✓ =

0 one finds the interaction L � ✓
2
⇡

2. Given that the
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systematic errors don’t vary over time there is however
no need for such cuts when searching for oscillations. As
an optimistic benchmark we may therefore assume that a
relative statistic error ⇡ 2/

p
N0 can be achieved, where

N0 is the number of events an experiment has collected.
Concerning availability of data |Vus| determining the

decay width of Kaons is perhaps one of the most promis-
ing candidates, given the large number of Kaons pro-
duced in experiments like KLOE, NA48 and NA62. For
the determination of |Vus| e.g. the absolute branching ra-
tio ofK+

! µ+⌫(�) is used. It has been determined with
a relative statistical error of ⇠ 2⇥ 10�3 using N0 ⇡ 106

Kaons by the KLOE experiment [5]. For our purposes
however every observable proportional to |Vus| will work
independent of whether it is suited to extract the matrix
element. This perhaps makes the measurement of the Ks

lifetime the leading candidate with a relative statistical
error of ⇠ 3⇥ 10�4 [6]. To be optimistic one might con-
sider such a study involving the N0 ⇠ 1010 Kaons KLOE
recorded or even the N0 ⇠ 1012 recorded by NA62. The
Kaons produced by NA62 are however strongly boosted
perhaps further complicating the determination of abso-
lute widths. The bounds one might obtain from these
observables are shown in green in Figs. 1 and 2.

Similarly |Vub|
2 can be determined from the decay of

B-mesons although such decays are rare compared to the
ones involving Vcb. The number of decays involving |Vub|

2

is suppressed by ⇡ |Vub|
2/|Vcb|

2
⇡ 0.006. Given that

Babar, Belle, Belle II and LHCb have produced N0 ⇠

5⇥108 , 109 , 5⇥1010 and 1012 bb-pairs they however might
still be able to come close to e.g. KLOE in sensitivity to
our model as one can see from Fig. 2, where we show the
resulting reach in purple.

Lastly one may also consider CP violating observables.
Again the Kaon system promises to be the most percise,
with e.g. the decay rate of KL ! ⇡+⇡� relative to the
rate of KL ! ⇡±e⌥⌫e determined with a relative statisti-
cal error of ⇠ 5⇥10�3 [7]. The resulting bound is shown
in brown in Fig. 2. Due to the CP violation being small
one has to expect this sensitivity to scale poorer though
than to |Vus| when considering a sample of Kaons with
fixed size N0.

Further details on the oscillation of CKM elements can
be found in Appendix C. There we also comment on the
possibility of observing an apparent CP-violation when
combining results from experiments that ran over dif-
ferent periods of time. We do not expect competitive
bounds from such time averaged methods though.

IV. CHALLENGES OF THE MODEL

The variation of the absolute values of the CKMmatrix
Eq. (9) leads to a dependence on � of the quark masses
through quantum corrections. Such couplings of � to the
quark masses are strongly constrained by searches for the
violation of the equivalence principle. In the near future,
one can expect even stronger bounds from nuclear clocks.

FIG. 1. Bounds on the new light scalar in terms of its
mass and decay constant. The orange area is excluded from
searches for violation of the equivalence principle. The area
above the green lines can potentially be probed through os-
cillations in the CKM matrix. See Fig. 2 for details. Above
the blue line the model can be tested by the nuclear clock.
The gray lines indicate the cut-o↵ for which the mass of the
scalar is naturally small.

FIG. 2. Potential reach of various collider searches for oscil-
lations of the CKM matrix elements. Straight lines indicate
quoted sensitivities, while dashed lines assume that for a rel-
ative measurement an O(1) fraction of the events that an
experiment has on tape can be used. In green we show mea-
surements of |Vus| obtained from Kaons.
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FIG. 3. Left: Contribution to the up-type quark selfenergy
leading to a dependence of the quark masses on �. Right:
Correction to the scalar potential induced by quark mass de-
pendence.

Dine, GP, Ratzinger, Savoray (24)
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systematic errors don’t vary over time there is however
no need for such cuts when searching for oscillations. As
an optimistic benchmark we may therefore assume that a
relative statistic error ⇡ 2/

p
N0 can be achieved, where

N0 is the number of events an experiment has collected.
Concerning availability of data |Vus| determining the

decay width of Kaons is perhaps one of the most promis-
ing candidates, given the large number of Kaons pro-
duced in experiments like KLOE, NA48 and NA62. For
the determination of |Vus| e.g. the absolute branching ra-
tio ofK+

! µ+⌫(�) is used. It has been determined with
a relative statistical error of ⇠ 2⇥ 10�3 using N0 ⇡ 106

Kaons by the KLOE experiment [5]. For our purposes
however every observable proportional to |Vus| will work
independent of whether it is suited to extract the matrix
element. This perhaps makes the measurement of the Ks

lifetime the leading candidate with a relative statistical
error of ⇠ 3⇥ 10�4 [6]. To be optimistic one might con-
sider such a study involving the N0 ⇠ 1010 Kaons KLOE
recorded or even the N0 ⇠ 1012 recorded by NA62. The
Kaons produced by NA62 are however strongly boosted
perhaps further complicating the determination of abso-
lute widths. The bounds one might obtain from these
observables are shown in green in Figs. 1 and 2.

