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More evidence for Dark Matter

• rotation curves of galaxies 

• arms of spiral galaxies rotate faster than anticipated   

• gravitational lensing  

• light of distant galaxies is bended by gravitational potential 

• temperature fluctuations of microwave background 
• acoustic oscillations depend on baryonic density 

• bullet cluster 
• collision-less penetration of two massive galaxies  

• structure formation 
• observed present-day structure requires Dark Matter 

all observations are based on gravitational  
pull of Dark Matter on visible matter
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Figure 8.7: A Hubble Space Telescope picture of the rich cluster Abell 2218,
displaying gravitationally lensed arcs. The region shown is roughly 2.4 arcmin
by 1.2 arcmin, equivalent to 0.54 Mpc by 0.27 Mpc at the distance of Abell
2218 (courtesy of W. Couch [University of New South Wales] and NASA).

our Galaxy, lenses a background galaxy at d ∼ 1000 Mpc. The Einstein
radius for this configuration will be

θE ≈ 0.5 arcmin

(
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1014 M⊙

)1/2 (

d

1000 Mpc

)−1/2

. (8.53)

The arc-shaped images into which the background galaxy is distorted by
the lensing cluster can thus be resolved. For instance, Figure 8.7 shows
an image of the cluster Abell 2218, which has a redshift z = 0.18, and
hence is at a proper distance d = 770 Mpc. The elongated arcs seen in
Figure 8.7 are not oddly shaped galaxies within the cluster; instead, they
are background galaxies, at redshifts z > 0.18, which are gravitationally
lensed by the cluster mass. The mass of clusters can be estimated by the
degree to which they lens background galaxies. The masses calculated in this
way are in general agreement with the masses found by applying the virial
theorem to the motions of galaxies in the cluster or by applying the equation
of hydrostatic equilibrium to the hot intracluster gas.
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the anisotropies in the CMB. Located at the Earth-Sun L2 point (about a million miles from Earth), the satellite has
taken data continuously (most recently having released an analysis of seven years of operation) and is able to detect
temperature variations as small as one millionth of a degree. Due to the increased angular resolution of WMAP (and
through the use of computer codes which can calculate the CMB anisotropies given fundamental parameters such as
the baryon density) we now know the total and baryonic matter densities from WMAP:18

⌦mh
2 = 0.1334+0.0056

�0.0055, ⌦bh
2 = 0.02260± 0.00053, (5)

where ⌦mh
2 is the total matter density, and ⌦bh

2 is the baryonic matter density. The first essential observation is
that these two numbers are di↵erent; baryonic matter is not the only form of matter in the universe. In fact, the
dark matter density, ⌦dmh

2 = 0.1123± 0.0035, is around 83% of the total mass density. Locally, this corresponds to
an average density of dark matter ⇢dm ⇡ 0.3 GeV/cm3 ⇡ 5 ⇥ 10�28 kg/m3 at the Sun’s location (which enhanced
by a factor of roughly 105 compared to the overall dark matter density in the universe due to structure formation).
An analysis of the CMB allows for a discrimination between dark matter and ordinary matter precisely because the
two components act di↵erently; the dark matter accounts for roughly 85% of the mass, but unlike the baryons, it is
not linked to the photons as part of the “photon-baryon fluid.” Fig. (3) demonstrates this point extremely well; small
shifts in the baryon density result in a CMB anisotropy power spectrum (a graphical method of depicting the CMB
anisotropies) which are wholly inconsistent with WMAP and other CMB experiment data.
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FIG. 3: The CMB Anisotropy Power Spectrum for various values of ⌦b and ⌦dm (holding ⌦tot = 1) with WMAP year 7
data. The anisotropy power spectrum gives the level of temperature fluctuations on patches of various angular scales,

where a spherical version of a Fourier transform gives multipoles l, where roughly l = 180�/✓, with ✓ the angular scale in
degrees.

Analyses of the large scale structure of the universe also yield evidence for dark matter and help break degeneracies
present in the CMB data analysis. By calculating the distance to galaxies using their redshifts, cosmologists have
been able to map out the approximate locations of more than 1.5 million galaxies. For example, the Sloan Digital
Sky Survey (SDSS) has created 3-D maps of more than 900,000 galaxies, 120,000 quasars, and 400,000 stars during
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Profile of a Dark Matter Candidate

• massive particle 

• non-luminous, i.e. electrically neutral  

• non-baryonic 

• cold, i.e. non-relativistic 

• stable with respect to the lifetime of 
the universe 

• only weakly (or less) interacting with 
ordinary matter

Dark Matter
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The best Candidate? The WIMP miracle!

• WIMPs are produced in the early hot 
phase of the universe 

• in thermal equilibrium until universe 
cools down  

• survivors are known as “thermic relics”  

• “weak” cross-section and mass scale 
returns relic density consistent with 
Dark Matter content 

• mass range ~ 2 GeV to 120 TeV 

• ⇒“WIMP miracle”  
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Dark Matter versus Dark Sector

• so-called “WIMP” miracle predicts dark matter WIMP mass between 
2 GeV and 120 TeV  

• dark matter particle weakly interacting with matter 
<σWIMP・v> ∼ GF2 ・mΧ2 ∼ 1/ΩΧ  

→ lower bound on mΧ from  
prohibiting over-closure of  
the universe  

• coupling to Z and H almost ruled out 

• new force coupling matter to  
dark matter  
→ Dark Sector
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Figure 2. Constraints on the mass and couplings of a fermionic dark matter candidate that annihilates
through the Z. The solid black contours indicate the value of the coupling for which the thermal relic
abundance matches the measured cosmological dark matter density, ⌦�h

2 = 0.12. The shaded regions
are excluded by the measurement of the invisible Z width. The left and right frames depict the cases of
a purely vector or axial coupling between the dark matter and the Z, respectively. The vast majority of
this parameter space is excluded by the current constraints from LUX and PandaX-II [4, 5], and much
of the currently viable parameter space is expected to be probed in the near future by XENON1T [6].

Together, these constraints rule out the majority of the parameter space for fermionic
dark matter candidates that annihilate through Z exchange. After accounting for these
constraints, we find that an acceptable thermal relic abundance can be obtained only in the
near-resonance case [7–9] (m� = mZ/2) or for m�

>
⇠ 200 GeV with g�a � g�v, or for m�

>
⇠ 6

TeV. Furthermore, with the exception of m�
>
⇠ 500 GeV with g�a � g�v, we expect that the

remaining parameter space will be probed in the near future by direct detection experiments
such as XENON1T [6]. We point out that for fermionic dark matter heavier than several TeV,
perturbative unitarity is lost, and higher dimension operators such as those ones considered
in Ref. [10] may become relevant for the phenomenology. It is interesting to note that within
the context of the MSSM, a bino-like neutralino (with a subdominant higgsino fraction) can
possess the characteristics found within this scenario [11].

