
Improving the sensitivity to 
light dark matter with the 

Migdal effect

Giovanni Grilli di Cortona

based on: G2dC, Andrea Messina, Stefano Piacentini, Migdal effect and photon Bremsstrahlung: 
improving the sensitivity to light dark matter of liquid argon experiments, JHEP 11 (2020) 034, 
arXiv: 2006.02453

grillidc@lnf.infn.it

SUSY 2021

mailto:grillidc@lnf.infn.it


2SUSY 2021

Outline

• Introduction and motivation

• The Migdal effect

• Impact of the Migdal effect in LAr experiments 

• Detecting the Migdal effect in nuclear scattering

• Conclusions

G. Grilli di Cortona



Introduction



3

Introduction and motivation

G. Grilli di Cortona

Small scales Large scales

Galaxies Clusters Cosmic Microwave Background

[Clowe et al., APJL 648 (2006) L109-L113]

[Planck]

SUSY 2021



3

Introduction and motivation

G. Grilli di CortonaSUSY 2021

Standard Model 
Particle

Standard Model 
Particle

Dark Matter
Particles

Dark Matter
Particles

Colliders



3

Introduction and motivation

G. Grilli di CortonaSUSY 2021

Standard Model 
Particle

Standard Model 
Particle

Dark Matter
Particles

Dark Matter
Particles

Indirect detection



3

Introduction and motivation

G. Grilli di CortonaSUSY 2021

Standard Model 
Particle

Standard Model 
Particle

Dark Matter
Particles

Dark Matter
Particles

Direct detection



3

Direct detection

G. Grilli di Cortona

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

n, p

e

dR
dER

=
ρ0 Mdet

mNmχ ∫v>vmin

v f(v)
dσ

dER
dv

SUSY 2021



3

Direct detection

G. Grilli di Cortona

[APPEC Committee Report, arXiv:2104.07634]

SUSY 2021



3

Direct detection

G. Grilli di Cortona

[APPEC Committee Report, arXiv:2104.07634]

increase exposure or 
volume of the 
experiment

lower threshold,
alternative signals

SUSY 2021



The Migdal effect



4

The Migdal effect

G. Grilli di Cortona

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

e

n, p

e
Ed

ER

SUSY 2021



4

The Migdal effect

G. Grilli di Cortona

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

n, p

e

e

Kinematics

Emax
R =

2 μ2
N v2

max

mN
Emax

d =
μN v2

max

2

vmin =
mNER

2μ2
N

+
Ed

2mNER

Ed

ER

SUSY 2021



4

The Migdal effect

G. Grilli di Cortona

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

e

e

Kinematics

Emax
R =

2 μ2
N v2

max

mN

vmin =
mNER

2μ2
N

+
Ed

2mNER

Nuclear recoil energy

Electron detected energy

DM-nucleus reduced mass nucleus mass

n, p

Ed

ER

Emax
d =

μN v2
max

2

SUSY 2021



4

The Migdal effect

G. Grilli di Cortona

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

�
<latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit><latexit sha1_base64="ap6xz+hIzkAVcRU2uhXrOHcPtnY=">AAAB8XicbVA9T8MwEL2UrxK+CowsFg0SU5V0gbGChbFI9EO0UeW4TmvVsSPbQaqi/gsWBhBi5d+w8W9w2wzQ8qSTnt670929KOVMG9//dkobm1vbO+Vdd2//4PCocnzS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2okmt3O/80SVZlI8mGlKwwSPBIsZwcZKj57n9smYuZ43qFT9mr8AWidBQapQoDmofPWHkmQJFYZwrHUv8FMT5lgZRjiduf1M0xSTCR7RnqUCJ1SH+eLiGbqwyhDFUtkSBi3U3xM5TrSeJpHtTLAZ61VvLv7n9TITX4c5E2lmqCDLRXHGkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA3JtSEEqy+vk3a9Fvi14L5ebdwUcZThDM7hEgK4ggbcQRNaQEDAM7zCm6OdF+fd+Vi2lpxi5hT+wPn8AdzljxA=</latexit>

e

n, p

e Emax
R =

2 μ2
N v2

max

mN

Eth = 1 keV

Migdal
Nuclear recoil

1. Threshold   keV

2. Sensitivity loss for  

3.   for  

4. The Migdal effect is sensitive to 

sub-GeV masses

E ≲ 1

mDM ≲ 2 GeV

Emax
d > Emax

R mDM ≪ mN

Ed

ER

Kinematics

Emax
d =

μN v2
max

2

He

C
F
Ar
Xe

0.01 0.05 0.10 0.50 1 5 10
0.01

0.10

1

10

100

mDM [GeV]

