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● How do we search for it?
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● Hydrogen is one of the best studied 

QM systems

● Hydrogen is a very clean laboratory

● Sensitive to new physics!
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● Where is the dark matter?

● These transitions scale strongly with     :

● Sensitivity to metallicity in astrophysical processes    
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● Because it’s easier...lets us use the language of QFT:

● More precise results at large 
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● Four components → much more computation
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● Parity:
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● Radial wavefunctions:
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● Seems innocuous, but squaring:
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● Potentially many Lorentz structures

● Interference terms...
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● A huge mess!

● Each integral is non-trivial, both analytically and 
numerically

● What if we want to sum over polarisations?

● Are we doomed?
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● What is    ? 

● Related to projection of spin onto orbital angular 
momentum

● A trick! Reduces two quantum numbers to one
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● Why are we doing all of this?

● Recurrence relations in spherical basis [1]: 

● Recovers orthogonality!

[1] R. Szmytkowski, J.Math.Chem. 42, (2007) 397-413
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● Products of radial wavefunctions:

● These are super ugly, can technically be done 
analytically

● No real benefit to doing so
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● Solution? Do it numerically!

● But there’s an issue:

● Arbitrary floating point precision!
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● Four integrals:

● Contribute to relativistic scaling
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CINCO

● Done! Takes around 20 seconds per amplitude
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● Fermi’s golden rule, phase space integral:

● From NIST:

● Agrees to within          ! 
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CINCO: Examples
● Dark vector boson:

● Many more terms to compute

● No longer feasible by hand
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CINCO: Examples
● Fermi’s golden rule, phase space integral

● Very quickly understand feasibility
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What’s next?
● Precision:

– Beyond the dipole approximation
– Hyperfine transitions
– Long range forces?

● Applications:
– Dark matter searches
– Astrophysics
– Black hole superradiance?
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Summary
● Evidence for dark matter at all scales, little idea as to its 

fundamental nature

● Hydrogen an incredibly precise tool

● Generalised hydrogen transitions could search for DM

● CINCO provides a quick and precise way of computing 
amplitudes



Thank you!
Questions?
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