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Signal

• Coherent scattering off the whole target nucleus

Science  26 Nov 2004:Vol. 306, Issue 5701, pp. 1485-1488



Recoil spectrum

[1] Jungmann, Kamionkowski, Griest, Supersymmetric Dark Matter, Physics Reports 267. 267 (2006) 179.



Galactic Dark Matter 
Density Profile

The DM distribution very close (<1kpc) to the Galactic center is observationally 
only poorly constrained.

Cutoff from 
self-annihilation

Viable DM density profiles:

Signal morphology:

[Cirelli et al. (2010)]

Analytical Dark matter density profiles



Standard Halo 

• ρDM= 0.3 GeV cm−3, vesc = 544 km/s, v0 = 220 km/s, and 
vEarth = 30 km/s. 


• To compare experiments, check that they use the same 
parameters!


• This is a super active field of research too, there is almost 
no way that these standard parameters are true: the halo 
is more complex for sure. It contains a history of past 
galactic mergers and other interesting astrophysics



Direct detection

• Canonical WIMP searches


• Spin dependent and 


• Spin independent 


• Low mass WIMP searches


• Directional dark matter search experiments



The Pioneers 

• Classical germanium detectors


• Bolometric searches


• Germanium, CaWO4


• NaI Scintillators



First Dark Matter Searches

• Germanium detectors with their outstanding energy 
resolution and low background allowed for the first direct 
measurements of dark matter 


• These detectors were originally build for the search for 
neutrinoless double beta decay and the event rate at low 
energies could be turned into an exclusion limit



Geometries of Ge Detectors

Knoll



Ge Detector X-Ray Image

and EGS4 (Nelson et al., 1985)—were observed only in the energy
region below 200keV, on a level of 1–5%.

However, Geant4 is being continuously developed and minor
errors can sometimes be found in the code. In the course of this
study the generated g-line intensities in nuclear decays of some
isotopes (e.g. 133Ba, 241Am) were found to differ from the ToRI
database (Chu et al., 1999) in Geant4 version 8.2.p01 (Budjáš and
Pandola, 2007). The responsible errors in the code were found,
reported to the Geant4 Collaboration and fixed in Geant4.9.1
(except for 241Am).

The Geant4 default G4ParticleGun generator was used to
produce photons in the simulation. In cases of sources with g-ray
cascades, the Geant4 native radioactive decay module (RDM) was
used to generate the instable nuclei to correctly simulate the
coincidence-summing effect. In 241Am the cascade summing was
neglected due to the very low intensity of the cascade gammas.
The g-ray emission probabilities in nuclear decays were obtained
from the ToRI database. The simulated energy spectra were
generated with 1 keV bin width, without reproducing the finite
resolution of the detector.

3.1. Model of the detector

The software description of the detector geometry includes the
complete shielding, with the detector structure in the close
neighbourhood of the crystal represented with greater attention
to details. The simulated geometry included also the housings of
the radioactive sources. The MC software model of the detector is
shown in Fig. 1, with the relevant geometry parameters indicated.

The basis for the model was the manufacturer information and
the design drawings of the crystal and its housing. However, the
design drawings of this particular detector were more than a
decade old, and the technical information relevant for creating a
suitable software model was sometimes incomplete or even
conflicting, partly due to numerous changes of the set-up. In
addition, design drawings and specifications often significantly
differ from the real detector (Helmer et al., 2003; Johnston et al.,
2006; Gasparro et al., 2008) due to (1) limited accuracy of the
mounting procedure (causing errors in the distance of crystal to
front window and misalignment of the axes of crystal and
housing) and (2) changes of the sizes of detector components
after cooling to cryogenic temperatures. For these reasons, X-ray
imaging was performed and allowed to obtain more accurate
information on the actual dimensions and placement of the
detector components, while cooled to the operating temperature
(Fig. 2). No misalignment or tilting of the axes of the components

was discovered and the rounding of the crystal edges was
considered insignificant at our targeted level of accuracy.

The information that could not be verified from the X-ray
imaging were the dimensions of the inner borehole, which is
barely discernible in the images, and the thickness of the dead
layer. The outer dead layer (Li-diffused n+ contact) is typically on
the order of 1mm thick in p-type crystals. The detector geometry
parameters supplied by the manufacturer generally do not include
accurate measurements of dead layers. Moreover, if the crystal is
not cooled to cryogenic temperatures for prolonged periods, the
lithium diffusion continues and the dead layer grows.

An additional uncertainty is commonly coming from the
incomplete charge collection within the Ge crystal (Helmer
et al., 2003; Hurtado et al., 2004), which is usually not included
in MC simulations. This effect can change the shape of the spectral
peaks, which in turn can affect the detector efficiency, depending
on the method used for the peak area determination.

4. Optimisation of the geometrical model

Tuning of the detector software model can be performed to
determine the unknown geometrical parameters and also to
compensate for some imperfections of MC simulations (e.g. in the
interaction cross-sections of materials). Hurtado et al. (2004),
using an n-type Ge crystal, have achieved an accuracy of evaluated
efficiencies on the order of 1% with Geant4. In this work we have
used a similar procedure, adapted for a p-type crystal and for a
less demanding accuracy requirement. The outer dimensions of
the Ge crystal obtained from X-ray imaging were considered
sufficiently accurate. Only the outer dead layer and the detector
borehole were refined by matching the MC simulations to the
g-ray source measurements.

