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Bernabei et al.2013]

“Daily modulation” is really “angular modulation”
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See e.g. Mahan2013]
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]〉
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1 Screening is generic, not model-dependent

2 Resonances (plasmons) enhance the scattering rate

3 Plasmon width is important

We can use analytical forms of 𝜖 for heuristics
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When can DM access the plasmon peak? (𝜔 ∼ 𝜔p)

𝑞𝑐 ≃ 𝜔p/𝑣F
plasmon trails off

𝜔 < 𝑞𝑣𝜒

kinematics

Only possible if 𝑣F ≲ 𝑣𝜒

Find a target with a low Fermi velocity

Heavy-fermion materials?
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Isotropic case.

𝜒iso
RPA =

∑︁
(geom.)

𝑃 (1) =
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)
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1 Strong dielectric response for light DM
2 Geometric enhancement
3 Low background rate
4 Anisotropic material (or geometry)
5 Detectable excitations

Central idea of direct detection:
DM induces measurable transitions

e.g. ionization for atomic targets

But there are many other possibilities
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“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
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(
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)
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quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)
Diagonalize H with{

𝑐k↑ = 𝑢∗
k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)
Diagonalize H with{

𝑐k↑ = 𝑢∗
k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)
Diagonalize H with{

𝑐k↑ = 𝑢∗
k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)

Diagonalize H with{
𝑐k↑ = 𝑢∗

k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)
Diagonalize H with{

𝑐k↑ = 𝑢∗
k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)
Diagonalize H with{

𝑐k↑ = 𝑢∗
k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



“Cooper-pair breaking”

(phonons)
e− e− 𝑐k↑𝑐−k↓

|0⟩BCS

gap 2Δ
(∼meV)

Vacuum |0BCS⟩ has CP condensate: ⟨𝑐−k↓𝑐k↑⟩ ≠ 0.

H =
∑︁
k𝜎

𝜉k𝑐
∗
k𝜎𝑐k𝜎 +

∑︁
kℓ

𝑉kℓ

(
𝑐∗k↑𝑐

∗
−k↓𝑏ℓ + 𝑏∗k𝑐−ℓ↓𝑐ℓ↑ − 𝑏∗k𝑏ℓ

)
Diagonalize H with{

𝑐k↑ = 𝑢∗
k
𝛾k0 + 𝑣k𝛾k1

𝑐∗−k↓ = −𝑣∗
k
𝛾k0 + 𝑢k𝛾

∗
k1

Bogoliubov
quasiparticles

|𝜒⟩|0BCS⟩ −→ |𝜒⟩|QP1, QP2⟩

Superconductors as detectors

33 Griffin+ & BVL 2412.16283; Hochberg+ & BVL 2109.04473



Superconducting Nanowire Single-Photon Detector

100 μm

5 μm

2 μm

Superconducting wire current-biased near transition
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Real detectors: SNSPDs
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Quantum Resolution-Optimized Cryogenic Observatory for Dark matter Incident at Low Energy

Next-generation SNSPD demonstrator (11µm threshold)

[Laura Baudis, Ilya Charaev, BVL, +]

Prototype-scale, 720µm3

415 hours with 15 counts
World-leading limits

35 QROCODILE & BVL 2412.16279 Benjamin V. Lehmann

The QROCODILE experiment
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Detector depth ℓ = 2 nm

Geometric corrections for 𝑞 ≲ O(few) × ℓ ≈ 1 keV

Nontrivial effect for 𝑚DM ≲ 1MeV

36 QROCODILE & BVL 2412.16279 Benjamin V. Lehmann

QROCODILE nanowire structure

36 QROCODILE & BVL 2412.16279 Benjamin V. Lehmann
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QROCODILE gains ∼ 2 dex!
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What does the final state look like?

1 DM scattering produces a QP pair
2 Energetic QPs relax by emission of phonons
3 Energetic phonons relax by QP pair production

DM

QP

QP
phonon

QP

· · ·
phonon

QP

QP

Final state is insensitive to initial excitation

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann

Down-conversion

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



What does the final state look like?
1 DM scattering produces a QP pair

2 Energetic QPs relax by emission of phonons
3 Energetic phonons relax by QP pair production

DM

QP

QP

phonon

QP

· · ·
phonon

QP

QP

Final state is insensitive to initial excitation

Down-conversion

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



What does the final state look like?
1 DM scattering produces a QP pair
2 Energetic QPs relax by emission of phonons

3 Energetic phonons relax by QP pair production

DM

QP

QP
phonon

QP

· · ·
phonon

QP

QP

Final state is insensitive to initial excitation

Down-conversion

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



What does the final state look like?
1 DM scattering produces a QP pair
2 Energetic QPs relax by emission of phonons
3 Energetic phonons relax by QP pair production

DM

QP

QP
phonon

QP

· · ·
phonon

QP

QP

Final state is insensitive to initial excitation

Down-conversion

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



What does the final state look like?
1 DM scattering produces a QP pair
2 Energetic QPs relax by emission of phonons
3 Energetic phonons relax by QP pair production

DM

QP

QP
phonon

QP

· · ·
phonon

QP

QP

Final state is insensitive to initial excitation

Down-conversion

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



What does the final state look like?
1 DM scattering produces a QP pair
2 Energetic QPs relax by emission of phonons
3 Energetic phonons relax by QP pair production

