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Search for low mass Dark Matter candidates

• WIMPs as Dark Matter candidate 
predicted above ~10 GeV  

• DM density ρDM ~ 5  x baryon density ρB 

• DM density coupled to freeze out 
mechanism 

• baryon density related to CP violation  
and baryon number violation 

• asymmetric Dark Matter models predict  
MDM ~ 5 MB ~ 5 Mproton ~ 5 GeV 

• orthogonal approach to DM problem 2
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DM direct detection -  
expected event rate

• low detection threshold for low 
mass DM-nucleus scattering 
crucial 
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CRESST Result 2011

• main background source: surface α-decays of 
Polonium 

• number of observed events exceeds expected 
number of background events  

• WIMPs as a possible interpretation 
lead to signal > 4σ  

• reduction of background from  
210

Po-decays 
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7�
for M2: 4.2�.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,�WN)-plane, together with
the 1� and 2� confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.
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Fig. 6. (Color online) The data of one detector module (Ch20),
shown in the light yield vs. recoil energy plane. The large num-
ber of events in the band around a light yield of 1 is due to
electron and gamma background events. The shaded areas in-
dicate the bands, where alpha (yellow), oxygen (violet), and
tungsten (gray) recoil events are expected. Additionally high-
lighted are the acceptance region used in this work (orange),
the reference region in the ↵-band (blue), as well as the events
observed in these two regions. See text for discussion.

most of its energy in the clamp before reaching the target
crystal, it can appear at low energy. The rate of such
↵-events di↵ers by some factor of two among the detector
modules (see Section 4.2).

Secondly, Fig. 6 shows a characteristic event popula-
tion in and below the tungsten band around 100 keV. This
is present in all detector modules, albeit the number of
events varies. This population can be attributed to the
lead nuclei from 210Po ↵-decays on the holding clamps
(see Section 2.4). The distribution of these events exhibits
a low-energy tail, with decreasing density towards lower
energies. In spite of this decrease, there are detector mod-
ules (the ones with a high population of such lead events)
in which the tail visibly reaches down to energies as low
as a few tens of keV.

Finally, low energy events are present in the oxygen,
(calcium,) and tungsten bands at energies up to a few tens
of keV, i.e. in the region of interest for the WIMP search.
These events will be the main focus of our discussion in
the following. We start by defining the acceptance region
on which the discussion will be based.

3.3 Acceptance Region

Depending on the mass of a possible WIMP, any of the
nuclei in CaWO4 can be a relevant target for WIMP scat-
tering as discussed above. We therefore choose our accep-
tance region such that it includes all three kinds of nu-
clear recoils: it is located between the upper boundary of
the oxygen band and the lower boundary of the tungsten
band. This selection automatically includes the calcium
band.

module Emin
acc [keV] acc. events

Ch05 12.3 11

Ch20 12.9 6

Ch29 12.1 17

Ch33 15.0 6

Ch43 15.5 9

Ch45 16.2 4

Ch47 19.0 5

Ch51 10.2 9

total - 67

Table 1. Lower energy limits Emin
acc of the acceptance regions

and the number of observed events in the acceptance region of
each detector module.

We restrict the accepted recoil energies to below
40 keV, since as a result of the incoming WIMP veloc-
ities and nuclear form factors, no significant WIMP signal
is expected at higher energies. On the other hand, to-
wards low energies the finite detector resolution leads to
an increasing leakage of e/�-events into the nuclear recoil
bands. We limit this background by imposing a lower
energy bound E

min
acc in each detector module, chosen such

that the expected e/�-leakage into the acceptance region
of this module is one event in the whole data set. Due to
the di↵erent resolutions and levels of e/�-background in
the crystals, each module is characterized by an individ-
ual value of Emin

acc . Table 1 lists the values of Emin
acc for all

modules.
An example of the resulting acceptance region is shown

(orange) in Fig. 6 and the events observed therein are
highlighted. In the sum over all eight detector modules,
we then find 67 accepted events, the origin of which we
will discuss in the following. Table 1 shows the distribu-
tion of these events among the di↵erent detector modules.
Since Emin

acc as well as the width of the bands are module-
dependent, di↵erent modules have di↵erent sized accep-
tance regions and thus di↵erent expectations with respect
to background and signal contributions.

