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• Down to the MeV: Migdal effect

• Down to the keV: collective excitations
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• Most of the matter ( ) that interacts gravitationally is dark∼80 %

• One of the strongest evidences for physics beyond the Standard Model

• However… huge possible mass range               detection techniques 
vary widely depending on the dark matter mass
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• Dark matter is a particle but too light for nuclear recoil

• Need new materials or observables
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• For an elastic scattering, it must be

  ET =
mχ /mT

(1 + mχ /mT)2 Eχ ≳ Ethreshold

• For  elastic scattering off
nuclei is very inefficient

mχ ≲ 1 GeV

• Two possibilities:
1. Look into lighter scattering targets
2. Look into inelastic processes

5/24Angelo Esposito CYGNO, December 2022

SUB-GEV DARK MATTER

[CRESST — PRD 2019, 1904.00498]
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• For sub-GeV dark matter one needs to delve into the condensed 
matter world

• Need to account for the 
complicated many-body physics
(correlations, strong coupling, …)

• Need to find theoretical tools that allow to solve or bypass these 
problems (measured correlation functions, EFTs, …)

NASTY STUFF
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• For sub-GeV dark matter nuclear recoil signals become challenging               
sensitivity can be lowered by looking for inelastic processes

MIGDAL EFFECT

8/24Angelo Esposito

[e.g., Essig, Mardon, Volansky — PRD 2012, 1108.5383; Kouvaris, Pradler — PRL 2017, 1607.01789]

CYGNO, December 2022



• For sub-GeV dark matter nuclear recoil signals become challenging               
sensitivity can be lowered by looking for inelastic processes

• Hadrophilic dark matter on free nuclei             Migdal effect

MIGDAL EFFECT

8/24Angelo Esposito

[e.g., Essig, Mardon, Volansky — PRD 2012, 1108.5383; Kouvaris, Pradler — PRL 2017, 1607.01789]

CYGNO, December 2022



• For sub-GeV dark matter nuclear recoil signals become challenging               
sensitivity can be lowered by looking for inelastic processes

• Hadrophilic dark matter on free nuclei             Migdal effect

• Less likely… but lower threshold!            sensitivity down to 
 masses (see Giovanni’s talk)𝒪(100 MeV)
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[e.g., Essig, Mardon, Volansky — PRD 2012, 1108.5383; Kouvaris, Pradler — PRL 2017, 1607.01789]

[e.g., Ibe, Nakano, Shoji, Suzuki — JHEP 
2018, 1707.07258; DarkSide — 2207.11967]
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• Semiconductors (Si, Ge, …) have small  
bandgaps Migdal effect should allow to
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• Semiconductors (Si, Ge, …) have small  
bandgaps Migdal effect should allow to
probe down to  masses

𝒪(eV)

𝒪(MeV)

• Migdal rate in a semiconductor is much harder

• How to describe nucleus-nucleus and nucleus-electron interactions 
in a strongly correlated system?
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• Migdal effect in old-fashioned perturbation theory

• Separation of scales  allows to integrate 
out the intermediate lattice mode

(ω ∼ eV ≫ Eph ∼ 10 meV)

 Heff =
1

mNω2
⃗∇ HχL ⋅ ⃗∇ HeL + 𝒪 ( 1

ω3 )

EFT

11/24Angelo Esposito

complicated to describe energy ω energy ∼ Eph

[Berghaus, AE, Essig, 
Sholapurkar — JHEP 2020, 

2210.06490]
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• Now simple to determine the rate for Migdal emission 
d2Γ

dωdEph
∝ ∑

k
∑
K,Q

q ⋅ (k + K) q ⋅ (k + K)
|k + K | |k + Q |

Im(− ϵ−1
KQ(k, ω))S(q − k − K, Eph)
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• Now simple to determine the rate for Migdal emission 
d2Γ

dωdEph
∝ ∑

k
∑
K,Q

q ⋅ (k + K) q ⋅ (k + K)
|k + K | |k + Q |

Im(− ϵ−1
KQ(k, ω))S(q − k − K, Eph)

• Energy loss function is already 
well studied

• Structure factor should be measured from neutron scattering data 
d2σn

dΩdE
=

σn

4π
kf

ki
S(q, E)

• No data yet in the range of interest (q ≃ 10 keV − 100 keV)
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energy loss function (ELF) — electronic dynamics structure factor — crystal response

[e.g., Knapen, Kozaczuk, Lin — PRD 2021, 
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• If only interested in electron energy, the rate is independent on the 
details of the crystal lattice 

∫
∞

0
dE S(q, E) = 1 ⟹

dR
dω

∝ ∫ d3ke ∑
K

Im(− ϵ−1
KK(ke, ω))
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• If only interested in electron energy, the rate is independent on the 
details of the crystal lattice 

∫
∞

0
dE S(q, E) = 1 ⟹

dR
dω

∝ ∫ d3ke ∑
K

Im(− ϵ−1
KK(ke, ω))

• The description of Migdal effect in semiconductor is now complete

Pre
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[Berghaus, AE, Essig, Sholapurkar — JHEP 2020, 2210.06490]
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• For , dark matter scattering can transfer a momentum 

 

mχ ≲ 𝒪(MeV)

(mχvχ)−1 ≳ 𝒪(1 Å) ∼ inter-atomic distance

• Dark matter acts coherently over many scattering centers

• Typically, no more single particle final states               signatures 
involve collective excitation

