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THE DARK MATTER PROBLEM
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THE DARK MATTER PROBLEM

22 July 2019 Low temperature dark matter detectors

One model fits all the observations...

...but raises some fundamental questions:
What is dark matter?
What is dark energy?
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AFTER >80 YEARS…

22 July 2019 Low temperature dark matter detectors

• Non-baryonic
Height of acoustic peaks in the CMB
Power spectrum of density fluctuations
Primordial nucleosynthesis

• Cold (non-relativistic)
Structure formation

• Interacts via gravity and (maybe) 
some sub-weak scale force

• STILL HERE!
Stable (or extremely long-lived)

3



SEARCH FOR DARK MATTER

22 July 2019 Low temperature dark matter detectors

The dark matter landscape

Conrad & Reimer, Nature Physics 13 (2017) 224-231

• Identification strategies are 
necessarily (more or less) model 
dependent

• The theoretical prejudice in dark 
matter searches is also set by what 
we can probe with available data

• You always need some sort of 
signature of your model!

Francesca Calore CNRS, LAPTh 2

10-22 eV 10-2 eV 1 GeV 1 TeV 1019  GeV
(10-5  g)

1057  GeV
(1033  g)

Conrad &
 Reim

er, N
ature Physics 13 (2017) 224-231 

Progress in ruling out parameter space 
resulted in a broadening of efforts

Experimental community struggeling to gain 
sensitivity in a broad mass range with 
complementary approaches
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THE LANDSCAPE

22 July 2019 Low temperature dark matter detectors

SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈
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≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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WE LIVE IN A DARK MATTER HALO

22 July 2019 Low temperature dark matter detectors
Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

We live in a dark matter halo

�6

Halo model:
• Velocity distribution
• Earth’s velocity around 

the Sun 
• Sun’s velocity around the 

center of the Galaxy 
• Local dark matter density
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DARK MATTER DIRECT DETECTION
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Most common scenario
Dark matter particles scatter off nuclei:
• elastically
• coherently: ~A2

• (spin-independent)

χ

Basic idea
Dark matter is made of particles
which interact with Standard Model particles
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DIFFERENTIAL INTERACTION RATE

Low temperature dark matter detectors22 July 2019

Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

Dark Matter in the Milky Way

�9

J. Phys. G43 (2016) no.1, 013001
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SENSITIVITY

22 July 2019 Low temperature dark matter detectors

At large dark matter masses 
sensitivity is dominated by 
exposure 
- target mass

At light dark matter masses 
sensitivity is dominated by 
performances
- energy threshold

Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

Sensitivity plot in direct DM experiments

�23
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SENSITIVITY

22 July 2019 Low temperature dark matter detectors

At large dark matter masses 
sensitivity is dominated by 
exposure 
- target mass

At light dark matter masses 
sensitivity is dominated by 
performances
- energy threshold

13

Cryogenic detectors, 
CCDs, He TPCs, Ge-Migdal

Xe, Ar
dual phase TPCs
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EXPERIMENTAL CHALLENGES
Dark matter recoil spectrum: CaWO4 target , ideal detector

Featureless spectrum

Small recoil energies
~ keV range

Very rare
current limit*

𝒪(0.01) counts/tonne day

Low temperature dark matter detectors22 July 2019

* Xenon1T: Phys. Rev. Lett. 121, 111302 (2018)

14



MINIMISING BACKGROUND

Water/plastic+scintillator
Low radioactivity materials 
for detector hardware

• Underground site
• Purity of materials
• Material handling
• Shielding/vetoing
• Radon mitigation

• Event-by-event 
discrimination

Low temperature dark matter detectors22 July 2019 15
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DIRECT DARK MATTER SEARCHES

22 July 2019 Low temperature dark matter detectors

An incomplete compilation

Semiconducting 
calorimeters:

SuperCDMS EDELWEISS

Scintillation ~1-5%

Inorganic scintillators:
DAMA/LIBRA ANAIS 
COSINE SABRE KIMS

Single phase noble 
liquids:
DEAP XMASS

Scintillating 
calorimeters:

CRESST COSINUS

Heat/P
honons ~

100%

Ionization ~10%

Dual phase noble liquids:
XENON1T/nT LUX/LZ             

Panda-X ArDM DarkSIde Superheated liquids:
PICO

Gas:
NEWS-G MIMAC 
DRIFT DMTPC

Semiconductors:
CDEX COGENT 
DAMIC SENSEI

16



CALORIMETERS

22 July 2019 Low temperature dark matter detectors

Heat link

Thermometer

heat bath ≈ 10 mK

Absorber

ΔT =  ΔE/C

• Direct measurement of the full energy deposition
• Cryogenic temperatures

Particle
interaction

17



CALORIMETERS

22 July 2019 Low temperature dark matter detectors

Pros:

• Total energy measurement
- Phonon signal (almost) not quenched

• Excellent energy resolution
- Detailed study of dark matter signal
- Detailed study of background sources

• Low threshold (sub-keV for nuclear recoils)

Cons:

