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• Direct detection phenomenology

• Directionality opportunities

• Migdal Effect

Spin dependent, Spin independent

Coherent elastic neutrino nucleus scattering, dark matter properties, 
boosted dark matter, …

Migdal effect in nuclear scattering?
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Direct detection phenomenology
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Detector dependence
  affects also the cross sectionmN

Direct detection phenomenology
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Astrophysical inputs

Detector dependence
  affects also the cross sectionmN

Direct detection phenomenology
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physics Astrophysical inputs

Detector dependence
  affects also the cross sectionmN

Direct detection phenomenology
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Direct detection
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dσ
dER

(v, ER) =
dσ

dER SI

+
dσ

dER SD

ℒ ⊃ χ̄γμχq̄γμq
ℒ ⊃ χ̄χq̄q

ℒ ⊃ χ̄γμγ5χq̄γμγ5q

Direct detection phenomenology
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dσ
dER SI

=
mN σp A2

2μ2
p v2

|F(ER) |2

Helm form
factor

Xe

Ar

F
C

He

Direct detection phenomenology
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dσ
dER SD

=
2
3

J + 1
J

mN σp ⟨sp⟩2

μ2
p v2

Sp(ER)
Sp(0)

Spin dependent
form factor

 u =
1
2

q2b2

 ER[keV]
700 1400 2100

 b ≃ 1.7 fm

2800 3500

 q2 = 2 mn A ER

Direct detection phenomenology

 ⟨sp⟩  ⟨sn⟩
 H

 He*
 C*
 F

0.5 0
0 0
0 0

0.478 -0.002
*   and   have   and  , respectively3He 13C ⟨sn⟩ = 0.552 −0.172

[Klos+, 1304.7684]
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[APPEC Committee Report, arXiv:2104.07634]

Direct detection phenomenology
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[APPEC Committee Report, ’21]

increase exposure or 
volume of the 
experiment

Direct detection phenomenology
Lighter targets,
lower threshold,
alternative signals
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Direct detection phenomenology
[Cygno coll., ’21]

21/12/2021



Directionality opportunities



10

Directionality opportunities

G. Grilli di Cortona

Problem with direct dark matter detection: suppose we see 
some event.  What is it?

1. Non isotropic background?

2. Neutrino floor

3. Other?

21/12/2021
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Directionality opportunities

G. Grilli di Cortona

Problem with direct dark matter detection: suppose we see 
some event.  What is it?

1. Non isotropic background?

2. Neutrino floor

3. Other?

[O’Hare ‘19]
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Directionality opportunities

G. Grilli di Cortona

1. Non isotropic background?

2. Neutrino floor

3. Other?

Solution: directional detection

F recoils
 mχ = 100 GeV

[Mayet et al., ’16]

21/12/2021
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Directionality opportunities

G. Grilli di Cortona

Solution: directional detection

1. Non isotropic background?

2. Neutrino floor

3. Other?
[Vahsen+ '21]
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Directionality opportunities

G. Grilli di Cortona

This assumes that: 
• The dark matter distribution is a Gaussian (Maxwell Boltzmann 

distribution)

• The DM nucleus matrix element does not depend on velocity

• The scattering is elastic

21/12/2021



This assumes that: 
• The dark matter distribution is a Gaussian (Maxwell Boltzmann 

distribution)

• The DM nucleus matrix element does not depend on velocity

• The scattering is elastic
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Directionality opportunities

G. Grilli di Cortona

Standard Halo Model DM flux Standard Halo Model + Gaia Sausage
[Evans+, ’18]
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Directionality opportunities

G. Grilli di Cortona

This assumes that: 
• The dark matter distribution is a Gaussian (Maxwell Boltzmann 

distribution)

• The DM nucleus matrix element does not depend on velocity

• The scattering is elastic

Standard Halo Model DM flux Standard Halo Model + Gaia Sausage 
+ local substructures [O’Hare+, ’19]
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Directionality opportunities

G. Grilli di Cortona

This assumes that: 
• The DM nucleus matrix element does not depend on velocity

• The scattering is elastic[Kavanagh '15]

21/12/2021
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Directionality opportunities

G. Grilli di Cortona

This assumes that: 
• There are no fluxes from other directions

• The scattering is elastic
Boosted dark matter

1. Cosmic rays up-scattered dark matter

2. Blazar Boosted dark matter

3. Supernova produced dark matter

[Bringmann+ ’19, Sala+ ’19]

[Baracchini+ ’20]

[Wang+ ’21]

21/12/2021
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This assumes that: 
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The Migdal effect

G. Grilli di Cortona
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The Migdal effect

G. Grilli di Cortona
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The Migdal effect

G. Grilli di Cortona

�
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<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>
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The Migdal effect

G. Grilli di Cortona
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=
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|Z(ER, Ee) |2
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DM nuclear recoil

ionization 
rate
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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] for C, F, Ar, Xe, …
and by GGdC, S. Piacentini and A. Messina [unpublished] for He

Migdal
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The Migdal effect

G. Grilli di Cortona

Energy thresholds in keV:

Eee             1.0         0.5
Enr(He)       2.1        1.2 
Enr(C)         3.1        1.8
Enr(F)          3.8        2.2 

[Cygno coll., ’21]
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Can we 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]
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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.

21/12/2021
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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;

• Problems: background

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

G. Grilli di Cortona

X-ray signature

Nevents = NT Φ σAr fAr q2
e BRMig
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Experimental opportunity

G. Grilli di Cortona

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

21/12/2021



19

Experimental opportunity

G. Grilli di Cortona

X-ray signature

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

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

21/12/2021
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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;
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• 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 
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Conclusions

G. Grilli di Cortona

• Directional detection experiments are well motivated 
• Lots of opportunities: discriminate between DM and 

background (if DM discovery), neutrino floor studies, 
possibility to measure deviation from gaussian 
hypothesis for the DM velocity distribution, boosted DM

• Possible improvement for light DM with the Migdal 
effect

• Possibility to measure the Migdal effect in nuclear recoils
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