In the narrow region of viable parameter space found near the Z pole, the dark matter
in this class of models annihilates with a cross section that is chirality suppressed in the
low-velocity limit, �v / (mf/m�)2, leading such annihilations to proceed mostly to bb̄ final
states. In this mass range, the low-velocity cross section is sensitive to the value of the dark
matter’s mass, but consistently below the reach of planned indirect detection experiments
(for analytic expressions of this cross section, see the Appendix of Ref. [17]). In Fig. 3, we
plot the e↵ective low-velocity annihilation cross section (as relevant for indirect detection) for

the case of equal couplings to protons and neutrons, we have translated these results to apply to the models
at hand. It is interesting to note that a cancellation in the vector couplings of the Z to up and down quarks
leads to a suppression in the e↵ective coupling to protons. In particular, Z exchange leads to the following
ratio of cross sections with neutrons and protons: �n/�p ⇡ (2gdv + guv)

2/(2guv + gdv)
2 ⇡ 180. We also note

that since xenon contains isotopes with an odd number of neutrons (129Xe and 131Xe with abundances of
29.5% and 23.7%, respectively), this target is quite sensitive to spin-dependent WIMP-neutron scattering. To
constrain spin-dependent scattering, we converted the results of the most recent spin-independent analysis
presented by the LUX collaboration [4].
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Dark Matter - Small Structure Problems 

• simulations based on 
Cold Dark Matter 
assumption can not 
reproduce all 
observations 

• long-standing core-
versus-cusp problem 

• reduced Dark Matter 
density at center of halo 

�6
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Fig. 7.— The dark matter density profiles of the 7 THINGS dwarf galaxies. The profiles are derived using the scaled rotation curves
(assuming minimum disk) as described in Section 6.2 (see also Fig. 6). The dotted lines represent the mass density profiles of NFW models
(α ∼−1.0) with V200 ranging from 10 to 110 km s−1. The dashed lines indicate the mass density profiles of the best fit pseudo-isothermal
halo models (α ∼ 0.0). See Section 6.3 for more details.
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Self Interacting Dark Matter I

• N-body simulation 
assumes collision-less  
Dark Matter particles  

• gravitational 
interaction only   

• strong self-interaction 
between Dark Matter 
particles reduces density 
at the centre of the galaxy 
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SIDM: self interacting Dark Matter

Self-Interacting Dark Matter Simulations I 9

Figure 4. Density profiles for our six example halos from our SIDM1 (blue stars) and SIDM0.1 (green triangles) simulations and their CDM counterparts.
With self-interactions turned on, halo central densities decrease, forming cored density profiles. Solid lines are for the best NFW (black) and Burkert (blue) fits,
with the points representing the density at each radial bin found by AHF. The arrow indicates the location of the Burkert core radius rb. rs is the NFW scale
radius of the corresponding CDM halo density profile (black solid line). Burkert profiles provide a reasonable fit to our SIDM1 halos only because rb ≈ rs
for σ/m = 1 cm2/g, so a cored profile with a single scale radius works. As discussed in §7 this is not the case for σ/m = 0.1 cm2/g and thus Burkert
profiles are not a good fit to our SIDM0.1 halos.

in SIDM are not as strong as previously suggested on analytic
grounds. Here we show the cumulative number of subhalos larger
than a given Vmax for a sample of well-resolved halos in our CDM
(solid), SIDM0.1 (dotted), and and SIDM1 (dashed) simulations.
The associated virial masses for each host halo are shown in the
legend. The left panel presents the Vmax function for all subhalos
within the virial radius of each host and the right panel restricts the
analysis to subhalos within half of the virial radius. We see that gen-
erally the reduction in substructure counts at a fixed Vmax is small
but non-zero and that the effects appear to be stronger at small radii
than large. Similarly, there appears to be slightly more reduction of
substructure in the SIDM cluster halos compared to the galaxy size
systems.

We can understand both trends, 1) the increase in the differ-
ence between the CDM and SIDM Vmax functions as Mvir in-
creases and 2) the increase in the difference as one looks at the
central regions of the halo, using the results from the previous sec-
tion as a guide. The typical probability that particle in an SIDM
subhalo will interact with a particle in the background halo is

P ≈ ⟨ρhost(r)(σ/m)vorb(r)⟩T T, (14)

where vorb(r) is the orbital speed of the subhalo at position r, ρhost
is the mass density of the host halo, and T is the orbital period.
The typical speed of the subhalo is similar to the rms speed of
the smooth component of the halo, and thus ρhost(r)(σ/m)vorb(r)

should be similar to the function we show in Figure 7. At fixed
r/rs we expect P to scale with Vmax as V 3

max/r
2
max (given that

ρs ∝ V 2
max/r

2
max), which is a very mildly increasing function

of Vmax over the range of halo masses we have simulated. Note
though that we expect scatter at fixed halo mass because of the
scatter in the Vmax − rmax relation (Bullock et al. 2001).

While the increase in destruction of subhalos with host halo
mass is not strong, it is clear from the above arguments that subha-
los in the inner parts of the halo (r/rs ≪ 1) should be destroyed
but the bulk of the subhalos around r/rs ∼ 1 and beyond should
survive for σ/m = 1 cm2/g. This effect is strengthened by the
fact that subhalos in the innermost region of the halo were accreted
much longer ago than subhalos in the outskirts, so they have ex-
perienced many more orbits (Rocha et al. 2011). These arguments
explain the comparisons between the subhalo mass functions plot-
ted in Figure 8. Our arguments demonstrate that a large fraction of
the subhalos found in CDM halos (most of which are in the outer
parts) would still survive in SIDM halos for σ/m values around or
below 1 cm2/g.

