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Introduction
Review of DM evidence and properties 

Galaxy Clusters 
Galactic Rotation Curves 
Gravitational Lensing and X-ray surveys 
Structure Formation 
DM Candidates 

Basic Principles of Direct Detection 
Scattering Rates 
Corrections 
Spin Dependence 

Experimental Techniques 
Overview of the detection principles 
Current experimental activity 
Noble liquids, cryogenic detectors, bubble chambers 
Accelerator-based DM production and detection 
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Dark Matter Detection Methods
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Production at Colliders

Early Universe annihilation 
Indirect Detection
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Direct Detection
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The Principle of Direct Detection

ER =

|q̄|2

2mN
=

µ2v2

mN
(1� cos ✓)

⌫ =
m�mN

m� +mN

|q̄|2 = 2µ2v2(1� cos ✓)

Basic idea: elastic DM-Nucleus collision

Momentum transfer

Reduced mass

CM scattering angle

E� =
1

2
m�v

2

Key issue: Backgrounds
�e ! �e

nNe ! nN

N ! N 0 + ↵ , e±

⌫N ! ⌫N

Need to separate N-recoils from e-recoils

Same signature as the signal

Nuclear decays / natural or induced radioactivity

Very small but it depends on your sensitivity
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What to Expect
Approximate rate:

R ⇠ N⇢�
��N

m�
hvi

: # of nuclei in the detector 

: local DM density in the Milky Way 

: mean WIMP velocity wrt target 

: WIMP mass 

:WIMP-Nucleus cross section: SI/SD

Input from astrophysics

Particle Physics

⇢Halo ⇠ 0.1� 0.7 GeV/cm3

⇢Disk ⇠ 2� 7 GeV/cm3

⇢� ⇠ 0.3 GeV/cm

3 ) 3000 WIMPs/m

3
for m� = 100 GeV/c

2

WIMP flux on Earth ⇠ 10

5
cm

�2
s

�1

N

⇢�

hvi

m�

��N

(typical standard values)
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Rate Calculation
Rate/ER = # of targets NT X Dark Matter Flux

Average DM number density n X velocity v X d(cross section)/dER

dR

dER
= NTn�hv�

d�

dER
i

The cross-section might in general depend on 
the velocity, which has a certain distribution 
function on which we have to average.

From the kinematics

dER = (d cos ✓)
µ2v2

mN

dR

dER
= NT

⇢�mN

m�µ2

Z ve

vmin

d3v
f(v)

v

d�

d cos ✓

vmin =
mNER

2µ2
=

q

2µ

n� = ⇢�/m�
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Nuclear Recoils
If we set up a detector for the detection of DM via nuclear recoils, what is 
the energy scale of those?

Consider the (WIMP) case m� ⇠ mM ⇠ 100GeV/c2

v ⇠ 220km/s = 0.75⇥ 10�3cand the average DM halo velocity

The average nuclear recoil energy is then hERi =
1

2
m�v

2 = 30keV

We need quite sensitive detectors with very low backgrounds!
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Rate Calculation
In order to calculate the expected DM rate in our detector, we have to take into 
account the DM characteristics, and those of the detector. 
For referring to a concrete case, we consider WIMP DM here.

1) WIMPS have a velocity distribution inside the Milky Way f(v). 
2) The detector moves with the Earth/Sun system wrt to the galaxy. 
3) The cross-section depends on the type of interaction (spin-dependent or not) 
4) DM scatters on nuclei which have a finite size —> Form Factors 
5) We have to take into account the detector inefficiency in converting the recoil 

energy in visible energy (quenching). 
6) Detectors have a finite energy resolution 



Sommersemester 2018 Luca Doria, JGU Mainz 10

Direct Detection Techniques

Scintillation 
(light)

Phonons 
(heat)

Ionization 
(charge)

DAMA/LIBRA 
MiniCLEAN 
DEAP-3600

CRESST 
EUREKA

(Super)CDMS (Ge/Si) 
EURECA (Ge)

CoGeNT 
DRIFT 

DM-TPC 
Majorana 
GERDA

CUORE

XENON (Xe) 
LUX (Xe) 

PANDAX (Xe) 
ArDM (Ar) 

DarkSide (Ar) 
LZ / DARWIN

Superheated  
liquids (CF) 
(bubbles)