4.1. Experimental measurements

To provide experimental reference for the MC simulations,
several point like radioactive calibration standards were measured,
including the following sources (reference time 24th May 2007,
expanded uncertainties have coverage factor one): 241Am, Buchler
1969 (310719)kBq; 133Ba, IPE/PTB 2007 (10171.5)kBq; 137Cs,
Buchler 1969 (166710)kBq; 54Mn, QSA 1999 (960730)Bq; 60Co,
IAEA 1970 (28727172)Bq; 228Th, QSA 2006 (8.7170.13)kBq.
Certificates of the sources produced around the year 1970 are not
available anymore. Comparing two old 137Cs sources measured at
the same position, the corresponding efficiencies were found to
differ by !6%, which exceeds the expected 3% nominal uncertainty
of their activities. To take into account the reduced confidence in
the nominal source activities, 6% relative uncertainty was assigned
to the activity of these sources. However, the uncertainties were
found to be acceptable to carry out the detector model optimisation
at the level of accuracy that was in our aim.

ARTICLE IN PRESS
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Fig. 1. Monte Carlo software representation of the detector geometry with the
materials of the main components specified. The relevant dimensions subjected to
the optimisation are: front dead-layer thickness tf, side dead-layer thickness ts,
borehole length l, and borehole diameter d. The detector is mounted horizontally,
as depicted in the figure.

Fig. 2. An X-ray image of the detector showing the internal components of the
housing.

D. Budjáš et al. / Applied Radiation and Isotopes 67 (2009) 706–710 707

Budjáš, D., Heisel, M., Maneschg, W., & Simgen, H. (2009). Optimisation of the MC-model of a p-type Ge-spectrometer for the purpose of efficiency determination. Applied Radiation and 
Isotopes, 67(5), 706–710. doi:10.1016/j.apradiso.2009.01.015



Detector schematics
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Detector schematics
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The Heidelberg Moscow 
Experiment

http://www.klapdor-k.de/photo_gallery/photo_gallery.htm



Heidelberg Moscow Results



Modern Point Contact 
Detectors

• Cogent was looking for DM with such a point contact detector


• In the search for neutrinoless double beta decay these 
detectors are now also standard 

https://en.wikipedia.org/wiki/MAJORANA



Off Topic: Gerda



Bolometric Detectors
• These types of detectors allow operation with extremely 

low thresholds


• They require operational temperatures in the mK range


• The readout collects phonons with a transition edge 
detector 


• There are three main experiments that use this technique:


• SuperCDMS, Edelweiss and CRESST (and Cuore for 
0νββ)



Phonon
• In physics, a phonon is a collective excitation in a periodic, elastic 

arrangement of atoms or molecules in condensed matter, such as 
solids and some liquids. Often referred to as a quasiparticle it 
represents an excited state in the quantum mechanical quantization of 
the modes of vibrations of elastic structures of interacting particles.


• Phonons play a major role in many of the physical properties of solids, 
including a material's thermal and electrical conductivities. The study 
of phonons is an important part of solid state physics.


• The concept of phonons was introduced in 1932 by Russian physicist 
Igor Tamm. The name phonon comes from the Greek word φωνή 
(phonē), which translates as sound or voice because long-wavelength 
phonons give rise to sound.

From Wikipedia, the free encyclopedia

http://en.wikipedia.org/wiki/Sound


Phonon
• In physics, a phonon is a collective excitation in a periodic, elastic 

arrangement of atoms or molecules in condensed matter, such as 
solids and some liquids. Often referred to as a quasiparticle it 
represents an excited state in the quantum mechanical quantization of 
the modes of vibrations of elastic structures of interacting particles.


• Phonons play a major role in many of the physical properties of solids, 
including a material's thermal and electrical conductivities. The study 
of phonons is an important part of solid state physics.


• The concept of phonons was introduced in 1932 by Russian physicist 
Igor Tamm. The name phonon comes from the Greek word φωνή 
(phonē), which translates as sound or voice because long-wavelength 
phonons give rise to sound.

Normal modes of 
vibration progression 
through a crystal. The 
amplitude of the motion 
has been exaggerated for 
ease of viewing; in an 
actual crystal, it is 
typically much smaller 
than the lattice spacing.

From Wikipedia, the free encyclopedia

http://en.wikipedia.org/wiki/Sound


CDMS



Thermometer view
CDMSII Detectors 

1 µ tungsten 380µ x 60µ aluminum fins 

•   Phonon sensors on  
   one face 

•  4 quadrant with 888 TES sensor each   

•  Can lower thresholds significantly  

250g Ge or 100g Si 
1cm thick x 7.5 cm diameter  

•  Charge readout on the other face 
•   divided into inner fiducial volume and  

              outer guard ring  

•   measure ionization in low E field (~ volts/cm)   

2.0"keV"nuclear"recoil"phonon"pulse,"T1Z5"

4 
3 
2 
1 

T (mK) Tc ~ 80mK 

~ 10mK 
R (Ω) 

3 



Assembled detector



Cryostat view



Detector Principle

• The ionization signal is read 
out conventionally.


• The phonon signal is acquired 
with a transition edge 
thermometer at the surface. 
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Detector Principle

• The ionization signal is read 
out conventionally.


