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Quantum technology public investment
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Quantum technology public investment
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First example:


Quantum gravitometers

Stray, B., Lamb, A., Kaushik, A. et al. Quantum sensing for gravity cartography. Nature 602, 590–594 (2022)

Quantum technology applications

Measures 
acceleration via the 
interference pattern 
that results when 
atom waves 
recombine after 
splitting into different 
paths
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Yepiz-Graciano, Pablo, et al. "Quantum optical coherence microscopy for bioimaging applications." Physical Review Applied 18.3 (2022): 034060.

Quantum technology applications
Second example:


Quantum-optical tomography

Interference of entangled photons to 
measure surface structures
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Third example:


Low energy neutrino 
detectors

Quantum technology applications

Quantum dots are 
electron traps that 
induce quantised 
energy levels 
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Quantum Technology for  
Fundamental Physics

Quantum Technology from 
Fundamental Physics 
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•  What is dark matter ?


•  Is there a fifth force ?


•  Are there extra dimensions ?


•  Where is the anti-matter ?


•  Is gravity a quantum theory ?


•…

Fundamental Physics

We want to answer fundamental questions…
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What is dark matter ?
We know a lot about dark matter from 
cosmology and astrophysics. 

But what is dark matter at a 
fundamental level?

If dark matter was in thermal 
equilibrium in the early Universe it 
interacts like a particle today
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What is dark matter ?
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What is 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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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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What is dark matter ?
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What is dark matter ?
Resonant cavities

Lighter dark matter needs larger cavities 
16

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



What is dark matter ?
Standard model fields in this background 

Can be described with time-dependent masses and coupling 
constants
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What is dark matter ?
Clocks and clock-cavity bounds

Unique sensitivity to 
ultra-light states via 
precision 
measurements of 
transition frequencies

18

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



What is dark matter ?

Ion clocks

Laser interferometers

Atom interferometers
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What is dark matter ?
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What is dark matter ?
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Another way to observe dark matter is via absorption

What is dark matter ? 

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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Is there a fifth force ?
Fifth forces
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Fifth forces
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<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

Is there a fifth force ?
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Fifth forces

Induces a change in energy 
levels that can be probed 
with atomic and molecular 
spectroscopy 

Is there a fifth force ?
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Isotope differences can 
determine how the fifth 
force couples to up- or 
down-type quarks, 
electrons or muons

+

+

+

+
+

+

+

+ +

+

+

+

+
+

+

+

+ +

<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

Combined data improves 
sensitivity

<latexit sha1_base64="qzb1T+ZFmUt36Vt+G1JDajiU85I=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiRbJrCHokevGIiQsksJJu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpOFaE+iXmsOiHWlDNJfcMMp51EUSxCTtvh+Hbmt5+o0iyWD2aS0EDgoWQRI9hYye+J9PGiX664VXcOtEq8nFQgR7Nf/uoNYpIKKg3hWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvmxU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9jkaMEWJ4RNLMFHM3orICCtMjM2nZEPwll9eJa3Lqlev1u9rlcZNHkcRTuAUzsGDK2jAHTTBBwIMnuEV3hzpvDjvzseiteDkM8fwB87nD4BXjoA=</latexit>

µ�

Many forces are much 
more important at short 
distances 

<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�
<latexit sha1_base64="/Zn7JXPfx9QLR/mR6vUf4ryNJ7g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOle3w86xZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n85OnZATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9K/8lMs4MSjZfFE/EcREZPo36XGFzIixJZQpbm8lbEgVZcamU7AheIsvL5PGedmrlCt3F6XqdRZHHo7gGE7Bg0uowi3UoA4MBvAMr/DmCOfFeXc+5q05J5s5hD9wPn8A6qyNkw==</latexit>

e�

<latexit sha1_base64="FRWPCv77YNGUw7rKhov/E0AURco=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKezmED1GvXiMYB6QLGF2MpsMmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vfXmFjc2t7p7hb2ts/ODwqH5+0jUo1oS2iuNLdCBvKmaQtyyyn3URTLCJOO9HkLvM7T1QbpuSjnSY0FHgkWcwItpl0Y5UYlCt+1V8ArZMgJxXI0RyUv/pDRVJBpSUcG9ML/MSGM6wtI5zOS/3U0ASTCR7RnqMSC2rC2eLWObpwyhDFSruSFi3U3xMzLIyZish1CmzHZtXLxP+8Xmrj63DGZJJaKslyUZxyZBXKHkdDpimxfOoIJpq5WxEZY42JdfGUXAjB6svrpF2rBvVq/aFWadzmcRThDM7hEgK4ggbcQxNaQGAMz/AKb57wXrx372PZWvDymVP4A+/zBwQIjjw=</latexit>