PICASSO 
COUPP 
SIMPLE 
PICO
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Deep Underground LabsUnderground laboratories

WIPP in USA (DMTPC)
LSBB in France (SIMPLE)
Kamioka in Japan (XMASS, NEWAGE)
Soudan in USA (SuperCDMS, GoGeNT)
Y2L in Corea (KIMS)
Boulby in UK (DRIFT, ZEPLIN)

LNGS in Italy (XENON, DAMA, Cresst, DarkSide)
LSM in France (Edelweiss, MIMAC)
SURF in USA (LUX)
SNOLAB in Canada (DEAP/CLEAN, PICASSO,
COUPP)
Jin-Ping in China (PandaX, CDEX)
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External Backgrounds and Shielding

Gamma rays from natural radioactivity: 
- Target self-shielding 
- Selected materials 
- Discrimination and multiple-scattering detection 

Neutrons (cosmics-induced or from natural fission) 
- Deep underground labs 
- Passive shielding / active shielding 
- Selected Materials 

Neutrinos (from the Sun, atmosphere, supernovae) 
- Elastic neutrino-electron scattering 
- Coherent neutrino-nucleus scattering
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Backgrounds from materials

Internal Backgrounds (from the target itself) 
- 85Kr 
- Radon (Rn) 
- In Argon: 39Ar (565 keV endpoint, 1Bq/kg), 42Ar 
- In Xenon: 136Xe (double beta decay with T1/2=2.2x1021yr) 

Surface Backgrounds (in the containing materials) 
- Cosmic activation (underground construction) 
- Germanium/Silicon (high-purity powders/melts)  
- Surface events from alpha/beta decays 
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Scintillation (only)

- DM searches using only scintillating materials use inorganic crystals, in 
particular NaI(Tl) and CsI(Tl). 

- Room-temperature operation. 

- Operated in arrays of many crystals. 

- Very high stability. 

- Low intrinsic radioactivity.
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Famous Example: DAMADAMA annual modulation

Ultra radio-pure NaI crystals
Annual modulation of the background
rate in the energy region (2� 6) keV
9.3 � significance!
R. Bernabei, Eur. Phys. J. C73 12 (2013) 2648, arXiv:1308.5109

No discrimination of electronic recoils
from nuclear recoils

R. Bernabei et al., Eur. Phys. J. C67, 39 (2010)
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- High-purity NaI crystals 
- No ability to discriminate nuclear 

recoils from electron recoils. 
- Detected an annual modulation signal 

in the 2%6 keV region with very high 
significance (>9sigma): what is it?

DAMA annual modulation

Ultra radio-pure NaI crystals
Annual modulation of the background
rate in the energy region (2� 6) keV
9.3 � significance!
R. Bernabei, Eur. Phys. J. C73 12 (2013) 2648, arXiv:1308.5109

No discrimination of electronic recoils
from nuclear recoils

R. Bernabei et al., Eur. Phys. J. C67, 39 (2010)
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Challenging the DAMA result
- A CsI-based experiment (KIMS at YangyanLab, Corea) does not see 

the DAMA signal. 
- A new NaI-based experiment is ramping up: SABRE

Experimental Concept

Based at Gran Sasso AND Australia (Stawell Gold mine, 1km deep). 
Detectors in both hemispheres. 
Can disentangle seasonal effects.
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Ionization (only)
- The case of Germanium detectors 

Cryogenic operation at LN temperatures 
Very high energy resolution (<1% at 1 MeV) 
No PID 
Pulse-shape for rejecting multiple scatters.The CoGeNT experiment

Excess of events at low energies
and annual modulation of the rate
CoGeNT, Phys. Rev. Lett. 106 131301 (2011)

Independent analysis of the data
find no significant modulation
Davis, 1405.0495 & Aalseth et al., 1401.6234

Tests with Ge detectors:
CDEX @ China and
TEXONO @ Taiwan

! no indication of dark matter
TEXONO, Phys. Rev. Lett. 110, 261301 (2013)
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Cryogenic Bolometers
The idea is to detect phonons (quanta of lattice vibrations). 
Cryogenic temperatures needed. 
Energy resolution in semiconductor detectors 

�(E)

E
=

r
F ✏

E

F: Fano factor (~0.1 in Si),    in Si is 3.6 eV/eh pair, band-gap ~1.2 eV.✏
Since the maximum phonon energy in Silicon is ~60 meV, many phonons are created per e/h pair. 