E
[k
eV

]

SUSY 2021



5

The Migdal effect

G. Grilli di Cortona

d2R
dERdEe

=
dR
dER

|Z(ER, Ee) |2

SUSY 2021



5

The Migdal effect

G. Grilli di Cortona

d2R
dERdEe

=
dR
dER

|Z(ER, Ee) |2

DM nuclear recoil

SUSY 2021



5

The Migdal effect

G. Grilli di Cortona

d2R
dERdEe

=
dR
dER

|Z(ER, Ee) |2

DM nuclear recoil

ionization 
rate

|Z(ER, Ee) |2 ≃ 1 + |Zde |2 + |Zion |2

de-excitation:
negligibleNR

SUSY 2021



5

The Migdal effect

G. Grilli di Cortona

d2R
dERdEe

=
dR
dER

|Z(ER, Ee) |2

DM nuclear recoil

ionization 
rate

|Z(ER, Ee) |2 ≃ 1 + |Zde |2 + |Zion |2

de-excitation:
negligibleNR

Computed in 
[Ibe et al.  JHEP03(2018)194]

Migdal

SUSY 2021



6

The Migdal effect

G. Grilli di Cortona

Argon Atomic energy levels
n = 1
n = 2
n = 3

0.01 0.05 0.10 0.50 1 5 10
10-7

10-5

0.001

0.100

10

Ed [keV]

1 2
π

dp
c

dE
d
[k
eV

-1
]