• Small detectors (O(10 to few 100g))
- Small exposures

• Complex technology

18



SEMICONDUCTING CALORIMETERS

22 July 2019 Low temperature dark matter detectors

Phonon + Ionization
EDELWEISS, SuperCDMS

Material courtesy
EDELWEISS and SuperCDMS collaborations

7

EDELWEISS-III detectors

Ionization:

eg = 3 eV/(e-hole pair) for electron recoils (g,b)

en ~ 12 eV /(e-hole pair) for nuclear recoils (neutrons, WIMPs)

eg/en = ionization quenching Q    � Eion = Q Erecoil in keVee

Heat: 

direct measurement of ALL the energy, irrespective of particle ID

June 21st, 2019 EDELWEISS @ SuperCMDS Science Meeting

TeVPA 2018, BerlinKlaus Eitel - Update on the EDELWEISS DM Search

EDELWEISS-III detectors
measuring heat & ionisation:

Fully InterDigitized ~870g HPGe detectors
Top=18mK

FID800

NTD

NTD

C1:+4V V1:-1.5V

C2:-4V V2:+1.5V
J Low Temp Phys (2014)176:182
Phys.Lett.B 681 (2009) 305

e-

h+

Ø=70mm, h=40 mm

2 GeNTD heat sensors

electrodes: 
concentric Al rings 
(2mm spacing) 
covering all faces

surface event suppression:
Bulk: charges collected by C1 and C2; 
V1 and V2 act as veto
Surface: charges collected by either C1V1 or C2V2

B

S

29 August 20187

Klaus Eitel on behalf of the EDELWEISS collaboration

KIT – The Research University in the Helmholtz Association www.kit.edu

heat

ionization

c

Ge

Update on the EDELWEISS Dark Matter Search

EDELWEISS-III
New result: ALP limits

EDELWEISS-LT program
New result: 
Sub-GeV WIMP limit at surface

Operated at
T = 18 mK

870 g Ge
Heat: DT = E/Ccal

Ionization: Npairs = E/eg or en

∅ = 70 mm
h = 40 mm

Low bias voltage (iZIP, FID):
Phonon and charge sensors on both sides 
• Particle identification via ratio of 

ionization to primary phonon
• Fiducialization

the Pb shielding for several hours. Figure 11 shows the ionization yield Q(Er ) versus the recoil
energy Er for AmBe neutron calibration data. The source emits neutrons with energies up to
11 MeV, inducing nuclear recoils with Q(Er ) values gaussian-distributed around a smooth function
Q(Er ) = 0.16E

0.18
r consistent with the expectations from the Lindhard theory [47] including e�ects

due to multiple scatterings [48].

Figure 11. Ionization yield versus recoil energy for a large statistics (> 3 ⇥ 104) of events from a neutron
calibration using an AmBe source. The two red (blue) solid lines delimit the 90% C.L. nuclear (electron)
recoil band. Purple dashed lines correspond to inelastic scattering of neutrons on the first (13.28 keV) or the
third (68.75 keV) excited state of 73Ge.

The AmBe source also emits high energy �-rays of 4.4 MeV which lose energy via Compton
scattering, leading to the population of events distributed around < Q(Er ) >= 1. Events between

– 26 –
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SEMICONDUCTING CALORIMETERS
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Phonon + Ionization
EDELWEISS, SuperCDMS

Material courtesy
EDELWEISS and SuperCDMS collaborations
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Update on the EDELWEISS Dark Matter Search

EDELWEISS-III
New result: ALP limits

EDELWEISS-LT program
New result: 
Sub-GeV WIMP limit at surface

Operated at
T = 18 mK

870 g Ge
Heat: DT = E/Ccal

Ionization: Npairs = E/eg or en

∅ = 70 mm
h = 40 mm

High bias voltage:
Charge mediated phonon amplification 
(Neganov-Trofimov-Luke Effect)
• Gain in threshold
• Dilution of background from electron 

recoil events
• Reduced discrimination
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SEMICONDUCTING CALORIMETERS

22 July 2019 Low temperature dark matter detectors

Phonon + Ionization
EDELWEISS, SuperCDMS

Material courtesy
EDELWEISS and SuperCDMS collaborations

New SuperCDMS
SNOLAB Detectors

TES phonon channels optimized differently for 
the two techniques, both in channel 
arrangement and in patterning on the surfaces

Fast but technologically complicated

100mm diameter, 33mm thick
Ge 1400g per detector
Si 600g per detector

21



SEMICONDUCTING CALORIMETERS

22 July 2019 Low temperature dark matter detectors

Phonon + Ionization
EDELWEISS, SuperCDMS

Material courtesy
EDELWEISS and SuperCDMS collaborations

EDELWEISS-III FID

NTD phonon channels on each surface
Slow but technologically simple

70mm diameter, 40mm thick
Ge 870g per detector

7

EDELWEISS-III detectors

Ionization:

eg = 3 eV/(e-hole pair) for electron recoils (g,b)

en ~ 12 eV /(e-hole pair) for nuclear recoils (neutrons, WIMPs)
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Update on the EDELWEISS Dark Matter Search