In detectors for DM searches: 
- Measurement of thermal phonons (temperature increase) 
- Measurement of a-thermal phonons (from non-equilibrium processes) 
- Use of superconductors (s.c. energy gap ~ meV).

Basic Principles of mK Cryogenic Detectors

• A deposited energy E will produce a temperature rise ΔT given by:

ΔT =
E

C(T )
e
−
t
τ ,       τ =

C(T )
G(T )

C(T) = heat capacity of absorber

G(T)=thermal conductance of the link 
between the absorber and the 
reservoir at temperature T0

Normal metals: the electronic part 
of C(T) ∼ T, and dominates the heat capacity  
at low temperatures

Superconductors: the electronic part is 
proportional to exp(-Tc/T)
(Tc = superconducting transition temperature)
and is negligible compared to lattice 
contributions  for T<<Tc

χ

E

χ

T0

T-sensor
Absorber

C(T)

G(T)

19Tuesday, September 15, 2009

The energy deposit produces an increase in temperature.
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with time constant

where C is the heat capacity and G the thermal conductance of the channel between the absorber and 
the heat bath at T0.

For dielectric crystals

Basic Principles of mK Cryogenic Detectors

• For pure dielectric crystals and superconductors at T << Tc, the heat capacity is given by:

➡  the lower the T, the larger the ΔT per unit of absorbed energy

➡ in thermal detectors E is measured as the temperature rise ΔT

• Example: at T = 10 mK, a 1 keV energy deposition in a 100 g detectors increases the 
temperature by: 

• this can be measured!

 
C(T )  m

M
T
ΘD

⎛
⎝⎜

⎞
⎠⎟

3

JK −1 m = absorber mass
M = molecular weight of absorber
ΘD = Debye temperature

ΔT ≈ 1 µK

20Tuesday, September 15, 2009

m=detector mass 
M = molecular weight of the detector 
theta0 = Debye temperature

For example, at T=10mK, an energy deposit of 1keV on a 100g detector gives 1 microK temp increase. 
Measuring increases in the microK range is possible, e.g. with superconductor-based detectors.
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Cryogenic Bolometers

At low WIMP masses: cryogenic bolometers
! Best sensitivities at low WIMP

masses

SuperCDMS germanium
bolometers E

th

= 1.6 keV
nr

! No significant signal with respect
to the expected background
SuperCDMS, Phys. Rev. Lett. 112, 241302 (2014)

CRESST scintillating CaWO4
crystals E

th

= 0.6 keV
nr

2014: low-threshold analysis with an
upgraded detector TUM-40

! Previous signal indication rejected
for most WIMP masses
CRESST, Eur. Phys. J. C74 (2014) 12, 3184
arXiv:1407.3146 (2014)
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Silicon and Germanium Detectors 
Located at Sudan and soon at SNOLab 
Ionization + Phonons (TES) 
Two detector types: 
- iZIP: threshold<1keV 
- HV: LN phonons, threshold<0.1keV

CaWO4 Crystals at  
Located at Gran Sasso Labs 
Scintillation + Phonons (TES)

Overview Detectors History SuperCDMS SNOLAB 5

Detectors

Detectors

Phonon energy [keV]

Io
ni

za
ti

on
 e

ne
rg

y 
[k

eV
ee

q]

Nuclear recoils
from neutrons

Electron recoils
from β’s and γ’s

Thermal coupling
Thermal
bath

Phonon sensor

Target

+
++
+

-
- --

+
+

+ +

-
- - - -

- -

+
+ +e
n

• Phonon signal (single crystal): 
measures energy deposition

• Ionization/scintillation signal:
quenched for nuclear recoils 
(lower signal efficiency)

• Combination:
efficient rejection of electron recoil 
background

Ph
on

on
 s

ig
na

l
Ch

ar
ge

 s
ig

na
l

Electron recoil (ER) Nuclear recoil (NR)

SuperCDMS @ SNoLAB – Wolfgang Rau – SNOLAB September 2016
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Liquid Noble Gases Detectors

Advantages of liquid noble gases for DM searches

Large masses and homegeneous targets (LNe, LAr & LXe)