• The phonon signal is acquired 
with a transition edge 
thermometer at the surface. 

+
+

+
+

+

-----

Thermometer

Yield =
Energy from ionization signal

Phonon based energy



Response

• Ionization yield is high for minimally ionizing particles.


• Yield is low for nuclear recoils

Low Threshold Analysis:  WIMP candidate selection 

Zero-charge 

Surface 

Compton 

1.3 keV line 

   Nuclear recoil acceptance region defined as (+1.25,-0.5)σ  band in    
   ionization  energy 

•    Maximizes sensitivity to nuclear recoils while minimizing expected  backgrounds 

8 

Talk: Serfas at UCLA Dark Matter conference 2012



Typical response
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FIG. 1. (color online). Comparison of the energy spectra
for the candidate events and background estimates, co-added
over the 8 detectors used in this analysis. The observed event
rate (error bars) agrees well with the electron-recoil back-
ground estimate (solid), which is a sum of the contributions
from zero-charge events (dashed), surface events (+), bulk
events (dash-dotted), and the 1.3 keV line (dotted). The se-
lection efficiencies have been applied to the background es-
timates for direct comparison with the observed rate, which
does not include a correction for the nuclear-recoil acceptance.
The inset shows the measured nuclear-recoil acceptance effi-
ciency, averaged over all detectors.

all selection cuts is shown in Fig. 1. Although the shape
of the observed spectrum is consistent with a WIMP sig-
nal, we expect that a significant number of the candidates
are due to unrejected electron recoils. Figure 2 shows
the distribution of candidates in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Several populations of
events which can leak into the signal region at low energy
are apparent. For each population described below, we
measure the rate and energy spectrum in sidebands where
the contribution from low-mass WIMPs would be negligi-
ble, and extrapolate the observed spectrum to lower ener-
gies to estimate the leakage. The systematic errors intro-
duced by these extrapolations are potentially large and
are difficult to quantify. However, as shown in Fig. 1 and
discussed below, these simple extrapolations can plausi-
bly explain all the observed candidates.

Events with ionization energies consistent with noise
are seen below the nuclear-recoil band. Most or all
of these “zero-charge” events arise from electron recoils
near the edge of the detector, where the charge carri-
ers can be completely collected on the cylindrical wall
rather than on the readout electrodes. At recoil energies
!10 keV, these events can be rejected using a phonon-
based fiducial-volume cut. At lower energies, reconstruc-
tion of the event radius using phonon information is un-
reliable. To maintain acceptance of low-energy nuclear
recoils, some zero-charge events are not rejected at ener-
gies "5 keV where the ionization signal for nuclear recoils
becomes comparable to noise. By extrapolating the expo-
nential spectrum observed for zero-charge events above
5 keV, we estimate that they contribute ∼50% of the
candidate events.
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FIG. 2. (color online). Events in the ionization-yield
versus recoil-energy plane for T1Z5. Events within the
(+1.25,−0.5)σ nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events outside these bands (small, dark
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. Events from the 252Cf calibration data
are also shown (small, light dots). The recoil-energy scale as-
sumes the ionization signal is consistent with a nuclear recoil,
causing electron recoils to be shifted to higher recoil energies
and lower yields.

A second source of misidentified electron recoils comes
from events interacting near the detector surfaces, where
ionization collection may be incomplete. These events
are primarily concentrated just above the nuclear-recoil
band, with an increased fraction leaking into the sig-
nal region at low energies. For recoil energies !10 keV,
nearly all such surface events can be rejected [12] be-
cause they have faster-rising phonon pulses than nuclear
recoils in the bulk of the detector. This analysis does
not use phonon timing to reject these events since the
signal-to-noise is too low for this method to be effective
for recoil energies "5 keV. Extrapolating the exponen-
tial spectrum of surface events identified above 10 keV
implies that ∼15% of the candidates are surface electron
recoils.
At recoil energies "5 keV, the primary ionization-

based discrimination breaks down as the ionization sig-
nal becomes comparable to noise even for electron recoils
with fully collected charge. Extrapolating the roughly
constant electron-recoil spectrum observed above 5 keV
indicates that ∼10% of the observed candidates arise
from leakage of this background into the signal region.
Just above threshold, there is an additional contribution
to the constant electron-recoil spectrum from the 1.3 keV
line, which leaks above the 2 keV analysis threshold since
our recoil-energy estimate assumes the ionization signal
is consistent with a nuclear recoil. The measured in-
tensity of this line at ionization yields above the signal
region indicates that the 1.3 keV line accounts for ∼10%
of the observed candidates. T1Z5 has less expected leak-
age from these fully-collected electron-recoil backgrounds
than the average detector since it has the best ionization
resolution.

Phys.Rev.Lett.106:131302,2011



Top Level View

nuclear-fuel reprocessing plants and in tests of nuclear weapons. Krypton can be removed
from xenon either by cryogenic distillation [183] or using chromatographic separation [159].
Both methods have been proven to work at the XMASS/XENON and LUX experiments,
respectively. Besides the reduction of krypton in the target, techniques to determine the
remaining krypton contamination are necessary in order to precisely quantify its contribution
the remaining contamination. Recently, detections in the ppq (parts per quadrillion) regime of
natural Kr in Xe have been achieved [184]. Another possible method is the use of an atom-
trap trace analysis system [185]. Radon is emanated from all detector materials containing
traces of uranium or thorium. Once radon is produced in these decay chains, it slowly diffuses
throughout the material and can be then dissolved in the liquid target. An approach to reduce
radon is to use materials with low radon emanation [186, 187]. Furthermore, methods to
continuously remove the emanated radon are being investigated [188, 189].