3.4 Backgrounds in the Acceptance Region

With the above choice of the acceptance region, four
sources of background events can be identified:

1. leakage of e/�-events at low energies,
2. ↵-events due to overlap with the ↵-band,
3. neutron scatterings which mainly induce oxygen recoils

in the energy range of interest, and
4. lead recoils from ↵-decays at the surface of the clamps,

degraded to low energy.

In the following, we estimate the contribution of each of
these backgrounds and finally investigate a possible excess
above this expectation. When present, such an excess may
be the result of WIMP scatterings in our detectors, or of
course an unsuspected background.
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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

target crystal

surrounding
material

206Pb

206Pb

Fig. 3. Illustration of background events due to surface con-
taminations with 210Po.

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

light yield: normalised  
photon-phonon  
energy ratio

total energy

ROI

210Po-decays

5.3 MeV 103 keV



The CRESST II-Experiment
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The CRESST II Experiment

• CRESST II is operated at 
Gran Sasso laboratory in Italy 

• active and passive shielding 
against background events

6
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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



CRESST Dark Matter  
detection principle

• incoming Dark Matter particle  
scatters with target leading to  
a recoiling nucleus 
 → energy deposition O(keV) 

• CRESST II simultaneously reads out two different signals 

(a) phonos - excitation of crystal lattice - ~100% of energy  

(b) scintillation light - ~small fraction of deposited energy 

• combination of both allows discrimination between nucleus 
from from electron recoil events
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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 210Po.

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

DM candidate



Cryogenic Approach: Phonon Detection I

• CRESST II uses 
CaWO4 crystals 
operated at ~ 15 mK  

• ΔE~10 keV recoil 
energy leads to  ΔT~10 
μK temperature rise 

• detect temperature 
change with transition 
edge sensor (TES)

CaWO-crystal
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Cryogenic Approach: Phonon Detection II

• TES: tungsten film stabilised 
in the transition from normal 
to superconducting state  

• μK temperature change leads 
to measurable resistance 
change   

• current (=B-field) change 
detected by SQUID 

• direct measurement of totally 
deposited energy 

• threshold: 600 eV

28 CHAPTER 2. THE CRESST EXPERIMENT
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Figure 2.2: A measured transition of a thin tungsten film from the normal to the superconduct-
ing state. Such a transition is used in CRESST to convert a small temperature variation DT into
a measurable resistance change DR.

particle. Based on this understanding, a quantitative model has been developed which
can explain the observed properties of CRESST signal pulses [41].

As a first step, a particle interaction in the target crystal creates a population of
high-frequency phonons with frequencies of O(THz). As the corresponding phonon
energies are in the meV range and thus large compared to thermal energies at the
cryogenic operating conditions, these phonons are called non-thermal. Their initial
frequency spectrum depends on the type of interaction (and thus on the interacting
particle), but they quickly start to decay due to lattice anharmonicities. The rate of
this decay is strongly frequency-dependent (proportional to n5

phonon) so that, after some
100 µs, the initial phonons have converted down to a phonon population with a roughly
uniform frequency of a few 100 GHz (still non-thermal at millikelvin temperatures).
Compared to the response time of the thermometer, these phonons are relatively stable,
and after a few surface reflections they uniformly fill the crystal. They can then either
be absorbed by the thermometer, thermalize in the crystal, or escape from the crystal
through its holding clamps into the heat bath.

When a non-thermal phonon enters the thermometer, it can efficiently be absorbed
by the free electrons of the metal film. In this case, its energy is quickly distributed
and thus thermalized among the electrons, heating up the electron system of the ther-
mometer. This provides a first, fast contribution to the measured temperature rise of
the thermometer film. The thermalized energy in the electron system will then mostly
escape to the heat bath via the thermal coupling of the thermometer.

