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Chasing dark  
matter signals:  

old and new frontiers
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Figure 1. Visualization of possible solutions to the dark matter problem.

13/13

Bertone, Tait, Nature 2019

Delve deep (cover high priority targets e.g., WIMPs)  

Search wide (explore as much DM parameter space as possible) Cooley et al, 
arXiv:2209.07426

Cosmic Frontier’s recommendation
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Lesson from IPPP: 

Quantifying backgrounds 

is an important as 

quantifying the signal

Cleaver, CM  
arXiv: 2502.17593  

PRD (to appear)



Cleaver, CM  
arXiv: 2502.17593  

PRD (to appear)



20

Dark matter: MeV - GeV scale
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Lesson from IPPP: 

Sometimes you need to just 

get on and tackle the difficult 

calculations
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New frontiers with atom interferometry: neV scale
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interferometry26). In many future experiments to explore gravitational 
physics, differential measurement schemes27 (for example, gravity 
gradiometry) will be used to exploit the increased sensitivity offered 
by large superposition states while cancelling the vibration-induced 
phase noise as a common mode12–14. In the work presented here,  
common-mode cancellation of the vibration-induced phase noise 
between different parts of the atom cloud allows us to observe con-
trast and additionally to see spatial interference fringes across the atom 
cloud (see below).

To further demonstrate interference, we measure the contrast enve-
lope, that is, the variation of P1 as a function of a timing delay δT before 
the final beam-recombining pulse sequence. At suitably large delays, 
contrast is suppressed, thus allowing characterization of technical noise 
sources which might be conflated with contrast at shorter delays.  
The timing asymmetry leads to a phase shift nkvzδT that depends  
on the vertical velocity vz (refs 24, 25). Integrating over the vertical 
velocity distribution of the atom cloud after the interferometer (r.m.s. 
width ∆vz), the contrast is expected to decay with δT as the envelope 

function28 T n k v T T Texp[ 2] exp[ 2 ]z
2 2 2 2 2

c
2Γ(δ )≡ − ∆ δ / = −δ / δ    , where 

the coherence time is given by δTc ≡ 1/(nk∆νz). Figure 4a displays the 
contrast envelopes and comparison to theory for 30ħk, 60ħk, and 90ħk 
beam splitters. We plot σ(P1), the standard deviation of the set of 
observed P1 values after a sequence of 20 shots at the specified δT, as 
δT is varied (see also Extended Data Fig. 2). Note that σ( )P2 2 1  is 
approximately equal to the contrast22. The data closely match the 
expected decay dependence Γ(δT) for the known values of n, k and ∆vz. 

  54 cm  

Figure 2 | Wave packets separated by 54 cm. We adjust the launch height 
of the millimetre-sized atom cloud so that it passes the detector when the 
wave packets (corresponding to the two peaks in the image) are maximally 
separated. In order to visualize the full extent of the wave function, we take 
36 snapshots of different slices of the distribution. The images are taken 
at slightly different times between the atom launch and the fluorescence 
imaging and are stitched together according to the velocity of the atoms. 
The vertical height in the plot corresponds to atom density (red indicates 
higher density).
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Figure 3 | Fluorescence images of output ports. The two atom clouds 
resulting from the final beam splitter constitute the output ports of the 
interferometer. A single fluorescence image allows us to extract the atom 
number in each port. a, The 2ħk interferometer shows high contrast with 
nearly full population oscillation between the upper port (front image) and 
the lower port (back image). b, For the 90ħk interferometer, the population 
oscillates by more than 40%. Owing to spontaneous emission and velocity 
selectivity, the detected atom number is more than ten times smaller 
than for 2ħk. All displayed images are normalized to have the same peak 
height and are labelled with δφ corresponding to the interferometer phase 
modulo 2π. Each image is 13.8 × 9.7 mm, and the data are smoothed with 
a Gaussian filter with radius 0.5 mm.

Figure 1 | Fountain interferometer. a, After evaporative cooling and a 
magnetic lensing sequence (see Methods), the ultra-cold atom cloud is 
launched vertically from below the cylindrical magnetic shield using an 
optical lattice. At t = 0, the first beam splitter sequence splits the cloud into 
a superposition of momentum states separated by nħk. At t = T, the wave 
packet is fully separated, and a mirror sequence reverses the momentum 
states of the two halves of the cloud. At t = 2T, the clouds spatially overlap, 
and a final beam splitter sequence is applied. After a short drift time, the 
output ports spatially separate by 6 mm owing to their differing momenta, 
and the two complementary ports are imaged. This diagram is not to scale, 
and the upward- and downward-going clouds are shown horizontally 
displaced for clarity. The red, cylindrical arrows illustrate the counter-
propagating laser beams that drive the Bragg transitions. The blue spheres 

represent the atomic wave packets. The solid and dashed lines show the 
trajectories of the atomic wave packets (solid lines correspond to nħk 
greater momentum in the upward direction than the dashed lines), and the 
yellow arrowheads indicate the direction of motion. b, Pulse sequence of 
a 16ħk interferometer, see Methods for details. The main plot depicts the 
spacetime trajectories of the wave packets, and the pulse train underneath 
shows the temporal profile of the laser pulse sequences. c, A moving 
standing wave (red wave, direction of motion indicated by red arrow) 
induces a Bragg transition of one specific velocity class and changes its 
momentum by 2ħk, for example, from 2ħk to 4ħk. The black lines show a 
zoomed-in view of the spacetime trajectories, labelled by momentum.  
The black dot indicates the point at which the transition from momentum 
2ħk to 4ħk occurs.
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Kovachy et al, Nature 
528, 530–533 (2015)

AIONAION
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Initial puzzle: what should we do with curves below 1 Hz?