For both solids and liquids, the surface deserves special attention. For example, radium
accumulated at the surfaces of the target or in the materials in contact with the liquid can
contribute to the background, i.e. surface background and radon emanation. Surface treatment
with acid cleaning and electropolishing have been proven to be effective in removing
radioactive contaminants at the surfaces [190].

5. Result of a direct detection experiment

This section gives a generic description of a dark matter experimental result starting with the
signal production in the target media. The statistical treatment of the measured events is
discussed as well as the representation of the derived results.

5.1. Detector signals

The elastic scattering of a dark matter particle off a target medium induces for the case of the
WIMP an energy transfer to nuclei which can be observed through three different signals,
depending on the detector technology in use. These can be the production of heat (phonons in

Figure 4. Schematic of possible signals that can be measured in direct-detection
experiments depending on the technology in use.

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review
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Edelweiss (Modane)

• Similar detector concept, 
but different realization.

Pictures from Edelweiss



Edelweiss Cryostat 
arrangement



Full System View



Edelweiss Results
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Figure 2: Distribution of the ionization yield versus recoil energy for fiducial events recorded
by Ge-ID detectors during all γ-ray calibrations regularly performed with 133Ba sources.
The same period selection and quality cuts are applied than in WIMP search. The top line
represents the 99.99% lower limit of the electron recoil band for typical noise conditions. The
bottom (green) line is the typical ionization threshold, while the 90%CL nuclear recoil region
is represented as a red band.
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Figure 1: Distribution of the ionization yield versus recoil energy for fiducial events recorded
during neutron calibrations for all Ge-ID detectors. The full lines represent the parametriza-
tion of Ref. [12] for nuclear recoils and the 90%CL nuclear recoil band. In addition to pure
electron and nuclear recoils, inelastic nuclear recoils are visible with associated electromag-
netic energies of 13.26 and 68.75 keV, due to the desexcitation of short-lived states of 73Ge
created by neutron diffusion (dashed lines).
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WIMP Results

Figure 4: Limits on the cross-section for spin-independent scattering of WIMPs on the nucleon
as a function of WIMP mass, derived from the present work, together with the limits from
CDMS [19], ZEPLIN [26] and XENON100 [20]. The shaded area correspond to the 68% and
95% probability regions of the cMSSM scan from Ref. [25].

22

Collaboration, E., Armengaud, E., Augier, C., Broniatowski, A., Brudanin, V., Censier, B., Chardin, G., et al. (2011, March 21). Final results of the EDELWEISS-II WIMP search using a 4-kg 
array of cryogenic germanium detectors with interleaved electrodes. arXiv.org. doi:10.1016/j.physletb.2011.07.034



CRESST: Dark Matter 
Search

• A slightly different 
approach is taken here: a 
crystal that is not a 
semiconductor, but a 
scintillator is used as a 
cryogenic detector


• CRESST uses CaWO4 as 
active medium


• This medium is 
transparent and scintillates

www.cresst.de

http://www.cresst.de


Detector principle

• Scintillation light is captured 
using a cryodetector. The 
light on that detector is read 
out by a thermometer.


• The phonon signal is 
measured by a 
thermometer on the 
detector crystal itself. 

G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 3
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Fig. 2. Schematic drawing of a CRESST detector module, con-

sisting of the target crystal and an independent light detector.

Both are read out by transition edge sensors (TES) and are

enclosed in a common reflective and scintillating housing.

2.3 Quenching Factors and Background Discrimination

For each particle interaction, a detector module yields two
coincident signals (one from the phonon and one from the
light detector). While the phonon channel provides a sen-
sitive measurement of the total energy deposition in the
target (approximately independent of the type of interact-
ing particle), the light signal can be used to discriminate
di↵erent types of interactions. To this end, we define the
light yield of an event as the ratio of energy measured
with the light detector divided by the energy measured
with the phonon detector. We normalize the energy scale
of the light channel such that 122 keV �’s from a 57Co
calibration source have a light yield of unity. With this
normalization electron recoils induced either by � sources
or by gamma interactions, generally have a light yield of
about 1. On the other hand, ↵’s and nuclear recoils are
found to have a lower light yield. We quantify this reduc-
tion by assigning a quenching factor (QF) to each type of
interaction. The QF describes the light output expressed
as a percentage of the light output for a � of the same
deposited energy.

Some quenching factors can be directly determined
from CRESST data. For example, neutrons detectably
scatter mainly o↵ the oxygen nuclei in CaWO4. The QF
for oxygen can thus be determined from a neutron calibra-
tion run which took place during the data taking discussed
here. The result is

QF O = (10.4± 0.5)%.

Moreover, the quenching factor for low energy ↵’s can be
found to be about 22%, using ↵-events in the current data
set. Similarly, the value for lead can be inferred to be
around 1.4%. Both measurements will be discussed below.