Those phonons which thermalize in the crystal before being absorbed by the ther-

9

SQUID: superconducting quantum  
interference device 



Scintillation Light 

• few percent of deposited 
energy is converted to 
scintillation light 

• amount of scintillation 
light differs between 
nucleus and electron 
recoils  

• absorption of scintillation 
light by silicon-on-
sapphire (SOS) detector   

• SOS read out by 
transition edge sensor light detector 

phonon detector
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Search for Dark Matter with CRESST II Phase 2

• excess of signal events or 
background events? 

• improved handling to avoid 
contribution from Po-decays 

• detector mounting in 
radon clean environment 

• fully scintillating housing; 
hold crystal with CaWO4-
sticks

detector module “TUM40” with  
improved background treatment 
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Search for Dark Matter with CRESST II Phase 2

• full 
scintillating 
housing 
crucial for 
veto  

• remove 
background 
events from 
ROI

12
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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

target crystal

surrounding
material

206Pb

206Pb

Fig. 3. Illustration of background events due to surface con-
taminations with 210Po.

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
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Search for Dark Matter with CRESST II Phase 2

• external background 
suppression using scintillating 
sticks significantly improved 

• leakage from internal e-/γ-
background sources in signal 
region dominant background 
contribution 

• in-house production of 
CaWO4-crystals with 
significantly improved 
background (TU Munich)
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2

to 10 lower e�/�-background in the energy region of in-
terest, as compared to previously available commercial
crystals. Also, the level of ↵-contaminations is reduced
from ⇠15-35mBq/kg for typical commercial crystals to
⇠1-3 mBq/kg for the ones grown at TU Munich [11].

The most difficult background in the previous run
were 206Pb recoils from ↵-decays of 210Po on the holding
clamps of the crystal. These clamps provided the only
non-scintillating surface inside the detector housing. In
this letter, we use data from a single detector module, of
a new fully scintillating design. Using CaWO4 sticks, in-
stead of metal holding clamps, this design provides a fully
efficient active discrimination of the 206Pb recoil back-
ground [12]. The hardware trigger threshold is set at the
energy of 0.6 keV. A new block-shaped CaWO4 crystal,
grown at TU Munich, with a mass of 249 g is used. The
high temperatures in vacuum needed for the deposition
of high-quality tungsten films lead to an oxygen deficit
in CaWO4. Such a deficit causes a reduced light output
and thus a direct evaporation of the TES on the target
crystal should be avoided. Therefore, the tungsten TES
is deposited on a separate small CaWO4 carrier which is
then glued with epoxy resin onto the large CaWO4 target
crystal [13].

III. DATA SET AND ANALYSIS

A. Energy scale and resolution

The heaters of the two signal channels (phonon and
light) are calibrated once at the beginning of the run
to an electron-recoil equivalent energy scale by matching
the pulse height response of each detector channel to in-
jected heater pulses with that of 122 keV �-pulses from a
57Co calibration source. The injected heater pulses are
used to probe the response of each detector constantly
throughout the run. The energy of the phonon channel
E

phonon

is used to determine the deposited energy of an
event. We define the light yield as the ratio of both en-
ergies E

light

/E
phonon

. It serves to discriminate different
types of interactions. This definition implies a mean light
yield of 1 for �-events at 122 keV.

Towards low energies, however, the mean light yield
of the e�/�-band decreases (see Figure 1). This de-
crease can be attributed to a non-proportionality of the
light yield, as observed in most inorganic scintillators
at low energies [14, 15]. Since we perform a calori-
metric measurement, energy not emitted as scintillation
light will be detected in the phonon channel. Because
of this extra energy in the phonon channel, the cali-
bration will assign an energy slightly above the nomi-
nal value to events with a light yield < 1 (i.e. espe-
cially nuclear recoils and ↵ events). We correct for this
phonon anti-quenching by applying the following rela-
tion: E

total

= ⌘E
light

+(1�⌘)E
phonon

, where E
phonon

and
E

light

are the energies of the phonon and light channel ob-
tained from the heater calibration and ⌘ is the fraction of

FIG. 1. Light yield versus energy of events passing all se-
lection criteria (see Section III B). The tungsten and oxygen
nuclear recoil bands in which we expect the central 80% of the
respective recoils are shown as solid (red) and dashed (black)
line. The dash-dotted line marks the center of the oxygen
band. Events with energies from 0.6 keV to 40 keV and light
yields below the center of the oxygen band are accepted as
WIMP recoil candidates.

the deposited energy escaping the crystal as scintillation
light for e�/�-events with light yield = 1. This yields
the event-type independent total deposited energy used
in this letter.