N
e-

=
7

N
e-

=
4

O(1)
uncertainty

20% uncertainty

20% uncertainty

Ee + E(n,`) =
<latexit sha1_base64="tl+pA/SBxZfvjyIFndjcZfWyIrU=">AAACBHicbVDLSgNBEJyNr7i+Vj3mMpgIESXs5qIXISgBjxHMA5KwzE46yeDs7DIzK4QlBy/+ihcPinj1I7z5N04eB00saCiquunuCmLOlHbdbyuzsrq2vpHdtLe2d3b3nP2DhooSSaFOIx7JVkAUcCagrpnm0IolkDDg0Azuryd+8wGkYpG406MYuiEZCNZnlGgj+U6uULCrPuBTXPXTojjrAOcnY3yJ7ULBd/JuyZ0CLxNvTvJojprvfHV6EU1CEJpyolTbc2PdTYnUjHIY251EQUzoPRlA21BBQlDddPrEGB8bpYf7kTQlNJ6qvydSEio1CgPTGRI9VIveRPzPaye6f9FNmYgTDYLOFvUTjnWEJ4ngHpNANR8ZQqhk5lZMh0QSqk1utgnBW3x5mTTKJc8tebflfOVqHkcW5dARKiIPnaMKukE1VEcUPaJn9IrerCfrxXq3PmatGWs+c4j+wPr8Ae1IlGw=</latexit><latexit sha1_base64="tl+pA/SBxZfvjyIFndjcZfWyIrU=">AAACBHicbVDLSgNBEJyNr7i+Vj3mMpgIESXs5qIXISgBjxHMA5KwzE46yeDs7DIzK4QlBy/+ihcPinj1I7z5N04eB00saCiquunuCmLOlHbdbyuzsrq2vpHdtLe2d3b3nP2DhooSSaFOIx7JVkAUcCagrpnm0IolkDDg0Azuryd+8wGkYpG406MYuiEZCNZnlGgj+U6uULCrPuBTXPXTojjrAOcnY3yJ7ULBd/JuyZ0CLxNvTvJojprvfHV6EU1CEJpyolTbc2PdTYnUjHIY251EQUzoPRlA21BBQlDddPrEGB8bpYf7kTQlNJ6qvydSEio1CgPTGRI9VIveRPzPaye6f9FNmYgTDYLOFvUTjnWEJ4ngHpNANR8ZQqhk5lZMh0QSqk1utgnBW3x5mTTKJc8tebflfOVqHkcW5dARKiIPnaMKukE1VEcUPaJn9IrerCfrxXq3PmatGWs+c4j+wPr8Ae1IlGw=</latexit><latexit sha1_base64="tl+pA/SBxZfvjyIFndjcZfWyIrU=">AAACBHicbVDLSgNBEJyNr7i+Vj3mMpgIESXs5qIXISgBjxHMA5KwzE46yeDs7DIzK4QlBy/+ihcPinj1I7z5N04eB00saCiquunuCmLOlHbdbyuzsrq2vpHdtLe2d3b3nP2DhooSSaFOIx7JVkAUcCagrpnm0IolkDDg0Azuryd+8wGkYpG406MYuiEZCNZnlGgj+U6uULCrPuBTXPXTojjrAOcnY3yJ7ULBd/JuyZ0CLxNvTvJojprvfHV6EU1CEJpyolTbc2PdTYnUjHIY251EQUzoPRlA21BBQlDddPrEGB8bpYf7kTQlNJ6qvydSEio1CgPTGRI9VIveRPzPaye6f9FNmYgTDYLOFvUTjnWEJ4ngHpNANR8ZQqhk5lZMh0QSqk1utgnBW3x5mTTKJc8tebflfOVqHkcW5dARKiIPnaMKukE1VEcUPaJn9IrerCfrxXq3PmatGWs+c4j+wPr8Ae1IlGw=</latexit><latexit sha1_base64="tl+pA/SBxZfvjyIFndjcZfWyIrU=">AAACBHicbVDLSgNBEJyNr7i+Vj3mMpgIESXs5qIXISgBjxHMA5KwzE46yeDs7DIzK4QlBy/+ihcPinj1I7z5N04eB00saCiquunuCmLOlHbdbyuzsrq2vpHdtLe2d3b3nP2DhooSSaFOIx7JVkAUcCagrpnm0IolkDDg0Azuryd+8wGkYpG406MYuiEZCNZnlGgj+U6uULCrPuBTXPXTojjrAOcnY3yJ7ULBd/JuyZ0CLxNvTvJojprvfHV6EU1CEJpyolTbc2PdTYnUjHIY251EQUzoPRlA21BBQlDddPrEGB8bpYf7kTQlNJ6qvydSEio1CgPTGRI9VIveRPzPaye6f9FNmYgTDYLOFvUTjnWEJ4ngHpNANR8ZQqhk5lZMh0QSqk1utgnBW3x5mTTKJc8tebflfOVqHkcW5dARKiIPnaMKukE1VEcUPaJn9IrerCfrxXq3PmatGWs+c4j+wPr8Ae1IlGw=</latexit>

• Computed by                      
for isolated atoms using the 
Flexible Atomic Code [Gu, 
Canadian Journal of Physics 
86(2008)675];

• The outer shell is potentially 
affected by large uncertainties;

• The Migdal emission can be 
rigorously related to photo-
absorption, thus relating the 
probability to experimental 
input and reducing the 
theoretical uncertainties [Liu et 
al., Phys. Rev. D 102 (2020) 121303]

[Ibe et al., JHEP 03 (2018) 194]
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LAr simulated experiment

G. Grilli di Cortona

Inputs:

•Signal templates (nuclear recoil 
and Migdal) and systematic effect 
treatment;

•Realistic LAr spectra and 
parametrisation of detector 
effects;

•Bayesian statistical analysis to 
extract the sensitivity curves;

Public repository at: https://github.com/piacent/LAr-MigdalLimits 

[DarkSide, Phys. Rev. Lett. 121 (2018) no. 8081307]
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Bayesian analysis

G. Grilli di Cortona

L = LC ⇥ LB ⇥ LS
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<latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit>

LC(rS , rB , ✓; {xi}) = p({xi}|rS , rB , ✓, H) =
NbinY

i=1

�
xi
i

xi!
e
��i

<latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit>
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G. Grilli di Cortona