Other types of interactions (in particular calcium and
tungsten recoils) are not observed with su�cient statistics

Fig. 3. Illustration of background events due to surface con-

taminations with
210

Po.

in CRESST, and their quenching factors must be deter-
mined in dedicated experiments [3]:

QFCa =
�
6.38+0.62

�0.65

�
%

QFW =
�
3.91+0.48

�0.43

�
%.

Corresponding to these di↵erent values, there will be char-
acteristic “bands” for the di↵erent particles or recoils in
the light yield-energy plane. This allows for an excellent
discrimination between potential signal events (expected
to show up as nuclear recoils) and the dominant radioac-
tive backgrounds (mainly e/�-events).

Furthermore, it is even partially possible to determine
which type of nucleus is recoiling. Such a discrimination
is possible to the extent to which the di↵erent nuclear
recoil bands in the light yield-energy plane can be sepa-
rated within the resolution of the light channel. This then
allows a study of potential WIMP interactions with dif-
ferent target nuclei, in parallel in the same setup. Such a
possibility can be particularly relevant for the verification
of a positive WIMP signal, and is a distinctive feature of
CRESST.

2.4 Scintillating Housing

As mentioned above, the housing of the detector mod-
ules consists mainly of a reflecting and scintillating poly-
meric foil. Making all surfaces in the vicinity of the de-
tectors scintillating is important in discriminating back-
ground events due to contamination of surfaces with ↵-
emitters. The basic mechanism of this background is il-
lustrated in Fig. 3.

The most important isotope in this context is 210Po,
a decay product of the gas 222Rn. It can be present on or
implanted in the surfaces of the detectors and surround-
ing material. The 210Po nuclei decay to 206Pb, giving a
5.3MeV ↵-particle and a 103 keV recoiling lead nucleus.
It can happen that the lead nucleus hits the target crystal
and deposits its energy there, while the ↵-particle escapes.
Due to its low quenching factor, the lead nucleus can often
not be distinguished from a tungsten recoil and thus can
mimic a WIMP interaction.

However, if the polonium mother nucleus was located
on the surface of the target crystal or implanted in it (the



• In addition some the 
elements in contact with 
the crystal are scintillating 
to be able to determine the 
internal contamination. 
However the clamp holding 
the crystal was too 
radioactive in the previous 
setup.

Angloher, G., Bauer, M., Bavykina, I., Bento, A., Bucci, C., Ciemniak, C., Deuter, G., et al. (2011, September 4). Results from 730 kg days of the CRESST-II Dark Matter Search. arXiv.org.



Phase II Detector

6 

~300g CaWO4 target crystal 

Silicon on sapphire  
light detector 

Reflective and scintillating foil 

TESs 

Reflective bronze clamps 



Phase III detector

https://arxiv.org/pdf/1711.07692.pdf
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upper case in Fig. 3), the full 103 keV of the daughter
nucleus plus a possible contribution from the escaping ↵-
particle will be deposited in the target and the event will
lie above the energy range relevant for the WIMP search.

Another situation arises when the polonium atom was
implanted in a surrounding surface. Then the daughter Pb
nucleus can lose part of its energy on the way to the target
crystal and appear in the energy range of interest (the
lower case in Fig. 3). This possibly dangerous background
can be rendered harmless if the surrounding surfaces are
scintillating; in this case the escaping ↵-particle produces
additional scintillation light when hitting those surfaces
and the event will appear as high-light event in distinction
to the low-light nuclear recoils.

Hence the scintillation of the complete surroundings of
the target crystals plays an important role. With the scin-
tillating foil used as a module housing, currently the only
non-scintillating surfaces inside the detector modules are
the small clamps which hold the target crystals. In earlier
runs, attempts were made to cover these clamps with scin-
tillating layers as well, but these layers appeared to give
rise to thermal relaxation events. The current module de-
sign therefore avoids any scintillating (plastic) material in
direct contact with the crystals. The price for this mea-
sure, however, is the presence of several Pb recoil events
with energies of 103 keV and below in the data set, as ex-
pected from the above discussion. This background must
therefore be taken into account in our analysis.

2.5 Shielding

Fig. 4 shows a schematic drawing of the whole CRESST
setup, with the detector modules in the very center. The
low temperatures are provided by a 3He-4He dilution re-
frigerator and transferred to the detectors via a 1.3m long
copper cold finger. The detector volume is surrounded by
several layers of shielding against the main types of back-
ground radiation: layers of highly pure copper and lead
shield against �-rays, while polyethylene serves as a mod-
erator for neutrons. The inner layers of shielding are con-
tained in a gas tight box to prevent radon from penetrat-
ing them. In addition, an active muon veto using plastic
scintillator panels is installed to tag muons. The veto sur-
rounds the lead and copper shielding and covers 98.7% of
the solid angle around the detectors, a small hole on top
is necessary to leave space for the cryostat.

2.6 Data Analysis

We apply just a few basic quality cuts to the raw data
in order to ensure that only valid events, with well-
reconstructed energies in the phonon and light channel,
are considered for further analysis. In particular, we re-
quire that both the phonon and light detector of a given
module were fully operational and running stably at their
respective operating points at the time of an event. Data
acquisition, readout, and the procedures for monitoring

Fig. 4. Schematic drawing of the CRESST setup. A cold fin-

ger (CF) links the cryostat (CR) to the experimental volume,

where the detectors are arranged in a common support struc-

ture, the so-called carousel (CA). This volume is surrounded by

layers of shielding from copper (CU), lead (PB), and polyethy-

lene (PE). The copper and lead shieldings are additionally en-

closed in a radon box (RB). An active muon veto (MV) tags

events which are induced by cosmic radiation.

detector stability, trigger e�ciency as well as reconstruct-
ing the deposited energy from the measured pulses are
described elsewhere [1].