Overall in the previous two sections we have seen that the effects
of self-interactions between dark matter particles in cosmological
simulations are primarily in the central regions of dark matter ha-
los, leaving the large scale structure identical to our non-interacting
CDM simulations. Thus we retain the desirable features of CDM
on large scales while revealing different phenomenology near halo

12 Rocha et al.

Figure 7. Estimate of the local scattering rate modulo the cross section ρvrms = Γ(σ/m)−1 for six well resolved halos from our CDM, SIDM0.1, and
SIDM1 simulations. The quantity is scaled by 1 Gyr cm2/g, such that 1 in these units means that each particle has roughly one interaction per Gyr in SIDM1

and 0.1 per Gyr in SIDM0.1. Based on this argument, the effects of self-interactions in the properties of halos over∼ 10 Gyr should start to become important
when the ordinate is greater than about 0.1 in SIDM1 (r/rs ∼ 0.8) and greater than about 1 in SIDM0.1 (r/rs ∼ 0.2). Comparisons to Figures 4-6 indicate
that this is indeed the case.

is the reason why a cored profile with a single scale (like a Burk-
ert profile) provides a reasonable fit to our SIDM1 halos. We will
explain this striking behavior using an analytic model in the next
section.

The central densities in SIDM1 halos can be defined either as
the Burkert profiles scale density or as the density at the innermost
resolved radius. We have found that both definitions give similar
results with no significant differences. In Figure 12, we show how
the Burkert scale density ρb scales with Vmax. The trend in the
ρb − Vmax relation is not as strong as for the rb − Vmax relation,
with a scatter as large as about a factor of 3. We will come back
to the implications of this result in our discussion section (§8). The
relation that best fits our data is given by

ρb = 0.015M⊙/pc
3

(

Vmax

100 km/s

)−0.55

. (19)

If we fit toMvir instead of Vmax we get

ρb = 0.029M⊙/pc
3

(

Mvir

1010 M⊙

)−0.19

. (20)

We urge caution when using the above fits to the central densities
as it is likely to be affected by our small sample size given the
large scatter. The toy model discussed in the next section predicts
a slightly stronger scaling with Vmax . However, the typical densi-
ties of order 0.01M⊙/pc3 for galaxy halos and 0.001M⊙/pc

3 for
cluster halos (see Figure 12) are in line with the predictions of the
analytic model.

In this section we have presented scaling relations for the properties
of halos in our SIDM1 simulations. Our limited resolution allows
us to use only 52 halos spanning a modest mass range, from which
we throw out eight systems that are undergoing mergers. Admit-
tedly, this sample is not large enough to be definitive, especially
in regards to scatter. However, the strong correlation between the
SIDM core radius rb and the counterpart CDM scale radius rs is
clearly statistically significant and the general trends provide a use-
ful guide for tentative observational comparisons – a subject we
will return to in the final section below.

7 ANALYTIC MODEL TO EXPLAIN THE SCALING
RELATIONS

In this section we develop a simple model to understand the scal-
ing relations shown in §6. This model is based on identifying an
appropriate radius r1 within which self-interactions are effective
and demanding that the mass as well as the average velocity dis-
persion within this radius is set by the mass and the average ve-
locity dispersion (within the same radius) of the same halo in the
absence of self-scatterings. The mass loss due to scatterings in the
core should be insignificant because particles rarely get enough en-
ergy to escape and this implies that the mass within r1 should be
close to what it would have been in the absence of self-interactions.
This also implies that the potential outside r1 is unchanged from its
CDM model prediction, but tends to a constant value faster inside

arXiv:1208.3025



How to search for Dark Matter?

�8



Recipe for a Direct Dark Matter Search Experiment

• experimental challenges for measuring 
elastic Dark Matter-nucleus scattering: 

• low energy threshold: very small 
energy transfers (O( 100 eV)); 
differential event rate decreases 
exponentially  

• low background: small interaction 
rate (O(events/kg year)) 

• sensitivity to small energy 
deposition in a low background 
environment 
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Direct Detection - Event Rate

• low detection 
threshold for WIMP-
nucleon scattering 
crucial 
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WIMP - 78Ge nucleon scattering

dR

dER
=

⇣ dR0

dER

⌘

0
F 2(ER) exp(�ER/Ec)

• differential event rate 
decreases 
exponentially with 
recoil energy
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CRESST - Detection Principle I

simultaneous read-out of two  
signals 

• phonon channel:  
particle independent 
measurement of deposited 
energy (= nuclear recoil energy) 

• (scintillation) light:  
different response for signal  
and background events for 
background rejection 
(“quenching”)

light detector
transition edge  

sensor

transition edge  
sensor

target crystal 
(CaWO4)

�11
scintillating 

housing



CRESST - Detection Principle II

• experiment operated at cryogenic temperature (~15 mK) 

• nuclear recoil will deposit energy in the crystal leading  
to a temperature rise proportional to energy

�T / �Q

c ·m
ΘD:Debye  
temperature

• detection of small energy depositions 
requires very small heat capacity C 

• detection of temperature rise with 
superconductor operated at the phase 
transition from normal to superconducting

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-
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Signal-Background Separation 

• simultaneous readout of 
light and phonon channel 
allows background 
reduction 

• less scintillation light from 
dark matter-nucleus 
scattering (“Quenching”) 

• clear separation 
between signal and 
background at large 
ENR 

• significant overlap 
of bands at low 
energies (= low 
mass dark matter)

�13
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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
Ephonon is used to determine the deposited energy of an
event. We define the light yield as the ratio of both en-
ergies Elight/Ephonon. 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: Etotal = ⌘Elight+(1�⌘)Ephonon, where Ephonon and
Elight 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.

Signal-Background Separation - Data

• signal region identified in light yield / energy space  
• reduction and understanding of intrinsic background 

crucial for low mass Dark Matter searches

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
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divided by energy  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Crystal Intrinsic Background 

• experimental sensitivity 
limited by background 

• CRESST dominated by 
crystal-intrinsic 
radioactive 
contaminations 

• improve radio purity 

• in-house production of 
CaWO4 crystals improves 
radio purity significantly ~3.5 counts /(kg keV d)

210Pb227Ac179Ta L1(EC)
crystal: 
TUM40
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Background Simulation of CRESST - Method I

• Geant4 based simulation to 
estimate intrinsic background  

• use α-activity as input: 

• identification of  decay / isotope 

• measured activity reflects size of 
contamination 

• determine energy spectrum of 
isotope decay and scale it 
accordingly to the measured activity
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Figure 5. Discrete alpha lines from the natural decay chains observed with the crystal TUM40
in an exposure of 29 kg-days between 4 and 7MeV. The lines identified in the U-238, U-235 and
Th-232 chains are listed. In addition, an external 210Po line is visible where only the alpha energy
(5.30MeV) and not the recoil of 206Pb (103 keV) is detected. The individual activities are listed in
table 2. The peaks of 238U and 234U completely dominate the spectrum (upper cut in histogram at
70 counts/[10 keV]).

plements photo-electric e↵ect, Compton scattering, Rayleigh scattering, conversion in e+e�

pairs, ionisation, and bremsstrahlung production.