Two detector concepts: single & double phase

3D position reconstruction! fiducialization

Transparent to their own scintillation light

LNe LAr LXe
Z (A) 10 (20) 18 (40) 54 (131)

Density [g/cm3] 1.2 1.4 3.0
Scintillation � 78 nm 125 nm 178 nm
BP [K] at 1 atm 27 87 165
Ioniz. [e�/keV]* 46 42 64
Scint. [�/keV]* 7 40 46

* for electronic recoils
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Advantages:  
• Possibility to build large targets (ton-scale) 
• Single and Double phase detectors 
• 3D positon reconstruction —> Fiducialization 
• Transparent to their own scintillation light 
• High stopping power (high Z and density) 
• Efficient and fast scintillators 
• Good ionization yield 
• Small quenching factor
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High background rejection capability: 
• Fiducialization 
• PDS or light/ionization correlation 
• Coupling with active veto detectors
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Single Phase Detectors
Main Example: the DEAP-3600 detector

• DEAP = Dark Matter Experiment 
using Argon Pulse-shape 
Discrimination


• 3600 = 3600 kg of liquid argon 
(LAr) as designed target mass


• Search for scintillation signal due 
to elastic scattering of WIMP 
dark matter—argon nuclear 
recoils of ~ tens of keV. 

DEAP-3600 Detector

!3

LAr Scintillation
• Excited dimers formed after exposure to ionizing 

radiation, in singlet (6 ns) and triplet (~1.3 μs) 
states

• Nuclear recoils (by WIMP, neutron, and α): 

higher ratio of singlet states—more prompt light

• Electron recoils (β/γ): lower ratio of singlet 

states—less prompt light

λ=128 nm λ=420 nm • Emits UV light at wavelength of 128 nm. Passes 
through pure argon without being absorbed. 


• TPB wavelength shifter converts UV light to 
visible light at wavelength of 420 nm. Passes 
through acrylic and collected by PMTs. 


• UV-absorbing acrylic light guide (LG) helps 
minimize Cerenkov radiation. 

!4

Region of Interest (ROI)

AmBe source

β/γ band

Nuclear recoils

Allowing 0.2  
leakage events  

from 39Ar

Removing 5%  
NR events

Against Cerenkov events; 
removing 1% NR events

Energy threshold  
80 PE (11 keVee)

!10

Liquid Argon, 3.6 Tons 
Pulse-shape discrimination: 

- Very different singlet/triplet lifetime 
- Relative amplitudes depend on particle type 
- PDF not good in Xenon: similar s/t lifetimes
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DEAP-3600

• Acrylic vessel inside was resurfaced after 
shipped to SNOLAB, reducing α activity from 
radon daughters to ~10 α/m2/day


• 50 cm of acrylic light guides and plastic filler 
blocks provide thermal isolation and neutron 
shielding 

Plastic filler block

Light guide

!7
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Two-Phase Detectors (Ar/Xe)
Two Phase Xe/Ar Time Projection Chamber

(XENON,ZEPLIN,WArP,ArDM)
Concept:

Double phase LAr & LXe experiments

Teresa Marrodán Undagoitia (MPIK) Dark matter searches - P2 Bad Kreuznach, 09/2015 30 / 54

ER/NR Discrimination
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Xe/Ar Dual-phase DetectorsLXe double-phase TPCs

Panda-X:
Stage I: 54 kg
fiducial mass
(450 kg total)
Latest results in
2015, arXiv:1505.00771

Stage II: 300 kg
fiducial mass
Currently being
commissioned

XENON100:
34 kg fiducial mass
(161 kg total)
Running since 2009
Commissioning
XENON1T currently,
1 ton (3.3 ton total)

LUX:
118 kg fiducial mass
(370 kg total)
First results in 2013,
currently taking data
LUX, arXiv:1310.8214

+ Designing LZ with
⇠ 7 ton
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XENON1T

Goal: two orders of magnitude improvement in sensitivity
Approx. 1 t fiducial volume out of a total of 3 t LXe
Background requirement: <1 event in the full exposure

XENON1T illustration

Muon veto: water-Cherenkov detector
XENON, JINST 9, P11006 (2014), arXiv:1406.2374

