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How atoms respond to general dark ma1er-
electron interac5ons 

I. Direct Searches for sub-GeV DM via 
electron scaVerings 

II. General DM-electron interacBons and 
atomic responses
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I. 
Direct Searches for sub-GeV DM 
via electron sca1erings
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•Different kinemaBcs from nuclear recoils: 

•Lowest DM mass to excite/ionize an electron in…

4

Instead of nuclear recoils, search for DM-electron interacBons.

Direct Detec5on of Dark Ma1er via electron recoils

J. Kopp et al., PRD, [arXiv:0907.3159] 
R. Essig et al., PRD [arXiv:1108.5383]

Emax
e =

1
2

μχNv2 ≲ Eχ ∼ 3 eV ( mχ

MeV )
•…an isolated atom: •…a semiconductor:
EB ≈ 10 eV Egap ≈ 1 eV⇒ mmin

χ ≈ 3 MeV ⇒ mmin
χ ≈ 300 keV

Lee et al., PRD, [arXiv:1508.07361] 
Essig et al., JHEP, [arXiv:1509.01598]
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Emax
NR = γEχ

γ ≈ 4
mχ

mN
≪ 1 for mχ ≪ mN

Nuclear recoils:

https://arxiv.org/abs/0907.3159
https://arxiv.org/abs/1108.5383
https://arxiv.org/abs/1508.07361
https://arxiv.org/abs/1509.01598
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•ComplicaBon: Target electrons are bound states. 

•Electrons are not in a momentum eigenstate. 

•Example: IonizaBon spectrum for isolated atoms: 

•PredicBons require the evaluaBon of an ioniza5on form factor. 

•There is sBll theoreBcal uncertainty in the evaluaBon of the ionizaBon 
form factors. 

•For crystals, this requires methods from condensed maVer physics.

5

DM induced electron ioniza5ons

See e.g. Roberts & Flambaum, [arXiv:1904.07127], and 
Pandey et al., [arXiv:1812.11759]

Essig et al., JHEP, [arXiv:1509.01598]

https://arxiv.org/abs/1904.07127
https://arxiv.org/abs/1812.11759
https://arxiv.org/abs/1509.01598
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•ComplicaBon: Target electrons are bound states. 

•The electron transiBon is described by a “ionizaBon form factor”: 

•Examples:
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Atomic ioniza5on form factors

| f nℓ
ion(k′ , q) |2 =

2k′ 2

(2π)3 ∑
occupied states

∑
ℓ′ m′ 

∫ d3x ψ̃*k′ ℓ′ m′ 
(x)ψnℓm(x)eiq⋅x
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II. 
General DM-electron interac5ons 
and atomic responses 
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• Extend the SM by a DM parBcle and a U(1) gauge group with kineBc mixing. 

• ScaVering amplitudes only depend on the momentum transfer. 
• TransiBon rate between two electronic states :. 

• The DM and atomic physics “factorize” conveniently.

1 → 2

ℒD = χ̄(iγμDμ − mχ)χ +
1
4

F′ μνF′ μν + m2
A′ A′ μA′ μ + εFμνF′ μν

The “Standard Model” of direct searches for sub-GeV DM

Holdom, Phys. LeV. 166B (1986) 196

Final state wave funcBon.

IniBal bound state wave funcBon.

Free scaVering amplitude.R1→2 ∝ ∫
d3k

(2π)3
ψ*2 (k + q) ℳfree(q) ψ1(k)

2

atomic form factor 

DM physicsR1→2 ∝ |ℳfree(q) |2 × ∫
d3k

(2π)3
ψ*2 (k + q)ψ1(k)

2

≡ f1→2(q)

https://www.sciencedirect.com/science/article/abs/pii/0370269386913778?via=ihub
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Long-range interacBons

Contact interacBons

9

Effec5ve descrip5on of DM-electron sca1erings

•General non-relaBvisBc amplitude: 

•EffecBve operators

O1 = 1X1e O11 = i~SX ·
~q

me
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<latexit sha1_base64="3ua1mRUU9yOiYwtyg8q9LO8SztA="></latexit>
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• The general scaVering amplitude  depends on the iniBal electron’s 

momentum  via 

• The amplitude can no longer be taken out of the integral. 

• The energy spectrum can be wriVen as 

• Using the general effecBve amplitude, the “ionizaBon amplitude” can be wriVen as

ℳfree(q, v⊥
el)

k
v⊥

el = (p + p′ )
2mχ

−
(k + k′ )

2me
.

R1→2 ∝ ∫
d3k

(2π)3
ψ*2 (k + q) ℳfree(q, v⊥

el) ψ1(k)
2
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DM response funcBon

Atomic 
response funcBon

|ℳnℓ
ion |2 =

4

∑
i=1

Rnℓ
i (v⊥

el,
q
me ) × Wnℓ

i (k′ , q) .

dRnℓ
ion

d ln Ee
=

nχ

128π m2
χ m2

e ∫ dq q∫
d3v
v

fχ(v)Θ(v − vmin) ℳnℓ
ion

2
,

A general expression for the event spectrum
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The four atomic response func5ons of Xenon 5p

10-5

10-4

10-3

10-2

10-1

100

101

10-7

10-6

10-5

10-4

10-3

10-6

10-5

10-4

10-3

10-10

10-9

10-8

10-7

10-6

10-5



23.11.2020		 Partikeldagarna 2020	 	 	 Timon Emken, Chalmers University of Technology 12
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See Einar’s talk on 

Wednesday.
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Summary
• DM-electron scaVerings allow direct searches for sub-

GeV DM masses. 

• So far, only one class of DM-electron interacBons has 
been studied. 

• General interac5ons give rise to new atomic response 
func5ons. 

• We studied the example of isolated xenon and argon 
atoms and derived first constraints based on 
DarkSide-50, XENON10, and XENON1T.

• DM-electron interac5ons could probe completely new, 
so far hidden proper5es of materials. 

• Apply the idea to more complex targets: 
semiconductors, Dirac materials, liquid nobles,… 

• Study of atoms as a starBng point of an interdisciplinary 
program with many interesBng direcBons to go.

Outlook
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The standard 
ionizaBon form factor

New atomic 
responses.

15

Wnℓ
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The four atomic response func5ons

f1→2(q) = ∫
d3k

(2π)3
ψ*k′ ℓ′ m′ (k + q)ψnlm(k) f1→2(q) = ∫

d3k
(2π)3

ψ*k′ ℓ′ m′ (k + q)
k
me

ψnlm(k)

•The general interacBons give rise to four atomic response funcBons: 

•Constructed from the scalar and vectorial atomic form factor:


