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Can sub-GeV dark matter coherently scatter on
the electrons in the atom?
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An attractive dark matter candidate is Weakly Interacting Massive
Particles (WIMPs), which have been explored in various direct
detection, indirect detection and collider experiments. The null
results have produced very stringent limits on the WIMP-nucleus
scattering cross section heavier than 1 GeV. Thus the hunt for
sub-GeV dark matter is a hot topic at the cutting edge of physics
research.
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图 1: The three situations.

Coherent scattering is powerful! But will it happen?
Momentum transfer q2 ∼ 1

r2 , r is the atom radius?
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图 2: The X-ray diffraction on the atom. sin θ
λ = q

4π .

The summation of all the electrons gives the atomic scattering
form factor

F(q) =
Z∑
j

fj =
Z∑
j

∫
ρ(rj) exp(−iq · rj)drj.

F(q) → ρ(r) ρ(r) → F(q)
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RHF: Relativistic Hartree-Fock method use wave functions to
calculate the form factors in different transfer momentum.

郭季恒 导师：王雯宇老师 北京工业大学理论物理研究所

Can sub-GeV dark matter coherently scatter on the electrons in the atom? 8 / 21



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Research Status Motivation Model calculation Conclusion

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

10
-1

10
0

10
1

10
2

Xenon

H
yd

ro
g

en

G
erm

an
ium

F
(q

)

q(KeV)

F(q) for different atoms

a0

郭季恒 导师：王雯宇老师 北京工业大学理论物理研究所

Can sub-GeV dark matter coherently scatter on the electrons in the atom? 9 / 21



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Research Status Motivation Model calculation Conclusion

The screened Coulomb potential:

ϕ(r) = Q
4πr

e−
r

r0 → F(q) = 1

1 + q2r20
.

Using Poisson’s equation ∇2ϕ = −ρ, we can get the charge density
distributions outside the nucleus, and then do the Fourier
transform to get F(q).

Shape ρ(r) rAtom F(q)
Tophat 3

4πr3
0
θ(r0 − r)

√
3/5r0 3(sin(r0q)−r0q cos(r0q))

r3
0 q3

Dipole e−r/r0
8πr3

0
2
√
3r0 1

(1+r2
0 q2)

2

Gaussian 1
8r3

0π
3/2 e−r2/(4r2

0 )
√
6r0 e−r2

0 q2
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The probability of the momentum state |p′⟩ in the final state is
proportional to

P(p′) ∝
∣∣⟨p′|ψ⟩

∣∣2 ∝ ∑
ij

∣∣〈e−i∆xij ·q〉∣∣2 ∣∣M (
p,p′)∣∣2 ,

where ∆xij = xi − xj .
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The model consists a dark matter candidate χ, which scatters off
electrons through the exchange of a quite heavy dark photon A′.
The Lagrangian is

L = −1

4
F ′
µνF ′µν +

m2
A′

2
A′

µA′µ + A′
µ(gDJµ

D + ϵeJµ
EM )

As the total charge of the electron cloud is Z , it is very obvious
that the MχC can be reduced a similar interaction as the recoil of
a single electron

|MχC |2 = Z 2|FC (q)|2 |Mχe|2 ,

in which FC (q) is the normalized form factor talked in above
section.
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|fion, e(Ee, q)|2 =
k3

e
4π3

× 2
∑

n,l,l′,m′

∣∣∣〈ψf
Ee

∣∣eiq·x∣∣ψi
Enl

〉∣∣∣2 .
|fion, M(Ee, q)|2 =

k3
e

4π3
Z 2 |FN (q)|2×2

∑
n,l,l′,m′

∣∣∣〈ψf
Ee

∣∣∣eiq′
e ·x

∣∣∣ψi
Enl

〉∣∣∣2 .
∣∣fion, C(Ee, q)

∣∣2 = k3
e

4π3
Z 2 |FC (q)|2×2

∑
n,l,l′,m′

∣∣∣〈ψf
Ee

∣∣eiqe ·x
∣∣ψi

Enl

〉∣∣∣2 .
while q′

e = me
mN

q and qe = q
Z
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图 3: Comparison with |fion, e|2 (green dot), |fion, M|2 (sky blue dash
dot) and |fion, C|2 of the Xenon atom. The maximum q for the REC is
shown in brown dash line.
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m

e

m

图 4: The limits of the cross sections and dark matter mass from
Xenon100 (left panel) and Xenon1T(right panel). The shaded regions
show results of RHF form factor.
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2 

图 5: Observed events versus photonelectrons (PE) from Xenon100 (left
panel) and Xenon1T (right panel) data, for Xenon100
σ̄e = 1× 10−39cm2 and mχ = 100MeV and while for Xenon1T,
σ̄e = 1× 10−40cm2 and mχ = 100MeV.
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1 A novel detection are proposed that the electron cloud is boosted by
the dark matter and throws away an electron when it is dragged
back by the heavy nucleus, namely the coherent scattering of the
electron cloud of the atom.

2 The results of the relativistic Hartree-Fock method gives non-trivial
shapes of the atom. Having equipped with the RHF form factor and
impulse approximation, we proceed to show the detailed calculation
of recoil of the electron cloud, the kinetics, the fiducial cross section
and the corresponding calculation of detection rate are given
analytically.

3 We show the constraints on the cross section from the current
experimental measurements.
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Thanks!
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