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Light dark matter

Overwhelming evidence for dark matter, but its mass scale is 
unknown

Rotation curves gravitational lensing Structure formation
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Searches for dark matter with masses < 1-10 GeV require new 
strategies

What can we learn about dark matter in this mass range?

• Rare decays 

• Spin measurements

• Long-lived particles

• Quantum sensors

Light dark matter
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Rare meson decays
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Rare meson decays
Rare decays, especially rare meson decays are the best probes for  
axions with flavor-violating couplings

E.~Goudzovski et al.``New physics searches at kaon and hyperon factories”, 
 Rept. Prog. Phys. 86 (2023) no.1, 016201

Even in absence of FV couplings 
they’re induced by the SM
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If the axion decays, rare meson decays are even more powerful

Rare meson decays
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Offer a unique test of the parameter space unconstrained by 
astrophysical, beam dump and collider searches

Rare meson decays
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Long-lived particles
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Long-lived particles

The lifetime reach of LHC detectors is limited by their size and 
backgrounds 
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CODEX-b

Feng, et al 1710.09387

Gligorov et al 1708.09395

Chou et al 1606.06298

We propose to 
instrument the ATLAS 
service shaft or ceiling

ANUBIS

MB, Brandt, Lee, Ohm 1909.13022

Long-lived particles



Long-lived particles
Sensitivity to heavy neutral leptons

15

Hirsch, Wang ``Heavy neutral leptons at ANUBIS,'' 
Phys. Rev. D 101 (2020) no.5, 055034



Long-lived particles
The most important target is the Higgs boson: only 
produced at the LHC!
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Long-lived particles

17

The most important target is the Higgs boson: only 
produced at the LHC!



Long-lived particles
The ‘lifetime reach’ of LHC detectors is limited by their size and 
backgrounds 
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Long-lived particles
Pro-ANUBIS demonstrator installed during run 3 to show feasibility 
and understand backgrounds

Synchronised with ATLAS 
clock to provide an active 
veto
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Measuring the spin of invisible states
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Measuring the spin of invisible states
What if the ALP, dark photon is stable?

Angular distribution can distinguish t-
channel from s-channel

MB, Erner,  Phys.Rev.D 108 (2023) 11 21



Invisible decays and polarisation

Backgrounds for e+e- -> X + ɣ at Belle II

MB, Erner,  Phys.Rev.D 108 (2023) 11 22



Invisible decays and polarisation
Polarised beams eliminates background and distinguishes ALP- 
electron and photon interactions

Unpolarised

MB, Erner,  Phys.Rev.D 108 (2023) 11 23



Invisible decays and polarisation
Polarised beams eliminates background and distinguishes ALP- 
electron and photon interactions

Unpolarised Polarised beams

MB, Erner,  Phys.Rev.D 108 (2023) 11 24



Invisible decays and polarisation
Polarised beams eliminates background and distinguishes ALP- 
electron and photon interactions

MB, Erner,  Phys.Rev.D 108 (2023) 11 25
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Ultra-light dark matter



What if dark matter is very light? It behaves like a wave

potential or particle masses, leading to minute, time-dependent variations in spectral lines 
measured in level transitions. This effect is illustrated in Fig.2.  

Atomic spectroscopy experiments as detectors for Dark Matter is a young, emerging field 
with enormous potential. Various experimental groups around the world exploit the increased 
sensitivity of modern spectroscopic methods due to the application of techniques such as laser 
cooling and optical frequency combs to perform searches for very light dark matter.  In the ultra-4

light mass limit these measurements have the potential to compete with or outperform the indirect, 
astrophysical bounds. A large range of interactions can be probed by experiments with different 
isotopes and transition frequencies. 
Upcoming experiments utilising 
different high-precision techniques, 
ranging from atom interferometry, 
quantum networks and 
magnetometry will complement the 
sensitivity of atomic spectroscopy 
experiments. While the dynamics of 
the dark sector fix the oscillation 
frequency, amplitude and frequency 
spread of the expected signal, the 
coupling strength and coupling 
structure to different SM particles is 
model-dependent. It is therefore crucial to perform series of measurements that can isolate the 
couplings by choosing different elements, isotopes and transition frequencies. In particular if 
multiple couplings are present at the same time, a thorough understanding of the 
underlying theory is necessary to uncover correlations. Spectroscopy experiments typically 
report their results in terms of uncertainties of fundamental constants. Constraints or sensitivity to 
new physics is quoted in terms of Wilson coefficients of arbitrary low-energy effective field theories 
or the corresponding constraints on modifications of the Coulomb potential.  However, at a 
fundamental level the physics of Dark Matter is described in terms of quantum field theories. A 
consistent description based on  relativistic quantum field theories will enable a step 
change in the progress of this field. 

