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Direct dark matter detection in a nutshell
2

Basic idea


Particles directly interact 
with the atoms of the 
detector material and 
cause a (potentially) 
observable recoil


Signatures in detector


Nuclear Recoil


Electron Recoil

NR

ER

Farinaldo S. Queiroz 
arXiv:1605.08788 
(modified)

Electron

Orbit
Nucleus

F. S. Queiroz 
arXiv:1605.08788 
(modified)
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Direct dark matter detection in a nutshell
3

can occur via spin-dependent (SD) or spin-
independent interactions (SI)

needs to be distinguished from the  
overwhelming number of background        
events 

ER
R for “Recoil”

Elastic DM-nucleus scattering

mN

mDM

σSI =
4μ2

π [Zfp + (A − Z)fn]
2

∝ A2

In most models fp ~ fn. 
⇒ scattering rate scales with A2 !

scalar couplings to 
protons and neutrons
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The “traditional” parameter space
4

1 10 100 100010-50

10-48

10-46

10-44

10-42

10-40

10-38

10-12

10-10

10-8

10-6

10-4

10-2

Dark Matter Mass [GeV/c2]

Da
rk
M
at
te
r-
nu
cle

on
σ S

I
[c
m
2 ]

Da
rk
M
at
te
r-
nu
cle

on
σ S

I
[p
b]

Dark Matter limit plotter created by
Tarek Saab, University of Florida and
Enectali Figueroa, Northwestern University
Disable watermark in settings.

DarkSide-50

XENONn
T

COSIN
E-100

DAM
IC

LZ

PandaX-II

CRESST-III

DEAP-3600

PICO-60
C3F

NEWS-G

XMASS

PICASS
O

COUPP

SIMPLE

ZEPLIN
III

DARWIN



Direct detection of sub-GeV dark matter: Experimental status - Belina von Krosigk

The “traditional” parameter space
5
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Towards light dark matter
6
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Towards light dark matter
7
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Towards light dark matter
8
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Observable recoil energy:
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Towards light dark matter
9

mNmDM 

ER

ER =
1
2

Δp2

mN
≲

2 m2
DMv2

DM

mN

Observable recoil energy:

Sub-GeV searches require…


… ultra-low energy thresholds and/or


… light scattering partners and/or


… interaction channels beyond scattering



Experimental status:            
DM-n scattering
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DM-nucleon scattering
11

Many thanks to Marco Cirelli, Alessandro Strumia, Jure Zupan for a great, latest DM compilation! 
arXiv:2406.01705

Spin-independent Spin-dependent, neutron Spin-dependent, proton

Quite some activity below 1 GeV! 
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DM-nucleon scattering
12

Many thanks to Marco Cirelli, Alessandro Strumia, Jure Zupan for a great, latest DM compilation! 
arXiv:2406.01705

Spin-independent Spin-dependent, neutron Spin-dependent, proton

Quite some activity below 1 GeV! 
 However, not all of it is elastic DM-nucleon scattering.
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DM-nucleon scattering
13

XENON1T, Phys. Rev. D 102, 072004

DarkSide-50, Eur. Phys. J. C 83, 322

(Migdal effect)

CDEX, Phys. Rev. Lett. 123, 161301

(Migdal effect)

SENSEI, arXiv:2312.13342
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The Migdal effect
14

Migdal atomic relaxation can lead to keV electron recoil energy for sub-keV nuclear recoils 
But… the Migdal effect has not yet been observed in nuclear scattering events!

SuperCDMS, Phys. Rev. D 107

M. Cirelli, A. Strumia, J. Zupan, arXiv:2406.01705
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Search for the Migdal effect in liquid xenon
15

J. Xu et al., Phys.Rev.D 109 (2024) 5, L051101

Experimental set-up at LLNL 
High energy neutrons (14.1 MeV):    
enhance Migdal cross section, reduce 
neutron multiple scatter background
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Search for the Migdal effect in liquid xenon
16

Migdal (predicted)
Migdal (best-fit)

J. Xu et al., Phys.Rev.D 109 (2024) 5, L051101

Predicted rate too high? 
Enhanced electron-ion 
recombination in the 
liquid xenon?
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DM-nucleon scattering
17

Many thanks to Marco Cirelli, Alessandro Strumia, Jure Zupan for a great, latest DM compilation! 
arXiv:2406.01705

Spin-independent Spin-dependent, neutron Spin-dependent, proton

However, not all of it is elastic DM-nucleon scattering! 
Not so many left with sub-GeV results…
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CRESST-III
18

CRESST, Phys. Rev. D 107, 122003 (2023)

Silicon (Si) Sapphire (Al₂O₃)

Calcium Tungstate (CaWO4)

thin 0.35 g Si detector 
(20×20×0.4) mm3 

with 10 eVnr  threshold
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SuperCDMS (CPD, 0VeV)
19

SuperCDMS is currently in transition between 2 generations (Soudan → SNOLAB)


Both SuperCDMS-0VeV and SuperCDMS-CPD are 1-10g R&D phonon detectors


Exposure: 0.4 g*days (0VeV) and 9.9 g*days (CPD)

HVeV / 0VeV:  
0.93 g Si with phonon sensors 
HV or 0V bias

CPD:  
10.6 g Si with phonon sensors 
0V bias

SuperCDMS, Phys. Rev. D 105, 112006 (2022)
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SuperCDMS (CPD, 0VeV)
20

SuperCDMS, Phys. Rev. D 105, 112006 (2022)

SuperCDMS is currently in transition between 2 generations (Soudan → SNOLAB)


Both SuperCDMS-0VeV and SuperCDMS-CPD are 1-10g R&D phonon detectors


Exposure: 0.4 g*days (0VeV) and 9.9 g*days (CPD)



Experimental status:            
DM-e scattering
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Inelastic DM-electron scattering
22

EDM ∼
1
2

mDMv2
DM > Ebind.