Atom
<latexit sha1_base64="UlmVm6AHkz66X6aIjZGdDUqEKNc=">AAACEnicbVDLSgMxFM3UV62vqks3wSK0oGVGtLosunFZwT6gMy2ZNNOGJpkhyQhlmG9w46+4caGIW1fu/BszbRdaPRA4nHMuN/f4EaNK2/aXlVtaXlldy68XNja3tneKu3stFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xdea374lUNBR3ehIRj6OhoAHFSBupX6y0+q6Iy7ICXUU5dAOJcOKkieydp+4x6SUnPAtAmfaLJbtqTwH/EmdOSmCORr/46Q5CHHMiNGZIqa5jR9pLkNQUM5IW3FiRCOExGpKuoQJxorxkelIKj4wygEEozRMaTtWfEwniSk24b5Ic6ZFa9DLxP68b6+DSS6iIYk0Eni0KYgZ1CLN+4IBKgjWbGIKwpOavEI+QaUWbFgumBGfx5L+kdVp1atXa7VmpfjWvIw8OwCEoAwdcgDq4AQ3QBBg8gCfwAl6tR+vZerPeZ9GcNZ/ZB79gfXwDATGdFw==</latexit>

V⌫(r) ⇠
1

r5
e�m⌫r

<latexit sha1_base64="llJ3K72mOcvkpP3kJibyGq0xgpM=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KolIdSMU3bisYB/QhjCZTtqhk0mYmSgl5lPcuFDErV/izr9x2mahrQfu5XDOvcydEyScKe0439bK6tr6xmZpq7y9s7u3b1cO2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxjdTv/NApWKxuNeThHoRHgoWMoK1kXy7Iq/6ocQkG/qD3LQk9+2qU3NmQMvELUgVCjR9+6s/iEkaUaEJx0r1XCfRXoalZoTTvNxPFU0wGeMh7RkqcESVl81Oz9GJUQYojKUpodFM/b2R4UipSRSYyQjrkVr0puJ/Xi/V4aWXMZGkmgoyfyhMOdIxmuaABkxSovnEEEwkM7ciMsImCW3SKpsQ3MUvL5P2Wc2t1+p359XGdRFHCY7gGE7BhQtowC00oQUEHuEZXuHNerJerHfrYz66YhU7h/AH1ucPv7OUVw==</latexit>

r =
gd
gp

Is there a fifth force ?

Potvliege et al. “Deuterium spectroscopy for enhanced bounds on physics beyond the standard 
model,” Phys.Rev.A 108 (2023) no.5, 05282 26



Are there extra dimensions ?
Additional dimensions change the way gravity 
propagates

Large distances Small distances <latexit sha1_base64="uDddSVmmlx95NQQ51afB+8APqrY=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVF0MYyivmA5Ah7m71kzd7usbsnhCP/wcZCEVv/j53/xr3kCk18MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GN9kfvuJKs2keDCTmPoRHgoWMoKNlVrqCt33Rb9ccavuDGiZeDmpQI5Gv/zVG0iSRFQYwrHWXc+NjZ9iZRjhdFrqJZrGmIzxkHYtFTii2k9n107RiVUGKJTKljBopv6eSHGk9SQKbGeEzUgvepn4n9dNTHjpp0zEiaGCzBeFCUdGoux1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2+vExaZ1WvVq3dnVfq13kcRTiCYzgFDy6gDrfQgCYQeIRneIU3RzovzrvzMW8tOPnMIfyB8/kD3GGOrg==</latexit>