! Effective reduction of muon-induced neutrons

XENON1T preliminary
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XENON-1T 
Located at LNGS 
Goal ~10-47 cm2

Panda-X 
Located in China 
450 kg Xe mass 
300 kg fiducial 
Similar to LUX

LUX 
Located at SURF, SD 
370 kg Xe mass 
118 kg fiducial 

XENON100 
Located at LNGS 
161 kg mass 
34 kg fiducial 

XENON100 at LNGS

Instrument paper:
Astropart. Phys. 35 (2012) 573

Analysis paper:
Astropart. Phys. 54 (2014) 11

30 cm drift length and 30 cm ?
161 kg total (30-50 kg fiducial volume)
Material screening and selection
Active liquid xenon veto
Background ⇠ 5 · 10�3 events/(kg·d·keV)
Bottom PMTs: high quantum efficiency

Bottom PMT array Top PMT array
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LAr double-phase TPCs

DarkSide-50:
Detector inside Borexino counting facility, LNGS (Italy)
50 kg depleted argon from underground sources
> 100 reduction in 39Ar level

Run with underground argon on-going
PSD & charge/light ratio for discrimination
Goal to reach 10�45 cm2 in 3 y measuring time

ArDM:
Mass: 850 kg liquid argon (in target)
Technology demonstrator
A year long operation of 2 tons of LAr in single phase
Installed at Canfranc (Spain)
Run 2: plan to install TPC instrumented with SiPMs
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DarkSide-50 
Located at LNGS 
Mass 50kg depl. Argon 
PSD+S1+S2 
Goal ~10-45 cm2 

ArDM 
Located at Canfranc (Spain) 
Mass 2ton Argon 
Tech. Demonstrator 
TPC with siMs
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Superheated Fluid DetectorsSuperheated fluid detectors

COUPP experiment

A bubble chamber filled with superheated
fluid (C3F8) in meta-stable state

Energy depositions > E

th

! expanding bubble
detected with cameras + piezo-acoustic sensors

PICO: Best proton-coupling SD sensitivity

Other experiments: PICASSO and SIMPLE
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COUPP PICO PICASSO

Bubble chambers filled with a superheated fluid (e.g. C3F8) kept in a metastable state. 

If the energy deposited exceeds a threshold, an expanding bubble is detected by cameras 
and piezo-acustic sensors.
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WIMP Search Status & Projections

SPIN-INDEPENDENT
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2018 Best Limit from XENON-1T
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interest to obtain an exclusion curve based on the single
background pseudoexperiment. Exclusion curves for a
large number of such pseudoexperiments are calculated,
and the median 90% C.L. exclusion cross section at each
mass is chosen as the cross-section sensitivity. The result-
ing exclusion sensitivity reach in WIMP-nucleon cross-
section/WIMP mass parameter space is presented in Fig. 8.
Because the optimum interval method sets the limit

based on a single energy interval, it can result in kinks in
the limit curve at a particle mass at which the optimum
transitions from one interval to another. In particular, the
kink in the Si iZIP sensitivity curve in Fig. 8 near a mass of
2 GeV=c2 is due to the transition from a background-free
interval above 2 keV to a background-limited interval.
The optimum interval method is a conservative approach

for calculating a sensitivity limit since it does not imple-
ment background subtraction. With this type of analysis,
the HV detectors will approach these sensitivities within
two years of operation. Due to their background discrimi-
nation capabilities, the iZIP detectors can run for more than
five years without reaching background limitations, thus
achieving better sensitivity at higher masses.

As the design progresses, and background expectations
are better understood, we will update the sensitivities based
on likelihood analyses incorporating background subtrac-
tion, which allow the sensitivity to improve over the
lifetime of the experiment. Background subtraction benefits
from independent knowledge of the background levels
determined through material assay of components and use
of the complementarity of the HV and iZIP detectors’
response to ER and NR events.
Furthermore, in this paper we have assumed a con-

tinuous ionization model. In the future we will incorpo-
rate charge quantization into the sensitivity analysis,
which in conjunction with the excellent detector phonon
resolution should allow ER/NR discrimination in the
HV detectors, leading to a significant improvement in
sensitivity.