AION, JCAP,  
arXiv: 1911.11755
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Figure 3. Sensitivities of di↵erent AION scenarios to scalar DM interactions with electrons (left), photons

(middle) and the Higgs portal (right). The grey regions show parameter space that has already been excluded

through searches for violations of the equivalence principle [43], atomic spectroscopy [44] by the MICROSCOPE

experiment [45].

where �!A is the amplitude of the electronic transition oscillation induced by the scalar DM wave
and can be expressed as

�!A =

p
8⇡GN⇢DM

m�
· !A · (dme + ⇠Ade) , (3.7)

where ⇠A is a calculable parameter that depends on the chosen electronic transition. For the 5s2 1S0
– 5s5p 3P0 optical transition in strontium, ⇠A = 2.06 [42].

Fig. 3 shows the calculated sensitivities of AION for three such scalar DM scenarios, namely light
scalar DM that couples linearly to electrons (left), to photons (middle), and through the Higgs portal
(right), corresponding to the first, second and third terms in Eq. (3.2), respectively. The coloured
contours show the couplings that may be detected at SNR = 1 after an integration time of 108 s. In
each case, the solid line shows the sensitivity above 0.3 Hz, while the dotted line shows the sensitivity
that could be gained by extending the frequency range down to 0.1 Hz. We assume that the sensitivity
is limited by the phase noise parameter ��noise listed in Table 1. Following Ref. [18], we have used
the approximation | sin(x)| = min{x, 1/

p
2} in Eq. (3.7) to indicate the power-averaged sensitivity in

Figs. 3 and 4. For the AEDGE space experiment, the sensitive range extends down to 10�4 Hz, where
gravity gradients become more important than shot noise [18]. The grey regions of parameter space
have already been excluded by the indicated experiments.

We see in Fig. 3 that for a scalar mass ⇠ 10�15 eV the sensitivity goal for AION-10 would already
improve on the limits on a scalar DM-electron coupling set by the MICROSCOPE satellite [46] by
about an order of magnitude. We also see that the initial sensitivity of AION-100 would probe an
additional new range of the linear electron coupling for a scalar DM mass & 10�15 eV, and begin
to explore a new coupling range for the scalar-photon coupling. The sensitivity goal for AION-100
reaches deep into unexplored ranges of the linear photon and Higgs portal couplings, as does AION-
km, for ultra-light scalar DM masses in the range 10�15 eV to 10�12 eV. The sensitivities of these
AION variants extend far beyond the ranges currently explored by experiments with atomic clocks
(see e.g. [47]). Finally, we note also that the space experiment AEDGE [7] would further extend the
sensitivity to significantly lower values of the scalar DM mass and much smaller values of the linear
electron, photon and Higgs portal couplings.

As seen in Fig. 4, AION can also explore new ranges of parameter space in models with quadratic

– 10 –

Simply cut-off the lines? 
Almost certainly too conservative 
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Quantifying backgrounds 

is an important as 
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Factors that could limit sub-Hz regime

Seismic effects  
surface waves, body waves, … 

Figure 2. Schematic representation of the seismic field for a fundamental Rayleigh mode with
angular frequency !a travelling horizontally in the direction k̂. The Rayleigh wave will induce
underground density variations �⇢ at positions labelled by r. The density variations induce per-
turbations in the gravitational potential, which serve as a noise source for the i

th interferometer
AI-i.

nL ⌧ T and !anL ⌧ 1, which are always satisfied in planned interferometers [16, 17],

Aa /
d� nL
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The complete expression for Aa is given in Appendix A.
Since ↵a and ✓a are independent, over long timescales the signal is characterised by a

vanishing expectation value, D
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and a covariance given by
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Both of these expressions follow from the statistical properties of the amplitude and random
phase. A complete derivation of Eqs. (3.12) and (3.13) is provided in Appendix A.1.

3.2 Gravity gradient noise from seismic e↵ects

Time-dependent perturbations to the gravitational potential around the free-falling atom
clouds cause a phase shift to build up between two paths of an atom interferometer. These

– 9 –
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Factors that could limit sub-Hz regime
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Atmospheric effects 
temperature, pressure, … 
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Factors that could limit sub-Hz regime

Seismic effects  
surface waves, body waves, … 

Atmospheric effects 
temperature, pressure, … 

Ocean/sea effects  
e.g. if hosted at Boubly
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Factors that could limit sub-Hz regime

Seismic effects  
surface waves, body waves, … 

Atmospheric effects 
temperature, pressure, … 

Ocean/sea effects  
e.g. if hosted at Boubly 

Local moving objects 
vehicles, etc

Figure 2. Schematic representation of the seismic field for a fundamental Rayleigh mode with
angular frequency !a travelling horizontally in the direction k̂. The Rayleigh wave will induce
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Figure 2. Schematic representation of the seismic field for a fundamental Rayleigh mode with
angular frequency !a travelling horizontally in the direction k̂. The Rayleigh wave will induce
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3.2 Gravity gradient noise from seismic e↵ects

Time-dependent perturbations to the gravitational potential around the free-falling atom
clouds cause a phase shift to build up between two paths of an atom interferometer. These
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