For the final data set, we reject events coincident with
a signal in the muon veto as well as those events with
coincident signals in more than one detector module, since
multiple scatterings are excluded for WIMPs in view of
their rare interactions.

An important aspect of the analysis concerns the
bands in the light yield-energy plane. The e/�-band is
highly populated due to the relatively high rate of com-
mon backgrounds. This allows us to extract the position
and, in particular, the energy-dependent width of this
band directly from the measured data. The observed
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Fig. 5. Data obtained with one detector module in a cali-

bration measurement with an AmBe neutron source, with the

source placed outside the lead shielding. The solid red lines

mark the boundary of the calculated oxygen recoil band (10%

of events are expected above the upper and 10% below the

lower boundary). The vertical dashed lines indicate the lower

and upper energy bounds of the WIMP acceptance region as

will be introduced in Section 3.

width is dominated by the light channel resolution com-
pared to which the resolution of the phonon channel is
much superior. This is understandable in view of the small
fraction of the deposited energy appearing as light.

We extract the resolution of the light channel as a func-
tion of light energy by fitting the e/�-band with a Gaus-
sian of energy dependent center and width. We note that,
although the production of scintillation light is governed
by Poisson statistics, the Gaussian model is a very good
approximation in our regions of interest. This is because
the e/�-events produce a su�ciently large number of pho-
tons for the Poisson distribution to be well approximated
by a Gaussian. On the other hand, for the quenched bands
with low light yields, the Gaussian baseline noise of the
light detector determines the resolution.

The position and width of the bands other than the
e/�-band can be calculated based on the known quenching
factors discussed above and using the light channel reso-
lutions obtained from the fit to the e/�-band. In order to
get the width of a quenched band at a certain energy the
light channel resolution for the actual light energy is used.

To validate this calculation for quenched bands, we use
the data from a calibration measurement with an AmBe
neutron source placed outside the Pb/Cu shielding. We
expect the neutrons to mainly induce oxygen nuclear recoil
events. Fig. 5 shows the data obtained by one detector
module in this measurement, together with the calculated
central 80% band for oxygen recoils (10% of the events
are expected above the upper and 10% below the lower
boundary).

Nuclear recoil events up to energies of about 300 keV
are observed, with the spectrum falling o↵ quickly towards
high energies. In neutron-nucleus elastic scattering the re-
coil energy of the nucleus is inversely proportional to its
mass. Thus the highest energy recoils must be oxygen nu-

clei. From the ratio of the mass numbers we then expect
the highest energy of calcium recoils to be around 100 keV.
Above 100 keV, we therefore have purely oxygen recoils,
and the distribution fits well into the calculated oxygen
band. Towards lower energies, the observed events are still
in agreement with the prediction, although an increasing
contribution from calcium recoils slightly shifts the center
of the observed event distribution to lower light yields.

3 The Latest Experimental Run

3.1 Data Set

The latest run of CRESST took place between June 2009
and April 2011. It included a neutron test and �-calibra-
tions with 57Co and 232Th sources. In total, 18 detector
modules were installed in the cryostat, out of which ten
were fully operated. The remaining modules cannot be
employed for a Dark Matter analysis, principally due to
di�culties in cooling the light detectors. However, seven
additional individual detectors (six phonon and one light
detector) were still operated in order to tag coincident
events (with signals in more than one module).

One of the ten operational modules was equipped with
a test ZnWO4 crystal and we do not include it in this anal-
ysis because of uncertainties in the quenching factors in
this material. Another operational detector module had
unusually poor energy resolution, with practically no sen-
sitivity in the WIMP signal region, and was therefore ex-
cluded from the analysis. The data discussed in this paper
were thus collected by eight detector modules, between
July 2009 and March 2011. They correspond to a total
net exposure (after cuts) of 730 kg days.

3.2 Observed Event Classes

Fig. 6 shows an example of the data obtained by one de-
tector module, presented in the light yield-energy plane.

The e/�-events are observed around a light yield of 1.
The calculated bands for ↵’s, oxygen recoils, and tungsten
recoils are shown.1 The spread of a band at each energy is
chosen so that it contains 80% of the events, that is 10%
of the events are expected above the upper boundary and
10% of the events are expected below the lower boundary.
This convention will be used throughout the following dis-
cussion whenever we refer to events being inside or outside
of a band.

Beside the dominant e/�-background, we identify sev-
eral other classes of events:

Firstly, we observe low energy ↵’s with energies of
100 keV and less. They can be understood as a conse-
quence of an ↵-contamination in the non-scintillating
clamps holding the crystals. If the ↵-particle has lost

1
The calcium band is not shown for clarity. It is located

roughly in the middle between the oxygen and the tungsten

bands.