r < Rn
<latexit sha1_base64="LXT4yAZS4/x9rGiDY5yUugO5wss=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM12mi7dbOLuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LBjBP0IxpKPuCMGiu1VTcMyX1P9kplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqIhdiyVNELtZ7N7J+TUKn0yiJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic1gys/4zJJDUo2XzRIBTExmT5P+lwhM2JsCWWK21sJG1JFmbERFW0I3uLLy6R5XvGqlerdRbl2ncdRgGM4gTPw4BJqcAt1aAADAc/wCm/Oo/PivDsf89YVJ585gj9wPn8AlNCPsA==</latexit>

r � Rn
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Are there extra dimensions ?
Additional dimensions change the way gravity 
propagates

Large distances Small distances <latexit sha1_base64="uDddSVmmlx95NQQ51afB+8APqrY=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVF0MYyivmA5Ah7m71kzd7usbsnhCP/wcZCEVv/j53/xr3kCk18MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GN9kfvuJKs2keDCTmPoRHgoWMoKNlVrqCt33Rb9ccavuDGiZeDmpQI5Gv/zVG0iSRFQYwrHWXc+NjZ9iZRjhdFrqJZrGmIzxkHYtFTii2k9n107RiVUGKJTKljBopv6eSHGk9SQKbGeEzUgvepn4n9dNTHjpp0zEiaGCzBeFCUdGoux1NGCKEsMnlmCimL0VkRFWmBgbUMmG4C2+vExaZ1WvVq3dnVfq13kcRTiCYzgFDy6gDrfQgCYQeIRneIU3RzovzrvzMW8tOPnMIfyB8/kD3GGOrg==</latexit>

r < Rn
<latexit sha1_base64="LXT4yAZS4/x9rGiDY5yUugO5wss=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM12mi7dbOLuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LBjBP0IxpKPuCMGiu1VTcMyX1P9kplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqIhdiyVNELtZ7N7J+TUKn0yiJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic1gys/4zJJDUo2XzRIBTExmT5P+lwhM2JsCWWK21sJG1JFmbERFW0I3uLLy6R5XvGqlerdRbl2ncdRgGM4gTPw4BJqcAt1aAADAc/wCm/Oo/PivDsf89YVJ585gj9wPn8AlNCPsA==</latexit>

r � Rn

Salumbides et al., ``Constraints on extra dimensions from precision molecular 
spectroscopy,''New J. Phys. 17 2015, 3 3015 28



Where is the anti-matter ?
The university has much more matter than anti-matter. How 
did it get there?

Salumbides et al., ``Constraints on extra dimensions from precision molecular 
spectroscopy,''New J. Phys. 17 2015, 3 3015

The laws of nature need to distinguish between the two: CP 
violation

An asymmetry can be generated via baryogenesis 
<latexit sha1_base64="YMPZOKz6VRDcr4kith7PDdIp298=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxYOHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b7Syura+sVnYKm7v7O7tlw4Om0almrIGVULpdkgME1yyhuVWsHaiGYlDwVrh6Gbqt56YNlzJBztOWBCTgeQRp8Q6qdlNDO/d9Uplr+LNgJeJn5My5Kj3Sl/dvqJpzKSlghjT8b3EBhnRllPBJsVualhC6IgMWMdRSWJmgmx27QSfOqWPI6VdSYtn6u+JjMTGjOPQdcbEDs2iNxX/8zqpja6CjMsktUzS+aIoFdgqPH0d97lm1IqxI4Rq7m7FdEg0odYFVHQh+IsvL5PmecWvVqr3F+XadR5HAY7hBM7Ah0uowS3UoQEUHuEZXuENKfSC3tHHvHUF5TNH8Afo8wd4kY8U</latexit>
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<latexit sha1_base64="YMPZOKz6VRDcr4kith7PDdIp298=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxYOHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPBjfW8b7Syura+sVnYKm7v7O7tlw4Om0almrIGVULpdkgME1yyhuVWsHaiGYlDwVrh6Gbqt56YNlzJBztOWBCTgeQRp8Q6qdlNDO/d9Uplr+LNgJeJn5My5Kj3Sl/dvqJpzKSlghjT8b3EBhnRllPBJsVualhC6IgMWMdRSWJmgmx27QSfOqWPI6VdSYtn6u+JjMTGjOPQdcbEDs2iNxX/8zqpja6CjMsktUzS+aIoFdgqPH0d97lm1IqxI4Rq7m7FdEg0odYFVHQh+IsvL5PmecWvVqr3F+XadR5HAY7hBM7Ah0uowS3UoQEUHuEZXuENKfSC3tHHvHUF5TNH8Afo8wd4kY8U</latexit>