Similarly |Vub|
2 can be determined from the decay of

B-mesons although such decays are rare compared to the
ones involving Vcb. The number of decays involving |Vub|

2

is suppressed by ⇡ |Vub|
2/|Vcb|

2
⇡ 0.006. Given that

Babar, Belle, Belle II and LHCb have produced N0 ⇠

5⇥108 , 109 , 5⇥1010 and 1012 bb-pairs they however might
still be able to come close to e.g. KLOE in sensitivity to
our model as one can see from Fig. 2, where we show the
resulting reach in purple.

Lastly one may also consider CP violating observables.
Again the Kaon system promises to be the most percise,
with e.g. the decay rate of KL ! ⇡+⇡� relative to the
rate of KL ! ⇡±e⌥⌫e determined with a relative statisti-
cal error of ⇠ 5⇥10�3 [7]. The resulting bound is shown
in brown in Fig. 2. Due to the CP violation being small
one has to expect this sensitivity to scale poorer though
than to |Vus| when considering a sample of Kaons with
fixed size N0.

Further details on the oscillation of CKM elements can
be found in Appendix C. There we also comment on the
possibility of observing an apparent CP-violation when
combining results from experiments that ran over dif-
ferent periods of time. We do not expect competitive
bounds from such time averaged methods though.
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The variation of the absolute values of the CKMmatrix
Eq. (9) leads to a dependence on � of the quark masses
through quantum corrections. Such couplings of � to the
quark masses are strongly constrained by searches for the
violation of the equivalence principle. In the near future,
one can expect even stronger bounds from nuclear clocks.

FIG. 1. Bounds on the new light scalar in terms of its
mass and decay constant. The orange area is excluded from
searches for violation of the equivalence principle. The area
above the green lines can potentially be probed through os-
cillations in the CKM matrix. See Fig. 2 for details. Above
the blue line the model can be tested by the nuclear clock.
The gray lines indicate the cut-o↵ for which the mass of the
scalar is naturally small.

FIG. 2. Potential reach of various collider searches for oscil-
lations of the CKM matrix elements. Straight lines indicate
quoted sensitivities, while dashed lines assume that for a rel-
ative measurement an O(1) fraction of the events that an
experiment has on tape can be used. In green we show mea-
surements of |Vus| obtained from Kaons.
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FIG. 3. Left: Contribution to the up-type quark selfenergy
leading to a dependence of the quark masses on �. Right:
Correction to the scalar potential induced by quark mass de-
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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

38

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
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 with   being the quadrupole moment,  stands for isomer-ground-state difference,  corresponds to higher moments (charge radius is set to mean) 
 corresponds to thickness using WS (Fermi) distribution

Q0 Δ β3,4
Δa



Halo-inspired model 

Consider QM model of single neutron at d=2 state, weakly boundedfar from a Th-228 core 

Th-228 is a scalar thus one can match all the effects to a simple leading set of operators and 

calculate observables, up to possible short distance effects 

The results are rather interesting (exciting?), but you’d have to wait for the paper to see how 

these fare with data, and the prediction of   … Kcanc
40
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 

Mössbauer spectroscopy
High- resolution, recoil- free 
gamma- ray spectroscopy 
performed with nuclei in solids, 
tuned via the Doppler shift 
between a moving source  
and stationary absorber.
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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Conclusions

41

Most well motivated models coupled to the QCD/nuclear sector, however 

currently we have only limited ways to probe the UDM-nuclear coupling

Nuclear clock will change it all: 

    (i) direct coupling to the nuclear sector  

    (ii) enhanced sensitivity due to the fine cancellation 

New measurement => game changer moving to precision nuclear phase

Existing measurement already give impressive bounds - nuclear supremacy?

Discussed robustness



Backups
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NB-UDM signature & parameter space

43

What is the size of the effect? 

How to search such signal? 

    (i) Luminosity frontier: oscillating CP violation + oscillating CKM angles:

         oscillating Kaon decay lifetime

         oscillating CP violation

         oscillating semi inclusive b->u decay

δa ∼
ρDM

mNB f
cos(mNBt) ∼ 10−4 ×

1013 GeV
f

×
10−21 eV

mNB
× cos(mNBt)

δVus

Vus
∼ δa ⇒

δθKM

θKM
∼ δa ⇒

δVub

Vub
∼ δa ⇒



NB-UDM signature & parameter space
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How to search such signal? 

