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Dark Matter 

Evidence for dark matter appear at scales from the size of galaxies to the 
entire Universe

Rotation curves

Grav Lensing

Large scale structue

We know where it is, but not 
what it is



QFT

Large (continuous) 
occupation number. 
Classical field theory

a

Large spacing. 
Particle mechanics
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Dark Matter Dark Matter 

If dark matter is described by a quantum field theory, there are two 
different non-relativistic limits

Fermions, bosons Fermions, bosons



If dark matter is made from extremely light bosons, its best described 
by an oscillating wave 

Nuclear Physics and ultralight dark matter

There are interesting astrophysical implications 

May et al. 20214
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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 
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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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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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of a very light Dark Matter field.  
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 it induces oscillating fundamental constants 

Nuclear Physics and ultralight dark matter

If dark matter is made from extremely light bosons,

and has tiny interactions with matter

5



6

Nuclear Physics and ultralight dark matter

Laser interferometersAtomic clocks Cavities

MB, Chakraborti, JHEP 05 (2025) 023
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A future nuclear clock coulld increase the 
sensitivity significantly

MB, Chakraborti, JHEP 05 (2025) 023



Atomic clocks set very strong bounds, but a 
229Th clock has the potential to be even better

A variation in alpha induces a frequency shift

enhanced by

Nuclear Physics and ultralight dark matter

so that

requires calculation of (or               )
8



Fifth force searches are sensitive to nuclear structure, especially when the 

An oscillating P-violating dark matter field induces oscillating el. dipole moments

Requires nuclear wavefunctions

e.g. axions

Nuclear Physics and ultralight dark matter
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V (r) → 1

r
e→mr

Fifth force searches are sensitive to nuclear structure, especially when pair 
exchange of new particles induce very singular potentials

Requires accurate proton and neutron density profiles inside the nucleus
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Nuclear Physics and ultralight dark matter

The understanding of nuclear structure underlies many (most) current and 
future directions in searches for ultralight dark matter, e.g.

• Nuclear clocks

• Schiff moment measurements

• Fifth forces