Need to overcome 
binding energy:

⇒ mDM ≳ 300 keV/c2 ( Ebind.

1 eV )
for vDM ≲ 800 km/s with Ebind.𝒪(1 − 100 eV)

mDM ≪ GeV/c2 accessible!

DM

e-
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CCD-based: SENSEI & DAMIC
23

High spatial and energy resolution 
but poor time resolution

DAMIC / DAMIC-M
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CCD-based: SENSEI & DAMIC
24

DM
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CCD-based: SENSEI & DAMIC
25

Sampling the same charge packet 
multiple times strongly reduces 
the observed readout noise

output 
gate

sense 
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summing- 
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CCD-based: SENSEI & DAMIC
26

Sampling the same charge packet 
multiple times strongly reduces 
the observed readout noise

output 
gate

sense 
node

summing- 
well 
gate
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SENSEI

SENSEI, arXiv:2312.13342
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Phonon-based: SuperCDMS-HVeV & EDELWEISS
27

High time and energy resolution 
but poor spatial resolution

EDELWEISS
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Phonon-based: SuperCDMS-HVeV & EDELWEISS
28

High time and energy resolution 
but poor spatial resolution
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Phonon-based: SuperCDMS-HVeV & EDELWEISS
29

High time and energy resolution 
but poor spatial resolution

EDELWEISS
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Several DM search results published in the past years


R&D and/or DM search analyses ongoing


Updates expected in the near future!



Experimental status:            
The infamous low-energy 

excess
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Low energy excesses
31

CRESST, Phys. Rev. D 100, 102002

SuperCDMS, Phys. Rev. Lett. 127, 061801

DAMIC, Phys. Rev. Lett. 125, 241803

SENSEI, Phys. Rev. Lett. 125, 171802

Status 2020:


cryogenic, CCD-like and gaseous ionization detectors have successfully lowered their recoil 
energy thresholds, down to ~10 eV


on these energy scales, they observe steeply rising excesses above known backgrounds
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The EXCESS workshop series
32

SciPost Phys. Proc. 9, 001 (2022)

We started a community effort to study the observations & learn more about the new backgrounds


“New physics” origin of excesses mostly excluded - but possibly “previously not directly 
observed physics phenomena” at (partially) low temperatures and energies


Status 2024: 5th workshop iteration preceding IDM24 (this Saturday!)

https://agenda.infn.it/event/39007/overview
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Some of the key findings
33

Don’t stress your detectors!

TESSERACT, arXiv:2208.02790
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Some of the key findings
34

CRESST, SciPost Phys. Proc. 12, 013 (2023)

CRESST observes vastly different excess rates in detector modules, with no obvious dependence 
on material and target size.


The event rate decays after the cooldown of the experiment
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Some of the key findings
35

CRESST, SciPost Phys. Proc. 12, 013 (2023)

CRESST observes vastly different excess rates in detector modules, with no obvious dependence 
on material and target size.


The event rate decays after the cooldown of the experiment


Thermal expansion coefficient mismatch is being investigated as a critical contributor to the excess
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It’s a low-threshold community effort!
36



What’s next?
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TESSERACT: The SPICE / HeRALD collaboration
38

Different targets with complementary DM sensitivity


All using TES readout


Includes SPICE (polar crystals)                                  
and HeRALD (superfluid He)
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TESSERACT: The SPICE / HeRALD collaboration
39

ER

mNmDM 
mNmDM 

ER

Helium 

mDM = 500 MeV

σSI = 10-45 cm2

F. Toschi, calculated following Astropart. Phys. 6 (1996) 87
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Credit: Freepik Company

Photon

Recoil Event

Excimer

He Atom

MMC detectors

Superfluid helium 
below 20 mK

He – vacuum
interface

MMC detectors

200 - 300 mK
Heated baffles

< 100 mK

Film burner

Filmflow restriction

Level sensor

heat flush
purifier

Super leak

Fill line

Mixing
chamber 

10 mK

StilI
700 mK

Thermal link to 
mixing chamber 
dilution unit 1

Dilution unit 1

Dilution unit 2

Mixing
chamber
< 100 mK

Still 700 mK

continues heat
exchanger

step heat
exchangers

Condensor

10 mK

ca. 25 cm

Superfluid 4He 
(~ 10 liters in phase-I)

Ultra-sensitive heat/energy 
sensors 

(Magnetic MicroCalorimeters: 
MMCs)
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Lighter nuclei for lighter dark matter masses
41

Community Report, arXiv:1707.04591 (2017)

SPICE/HeRALD, 
arXiv:2307.11877 (2023)

data of 
prototype 

detector with 
~10g 4He 

R&D cellphase-I size: 
~1.2kg 4He 

DELight, SciPost Phys. 
Proc. 12, 016 (2023)
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NEWS-G
42

Lowest surface-area to volume ratio 


Light gas components for light DM sensitivity


Variable target

First preliminary results from SD DM-proton 
scattering searches in methane (CH4) !

NEWS-G,  PoS TAUP2023 (2024) 042
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And many more…
43

M. Cirelli, A. Strumia, J. Zupan, arXiv:2406.01705

… to bring light into the darkness, 
one after the other.