VII. DEPENDENCE OF SENSITIVITY
ON INPUT PARAMETERS

In this section, we show the dependence of the exper-
imental sensitivity on some of the less constrained assump-
tions. We studied variations in cosmogenic background
rates and also in ionization yield modeling. Only the HV
studies are presented because the iZIP sensitivity curves
were found to be largely insensitive to changes in back-
ground and ionization yield modeling for WIMP masses
above ∼2 GeV=c2. The iZIP’s insensitivity to the varied
inputs is due to a combination of the excellent ER/NR
discrimination, that result in a sensitivity that is exposure
limited in this mass range, and the low applied bias voltages
that minimize the contribution of Luke-Neganov phonons
to the nuclear recoil signal.

A. Parametric background variations

The effect of varying the background assumptions is
shown in Fig. 9, where the black curves are the nominal
SuperCDMS SNOLAB sensitivities presented in Fig. 8.
For the Ge and Si HV detectors, we vary the 3H background
by increasing the sea-level cosmogenic exposure period
from the nominal value of 60 days to 180 days. This results
in an increase of ∼3 times in the 3H rate. We also consider
the limiting case of no 3H background. These values were
chosen to represent the extremes of the possible 3H
contamination. Tritium is a dominant background for
Ge HV detectors in the nominal scenario, and thus the
sensitivity at higher WIMP masses is affected by the
increase in 3H background. The zero-tritium sensitivity
curve is limited by the next-highest background, predomi-
nantly the Compton ERs from contamination of the
material surrounding the detectors as described in
Sec. III A. The effect of varying 3H in Si is small because
it is a subdominant background to 32Si.
For the Si HV detectors, we vary the dominant 32Si

background level from a factor of 10 higher than nominal to

FIG. 8. Projected exclusion sensitivity for the SuperCDMS
SNOLAB direct detection dark matter experiment. The vertical
axis is the spin-independent WIMP-nucleon cross section under
standard halo assumptions [47], and the horizontal axis is the
WIMP mass, where WIMP is used to mean any low-mass particle
dark matter candidate. The blue dashed curves represent the
expected sensitivities for the Si HVand iZIP detectors and the red
dashed curves the expected sensitivities of the Ge HV and iZIP
detectors. These sensitivity limits are determined using the
optimum interval method [48,49], which does not incorporate
any knowledge of the specific disposition and source of back-
ground events observed during the experimental operation. The
solid lines are the current experimental exclusion limits in the
low-mass region, from the CRESST-II [50], SuperCDMS [4,5]
and LUX [51] experiments. The dotted orange line is the dark
matter discovery limit from Ref. [52], which represents the cross
section at which the interaction rate from dark matter particles
becomes comparable to the solar neutrino coherent elastic
scattering rate.

R. AGNESE et al. PHYSICAL REVIEW D 95, 082002 (2017)

082002-14

Status at “Low” Masses
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Spin-Dependent Limits
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DM-Neutron Limits
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False Signals?
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Beyond the Neutrino Floor
Directional searches

In solids or liquids, several keV recoil is below 100 nm
But for a low pressure-gas, P < 100 Torr, the range is ⇠ (1� 2) mm
Most projects use low pressure TPCs with CF4 (19F) as target
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The ultimate background for direct detection experiments are neutrinos. 
Possible solution to reject this background: directional search. 
In gases with P<100 Torr, the range of recoils goes into the mm range 
Detector technology: TPC 

Directional searches

Key parameter angular resolution: Tracking ionisation detectors
! Not competitive with liquids or solids but important confirmation in
case of a WIMP detection

DRIFT - m3 experiment

DRIFT collaboration, arXiv:1410.7821 (2014)

Other experiments: MAMIC, DMTPC, NEWAGE and emulsion detectors
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Other experiments: MAMIC, DMTPC, NEWAGE 
Other technology: emulsion detectors
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Summary

Accelerators and Direct Detection experiments are producing increasingly stringent limits. 

DD experiments ultimately limited by neutrino background: new techniques needed (directionality?) 

LXe technology the most sensitive so far. 

LAr is a cheaper solution for scaling to multi-ton detectors 

Many projects for the future reaching the neutrino floor. 

Cryogenic bolometers are best suited for low-mass WIMPS (lower threshold) 

WIMPS do not exhaust the possible DM models! 

Stronger activity towards considering electron recoils. 

Not discussed here: indirect detection techniques (cosmic rays/neutrinos, satellites, …).  