Statistical fluctuations in the amount of scintillation
light produced for mono-energetic �-events make this cor-
relation visible as a small tilt of the corresponding �-lines
in the uncorrected energy/light yield-plane. Using this
tilt the value of ⌘ = 0.066± 0.004 (stat.) is determined.
This correction makes the energy measured for ↵-decays
inside the crystal, e.g. those of natural 180W [16], consis-
tent with their nominal Q-value. Furthermore, the value
determined for ⌘ is in agreement with dedicated studies
on the scintillation efficiency [17].

The resulting energy spectrum of the events in Fig-
ure 1 is shown in Figure 2. The prominent peaks with
fitted peak positions of (2.6014 ± 0.0108) keV and (11.273
± 0.007) keV can be attributed to M1 and L1 elec-
tron capture decays of cosmogenically produced 179Ta.
The fitted peak positions agree with tabulated values of
2.6009 keV (the binding energy of the Hf M1 shell) and
11.271 keV (Hf L1 shell) [18] within deviations of 0.5 eV
and 2 eV, respectively. With rather low statistics an L2
peak is also visible. Its fitted peak position of (10.77
± 0.03) keV also agrees within errors with the tabulated
value of 10.74 keV. The peak at (8.048 ± 0.029) keV is
attributed to the copper K↵ escape lines. An excellent
agreement can also be found at higher energies for the
46.54 keV peak of external 210Pb decays and the 65.35 keV
peak from K-shell capture decays of 179Ta. The energy
resolution of the peak at 2.601 keV is �E1�=(0.090 ±
0.010) keV. All errors quoted are statistical 1� errors.

Dark Matter searches with CRESST II Phase 2

• clear separation between signal and background events     

• identify signal region in Light Yield / Energy space

G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 5

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.

neutron calibration measurement

Light Yield:  
energy light detector  
divided by energy  
phonon detector  signal region
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5

FIG. 5. WIMP parameter space for spin-independent (⇠A2)
WIMP-nucleon scattering. The 90% C.L. upper limit (solid
red) is depicted together with the expected sensitivity (1�
C.L.) from the background-only model (light red band). The
CRESST 2� contour reported in [3] is shown in light blue.
The dash-dotted red line refers to the reanalyzed data from
the CRESST commissioning run [22]. Shown in green are the
limits (90% C.L.) from Ge-based experiments: SuperCDMS
(solid)[7], CDMSlite (dashed) [23] and EDELWEISS (dash-
dotted) [24]. The parameter space favored by CDMS-Si [4]
is shown in light green (90% C.L.), the one favored by Co-
GeNT (99 % C.L. [2]) and DAMA/Libra (3� C.L. [25]) in
yellow and orange. The exclusion curves from liquid xenon
experiments (90% C.L.) are drawn in blue, solid for LUX [6],
dashed for XENON100 [5]. Marked in grey is the limit for
a background-free CaWO4 experiment arising from coherent
neutrino scattering, dominantly from solar neutrinos [26].

masses and, thus, to clarify the nature of the higher mass
maximum (M1). This will be the subject of a blind anal-
ysis of additional data collected during the currently on-
going run.

The improved performance of the upgraded detector
manifests itself in a significantly improved sensitivity of
CRESST-II for very low WIMP masses. This can be
seen by comparing the current limit (solid red line) using
the data of a single detector to the one obtained from
the reanalyzed commissioning run data (dash-dotted red
line) [22]. For WIMP masses below 3 GeV/c2 CRESST-
II probes new regions of parameter space, previously not
covered by other direct dark matter searches.