Cresst III Results

• Neutron calibration 
data

https://arxiv.org/pdf/1904.00498.pdf



CRESST III results

https://arxiv.org/pdf/1904.00498.pdf



CRESST III Exclusion Limits

https://arxiv.org/pdf/1904.00498.pdf



Liquid Noble DM Searches
• Argon and xenon are ideal targets for large scale dark matter 

searches: 


• High scintillation light yield


• Great transparency for scintillation light


• Low intrinsic backgrounds (xenon), purification possible (to 
remove Kr, Rn, Ar)


• Pulse shape discrimination possible (argon) to suppress electron 
recoil events


• CHEAP (when compared to bolometric detectors)



Detector Types

• For argon, TPC type detectors and single phase argon 
detectors have been used


• For xenon TPC type detectors are now leading the world 
in sensitivity (and have for many years)


• Argon: ArDM, DEAP, DarkSide


• Xenon: Lux, Xenon xT, LZ, Panda-X



Xenon TPC









Xenon 1T Results

PhysRevLett.121.111302 



PhysRevLett.121.111302 



PhysRevLett.121.111302 



Xenon 1T Exclusion Plot

PhysRevLett.121.111302 



DEAP 3600



Pulse Shape Discrimination

http://deap3600.ca/Contents/presentations/DEAP-3600TAUP2015Beltran.pdf



https://arxiv.org/abs/1902.04048



• Omitting a very 
complex 
analysis that 
took years to 
put together to 
remove events 
from Cherenkov 
radiation in the 
acrylic and 
events from the 
neck region

https://arxiv.org/abs/1902.04048



DEAP 3600 Exclusion Plot 

https://arxiv.org/abs/1902.04048



SuperCDMS lite
• The Neganov-Trofimov-Luke (NTL) effect uses a higher bias voltage 

across a germanium detector to induce secondary electron-hole pair 
creation in the detector (analogous to gas amplification in a 
proportional counter)


• This effect allows to operate the detector as lower thresholds, while 
loosing the recoil discrimination 

IDM 2018, B. v Krosigk



SuperCDMS Lite Result

• This is an analysis of 
the data from a single 
detector, operated at 
higher voltage with an 
exposure of 76kg d in 
two runs


• Pulse fitting, fiducial 
cuts, noise reduction, 
optimal filtering, time 
filtering needs to be 
applied to the data

PHYSICAL REVIEW D 97, 022002 (2018) 



SuperCDMS



SuperCDMS projected 
Sensitivity

PHYSICAL REVIEW D 95, 082002 (2017)



Spin Dependent Searches

• Atoms with a large unpaired spin couple to WIMPs that 
prefer interactions to WIMPs that also carry spin


• Preferred atoms are 3He and 19F 
 
Interaction is driven by the nuclear physics form factors:

�



Dark Matter Bubble 
Chamber: PICO

• PICO uses C3F8 as active fluid (boiling point -45°C). The 
chambers typically operate at 30psi and +16°C


• Bubble chambers are threshold detectors: they provide no 
information about the energy of the primary particle, except 
that it was above the threshold energy


• Bubble chambers for dark matter searches are operated 
such that electron recoils (and hence MIPS) are not causing a 
bubble to form


• Alpha backgrounds are removed by their different acoustic 
properties



PHYS 574 - Particle Detectors Winter 2013 - Carsten B. Krauss



Dark Matter Bubble 
Chamber

• Any bubble chamber has: 


• optical system with camera, 
lights


• expansion system, piston, 
temperature control

PICO uses acoustic background discrimination

Cameras

Piston

Liquid

Second Quartz
Vessel



PICO 40L - “Right Side Up”

• To eliminate the water as source of 
background events, an inverted 
chamber without any buffer liquid was 
developed


• This chamber will be deployed at 
SNOLAB in 2017 to explore the ultimate 
sensitivity of a 40 litre chamber 


• This design also incorporates various  
improvements based on the PICO 60 
operational experience



PICO 40L 

• This new detector saw the 
first bubble this week! 

• If things work according to 
plan this will be 10x better 
than previous PICO bubble 
chambers in terms of 
background





PICO 60 Results

masses. The two-dimensional WIMP detection efficiency
space is divided into bins and within each bin the maximum
likelihood set of efficiency curves that fall within that bin is
found. The likelihood surface thus created retains any
covariance between the efficiency at the two thresholds
from the neutron calibration.
The standard halo parametrization [27] is used, with

the following parameters: local dark matter density ρD ¼
0.3 GeVc−2 cm−3, galactic escape velocity vesc¼544 km=s,
velocity of the earth with respect to the halo vEarth¼
232 km=s, and characteristic WIMP velocity with respect
the halo v0¼ 220 km=s. The effective field theory treat-
ment and nuclear form factors described in Refs. [28–31]
are used to determine sensitivity to both spin-dependent
and spin-independent dark matter interactions. The M
response of Table 1 in Ref. [28] is used for SI interactions,
and the sum of the Σ0 and Σ00 terms from the same table is

used for SD interactions. To implement these interactions
and form factors, the publicly available dmdd code package
[31,32] is used. Figure 6 shows examples of the WIMP
detection efficiency likelihood surfaces used for 5 GeV
WIMPs with SI coupling and 19 GeV WIMPs with SD-
proton coupling. The likelihood surfaces are marginalized
over as nuisance parameters within the PLR, after being
convolved with a two-dimensional Gaussian function
reflecting experimental uncertainty in the PICO-60 thermo-
dynamic thresholds.
To develop a frequentist WIMP exclusion curve, toy