EDELWEISS-III
New result: ALP limits

EDELWEISS-LT program
New result: 
Sub-GeV WIMP limit at surface

Operated at
T = 18 mK

870 g Ge
Heat: DT = E/Ccal

Ionization: Npairs = E/eg or en

∅ = 70 mm
h = 40 mm

08/05/2019 14

Calibration : KLM 71Ge from neutron activation with 3.7 GBq AmBe source (~2x105neutrons)

heater

Run317 @ Underground Laboratory of Modane :  started in December 2018 (EDW+CUPID-Mo)

EDW Detectors : 5*FID800 + 2*RED + 4*NbSi200

• RED30 : 33 g Ge  Al electrodes, NTD thermal sensor• NbSi209: 200g Ge  with TES thermal sensor

DM 
search 
zone

66 Volt

s = 5 eVee

NbSi209

Preliminary

L
1.3 keV

K
10.3 keV

M
160 eV

DM 
search 
zone

RED30
70 Volt

s = 1.8 eVee

Preliminary
L

1.3 keV

K
10.3 keV

M
160 eV

qRun317 @ LSMEDW Underground R&D:
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heater

Run317 @ Underground Laboratory of Modane :  started in December 2018 (EDW+CUPID-Mo)

EDW Detectors : 5*FID800 + 2*RED + 4*NbSi200

• RED30 : 33 g Ge  Al electrodes, NTD thermal sensor• NbSi209: 200g Ge  with TES thermal sensor
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DM 
search 
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RED30
70 Volt

s = 1.8 eVee
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qRun317 @ LSMEDW Underground R&D:

EDELWEISS high-voltage R&D program
NbSi209: 200g Ge with TES thermal sensor 

RED30 : 33 g Ge Al electrodes, NTD thermal sensor 
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SCINTILLATING CALORIMETERS

22 July 2019 Low temperature dark matter detectors

CRESST: Scintillating 
crystals as target

• Target crystals operated as cryogenic 
calorimeters (~15mK)

• Separate cryogenic light detector to detect 
the scintillation light signal

Phonon + Light
CRESST

23



SCINTILLATING CALORIMETERS

22 July 2019 Low temperature dark matter detectors

©T. Dettlaff/MPP

CRESST-III 
Layout optimized for low-mass dark matter
TES phonon sensor on target crystal
TES phonon sensor on light detector absorber

Absorber crystal (20⨯20⨯10)mm3

CaWO4  24g
Light detector absorber (20⨯20⨯0,4)mm3

Silicon-on-Sapphire

Nuclear recoil threshold of 30.1 eV
Resolution at zero energy σ = 4.5eV

Phonon + Light
CRESST

Thermal link to 
heat bath

24



SEMICONDUCTORS vs. SCINTILLATORS 

22 July 2019 Low temperature dark matter detectors

Pros:
l Ultrapure material
l Identification of surface events

- Fiducialization
Cons:
l Limited choice of materials
l In high-voltage require model to derive energy 

scale of nuclear recoils

Pros:
l Total energy measurement at low threshold
l Large choice of material

- Multi element target
l No surface effects (in selected materials)
Cons:
l Independent cryogenic light detector to detect 

the scintillation light signal
- Increase number of channels

l No fiducialization
l Non-commercial materials

25
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Material courtesy
ADMX collaboration

Basic idea
Dark Matter Axions convert to photons in a magnetic
field through the inverse Primakoff effect

Resonating cavities
The conversion rate is enhanced if the photon’s
frequency corresponds to a cavity’s resonant frequencyAxion Haloscope: How to search for Dark 

Matter Axions

Rybka - PATRAS 2019 5

Dark Matter Axions will convert to 
photons in a magnetic field.

The conversion rate is enhanced if 
the photon’s frequency corresponds 

to a cavity’s resonant frequency.

Signal Proportional to
Cavity Volume
Magnetic Field

Cavity Q

Noise Proportional to
Cavity Blackbody Radiation

Amplifier Noise

Sikivie PRL 51:1415 (1983)

P ∝ 𝑔FGG+ HI
8I
𝐵'+𝑉𝐶𝑄
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Key technologies:

-millikelvin cryogenics

-ultralow noise 
quantum amplifiers

ADMX Design

Marco Selvi                               Review of direct Dark Matter searches                     CSN2, 8 aprile 2019, Siena

Dark Matter in the Milky Way

�9

P ∝ 𝑔FGG+ HI
8I
𝐵'+𝑉𝐶𝑄

Preliminary Sensitivity from 2018 Run

We estimate sensitivity to 
DFSZ dark matter axions 
between 2.8 and 3.3 ueV

This is four times as much 
mass range with much more 
even DFSZ coverage.

3 Gaps from mode crossings 
in cavity.

Paper in preparation!

Dark: Maxwell-Boltzmann Lineshape, Light: N-Body Lineshape

Rybka - PATRAS 2019 10
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Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Low temperature dark matter 
detectors have a unique potential 
to explore the unknown!


