
  

Atomic and molecular transitions 
for neutrino and LDM detection 

Jack D. Shergold, University of Liverpool

in collaboration with Martin Bauer and Javier Perez-Soler

based on JHEP 10 (2024) 176; arXiv: 2507.14287



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Contents

● Motivation: CνB and DM

● Generalised atomic transitions

● Pair absorption

● The future: molecules and ML 



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Contents

● Motivation: CνB and DM

● Generalised atomic transitions

● Pair absorption

● The future: molecules and ML 



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Redshifted to temperature:



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Redshifted to temperature:



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Redshifted to temperature:

● Following a Fermi-Dirac distribution with:



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Redshifted to temperature:

● Following a Fermi-Dirac distribution with:



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology Neutrino physics



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology

● Verify ΛCDM

Neutrino physics



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology

● Verify ΛCDM

● Predates BBN

Neutrino physics



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology

● Verify ΛCDM

● Predates BBN

● Could reveal DM

Neutrino physics



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology

● Verify ΛCDM

● Predates BBN

● Could reveal DM

Neutrino physics

● NR neutrinos



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology

● Verify ΛCDM

● Predates BBN

● Could reveal DM

Neutrino physics

● NR neutrinos

● Dirac vs Majorana



29/10/25 Jack D. Shergold – Atomic and molecular transitions for neutrino and LDM detection

Motivation: The CνB

● Why do we care?

Cosmology

● Verify ΛCDM

● Predates BBN

● Could reveal DM

Neutrino physics

● NR neutrinos

● Dirac vs Majorana

● Absolute neutrino mass
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● We need a system with:
– Tiny threshold, 

– Clean signal

● Atomic systems!

● But what are we looking for?
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● We work with relativistic wavefunctions, but why?

● Because it’s easier...lets us use the language of QFT:

● More precise at large    , and more transitions  
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Generalised atomic transitions

● What’s the catch?

● Very computationally expensive:
– Four component wavefunctions!

– Lorentz indices!

● Classical labelling (e.g. M1, E1, …) obscured
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Generalised atomic transitions

● Let’s count the terms:

● Factorise:

Angular integral: selection rulesRadial integral: sets the scale
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Generalised atomic transitions

● Phase space integral:

● From NIST:

● Agrees to within 0.005%!
https://gitlab.com/JShergold/cinco
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● When does this win?

● Precisely where atomic transitions sit!
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● Why do we like atoms?
– Exactly (or almost) solvable!

– Great for understanding symmetries

● Atoms are problematic:
– Many are reactive, form crystals and solids

– Only 80 stable to choose from

– Limited scalability

● The solution? Molecules!
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The future: molecules and ML

● Molecules solve many issues:
– Scalable! Can form large crystals

– Generally less reactive

– Infinitely many combinations

● But it’s not all good:
– Infinitely many combinations

– Much more difficult to compute

● The solution? Machine learning!
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The future: molecules and ML

● Computation side:
– Theory, done!

● Two methods of computing form factors:
– Able to compute one form factor every ~minute

– Some bugs remain!

● Watch this space!
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Summary

● Atoms and molecules are a clean, sensitive laboratory for cold relics

● CINCO: A tool for the fast, precise computation of transition amplitudes

● Pair absorption is ideal for atomic transitions

● Molecules and crystals, the future?



  

“I really don’t like the beige.” – My 
fiancée



  

Thank you
Any questions?
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