datasets are generated at each point in a grid of WIMP
masses and cross sections. A grid point is then excluded
if the observed PLR test statistic for that point is > 90% of
toy dataset test statistics at that point. A conservative choice
is made to generate the toy datasets with no background
contribution, but the 90% exclusion curve is subsequently
confirmed to be valid over the range of background rates
consistent with the data. The calculated exclusion curves
at 90% C.L. for spin-dependent WIMP-proton and spin-
independent WIMP-nucleon elastic scattering cross sec-
tions, as a function of WIMP mass, are shown in Figs. 7
and 8. The already world-leading limits in the spin-
dependent WIMP-proton sector are improved, particularly
for WIMP masses in the 3–5 GeV range.

65

60

70

65                           70                           75                           80

FIG. 6. Contour plot of integrated efficiency Φ at 2.45 and
3.29 keV with red dot representing best-fit result. Contour layers
have been color coded to represent the difference in χ2 with
respect to the minimum. Details in the outer boundary of the plot
are subject to statistical fluctuations.
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FIG. 7. The 90% C.L. limit on the SD WIMP-proton cross
section from the profile likelihood analysis of the PICO-60 C3F8
combined blind exposure plotted in thick maroon, along with
limits from the first blind exposure of PICO-60 C3F8(thick blue)
[6], as well as limits from PICO-60 CF3I (thick red) [7], PICO-2L
(thick purple) [33], PICASSO (green band) [34], SIMPLE
(orange) [35], XENON1T (gray) [36], PandaX-II (cyan) [37],
IceCube (dashed and dotted pink) [38], and SuperK (dashed and
dotted black) [39,40]. The indirect limits from IceCube and
SuperK assume annihilation to τ leptons (dashed) and b quarks
(dotted). Additional limits, not shown for clarity, are set by LUX
[41] (comparable to PandaX-II) and by ANTARES [42,43]
(comparable to IceCube).
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FIG. 8. The 90% C.L. limit on the SI WIMP-nucleon cross
section from the profile likelihood ratio analysis of the PICO-60
C3F8 combined blind exposure plotted in thick maroon, along
with limits from the first blind exposure of PICO-60 C3F8 (thick
blue) [6], PICO-60 CF3I (thick red) [7], PICO-2L (thick purple)
[33], DarkSide-50 low-mass (gray) [44], XENON1T (green)
[45], LUX (yellow) [46], PandaX-II (cyan) [47], CDMSlite
(black) [48], and CRESST-II (magenta) [49]. Additional limits,
not shown for clarity, are set by PICASSO [34], XENON100
[50], SuperCDMS [51], CDMS-II [52], and Edelweiss-III [53].
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Next Up: PICO 500
• PICO 500 will explore the ultimate sensitivity of a low background bubble chamber


• It will be located at SNOLAB


• The bubble chamber technology is ready for an  
experiment of this scale
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Summary

• No direct detection of dark matter yet! 



Directional Dark Matter 
Searches

• Several groups are building chamber that reconstruct the 
direction of the primary particle by detecting the track 
direction of the nuclear recoil


• This will help to overcome the solar neutrino coherent 
neutrino nucleus scattering limit (“neutrino floor”)



Drift Experiment
• Gaseous detector filled with CS2


• In a gaseous detector in principle, resolutions in the µm range are 
possible



Proof of Principle

https://arxiv.org/pdf/1510.02170.pdf



• Pure CF4 detector 
TPC @ 100Torr


• Shown are nuclear 
recoils 28, 53, 104 
and 214 keV 
nuclear recoil 
energy


• Recorded with a 
gas amplifying 
stage and a CCD 
camera  

https://arxiv.org/pdf/1510.02170.pdf



The future of dark matter 
searches

• Planning started towards a 100m3 detector



Annual Modulation

• Predicted in 1987 by K 
Freese et al. 


• Modulation comes from 
the motion of the earth 
through the galactic 
dark matter halo and 
therefore from the 
change of relative 
velocity

Phys. Rev. D 33, 3495 – Published 15 June 1986



Dama/Libra
• DAMA/Libra uses NaI(Tl) 

crystals at the Gran 
Sasso laboratory


• DAMA has been running 
since 2003 and reported 
an annual modulation in 
their lowest energy bins


• The reported 
significance of the 
modulation is in excess 
of 9.3σ





Energy distribution



• DAMA and 
interpretations 
shown as 
probably contours


• PICO 60 SI limit, 
SuperCDMSlite 
and Xenon 1T 
shown for 
comparison



Cosine 100 Experiment



Cosine-100

PHYSICAL REVIEW LETTERS 123, 031302 (2019) 



Phase amplitude Diagram

=> Need more data!



Summary
• Many exciting technologies have been developed to search for 

dark matter


• Experiments get larger and more expensive: in the US only 
ADMX, SuperCDMS and LZ are currently funded - there is a 
need for everyone to be clever and innovate to push the field 
with great ideas


• It’s now harder to be as excited for dark matter searches as ~5-7 
years ago - there is opposition in the theory community that 
question the viability of supersymmetry post LHC


• There is still no better testable theory. We have not tested the 
space accessibly to experiments yet!