The results of this data-based simulation is shown in figure 6 (inset): the blue curve
shows the sum of all beta/gamma events from natural decay chains. The 1-� error band (light
blue) is a combination of the statistical error of the simulation and the uncertainty of the
experimentally determined activities of the beta emitters. This contribution has an activity
of A1�40 = 494.2± 48.4µBq/kg in the ROI which corresponds to a mean rate of 3.51± 0.09
counts/[kg keVday]. For the first time, the contribution of the intrinsic beta/gamma emitter
could be disentangled and accounts for (30.4± 2.9)% of the total events observed. The main
contributions originate from 234Th (346µBq/kg), 227Ac (93µBq/kg), 234Pa (35µBq/kg) and
228Ra decays (9µBq/kg). The characteristic edges at ⇠ 9 keV and ⇠ 24 keV originate from
the contribution of the 227Ac spectrum (see section 3.1). The values of all relevant beta
emitters are listed in table 3.

Furthermore, the response of the detector to external gamma radiation is studied with
a dedicated MC simulation. The intensity of the individual components is scaled such to
match the observed external gamma peaks (see section 3.1). All identified external gamma
lines which are listed in table 1 are included in the study. The result is shown as in figure 6
(inset) as a green line with the corresponding 1-� error band (light green). The only peak in
the ROI identified as to originate from external radiation is the Cu X-ray peak at 8.0 keV.
The continuous Compton background from external sources (peaks at higher energies) is
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Background Simulation of CRESST - Method II
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Fig. 13: Sum of all simulated templates (MC sum) along with the individual contributions from different background com-
ponents (internal radiogenic (IR), distant external radiogenic (DER), near external radiogenic (NER), internal cosmogenic
(IC) below 74keV) with respect to the experimental data in the medium-energy range (a), the low-energy range (b) and the
ROI (c).

Background Simulation of CRESST - Status

• working towards better understanding of background for 
CaWO4-based low background measurements
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Results with CRESST III 

• focus on low-mass dark 
matter nuclear recoil 

• instrumented detector 
holder (iSticks) 

• small crystal to increase 
phonon density and 
energy threshold 

• self-grown crystal with 
~3 counts/(keV·kg·d) 

• data taking from 
5/2016-2/2018
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2

in the first run of CRESST-III.

II. CRESST-III SETUP AND DETECTOR DESIGN

1. Experimental Setup

CRESST is located in the Laboratori Nazionali del Gran
Sasso (LNGS) underground laboratory in central Italy which
provides an overburden against cosmic radiation with a water-
equivalent of 3600 m [2]. Remaining muons are tagged by
an active muon veto with 98.7% geometrical coverage [3].
In addition, the experimental volume is protected by concen-
tric layers of shielding material comprising - from outside
to inside - polyethylene, lead and copper. The polyethylene
shields from environmental neutrons, while lead and copper
suppress g-rays. A second layer of polyethylene inside the
copper shielding guards against neutrons produced in the lead
or the copper shields.

A commercial 3He/4He-dilution refrigerator provides the
base temperature of about 5 mK. Cryogenic liquids (LN2 and
LHe) are refilled three times a week causing a down-time of
about 3 h per refill.

2. CRESST-III Detector Design

block-shaped target crystal
(with TES) 

reflective and 
scintillating housing

CaWO4 iSticks
(with holding clamps & TES)

light detector (with TES)

CaWO4 light detector holding 
sticks (with clamps) 

FIG. 1. Schematic of a CRESST-III detector module (not to scale).
Parts in blue are made from CaWO4, the TESs are sketched in red.
The block-shaped target (absorber) crystal has a mass of ⇠24 g, its
dimensions are (20x20x10) mm3. It is held by three instrumented
CaWO4 holding sticks (iSticks), two at the bottom and one on top.
Three non-instrumented CaWO4 holding sticks keep the square-
shaped silicon-on-sapphire light detector in place. Its dimensions
are (20x20x0.4) mm3.

The CaWO4 crystal of a CRESST-III detector module has
a size of (20x20x10) mm3 and a mass of ⇠24 g (23.6 g for de-
tector A). A schematic drawing is shown in figure 1. The tar-
get crystal is held by three CaWO4-sticks, each with a length
of 12 mm, a diameter of 2.5 mm and a rounded tip of approx-
imately 2-3 mm in radius. The sticks are themselves instru-

mented with a TES, thus denoted iSticks. This novel, instru-
mented detector holder allows an identification and veto of
interactions taking place in the sticks which might potentially
cause a signal in the target crystal due to phonons propagat-
ing from the stick to the main absorber through their contact
area. Since we veto interactions in any of the sticks, the three
iSticks are connected in parallel to one SQUID, thus substan-
tially reducing the number of necessary readout channels [4].

Each target crystal is paired with a cryogenic light detec-
tor, matched to the size of the target crystal, consisting of a
0.4 mm thick square silicon-on-sapphire wafer of 20 mm edge
length, also held by CaWO4 sticks and equipped with a TES.
However, an instrumentation of these sticks is not needed as
events within them would cause quasi light-only events which
are outside the acceptance region for the dark matter search
(see subsection IV 4).1

The remaining ingredient to achieve a fully-active sur-
rounding of the target crystal is the reflective and scintillat-
ing VikuitiTM foil encapsulating the ensemble of target crys-
tal and light detector. Such a fully-active design ensures that
surface-related backgrounds, in particular surface a-decays,
are identified and subsequently excluded from the dark matter
analysis. A detailed study of the event classes arising from
the iSticks and the light detector holding sticks is beyond the
scope of this work; performance studies on the parallel TES
readout may be found in [5].

III. DEAD-TIME FREE RECORDING AND OFFLINE

TRIGGERING

In CRESST-III, the existing hardware-triggered data acqui-
sition (DAQ) is extended by transient digitizers allowing for
a dead-time free, continuous recording of the signals with a
sampling rate of 25 kS/s. Recording the full signal stream al-
lows the use of an offline software trigger adapted to each
detector. Our software trigger is based on the optimum filter
or Gatti-Manfredi filter successfully used e.g. by the CUORE
experiment [6, 7]. The optimum filter maximizes the signal-
to-noise ratio by comparing the frequency power spectrum of
noise samples to that of an averaged pulse (a standard event).
More weight is then given to pulse-like frequencies compared
to those dominantly appearing in the noise samples. A full
description of the method can be found in [8].