The sensitivity for light WIMPs can be improved in
future runs by further reducing the background level and
enhancing the detector performance. Such improvements
are realistic and substantial gains in sensitivity for low
WIMP masses are possible, even with a moderate target
mass.
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Expected Sensitivity with CRESST III

• decreasing  
crystal size (24g) 
increases phonon 
density  

• reduction of crystal 
radiopurity 

➡ increased 
sensitivity

17

Figure 6: In addition to the limits shown in fig. 2, the expected sensitivity (1 � C.L.)
for di↵erent exposures of 24g detectors with the performances gain expected from size
reduction and with e�/� background reduced by a factor of 100.

Once these decisive features of small modules are demonstrated, the upgrade to a new
generation of the CRESST (CRESST III) experiment could proceed as follows:

Phase I

– Physics Run:

CRESST III-Run1 (run34) - run 10 small modules with crystals of available
quality to reach the sensitivity estimated in fig. 5;

– R&D for next phase:

Revise design of standard-mass modules to improve discrimination of
events from the carrier;

Reach the desired background reduction and scintillation performance of
the CaWO4 crystals.

Expected time scale: 06.2015-12.2016

Phase II-a

– Physics Run:

CRESST III-Run2 (run35) - run again 10 small modules with improved
crystals to finalize detector design and confirm crystal quality. This will
allow to reach the sensitivity shown in fig. 6 in about one year of data
taking;

– R&D for next phase:

7

current limit

expected limit with  
improved design 

and reduced background



Historical Interlude

• result based on non-
scintillating Al2O3 crystals 
showed similar sensitivity 
 in low mass region 

• Al2O3 crystals non- 
scintillating  
⇒ no e/γ-background 
rejection possible 

• less sensitivity in mass  
region above 5 GeV
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nuclear physics of the target nuclei and the SUSY
composition of the WIMP.

The ‘conventional’ conversion procedure relied
on the odd-group model [21,22] in which the only
contribution to the WIMP–nucleus interaction for
a nucleus with an unpaired proton or neutron
comes from the protons or neutrons, respectively.
Then, when converted to the cross section on
the unpaired nucleon (proton for Al, Na, I), the
WIMP-model dependence conveniently cancelled.
In the notation of Ref. [22] the WIMP–proton
cross section is then obtained from the WIMP–
nucleus cross section r0 by

rWIMP–p ¼ r0

l2
p

l2
A

k2pJpðJp þ 1Þ
k2AJAðJA þ 1Þ

ð3Þ

The reduced mass lA is given by lA ¼ mAmv=
ðmA þ mvÞ for WIMP mass mv and target nucleus
mass mA. The values for the k

2JðJ þ 1Þ factors are
given in Ref. [22] as 0.750 for the proton and 0.087
for 27Al. These values and Eq. (3) were used to
obtain the CRESST WIMP–p limits given in Fig.
12. In the odd group model a comparison to n-
type nuclei like 73Ge becomes very problematic
because the WIMP-model dependence does not
cancel (see e.g. the discussion in Ref. [7, Table 4]).
Therefore in Fig. 12 we only compare our results
to those of other p-type nuclei. As can be seen in
Fig. 12, we improve existing limits for low-mass
WIMPs. This is due to our low threshold, and was
the goal of the first phase of CRESST.

According to shell model calculations (see Ref.
[7,8,23]) and references therein; for 27Al, (see Ref.
[11]) strict p- or n-type nuclei do not exist and in
general both protons and neutrons contribute and
can even interfere in the cross section. Using the
spin factor from Ref. [11] would shift the whole
CRESST exclusion curve down by a factor of 1/1.9
to lower cross sections, if one neglects the neutron
part for the spin factor as described in [23].

For the spin-independent interaction both Al
and O nuclei contribute. The spin-independent
(scalar) interaction is dominated by the strange
and heavy quark content of the proton and
neutron, which are usually assumed to be equal,
leading to an A2 dependence of the cross section
[24]. We assumed this dependence in calculating

the expected recoil spectrum used to extract our
spin-independent cross section limits, which are
shown as the equivalent WIMP–p cross section in
Fig. 13. The scalar channel is not very favourable
for a target with light nuclei like sapphire, con-
taining aluminium and oxygen, due to the crucial
A2 coherence factor. However we still succeed in
improving the limits for WIMP masses below 5
GeV.