Pre

COLLECTIVE EXCITATIONS

Angelo Esposito

[see e.g., Trickle et al. — JHEP 2020, 1910.08092; Griffin et al. 
— PRD 2020, 1910.10716; Coskuner et al. — PRD 2022, 2102.09567]
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• A growing field, with many interesting ideas (a few on R&D):

1. Superconductors          breaking of Cooper pairs and production of 
collective excitations

2. Solid crystals (GaAs, SiO, …)          multi-phonon

3. Superfluid          multi-phonon4He

4. Magnetic materials ( , NiO, …)          single- and multi-magnonY3Fe5O12

5. and more…

• I will focus on those I know best…

COLLECTIVE EXCITATIONS

Angelo Esposito 16/24 CYGNO, December 2022

[e.g., Hochberg, Zhao, Zurek — PRL 2016, 1504.07237; Hochberg et al. — PRL 2019, 1903.05101]

[e.g., Knapen et al. — PLB 2018, 1712.06598; Campbell-Deem et al. — PRD 2020, 1911.03482; 
Griffin et al. — PRD 2021, 2008.08560]

[e.g., Guo, McKinsey — PRD 2013, 1302.0534; Schutz, Zurek — PRL 2016, 1604.08206; Caputo, AE, 
Polosa — PRD 2019, 1907.10635]
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[for a review, Kahn, Lin — Rept.Prog.Phys. 2022, 2108.03239]
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• Superfluid  is an interesting target to probe dark matter with 
spin-independent interactions

4He

1.           low electronic backgroundEion ≃ 25 eV

2. High radiopurity

3. Multi-phonon processes allow to probe down to mχ ∼ 𝒪(keV)

• Idea: look for events where the dark
matter produces more than one 
phonon

SUPERFLUID 4He

Angelo Esposito 17/24 CYGNO, December 2022

[Guo, McKinsey — PRD 2013, 1302.0534; Schutz, Zurek — PRL 2016, 
1604.08206; Knapen, Lin, Zurek — PRD 2017, 1611.06228; Acanfora, AE, 

Polosa — EPJC 2019, 1902.02361; Caputo, AE, Polosa — PRD 2019, 
1907.10635; Baym et al. — PRD 2021, 2005.08824; Caputo, AE, Piccini, 
Polosa, Rossi — PRD 2021, 2012.01432; Matchev et al. — JHEP 2022, 

2108.07275; You et al. — 2208.14474]
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• How do we detect events with few phonons?

• R&D efforts already on the way:

1. HeRALD

2. Quantum evaporation

3. DELight
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Angelo Esposito 18/24 CYGNO, December 2022

[Guo, McKinsey — PRD 2013, 1302.0534; Hertel et al. — 
PRD 2019, 1810.06283; TESSERACT — SnowMass]

[Maris, Seidel, Stein — PRL 2017, 1706.00117; Lyon et 
al. — 2201.00738]

[Krosigk et al. — 2209.10950]
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• Superfluid  is a strongly coupled system            phonon emission 
rate is hard

4He

• Standard approach          start from  
atomic Hamiltonian             perform  
clever ansatzes to compute the  
structure factor

               
d2Γ

dωdq
=

ρHeσχnq
2mχmHepi

S(q, ω)
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[Schutz, Zurek — PRL 2016, 1604.08206; Knapen, Lin, Zurek — 
PRD 2017, 1611.06228; Baym et al. — PRD 2021, 2005.08824]
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[Acanfora, AE, Polosa — 
EPJC 2019, 1902.02361; 
Caputo, AE, Polosa — 
PRD 2019, 1907.10635]

[Caputo, AE, Piccini, Polosa, Rossi — PRD 2021, 2012.01432]
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• How about dark matter with spin-dependent interactions?

• One could use (anti-)ferromagnets

• Dark matter interacts with spins            excites a collective mode 
called magnon

• Ways to detect few magnons have been proposed and under work 
(TES, MKID, quantum sensors)

(ANTI-)FERROMAGNETS

Angelo Esposito 21/24 CYGNO, December 2022

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; Lachance-
Quirion et al. — Science Advances 2017; Lachance-Quirion et 

al. — Science 2020]
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• First proposed to use ferromagnets

• Traditional approach: start from Heisenberg model

            H =
1
2

N

∑
ℓ,ℓ′ 

n

∑
j,j′ 

Jℓℓ′ jj′ Sℓj ⋅ Sℓ′ j′ →
n

∑
ν=1

∑
q∈1BZ

ων,qb†
ν,qbν,q
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• First proposed to use ferromagnets

• Traditional approach: start from Heisenberg model

            H =
1
2

N

∑
ℓ,ℓ′ 

n

∑
j,j′ 

Jℓℓ′ jj′ Sℓj ⋅ Sℓ′ j′ →
n

∑
ν=1

∑
q∈1BZ

ων,qb†
ν,qbν,q

• Only single-magnon emission            probes mχ ≳ 𝒪(10 keV)

FERROMAGNETS

Angelo Esposito 22/24 CYGNO, December 2022

[Trickle, Zhang, Zurek — PRL 2020, 1905.13744; 
Mitridate et al. — PRD 2020, 2005.10256; Chigus, 
Moroi, Nakayama — PRD 2020, 2001.10666; Trickle, 

Zhang, Zurek — PRD 2022, 2009.13534]

[Trickle, Zhang, Zurek — PRL 
2020, 1905.13744]
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• A better class of materials turns out to be anti-ferromagnets
1. Also multi-magnon emission            probe down to 
2. Nickel oxide (NiO) has             very efficient at absorbing dark 

matter energy

mχ ∼ 𝒪(1 keV)
vθ ≃ vχ
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[AE, Pavaskar — 2210.13516]
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