The complete stream is filtered with the optimum filter and
a trigger is fired whenever the filter output for phonon or light
channel exceeds a certain threshold value. For each chan-
nel we select a record window 655.36 ms for further analysis.
More details may be found in [9]. The output of the optimum
filter is not only used for the software triggering, but is also the

1 A small fraction of the light emitted by the stick might be absorbed by the
target crystal creating a small phonon signal therein, thus these events are
denoted quasi light-only.

23.6 g



CRESST III Module Construction Kit
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CRESST III - Detector Module
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Module in the Cryostat 
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CRESST-III Optimum filter
• implementation of the Gatti-Manfredi filter  

• optimum filter maximizes 
signal-to-noise ratio  

• typical improvement about factor 2-3 

• new DAQ for CRESST-III with continuous 
data sampling. threshold set after 
optimum filter
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CRESST-III Energy threshold

• 4 out of 5 detectors exceed design goal 
of 100 eV threshold

• ten 
detectors 
installed 

• six of ten 
detectors 
can be 
operated  

• four 
detectors 
have 
technical 
problems 
(no 
transition 
or noise)

threshold determined with optimum filter 
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Selection Efficiency 

• size of selected 
data set (after 
cuts): 3.64 kg⋅d 

• efficiency  
(energy 
dependence not 
taken into 
account) ~65%
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CRESST III - Data 

• number of events exponentially  
increasing for low energies
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FIG. 5. Light yield versus energy of events in the dark matter dataset,
after selection criteria are applied (see section IV 4). The blue band
indicates the 90 % upper and lower boundaries of the b /g-band, red
and green the same for oxygen and tungsten, respectively. The yel-
low area denotes the acceptance region reaching from the mean of the
oxygen band (red dashed line) down to the 99.5 % lower boundary of
the tungsten band. Events in the acceptance region are highlighted in
red. The position of the bands is extracted from the neutron calibra-
tion data as shown in figure 3.

1. Light Yield

Figure 5 shows the dark matter data after all the cuts de-
scribed before in the light yield versus energy plane. In accor-
dance with figure 3, the blue, red and green bands correspond
to b /g-events and nuclear recoils off oxygen and tungsten, re-
spectively. The red dashed line depicts the mean of the oxygen
band, which also marks the upper boundary of the acceptance
region, shaded in yellow. The lower bound of the acceptance
region is the 99.5 % lower boundary of the tungsten band,
its energy span is from the threshold of 30.1 eV to 16.0 keV.
Events in the acceptance region (highlighted in red) are treated
as potential dark matter candidate events. We restrict the en-
ergy range to 16 keV for this analysis since for higher energies
the energy reconstruction cannot be based on the optimum fil-
ter method due to saturation effects. This choice, however,
hardly affects the sensitivity for the low dark matter particle
masses of interest. The choice for the acceptance region was
fixed a-priori before unblinding the data. We do not include
the full oxygen recoil band in the acceptance region because
the gain in expected signal is too small to compensate for the
increased background leakage from the b /g-band.

2. Energy Spectrum

The corresponding energy spectrum is shown in figure
6 with events in the acceptance region highlighted in red.
In both figures 5 and 6, event populations at 2.6 keV and
⇠11 keV are visible. These originate from cosmogenic activa-

FIG. 6. Energy spectrum of the dark matter dataset with lines visible
at 2.6 keV and 11.27 keV originating from cosmogenic activation of
182W [11]. Gray: all events, red: events in the acceptance region (see
figure 5).

tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial exposure of the detector material. The energies of the lines
correspond to the L1 and M1 shell binding energies of 179Hf
with literature values of EM1 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground is visible, which appears to be exponential in shape.
Due to decreasing discrimination at low energies, it cannot be
determined whether this rise is caused by nuclear recoils or
b /g events (see figure 5). It should be emphasized that noise
triggers are not an explanation for this excess, as it extends too
far above the threshold of 30.1 eV. According to the definition
of the trigger condition in section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve an excess of events at lowest energies in all CRESST-III
detector modules with thresholds below 100 eV; the shape of
this excess varies for different modules, which argues against
a single common origin of this effect. No clustering in time of
events from the excess populations is observed.
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The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial exposure of the detector material. The energies of the lines
correspond to the L1 and M1 shell binding energies of 179Hf
with literature values of EM1 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground is visible, which appears to be exponential in shape.
Due to decreasing discrimination at low energies, it cannot be
determined whether this rise is caused by nuclear recoils or
b /g events (see figure 5). It should be emphasized that noise
triggers are not an explanation for this excess, as it extends too
far above the threshold of 30.1 eV. According to the definition
of the trigger condition in section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve an excess of events at lowest energies in all CRESST-III
detector modules with thresholds below 100 eV; the shape of
this excess varies for different modules, which argues against
a single common origin of this effect. No clustering in time of
events from the excess populations is observed.

signal region

O-recoils

W-recoils

β/γ-band selected events 
in signal region

6

FIG. 5. Light yield versus energy of events in the dark matter dataset,
after selection criteria are applied (see section IV 4). The blue band
indicates the 90 % upper and lower boundaries of the b /g-band, red
and green the same for oxygen and tungsten, respectively. The yel-
low area denotes the acceptance region reaching from the mean of the
oxygen band (red dashed line) down to the 99.5 % lower boundary of
the tungsten band. Events in the acceptance region are highlighted in
red. The position of the bands is extracted from the neutron calibra-
tion data as shown in figure 3.

1. Light Yield

Figure 5 shows the dark matter data after all the cuts de-
scribed before in the light yield versus energy plane. In accor-
dance with figure 3, the blue, red and green bands correspond
to b /g-events and nuclear recoils off oxygen and tungsten, re-
spectively. The red dashed line depicts the mean of the oxygen
band, which also marks the upper boundary of the acceptance
region, shaded in yellow. The lower bound of the acceptance
region is the 99.5 % lower boundary of the tungsten band,
its energy span is from the threshold of 30.1 eV to 16.0 keV.
Events in the acceptance region (highlighted in red) are treated
as potential dark matter candidate events. We restrict the en-
ergy range to 16 keV for this analysis since for higher energies
the energy reconstruction cannot be based on the optimum fil-
ter method due to saturation effects. This choice, however,
hardly affects the sensitivity for the low dark matter particle
masses of interest. The choice for the acceptance region was
fixed a-priori before unblinding the data. We do not include
the full oxygen recoil band in the acceptance region because
the gain in expected signal is too small to compensate for the
increased background leakage from the b /g-band.