5. Conclusions

The CRESST installation in Gran Sasso and our
cryogenic detectors with superconducting phase
transition thermometers and SQUID readout have
been demonstrated to meet the needs of a dark
matter search in terms of low radioactive back-
ground and long-term stable cryogenic operation,
with one run lasting for three months.

Phase I of the experiment used 262 g sapphire
crystals as the target medium and was designed to
provide a low energy threshold for nuclear recoils
and thus good sensitivity for low-mass WIMPs.
The best WIMP limits were obtained from a 138 h

Fig. 13. Equivalent WIMP–nucleon cross section limits (90%
CL) for a spin-independent interaction as a function of the
WIMP mass from a 1.51 kg day exposure of a 262 g sapphire
detector. For comparison limits are shown from CDMS with
cryogenic detectors and statistical subtraction of the neutron
background [25], EDELWEISS with a heat and ionization Ge
detector [26], and UKDMC [20] and DAMA [19] with NaI
detectors, together with the allowed region at 3r CL from the
DAMA annual modulation data [27].
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Summary and Conclusion

• CRESST II: combined phonon-light measurement of DM-
nuclear recoils in almost background free environment 

• improved module design and radiopurity did not confirm 
signal like excess of previous data taking period 

• phonon threshold of 600 eV significantly improves 
sensitivity in low-mass DM region ⇒ among the best limits 

• further reduction of threshold and background will improve 
limit in low-mass region by 3-4 orders of magnitude 
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The CRESST Collaboration

About 40-50 scientists from 7 institutions and 4 countries
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Measurement of Recoil Energy deposited by WIMPs

March 13, 2012 0:16 WSPC - Proceedings Trim Size: 9in x 6in Saab˙Direct˙Detection

5

Phonons
10 meV/ph

100% energy

Ionization
~ 10 eV/e

20% energy

Scintillation
~ 1 keV/γ

few % energy

CRESST
ROSEBUD

CDMS
EDELWEISS

ZEPLIN II, III
XENON

LUX
WArP 
ArDM
SIGN

NAIAD
ANAIS 

DAMA/LIBRA
ZEPLIN I
XMASS
DEAP

CLEAN

CUORE
CRESST I

Ge, Si

Xe, Ar, Ne

CF3I, C4F10

CaWO4, BGO
ZnWO4,  Al2O3 ...

CoGeNT 
DRIFT

DM-TPC
IGEX

COSME
Ge, CS2, C3F8

NaI(Tl), Xe, Ar, Ne, CF4

COUPP
PICASSO

Superheated 
Liquids

Scintillation Decay
Modulation TeO2, Al2O3, LiF

Fig. 2. The corners of the triangle correspond to common energy readout channels.

Experiments are listed near the main readout channel, or between the two channels used

for discrimination.

sun,4 whereas background sources are not expected to exhibit such a
variation. Under the assumption of a non-rotating WIMP halo the event
rate is expected to exhibit maxima/minima in June/December, with an
amplitude of a few percent. Since the amplitude of the modulation is
small in comparison to the overall rate, this method lends itself to
experiments with large exposures and overall interaction rates.

(2) Directional variation of the recoiling nucleus. Under the assumption of
a non-rotating WIMP halo, the motion of the solar system through
the galaxy results in a net WIMP wind from the direction of the solar
system’s motion of similar magnitude to the velocity dispersion of the
WIMPs at the Sun’s position in the halo. The strong correlation be-
tween the direction of the incoming WIMP and the recoiling nucleus
means that the majority of signal events, as seen from the laboratory
frame, should point in the direction of the WIMP wind.4 Background
events are not expected to exhibit a non-uniform directionality, or none
that is correlated with the relative directions of the laboratory frame
and the WIMP wind, which varies on a 24 hour time scale as the earth
rotates on its axis. Employing such a discrimination technique requires,
by necessity, detectors capable of reconstructing the tracks of individual
nuclei.
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Cryogenic Approach: Phonon Detection 

• (almost) Complete 
energy is deposited as 
phonons 

• Energy deposition in the 
crystal will lead to a 
temperature rise 
proportional to energy 

