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typical momentum 
transfer

typical size of the momentum transfer is set by the 
electron’s momentum

qtyp ' meve ⇠ Ze↵↵me

~ 4 keV

but q can be much larger than this (albeit suppressed)
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typical energy 
transfer

�Ee,typ ' qtypv ' 4 eV
~ 10-3

in principle, all of the DM’s kinetic energy is transferred to electron!
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General Formula
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momentum transfer 

phase space of ionized electron
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General Formula
X(p)

e-(k) e-(k’)

X(p-q)

for free electrons:
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for bound electrons:

Non-relativistic scattering amplitude

momentum-space wavefunctions of electrons

plane waves



General Formula
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General Formula
X(p)

e-(k) e-(k’)

X(p-q)

Non-relativistic scattering amplitude

Ei = m� +me +
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choice of parameterization

of scattering



General Formula
X(p)

e-(1,k) e-(2,k’)
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General Formula
X(p)

e-(1,k) e-(2,k’)

X(p-q)
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phase space transition probability



Isolated Atom

Hydrogen 
Xenon 
Argon 

�EB ⇠ 10 eV

m� & 2.5 MeV
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Isolated Atom
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normalization:

final state is a “free” electron with angular quantum numbers l’, m’, and momentum k’

initial state final state



Isolated Atom
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final state is a “free” electron with angular quantum numbers l’, m’, and momentum k’
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Isolated Atom
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We assume the potential is spherically symmetric and we ionize a full atomic shell 

therefore, sum over all initial and final angular momentum variables
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Isolated Atom

we can also define an “ionization form factor”
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Isolated Atom
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integration limits:

RHF wavefunctionsspherically symmetric atom with full shells

example: outgoing electron is free plane wave, 

initial electron is part of a spherically symmetric atom with full shells

in practice: solve radial Schrödinger equation for the exact unbound wavefunctions, using 
the effective potential extracted from the bounded wavefunctions
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Crystals

Semiconductors: silicon, germanium 
Scintillators: NaI, CsI, GaAs

- - - - -
- - - - -

e-
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m� & 250 keV
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electrons are labeled by 

band index i and wavevector k

Crystals

normalization: 

(i,k)

(i’,k’)
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electrons are labeled by 

band index i and wavevector k

Crystals

normalization: 

(i,k)

(i’,k’)

Use DFT techniques, 

i.e. QuantumEspresso
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number of events/time/volume

multiply by exposure to get number of expected events per target



Cross-section reach
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