L = LC ⇥ LB ⇥ LS
<latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit>

LC(rS , rB , ✓; {xi}) = p({xi}|rS , rB , ✓, H) =
NbinY

i=1

�
xi
i

xi!
e
��i

<latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit>

�i = E[rS Si + rB(Bi + LowNei)]
<latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit>
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Bayesian analysis

G. Grilli di Cortona

L = LC ⇥ LB ⇥ LS
<latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit>

LC(rS , rB , ✓; {xi}) = p({xi}|rS , rB , ✓, H) =
NbinY

i=1

�
xi
i

xi!
e
��i

<latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit>

�i = E[rS Si + rB(Bi + LowNei)]
<latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit>

LB =
Y

{bkg}

NbinY

i=1

N (µ = bkg,� = �bkgi)

<latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit><latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit><latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit><latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit>
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Bayesian analysis

G. Grilli di Cortona

L = LC ⇥ LB ⇥ LS
<latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit><latexit sha1_base64="/UNgzcMKc/mZ80wMYRHfMSPWkRg=">AAACKHicbVDLSsNAFL2pr1pfUZduBovgqiQi6EYs7caFi4r2AU0Ik+m0HTp5MDMRSujnuPFX3Igo0q1f4qTNorYeuHA4517uvcePOZPKsqZGYW19Y3OruF3a2d3bPzAPj1oySgShTRLxSHR8LClnIW0qpjjtxILiwOe07Y/qmd9+pkKyKHxS45i6AR6ErM8IVlryzFsnwGpIME/vJzcL3Ks7igVULkq1VenRM8tWxZoBrRI7J2XI0fDMD6cXkSSgoSIcS9m1rVi5KRaKEU4nJSeRNMZkhAe0q2mI9UY3nT06QWda6aF+JHSFCs3UxYkUB1KOA193ZkfKZS8T//O6iepfuykL40TRkMwX9ROOVISy1FCPCUoUH2uCiWD6VkSGWGCidLYlHYK9/PIqaV1UbKtiP1yWq7U8jiKcwCmcgw1XUIU7aEATCLzAG3zCl/FqvBvfxnTeWjDymWP4A+PnF7ytqDc=</latexit>

LC(rS , rB , ✓; {xi}) = p({xi}|rS , rB , ✓, H) =
NbinY

i=1

�
xi
i

xi!
e
��i

<latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit><latexit sha1_base64="W/XCgkUmmdasWq8Apgc05y0SpE0="></latexit>

�i = E[rS Si + rB(Bi + LowNei)]
<latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit><latexit sha1_base64="1Wo0rlXLr3Eafpqi5V/lvx8F1jE=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUlGVXBL0IpSJ4EKnUPmB3Cdk0bUOzD5KsUpb+Cy/+FS8eFPGqN/+NabsHrQ6EDDPzkXzjx5xJZVlfRm5ufmFxKb9cWFldW98obm41ZZQIQhsk4pFo+1hSzkLaUExx2o4FxYHPacsfnI/91h0VkkXhrRrG1AtwL2RdRrDSEiqaLtfhDkYMnsEL6ECB6u4hrCN2IFC1XNX3VXR/jVKK2GjfQ8WSZVoTwL/EzkgJZKih4qfbiUgS0FARjqV0bCtWXoqFYoTTUcFNJI0xGeAedTQNcUCll072GsE9rXRgNxL6hApO1J8TKQ6kHAa+TgZY9eWsNxb/85xEdU+9lIVxomhIpg91Ew5VBMclwQ4TlCg+1AQTwfRfIeljgYnSVRZ0Cfbsyn9J88i0LdO+OS5VqlkdebADdkEZ2OAEVMAlqIEGIOABPIEX8Go8Gs/Gm/E+jeaMbGYb/ILx8Q0bc51l</latexit>

LB =
Y

{bkg}

NbinY

i=1

N (µ = bkg,� = �bkgi)

<latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit><latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit><latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit><latexit sha1_base64="L/rF0jNn6XP8c8oNK5pmghbqgTE="></latexit>