• Detection of 
temperature with 
transition edge 
detectors 

C: heat capacity  
of the crystal

ΘD:Debye  
temperature

• Very small energy deposition 
(O(10 keV)) requires very small 
heat capacity C 

• Small C requires very low 
temperature

22
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Dark Matter searches with CRESST II Phase I- Background

• Decay of polonium close to  
the crystal surface can 
mimic WIMP event 

• Interaction of α-particle with 
surrounding scintillating foil  
will enhance light yield  

• Move event out of the 
region of interest 

• Problem: clamps holding 
the crystal do not scintillate

CaWO4

210Po→206Pb+α  

sc
in

til
la

tin
g 

fo
il

Edep<103 keV
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significant contribution to  
overall background  



Search for Dark Matter with CRESST II Phase 2

• Threshold for nuclear 
recoils at 600 eV with 
100 eV resolution 

• Sensitivity for  low-
mass WIMPs 
improved significantly 

• Strategy change: 
focus on low-mass 
WIMPs

events recorded with  
TUM40 crystal (29.4 kg d)

region of vetoed  
surface events

region of interest

24

• Low-mass WIMP region 
preferred region for asymmetric 
Dark Matter models



Astrophysical Parameters - Distribution of WIMPs 

• Velocity of dark matter in the 
halo follows Maxwell-Boltzmann 
distribution 

• Most probable WIMP velocity 
~220 km/s 

• Escape velocity for WIMP to 
escape halo about 540 km/s 

• Sun travel through halo with a 
speed of ~230 km/s 

• ~5% variation originating from 
path of earth around sun
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Astrophysical Parameters - Distribution of WIMPs 

• Dark Matter 
distribution in Milky 
Way from simulation  

• Local Dark Matter 
density 
~0.3 GeV/cm3 

• WIMP flux on earth 
~106 /cm2 s for 
MWIMP = 10 GeV

26Figure 8: Density maps of the dark matter halo in the planes a) xy (galactic plane), b) yz.
Contours correspond to ⇢DM = {0.1, 0.3, 1.0, 3.0} GeV/cm3.

Figure 9: Mean tangential velocity hv�i as a function of R for z = 0 (left panel), and as a function
of z for r = 8 kpc (right), where r =

p
x2 + y2 is the polar radius.

accreted DM. The rotation lag of the rotating component is in the range 0� 150 km/s. A

large value of the rotation lag, corresponding to a small halo circular speed, is only found

for galaxies which had no significant merger after a redshift z = 2. The importance of

the dark disk for the prediction of DM direct detection rates has been acknowledged by

several authors [71,73]. It could lead to an increase by up to a factor of 3 in the 5�20 keV

recoil energy range. The signal modulation can also be boosted and the modulation phase

is shifted. However, in Ref. [95], the authors use high-resolution simulations of accretion

events in order to bracket the range of co-rotating accreted dark matter. They find that
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contours correspond to {0,1,0.3.,1.0,3.0} GeV/cm3
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Direct Detection - Event Rate

• Recoil energy between keV and tens of keV

27

dR

dER
=

⇢0
mN m�

Z 1

vmin

vf(v)
d�W N

dER
(v,ER)dv

• Differential event rate for WIMP nucleon scattering

f(v): WIMP speed 
distribution

ρ0: WIMP density  
in the Milky Way

dσ/dER: WIMP- 
nucleus elastic 

scattering 

mN : nucleon mass 
mχ:  WIMP mass

arxiv 1002.1912



Direct Detection - Particle Physics Input 

• WIMP nucleon differential cross section 

28

⇣d�WN

dER

⌘

SI
=

16mN

⇡v2

h
[Zfp + (A� Z)fn]2 +

B2
N

256

i
F 2(ER)

⇣d�WN

dER

⌘

SD
=

16mN

⇡v2
⇤2G2

FJ(J + 1)
S(ER)

S(0)

• Cross section can be divided in spin-dependent and 
spin-independent cross-section

d�WN

dER
=

mN

2µ2
Nv2

�
�SD
0 F 2

SD(ER) + �SI
0 F 2

SI(ER)
�

• WIMP-nucleon elastic scattering effective theory has six 
components (arxiv 1203.3542)