 L

<latexit sha1_base64="Iai/iz622fEMRs0PS/m6kiEdQiY=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIigvnA3BH2NnPJkr29Y3dPCCH/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpgKro3rfjmFldW19Y3iZmlre2d3r7x/0NJJphg2WSIS1QmpRsElNg03AjupQhqHAtvh6Hrmtx9RaZ7IezNOMYjpQPKIM2qs9OCHVPmp5r3bXrniVt05yF/i5aQCORq98qffT1gWozRMUK27npuaYEKV4UzgtORnGlPKRnSAXUsljVEHk/nFU3JilT6JEmVLGjJXf05MaKz1OA5tZ0zNUC97M/E/r5uZ6DKYcJlmBiVbLIoyQUxCZu+TPlfIjBhbQpni9lbChlRRZmxIJRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIEGNIGBhCd4gVdHO8/Om/O+aC04+cwh/ILz8Q135ZDN</latexit>

 ̄L
<latexit sha1_base64="Iai/iz622fEMRs0PS/m6kiEdQiY=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIigvnA3BH2NnPJkr29Y3dPCCH/wsZCEVv/jZ3/xk1yhUYfDDzem2FmXpgKro3rfjmFldW19Y3iZmlre2d3r7x/0NJJphg2WSIS1QmpRsElNg03AjupQhqHAtvh6Hrmtx9RaZ7IezNOMYjpQPKIM2qs9OCHVPmp5r3bXrniVt05yF/i5aQCORq98qffT1gWozRMUK27npuaYEKV4UzgtORnGlPKRnSAXUsljVEHk/nFU3JilT6JEmVLGjJXf05MaKz1OA5tZ0zNUC97M/E/r5uZ6DKYcJlmBiVbLIoyQUxCZu+TPlfIjBhbQpni9lbChlRRZmxIJRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIEGNIGBhCd4gVdHO8/Om/O+aC04+cwh/ILz8Q135ZDN</latexit>

 ̄L
29



Where is the anti-matter ?
Bubble collisions generate gravitational waves

Cutting, Hindmarsh,Weir, “Gravitational waves from vacuum first-order phase transitions: 
from the envelope to the lattice,” Phys. Rev. D 97 (2018) no.12, 123513
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Where is the anti-matter ?
Bubble collisions generate gravitational waves

Cutting, Hindmarsh,Weir, “Gravitational waves from vacuum first-order phase transitions: 
from the envelope to the lattice,” Phys. Rev. D 97 (2018) no.12, 123513
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Where is the anti-matter ?

Bubble collisions generate stochastic gravitational waves 
with a peak frequency determined by the percolation 
temperature

AION covers a 
frequency band 
not covered by 
existing and 
future laser 
interferometers

Badurina et al,”AION: An Atom Interferometer Observatory and Network”,

JCAP 05 (2020), 011 32



Is gravity a quantum theory ?

What -if any- quantum features does gravity have? 
Some properties can be tested by entangled macroscopic 
states

gravity
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Is gravity a quantum theory ?

What -if any- quantum features does gravity have? 
Some properties can be tested by entangled macroscopic 
states

gravity
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Is gravity a quantum theory ?
Entangled nanodiamonds to probe quantum properties of 
gravity

Wood, Morley,

“Towards a test of quantum gravity with a levitated nanodiamond containing a spin,”

Proc. SPIE Int. Soc. Opt. Eng. 11881 (2021), 71 35



Conclusions

Quantum technology is both a product of and a driving 
force for advancements in fundamental physics

Fundamental questions push technology to it’s limits and 
trigger novel technology

The UK has a unique opportunity to lead in this field. 
Boulby could play a central role 
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