LS = �[Si � Si(f,N
max
e� , ✏)]

<latexit sha1_base64="C59YGroSppzlqQLVLZ9x72UjaJ4="></latexit><latexit sha1_base64="C59YGroSppzlqQLVLZ9x72UjaJ4="></latexit><latexit sha1_base64="C59YGroSppzlqQLVLZ9x72UjaJ4="></latexit><latexit sha1_base64="C59YGroSppzlqQLVLZ9x72UjaJ4="></latexit>
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Expected sensitivity

G. Grilli di CortonaSUSY 2021



How to measure the Migdal 
effect in nuclear scattering?
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Possible signatures

G. Grilli di Cortona

1. Neutrons can induce energetic NR;
2. An atom can emit a Migdal electron 

from the 1s shell with a small 
probability (10-5-10-4);

3. Atoms will fill the hole emitting an X-
ray (~3 keV for Ar, ~30 keV for Xe);

4. The signature is a vertex with an 
energetic NR and a few keV X-ray 
absorbed after a few cm;

[Nakamura et al., PTEP 1 (2021) 013C01]

SUSY 2021
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Possible signatures

G. Grilli di Cortona

Or just detect the Migdal electron 
exploiting all the atomic shells: it 
needs to be able to reconstruct a 
nuclear recoil track and an 
electron recoil track starting from 
the same vertex.

Used also to discriminate 
between signal and background 
events.

SUSY 2021
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Experimental opportunity

G. Grilli di Cortona

• Cygno Phase 0 TPC (LIME): 50 litres of He/CF4 or Ar/CF4 with very 
good 3-d tracking capability and resolution both for NR and ER;

• Possibility to exploit available neutron sources at 2.5 MeV and 14 
MeV;

[Baracchini et al., Measur.Sci.Tech. 32 (2021) 2, 025902]

for Cygno details see A. Messina talk tomorrow

SUSY 2021
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Experimental opportunity

G. Grilli di CortonaSUSY 2021

X-ray signature

Nevents = NT Φ σAr fAr q2
e BRMig
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Experimental opportunity

G. Grilli di CortonaSUSY 2021

X-ray signature

Nevents = NT Φ σAr fAr q2
e BRMig

 7.5 × 1023
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3.2 × 10−24 cm2

0.14 2 m2
e ER

mN

10−4 − 10−5

Fluorescence
yield

Flux for a 2.5
MeV neutron 
source



12

Experimental opportunity

G. Grilli di CortonaSUSY 2021

X-ray signature

Nevents = NT Φ σAr fAr q2
e BRMig ≃ 400 / day

 7.5 × 1023

113 s−1cm−2

3.2 × 10−24 cm2

0.14 2 m2
e ER

mN

10−4 − 10−5

Fluorescence
yield

Flux for a 2.5
MeV neutron 
source
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Experimental opportunity

G. Grilli di CortonaSUSY 2021

X-ray signature

Nevents = NT Φ σAr fAr q2
e BRMig ≃ 400 / day

Expected absorption length for the X-ray: ~ 3 cm
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Experimental opportunity

G. Grilli di Cortona

• For large ENR good tracking capability 
down to Ee ~ 5 keV.

• Potentially O(100) events per day for a 
realistic Ee energy threshold of 5 keV 
(integrating over ENR > 100 keV), for a 
mixture 60:40 of ArCF4;

SUSY 2021
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Experimental opportunity

G. Grilli di CortonaSUSY 2021

Working on signal and background simulations in order to 

define the optimal detector configuration (gas mix, shielding, 

neutron source) for a dedicated run to detect Migdal events 

exploiting (hopefully) both signatures.



Conclusions



15G. Grilli di Cortona

Conclusions

• The Migdal effect has a great potential to improve the 
current sensitivity to light dark matter exploiting liquid argon 
detectors;

• It is important to observe the Migdal effect in nuclear 
scattering in order to confirm its relevance for dark matter 
experiments;

• There are promising signatures to be exploited and 
interesting experimental opportunities using fast neutrons 
and TPCs: simulations are currently ongoing.

SUSY 2021



Thank you!