DM

QP

QP
phonon

QP

· · ·
phonon

QP

QP

Final state is insensitive to initial excitation

Down-conversion

41 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



𝑆 (q, 𝜔) = 𝜋

Ω

∑︁
𝜈

𝛿 (𝜔 − 𝜔𝜈,k )
𝜔𝜈,k

�����∑︁
𝑗

𝑒−𝑊𝑗 (q)
√
𝑚 𝑗

𝑒
𝑖G·x0

𝑗 ×
(
𝑓𝑁 𝑗

𝑓𝑛

)
𝐹𝑁 𝑗

(𝑞)q · 𝝐∗
𝜈,k, 𝑗

�����2

42 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann

Phonon excitation rate

42 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



𝑆 (q, 𝜔) = 𝜋

Ω

∑︁
𝜈

𝛿 (𝜔 − 𝜔𝜈,k )
𝜔𝜈,k

�����∑︁
𝑗

𝑒−𝑊𝑗 (q)
√
𝑚 𝑗

𝑒
𝑖G·x0

𝑗 ×
(
𝑓𝑁 𝑗

𝑓𝑛

)
𝐹𝑁 𝑗

(𝑞)q · 𝝐∗
𝜈,k, 𝑗

�����2
Phonon excitation rate

42 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



𝑆 (q, 𝜔) = 𝜋

Ω

∑︁
𝜈

𝛿 (𝜔 − 𝜔𝜈,k )
𝜔𝜈,k

�����∑︁
𝑗

𝑒−𝑊𝑗 (q)
√
𝑚 𝑗

𝑒
𝑖G·x0

𝑗 ×
(
𝑓𝑁 𝑗

𝑓𝑛

)
𝐹𝑁 𝑗

(𝑞)q · 𝝐∗
𝜈,k, 𝑗

�����2
Phonon excitation rate

42 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27
σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator

10−2 10−1 100 101

mDM [MeV]

10−38

10−36

10−34

10−32

10−30

10−28

10−26

10−24

σ
e

[ cm
2
]

Terrestrial

Background-free

Directional sensitivity

No background mitigation

Electronic scattering (light mediator)

10−2 10−1 100 101

mDM [MeV]

Terrestrial
Background-free

Directional sensitivity

No background mitigation

Electronic scattering (heavy mediator)

Qrocodile

Previous SNSPD limit

29 µm (10 Mpx× year)

100 101 102 103

mDM [MeV]

10−41

10−39

10−37

10−35

10−33

10−31

10−29

10−27

10−25

σ
n

[c
m

2
]

Migdal

Nuclear scattering (light mediator)

Qrocodile

Previous SNSPD limit

100 101 102 103

mDM [MeV]

Elastic

Migdal

Nuclear scattering (heavy mediator)

Qrocodile

Previous SNSPD limit

10−2 10−1 100 101

mA′ [eV]

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

κ

Stellar
bounds

T
er

re
st

ri
alBackground-free

No mitigation

Electronic absorption

Qrocodile

29 µm (10 Mpx× year)

Previous SNSPD

43 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann

Constraints on nuclear scattering

43 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27
σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator10−2 10−1 100 101

mDM [MeV]

10−38

10−36

10−34

10−32

10−30

10−28

10−26

10−24

σ
e

[ cm
2
]

Terrestrial

Background-free

Directional sensitivity

No background mitigation

Electronic scattering (light mediator)

10−2 10−1 100 101

mDM [MeV]

Terrestrial
Background-free

Directional sensitivity

No background mitigation

Electronic scattering (heavy mediator)

Qrocodile

Previous SNSPD limit

29 µm (10 Mpx× year)

100 101 102 103

mDM [MeV]

10−41

10−39

10−37

10−35

10−33

10−31

10−29

10−27

10−25

σ
n

[c
m

2
]

Migdal

Nuclear scattering (light mediator)

Qrocodile

Previous SNSPD limit

100 101 102 103

mDM [MeV]

Elastic

Migdal

Nuclear scattering (heavy mediator)

Qrocodile

Previous SNSPD limit

10−2 10−1 100 101

mA′ [eV]

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

κ

Stellar
bounds

T
er

re
st

ri
alBackground-free

No mitigation

Electronic absorption

Qrocodile

29 µm (10 Mpx× year)

Previous SNSPD

Constraints on nuclear scattering

43 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27

σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator

Migdal process: Superconductor equivalent:

phonon∗
DM QP

+Guy Daniel Hadas 26zz.zzzzz

44 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann

The Migdal effect

44 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27

σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator

Migdal process:

Superconductor equivalent:

phonon∗
DM QP

+Guy Daniel Hadas 26zz.zzzzz

The Migdal effect

44 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27

σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator

Migdal process:

Superconductor equivalent:

phonon∗
DM QP

+Guy Daniel Hadas 26zz.zzzzz

The Migdal effect

44 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27

σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator

Migdal process: Superconductor equivalent:

phonon∗
DM QP

+Guy Daniel Hadas 26zz.zzzzz

The Migdal effect

44 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



10−2 10−1 100 101 102 103

mχ [MeV]

10−45

10−42

10−39

10−36

10−33

10−30

10−27

σ
n

[c
m

2
]

Elastic

SNSPD

MKID

M
igdal

MKID

(100 Mpx-yr)Al (10, 30, 50) meV

SiC, 1 meV

SF
He, 1 meV

Heavy Mediator

Migdal process: Superconductor equivalent:

phonon∗
DM QP

+Guy Daniel Hadas 26zz.zzzzz

The Migdal effect

44 Griffin+ & BVL 2412.16283 Benjamin V. Lehmann



New approaches to broaden light DM detection
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