2. Energy Spectrum

The corresponding energy spectrum is shown in figure
6 with events in the acceptance region highlighted in red.
In both figures 5 and 6, event populations at 2.6 keV and
⇠11 keV are visible. These originate from cosmogenic activa-

FIG. 6. Energy spectrum of the dark matter dataset with lines visible
at 2.6 keV and 11.27 keV originating from cosmogenic activation of
182W [11]. Gray: all events, red: events in the acceptance region (see
figure 5).

tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial exposure of the detector material. The energies of the lines
correspond to the L1 and M1 shell binding energies of 179Hf
with literature values of EM1 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground is visible, which appears to be exponential in shape.
Due to decreasing discrimination at low energies, it cannot be
determined whether this rise is caused by nuclear recoils or
b /g events (see figure 5). It should be emphasized that noise
triggers are not an explanation for this excess, as it extends too
far above the threshold of 30.1 eV. According to the definition
of the trigger condition in section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve an excess of events at lowest energies in all CRESST-III
detector modules with thresholds below 100 eV; the shape of
this excess varies for different modules, which argues against
a single common origin of this effect. No clustering in time of
events from the excess populations is observed.
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Resultat

• sensitivity for dark 
matter particles 
down to  
160 MeV 

• limited by unknown 
background 
contribution
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FIG. 7. Experimental results on elastic, spin-independent dark mat-
ter nucleus scattering depicted in the cross-section versus dark mat-
ter particle mass plane. If not specified explicitly, results are reported
with 90 % confidence level (C.L.). The result of this work is depicted
in solid red with the most stringent limit between masses of (0.16-
1.8) GeV/c2. The previous CRESST-II result is depicted in dashed
red [16], the red dotted line corresponds to a surface measurement
performed with a gram-scale Al2O3 detector [17]. We use a color-
coding to group the experimental results: Green for exclusion limits
(CDEX [18], CDMSlite [19], DAMIC [20], EDELWEISS[21, 22],
SuperCDMS [23]) and positive evidence (CDMS-Si (90 %C.L.) [23],
CoGeNT (99 %C.L.)[24]) obtained with solid state detectors based
on silicon or germanium, blue for liquid noble gas experiments based
on argon or xenon (DarkSide [25], LUX [26, 27], Panda-X[28],
Xenon100[29], Xenon1t[30]), violet for COSINE-100 (NaI) [31],
black for Collar (H) [32], magenta for the gaseous spherical pro-
portional counter NEWS-G (Ne + CH4) [33] and cyan for the super-
heated bubble chamber experiment PICO (C3F8) [34]. The gray re-
gion marks the so-called neutrino floor calculated for CaWO4 in [35].

VI. RESULTS

We use the Yellin optimum interval algorithm [36, 37] to
extract an upper limit on the dark matter-nucleus scattering
cross-section. In accordance with this method, we consider
all 441 events inside the acceptance region to be potential dark
matter interactions; no background subtraction is performed.

The anticipated dark matter spectrum follows the stan-
dard halo model [38] with a local dark matter density
of rDM = 0.3 (GeV/c2)/cm3, an asymptotic velocity of
v� = 220km/s and an escape velocity of vesc = 544km/s.
Form factors, which are hardly relevant given the low trans-
ferred momenta here, follow the model of Helm [39] in the
parametrization of Lewin and Smith [40].

The result of the present analysis on elastic scattering of
dark matter particles off nuclei is depicted in solid red in figure
7 in comparison to the previous CRESST-II exclusion limit in
dashed red and results from other experiments (see caption

and legend of figure 7 for details). The red dotted line cor-
responds to a surface measurement with a 0.5 g Al2O3 crys-
tal achieving a threshold of 19.7 eV using CRESST technol-
ogy [17].

The improvement in the achieved nuclear recoil threshold,
in the respectively best performing detectors, from 0.3 keV
for CRESST-II to 30.1 eV for CRESST-III, yields a factor of
more than three in terms of reach for low masses, down to
0.16 GeV/c2. At 0.5 GeV/c2 we improve existing limits by a
factor of 6(30) compared to NEWS-G (CRESST-II). In the
range (0.5-1.8) GeV/c2 we match or exceed the previously
leading limit from CRESST-II.

VII. CONCLUSION

In this paper, we report newly implemented data process-
ing methods, featuring in particular the optimum filter tech-
nique for software-triggering and energy reconstruction. This
allows one to make full use of the data down to threshold. The
best detector operated in the first run of CRESST-III (05/2016-
02/2018) achieves a threshold as low as 30.1 eV and was,
therefore, chosen for the analysis presented.

In comparison to previous CRESST measurements, an in-
dication of a g-line at approximately 540 eV compatible with
the N1 shell electron binding energy of 179Hf could be ob-
served. Together with the reappearance of known lines, this
corroborates the analysis of background components outlined
in [11], as well as the energy calibration in this work.

At energies below 200 eV we observe a rising event rate
which is incompatible with a flat background assumption and
seems to point to a so-far unknown contribution. At the time
of writing, dedicated hardware-tests with upgraded detector
modules are underway to illuminate its origin.

We present exclusion limits on elastic dark matter particle-
nucleus scattering, probing dark matter particle masses below
0.5 GeV/c2 and down to 0.16 GeV/c2.

VIII. APPENDIX

1. Study of Systematic Uncertainties

As discussed in section IV the energy scale is adjusted us-
ing the 11.27 keV g-peak (Hf L1 shell). As a consequence
the energy scale is only strictly valid for events with a light
yield of one. In particular, for a nuclear recoil less scintilla-
tion light is produced and, thus, more energy remains in the
phonon channel leading to an overestimation of the phonon
energy. Based on the fact that we measure both energies –
phonon (Ep) and light (El) – one can account for this effect as
was shown in [15] by applying the following correction:

E = hEl +(1�h)Ep = [1�h(1�LY )]Ep. (1)

CRESST III

CRESST surface run
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of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Ze↵(r)/r. Ze↵(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l

0
, L once it converges.

Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, ne, (unobserved)
scintillation photons, n� , and heat. To calculate ne, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, Ni, and
a number of excited atoms, Nex, whose initial ratio is
determined to be Nex/Ni ⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, fR, is essentially zero at low energy,
resulting in ne = Ni and n� = Nex. The fraction, fe,
of initial quanta observed as electrons is therefore given
by fe = (1 � fR)(1 + Nex/Ni)�1

⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = Eer/W , where Eer is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with fR and Nex/Ni, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use Nex/Ni = 0.2, fR = 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < fR < 0.2, 0.1 < Nex/Ni < 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
Nex/Ni are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for fR is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n

(1) =
Floor(Eer/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n

(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus ne = n

0
e + n

00
e , where n

0
e represents the

primary electron and is thus 0 or 1 with probability fR

or (1 � fR), respectively, and n
00
e follows a binomial dis-

tribution with n
(1) + n

(2) trials and success probability
fe. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and FDM = 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
fR, Nex/Ni and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the mDM-�e plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(FDM = 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

Physics of the Dark Sector

• new forces / new mediators  
relax the theoretical lower  
bound on dark matter masses  
→ sub-GeV dark matter  

• dark matter searches based on 
dark matter nucleon elastic 
scattering  

• energy deposition from recoil:  
ENR ≃ 2μΧ,N2・vΧ2/mN  

→ for 100 MeV mΧ ∼ 1 eV ENR*  

arXiv:1509.01515

* for silicon

GeV

10-40 cm2

arXiv:1206.2644
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Detection techniques for light Dark Matter

• dark matter detection  
using ionisation signal  
from Dark Matter- 
electron scattering 

• inelastic nature of scattering and increased energy 
transfer possible due to lightness of electron 

• detection of small ionisation signals allow to probe Dark 
Matter particles down to ~ 1 MeV 

• expected reach for Dark Matter mΧ ≳ 250 keV・(ΔEB/1eV)
�31

χ χ

p p-q

e- e-

N + N +X X *{ }
Figure 3. The scattering of a DM particle with a bound electron. The DM transfers momentum ~q to the target, exciting it
from the ground state X to an excited state X⇤, which can be either a higher-energy bound state or an ionized state.

relation between recoil energy and momentum transfer given in Eq. (3.1). The energy transferred to
the electron, �Ee, can still be related to the momentum lost by the DM, ~q, via energy conservation:

�Ee = ��E� ��EN = �
|m�~v � ~q|2

2m�
+

1

2
m�v

2
�

q2

2mN
= ~q · ~v �

q2

2µ�N

. (3.2)

Here the �EN term accounts for the fact that the whole atom also recoils. In practice this term is
small, which also allows us to replace µ�N with m�. We thus define

Ee ⌘ �Ee = ��E� (3.3)

as the energy transferred to the electron.2 Since an arbitrary-size momentum transfer is now possible,
the largest allowed energy transfer is found by maximizing �Ee with respect to ~q, giving

�Ee 
1

2
µ�Nv

2
'

1

2
eV ⇥

⇣ m�

MeV

⌘
. (3.4)

This shows that all the kinetic energy in the DM-atom collision is (in principle) available to excite the
electron. For a semiconductor with an O(eV) bandgap, ionization can be caused by DM as light as
O(MeV).

What is the likelihood of actually obtaining a large enough q to excite the electron? This brings
us to the second major difference compared to DM-nuclear scattering: the electron is both the lightest
and fastest particle in the problem. The typical velocity of a bound electron is ve ⇠ Ze↵↵, where
Ze↵ is 1 for outer shell electrons and larger for inner shells. This is much greater than the typical DM
velocity of v ⇠ 10�3. The typical size of the momentum transfer is therefore set by the electron’s
momentum,

qtyp ' µ�evrel ' meve ⇠ Ze↵↵me ' Ze↵ ⇥ 4 keV . (3.5)

Returning to Eq. (3.2), the first term on the right dominates as long as m� is well above the bound
in Eq. (3.4). This gives a simple formula for the minimum momentum transfer required to obtain an
energy �Ee:

q & �Ee

v
⇠

�Ee

4Ze↵ eV
⇥ qtyp . (3.6)

2We emphasize that Ee is the energy transferred to the electron, not its kinetic energy. Some of this energy goes
to overcoming the binding energy. As we will discuss further in §5, in semiconductors the remaining energy is rapidly
redistributed by secondary scattering processes, which can produce further electron-hole pairs.

– 10 –



Detection techniques for light Dark Matter

• Dark Matter scatters on bound 
electrons in dense media   

• relation between energy 
deposition and momentum 
transfer differs to nuclear 
scattering 

• parametrised with a 
momentum dependent 
form factor FDM 

• detection of single 
electrons with low noise   

Prospects for Upcoming DM–Electron Scattering Searches
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Figure 1. Selected near-term projections for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, for different ionization thresh-
olds and (background-free) exposures, as indicated. Solid
curves show the 95% C.L. exclusion reach from sim-
ple counting searches, while dashed curves show the
5�-discovery reach from annual modulation searches.
The gray shaded region shows the current XENON10
bound [31], while the shaded green region shows the es-
timated (much weaker) bound from 2012 DAMIC data
with a ⇠11-electron-hole pair threshold. The projections
for SuperCDMS-germanium (not shown) are comparable
to silicon. See §6.5 for more details. The three plots show
results for the different indicated DM form factors, corre-
sponding to different DM models.

expands on the previous calculation in [9]. Higher recoil energies for the scattered electron allow
a larger number of additional electron-hole pairs to be promoted via secondary scattering. Using
a semi-empirical understanding of these secondary scattering processes, we convert our calculated
differential event rate to an estimated event rate as a function of the number of observed electron-hole
pairs. These results will allow several experimental collaborations, such as DAMIC and SuperCDMS,
to calculate their projected sensitivity to the DM-electron scattering cross-section, given their specific
experimental setups and thresholds. It will also allow them to derive limits on this cross section in the
absence of a signal, or the preferred cross section value should there be a signal, in forthcoming data.