    (ii) Equivalence principle (EP)+clocks, at 1-loop scalar coupling to mass is induced:  

                       

•             

•            Nuclear clock (1:1024) 

Δmu

mu
≈

3
32π2

y2
s |VSM

us |2 a
f

EP ⇒ f ≳ 1014 GeV

⇒ f ≳ 1019 GeV ×
mNB

10−15 eV

3

systematic errors don’t vary over time there is however
no need for such cuts when searching for oscillations. As
an optimistic benchmark we may therefore assume that a
relative statistic error ⇡ 2/

p
N0 can be achieved, where

N0 is the number of events an experiment has collected.
Concerning availability of data |Vus| determining the

decay width of Kaons is perhaps one of the most promis-
ing candidates, given the large number of Kaons pro-
duced in experiments like KLOE, NA48 and NA62. For
the determination of |Vus| e.g. the absolute branching ra-
tio ofK+

! µ+⌫(�) is used. It has been determined with
a relative statistical error of ⇠ 2⇥ 10�3 using N0 ⇡ 106

Kaons by the KLOE experiment [5]. For our purposes
however every observable proportional to |Vus| will work
independent of whether it is suited to extract the matrix
element. This perhaps makes the measurement of the Ks

lifetime the leading candidate with a relative statistical
error of ⇠ 3⇥ 10�4 [6]. To be optimistic one might con-
sider such a study involving the N0 ⇠ 1010 Kaons KLOE
recorded or even the N0 ⇠ 1012 recorded by NA62. The
Kaons produced by NA62 are however strongly boosted
perhaps further complicating the determination of abso-
lute widths. The bounds one might obtain from these
observables are shown in green in Figs. 1 and 2.

Similarly |Vub|
2 can be determined from the decay of

B-mesons although such decays are rare compared to the
ones involving Vcb. The number of decays involving |Vub|

2

is suppressed by ⇡ |Vub|
2/|Vcb|

2
⇡ 0.006. Given that

Babar, Belle, Belle II and LHCb have produced N0 ⇠

5⇥108 , 109 , 5⇥1010 and 1012 bb-pairs they however might
still be able to come close to e.g. KLOE in sensitivity to
our model as one can see from Fig. 2, where we show the
resulting reach in purple.

Lastly one may also consider CP violating observables.
Again the Kaon system promises to be the most percise,
with e.g. the decay rate of KL ! ⇡+⇡� relative to the
rate of KL ! ⇡±e⌥⌫e determined with a relative statisti-
cal error of ⇠ 5⇥10�3 [7]. The resulting bound is shown
in brown in Fig. 2. Due to the CP violation being small
one has to expect this sensitivity to scale poorer though
than to |Vus| when considering a sample of Kaons with
fixed size N0.

Further details on the oscillation of CKM elements can
be found in Appendix C. There we also comment on the
possibility of observing an apparent CP-violation when
combining results from experiments that ran over dif-
ferent periods of time. We do not expect competitive
bounds from such time averaged methods though.

IV. CHALLENGES OF THE MODEL

The variation of the absolute values of the CKMmatrix
Eq. (9) leads to a dependence on � of the quark masses
through quantum corrections. Such couplings of � to the
quark masses are strongly constrained by searches for the
violation of the equivalence principle. In the near future,
one can expect even stronger bounds from nuclear clocks.

FIG. 1. Bounds on the new light scalar in terms of its
mass and decay constant. The orange area is excluded from
searches for violation of the equivalence principle. The area
above the green lines can potentially be probed through os-
cillations in the CKM matrix. See Fig. 2 for details. Above
the blue line the model can be tested by the nuclear clock.
The gray lines indicate the cut-o↵ for which the mass of the
scalar is naturally small.

FIG. 2. Potential reach of various collider searches for oscil-
lations of the CKM matrix elements. Straight lines indicate
quoted sensitivities, while dashed lines assume that for a rel-
ative measurement an O(1) fraction of the events that an
experiment has on tape can be used. In green we show mea-
surements of |Vus| obtained from Kaons.

V (�) V †(�) mq(�)

u d u

W

FIG. 3. Left: Contribution to the up-type quark selfenergy
leading to a dependence of the quark masses on �. Right:
Correction to the scalar potential induced by quark mass de-
pendence.
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Challenges
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Minimal misalignment DM bound, can’t be satisfied:  , but pretty close …

Naive naturalness => currently only probing sub-MeV cutoff , 

Rely on NB construction, \w Z2  and a (non-anomalous) U(1)

f ≳ 1015 GeV ( 10−19 eV
mϕ )

1
4

Δma ≈
yb |Vub |muΛUV

16π2f

QU(1) (Φ, u1, Q1, d1, u2, Q2, d1) = (+1, + 1, + 1, + 1, − 1, − 1, − 1)