Applicant and Development: 
My previous professional career puts me in an excellent position to successfully perform 
this research. I am a particle physicists with an extensive publication record on models of Dark 
Matter for collider and low-energy experiments.  The focus of my publications in the last two years 5

has been on models of axions and axion-like particles, which would represent precisely the type of 
Dark Matter that could be discovered by atomic spectroscopy experiments.  
My research has had transformative impact for collider experiments. Together with Felix Kahlhoefer 
and Uli Haisch, I introduced consistent simplified models for searches for Dark Matter at the LHC.  6

I have proven leadership in collaborating with experimentalists of both the ATLAS and CMS 
collaborations, which have subsequently adopted our models and our software to simulate signal 
events from Dark Matter produced in proton-proton collisions. During my time in Heidelberg I have 
successfully built a group working on this project, supervising a PhD and two Master students, 
which have moved on to a postdoc position and to work as PhD students in a theory group and at 
the ATLAS experiment, respectively. I have further calculated projections for the sensitivity of muon 
experiments for axion-like particles and as an associated theorist with the Mu3e experiment I 
collaborate with experimentalists to fully exploit the potential of the planned measurements. 
I am one of the leading theorists in the QSFP initiative of the STFC. I am directly involved as a Co-I 
of the proposal to search for Dark Matter with Rydberg precision atom spectroscopy and I provide 

 M. S. Safronova, D. Budker, D. DeMille, Derek F. Jackson Kimball, A. Derevianko, and Charles W. 4

Clark, Search for new physics with atoms and molecules, Rev. Mod. Phys. 90, 025008
 see output in the CV.5

   M. Bauer, U. Haisch and F. Kahlhoefer,``Simplified dark matter models with two Higgs doublets: 6

I. Pseudoscalar mediators,’' JHEP  1705, 138 (2017) 
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Fig 2: Schematic representation of a nucleus and an 
electron in vacuum (left) and in a classical field background 
of a very light Dark Matter field.  
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Why?

What?

Atom Spectroscopy for light Dark Matter

The nature of Dark Matter is one of the most pressing 
questions in fundamental physics. 
Current lab and satellite searches are blind to light 
dark matter.

Light Dark Matter acts like an oscillating 
background field, leading to energy level shifts.
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Atom Spectroscopy for light Dark Matter

The nature of Dark Matter is one of the most pressing 
questions in fundamental physics. 
Current lab and satellite searches are blind to light 
dark matter.

Light Dark Matter acts like an oscillating 
background field, leading to energy level shifts.
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Ultra-light dark matter

Sketch of an atom in a wavelike DM background



Mass is fixed by halo size 
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Ultra-light dark matter



Resonant cavities

Lighter dark matter needs larger cavities 
29

MB, Chakraborti, Rostagni,``Axion 
Bounds from Quantum Technology,’, 
[arXiv:2408.06412 [hep-ph]]

Ultra-light dark matter

Probes axion 
interactions with 
photons



Quadratic axion interactions allow to 
extend the parameter space

30

MB, Chakraborti, Rostagni,``Axion 
Bounds from Quantum Technology,’, 
[arXiv:2408.06412 [hep-ph]]

Ultra-light dark matter
Flambaum et al, 2207.14437



Standard model fields in this background 

Can be described with time-dependent masses and coupling 
constants
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Ultra-light dark matter

For axions these are quadratic interactions



Clocks and clock-cavity bounds

Unique sensitivity to 
ultra-light states via 
precision 
measurements of 
transition frequencies
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MB, Chakraborti, Rostagni,``Axion 
Bounds from Quantum Technology,’, 
[arXiv:2408.06412 [hep-ph]]

Ultra-light dark matter



Ion clocks

Laser interferometers

Atom interferometers

33

Ultra-light dark matter
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Ultra-light dark matter



Another way to observe dark matter is via absorption

MB, Perez-Soler and Shergold,``Generalised hydrogen interactions with CINCO: a window to new 
physics,''[arXiv:2407.12913 [hep-ph]].

Depending on the quantum numbers of the dark matter 
states these can be forbidden transitions

Software to automate the calculation of the overlap integrals 
and transition rates covering all dark matter candidates is 
now available
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Ultra-light dark matter
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Summary

Searches for light dark matter and mediators require new 
strategies beyond established searches 

Rare meson decays, polarised beams, future detectors and 
quantum sensors explore complementary scenarios that are 
hard or impossible to test otherwise


