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Electrons are not free: condensed matter matters

|𝜒〉|Ψ〉detector −→ |𝜒′〉|Ψ′〉detector

Predict scattering rate from response function

Γ =

∫
d3q

(2𝜋)3 |𝑉 (𝑞) |2
[
2
𝑞2

𝑒2
Im

(
− 1

𝜖 (q, 𝜔q)

)
︸              ︷︷              ︸
“Loss function” W

]

1 Predictable: 𝜖 admits analytical approximations

2 Empirical: 𝜖 is directly measurable

3 Flexible: works for many targets, DMmodels

4 Inclusive: 𝜖 contains all collective modes

DM scattering in dielectrics

3 Hochberg+ & BVL 2101.08263; Lin, Knapen & Kozaczuk 2101.08275
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Toy model: anisotropic 𝑚∗
𝑒 𝐸q =

𝑞2𝑥

2𝑚𝑥

+
𝑞2𝑦

2𝑚𝑦

+
𝑞2𝑧

2𝑚𝑧
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(
− 1

𝜖
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Where did Im(−1/𝜖) come from?

Material physics enters Golden Rule via dynamic structure factor

𝑆(q, 𝜔) = 2𝜋

vol

∑︁
𝑓

|〈 𝑓 | 𝑛𝑒− (−q) |0〉|2 𝛿(𝜔 − [𝐸 𝑓 − 𝐸0])

Fluctuation–dissipation theorem

𝑆(q, 𝜔) = −2 Im 𝜒(q, 𝜔)(fluctuation) (dissipation)

linear response function

𝜒(r, r′; 𝑡) ≡ −𝑖Θ(𝑡)
〈[
𝑛𝑒− (r, 𝑡), 𝑛𝑒− (r′, 𝑡)

]〉
𝜒(q, 𝜔) = 1

𝑉Coul. (q)
1

𝜖 (q, 𝜔)

Technicalities: 𝜖 , 𝑆, and 𝜒

6 Boyd+ & BVL 2212.04505
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See e.g. Mahan [2013]

𝜒(r, r′; 𝑡) = −𝑖Θ(𝑡)
〈[
𝑛𝑒− (r, 𝑡), 𝑛𝑒− (r′, 𝑡)

]〉

𝑃 (1) =

𝑃 (2) =

𝜒(q, 𝜔) =
∑︁

(geom.)
𝑃1PI(q, 𝜔)

Random phase approximation (RPA)

𝜒RPA(q, 𝜔) =
∑︁

(geom.)
𝑃 (1) (q, 𝜔)

Computing 𝜒
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Toy model: anisotropic 𝑚∗
𝑒 𝐸q =

𝑞2𝑥

2𝑚𝑥

+
𝑞2𝑦

2𝑚𝑦

+
𝑞2𝑧

2𝑚𝑧

What happens toW = Im
(
− 1

𝜖

)
?

Our model: anisotropic mass
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Isotropic case.

𝜒iso
RPA =

𝜒iso
0 (q, 𝜔)

1 − (𝑒2/𝑞2)𝜒iso
0 (q, 𝜔)

𝜒iso
0 (q, 𝜔) = 2

∫
d3p

(2𝜋)3
𝑛FD (𝐸 iso

p+q) − 𝑛FD (𝐸 iso
p )

𝐸 iso
p+q − 𝐸 iso

p − 𝜔 − 𝑖𝛿

Anisotropic case. 𝐸 iso
q =

𝑞2

2𝑚 −→ 𝐸ani
q =

𝑞2
𝑥

2𝑚𝑥
+ 𝑞2

𝑦

2𝑚𝑦
+ 𝑞2

𝑧

2𝑚𝑧

Transform back to isotropic in 𝑘-space

𝑄𝑖 (q) = 𝑞𝑖

√︃
𝑀
𝑚𝑖
, 𝑀 =

(
𝑚𝑥𝑚𝑦𝑚𝑧

)1/3
=⇒ 𝐸ani

q =
𝑄2

2𝑀 = 𝐸 iso
Q

𝜒ani
0 (q, 𝜔) = 2

∫
d3P

(2𝜋)3
𝑛FD (𝐸 iso

P+Q) − 𝑛FD (𝐸 iso
P )

𝐸 iso
P+Q − 𝐸 iso

P
− 𝜔 − 𝑖𝛿

, d3P = d3p

𝜒iso
0 (q, 𝜔) −→ 𝜒ani

0 (q, 𝜔) = 𝜒iso
0 (Q(q), 𝜔)

Anisotropic response function
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𝑚𝑧/𝑚𝑥𝑦 = 20, 𝑚𝑥𝑚𝑦𝑚𝑧 = 𝑚3
𝑒

Low-𝑚𝑒 direction High-𝑚𝑒 direction

Momentum transfer

E
n
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g
y

Accessible Accessible

plasmon

Anisotropic loss function
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