QU(1)(η, Φ, ψ, ψ c, ū1) = + 1, + 1/2, − 1/2, − 1/2, + 1
Two models:

(η additional flavon)



Planck suppression for ultralight spin 0 field

Let’s consider some dimension 5 operators, and ask if current sensitivity reach the 
Planck scale (assumed linear coupling and that gravity respects parity): 

For updated compilation see: Banerjee, Perez, Safronova, Savoray & Shalit (22) 

m� = 10�18 eV

operator current bound type of experiment
d
(1)
e

4MPl
�F µ⌫Fµ⌫ d(1)e . 10�4 [58] DDM oscillations

d̃
(1)
e

MPl
�F µ⌫F̃µ⌫ d̃(1)e . 2 ⇥ 106 [68] Astrophysics

���d(1)me

���
MPl

�me e c

e

���d(1)me

��� . 2 ⇥ 10�3 [58] DDM Oscillations

i

���d̃(1)me

���
MPl

�me e c

e

���d̃(1)me

��� . 7 ⇥ 108 [63] Astrophysics

d
(1)
g �(g)
2MPl g

�Gµ⌫Gµ⌫ d(1)g . 6 ⇥ 10�6 [67] EP test: MICROSCOPE
d̃
(1)
g

MPl
�Gµ⌫G̃µ⌫ d̃(1)g . 4 [69] Oscillating neutron EDM

���d(1)mN

���
MPl

�mN N c

N

���d(1)mN

��� . 2 ⇥ 10�6 [67] EP test: MICROSCOPE

i

���d̃(1)mN

���
MPl

�mN N c

N

���d̃(1)mN

��� . 4 [69] Oscillating neutron EDM

d
(2)
e

8M2
Pl
�2 F µ⌫Fµ⌫ d(2)e . 106 [58] DDM oscillations

���d(2)me

���
2M2

Pl
�2 me e c

e

���d(2)me

��� . 106 [58] DDM oscillations

d
(2)
g �g

4M2
Pl g

�2 Gµ⌫Gµ⌫ d(2)g . 107 [67] EP test: MICROSCOPE.
���d(2)mN

���
2M2

Pl
�2 mN N c

N

���d(2)mN

��� . 107 [67] EP test: MICROSCOPE

Table 3. Strongest existing bounds on various DM couplings for a mass of the order of
m� = 10�18 eV.

– 13 –

DDM = direct dark matter 
             searches

(1/hour)

Graham, Kaplan, Rajendran; 
Stadnik & Flambaum;
Arvanitaki Huang & Van Tilburg (15)
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Status of spin-0 UDM, generalized quality problem

It seems that genially linearly-coupled models are in troubles, however:          
If coupling is quadratic or more than situation is better -

m� = 10�15 eV

operator current bound type of experiment
d
(1)
e

4MPl
�F µ⌫Fµ⌫ d(1)e . 10�4 [67] EP test: MICROSCOPE

d̃
(1)
e

MPl
�F µ⌫F̃µ⌫ d̃(1)e . 2 ⇥ 106 [68] Astrophysics

���d(1)me

���
MPl

�me e c

e

���d(1)me

��� . 10�3 [67] EP test: MICROSCOPE

i

���d̃(1)me

���
MPl

�me e c

e

���d̃(1)me

��� . 8 ⇥ 108 [63] Astrophysics

d
(1)
g �(g)
2MPl g

�Gµ⌫Gµ⌫ d(1)g . 6 ⇥ 10�6 [67] EP test: MICROSCOPE
d̃
(1)
g

MPl
�Gµ⌫G̃µ⌫ d̃(1)g . 108 [64, 65] SN1987A, NS

���d(1)mN

���
MPl

�mN N c

N

���d(1)mN

��� . 6 ⇥ 10�6 [67] EP test: MICROSCOPE

i

���d̃(1)mN

���
MPl

�mN N c

N

���d̃(1)mN

��� . 3 ⇥ 108 [66] Astrophysics

d
(2)
e

8M2
Pl
�2 F µ⌫Fµ⌫ d(2)e . 1011 [67] EP test: MICROSCOPE

���d(2)me

���
2M2

Pl
�2 me e c

e

���d(2)me

��� . 1012 [67] EP test: MICROSCOPE
d
(2)
g �g

4M2
Pl g

�2 Gµ⌫Gµ⌫ d(2)g . 1011 [67] EP test: MICROSCOPE.
���d(2)mN

���
2M2

Pl
�2 mN N c

N

���d(2)mN

��� . 1011 [67] EP test: MICROSCOPE

Table 2. Strongest existing bounds on various DM couplings for a mass of the order of
m� = 10�15 eV.

– 12 –

For updated compilation see: Banerjee, GP, Safronova, Savoray & Shalit (22) 
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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 
48



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

49

Kim & GP, last month 

 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
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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
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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
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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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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 !