– 4 –
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DEPFET detector as sub-GeV Dark Matter detector

• DEPFET: depleted field effect detector 

• charge collection in an internal gate  

• collected charge modulates  
current in FET 

• known and applied detector concept, 
e.g. for Belle II 

• focus previously on energy 
measurement and spatial resolution  

• noise performance limited  
by 1/f noise

�33



DEPFET detector as sub-GeV Dark Matter detector

• 1/f noise limit can be further 
reduced by using repetitive 
non-destructive readout 
(RNDR)  

• charge transfer between sub-
pixels in a “super-pixel” allow 
statistically independent 
measurements 

• effective noise can be 
reduced to σeff ≈ σ/√N

�34



DEPFET-RNDR Prototypes 

• proof-of-principle for 
DEPFET-RNDR demonstrated 
(Wölfel et al., NIMA 566 (2006) 536) 

• DEPFET-RNDR prototype 
sensors are available  

• 450 μm thickness, in principle 
up to 850 (1000?) μm 
possible 

• “target mass” about 13 g / 
module

�35
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Measured Performance for DEPFET-RNDR

• noise performance as a function of readout cycles 
measured and reproduced by simulation 

• noise performance of σ=0,21 e- achieved

Dependency of 
equivalent  

noise on number of 
cycles

Minimum

Increase due to  
leakage current

1 / √N  
decrease

�36
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Measurement of single electrons with DEPFET-RNDR

• measurement of single electrons with 5σ separation possible 

• key issue: reduction of leakage current 
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Fig. 1 The expected recoil spectrum for a non-relativistic dark matter
elastic cross-section of s e = 10�41 cm2 as a function of the deposited
energy Ee and the ionization Q. The rate is shown for incoming dark
matter particles with a mass of 1GeV (green, dashed), 10MeV (black,
solid) and 5MeV (red, dotted). We assume standard astrophysical as-
sumptions for the dark matter density and velocity distribution [13].
The form factor FDM is set to one.

Q is given by

Q(Ee) = 1+ Int[(Ee �Egap)/Eion], (2)

[10]. The expected recoil rate as a function of deposited
energy Ee is shown in figure 1. For a 10MeV dark matter
particle about 65% of all events generate at least two elec-
trons in the detector. The rate is calculated by using the pub-
licly available QEdark code [10] 1. The expected sensitivity
is presented after discussing the expected performance of
the RNDR DEPFET device in section 4 in terms of detected
electrons.

3 RNDR DEPFET sensors for direct dark matter

detection

3.1 Concept of RNDR DEPFET devices

The basic idea behind repetitive non-destructive readout
(RNDR) is to apply one of the most important implications
of the central limit theorem on the field of detectors. Any
charge generated in the sensitive detector bulk is collected
in the internal gates. Due to the excellent charge carrier life-
time, charge loss can be virtually excluded. The RMS noise
of a single measurement is determined by the electronic noise
of the transistor current measurement. By repetitively mea-
suring the identical signal charge in a statistically indepen-
dent way, the value resulting from the average of the indi-
vidual measurements has a standard deviation of seff =

sp
n
,

with s being the RMS noise of a single measurement, and n

being the number of readings. In this way, the standard devi-
ation of the mean can be considered to be the effective noise
1http://ddldm.physics.sunysb.edu/ddlDM/

Fig. 2 Structure of a basic DEPFET cell.

of the measurement.
Devices based on the combined detector-amplifier structure
DEPFET are applied for a variety of particle physics and as-
trophysical experiments [15–17]. In their most simple form,
they provide an active pixel sensor with pixel-individual charge
storage and readout at high speed with very good signal-
to-noise ratio (SNR). In addition, however, they provide an
ideal platform to realise the RNDR principle for radiation
detectors.
The simplest DEPFET cell [14] consists of a P-channel FET
integrated on a silicon bulk, which is fully depleted by means
of sidewards depletion (see figure 2). By an additional deep-
n implant directly below the gate, a potential minimum for
electrons is created, which all bulk-generated electrons will
drift to. In case a transistor current is present, their pres-
ence modulates the conductivity of the transistor channel,
and this modulation is detected by appropriate subsequent
electronics. Hereby, the potential minimum has the same ef-
fect on the channel as the external gate, and it is therefore
also referred to as internal gate. High-accuracy measure-
ments rely on correlated double-sampling (CDS) to deter-
mine the amount of charge. After an initial measurement of
the transistor state, the charge is removed from the inter-
nal gate by an attached n-channel MOSFET, the ClearFET,
and the transistor state is measured again with empty inter-
nal gate. The actual amount of charge can be precisely de-
termined by the difference. In this way, standard DEPFET
cells in circular geometry (see figure 3) have been operated
with an equivalent noise charge (ENC) of 4�5e� RMS for
a readout time of 4 µs [18].
The fact, however, that the quantity of charge is sensed

indirectly via the channel conductivity enables an efficient
implementation of a DEPFET device capable of RNDR. In
case the charge is not cleared away during a CDS cycle, but

expected recoil spectrum
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DEPFET-Sensor

• software for operation of sensor readout 
under development 

• first test to operate Sensor expected  
for summer �39

Prototype detector matrix: 
• 64pixel x 64pixel

• Single pixel: 75µm x 75µm 

x 450µm

• Sensitive volume: 24mg



Expected Performance

• first estimates indicate sensitivity down to few MeV 

• contribution from intrinsic radiogenic background and leakage current 
to be experimentally studied

�40
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years improves the sensitivity only marginally. Increasing
the threshold from two electrons to three electrons reduces
the sensitivity in the MeV mass region by almost one order
of magnitude. A reduction of the exposure to 0.1kg ·y will
lead to a similar loss in sensitivity.
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Fig. 11 Expected sensitivity for dark matter-electron scattering assum-
ing a threshold of Q = 2e

�, six background events and an exposure of
one kg·y (black line). In addition we show the sensitivity with an in-
creased threshold of Q = 3e

� (blue), reduced exposure of 0.1kg ·y
(green) and increased background of ten events (red). We assume a
constant form factor of FDM(q) = 1. For comparison the best limit us-
ing data from Xenon10 and Xenon100 is shown [28].

Fig. 12 Expected sensitivity for dark matter-electron scattering assum-
ing a threshold of Q = 2e

�, six background events and an exposure
of one kg·y (black line). In addition we show the sensitivity with a
reduced threshold of Q = 1e

� (red), increased exposure of 3kg ·y
(green) and decreased background of zero events (blue). We assume
a constant form factor of FDM(q) = 1. For comparison the best limit
using data from Xenon10 and Xenon100 is shown [28].

5 Conclusion

The quest for particle dark matter is among the most urgent
open topics of modern physics. The mass range for dark
matter candidates, as well as the interaction rate with or-
dinary matter, is unpredicted. The parameter space for light
dark matter in the MeV mass range still has some experi-
mentally unexplored regions. We discuss the possibility to
use a silicon detector operated as a RNDR DEPFET device
to detect single electrons being produced by possible dark
matter-electron scatterings. Measurements using a RNDR
DEPFET prototype return an effective noise of 0.18e

� RMS,
allowing to resolve single electrons. Assuming six
background events in the signal region, a threshold of two
electrons and an exposure of one kg·y, we determine the ex-
pected sensitivity to be about s e = 10�41 cm2 for dark mat-
ter particles with a mass of 10MeV.
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decay product 32P is also unstable and decays with a half-
life of t1/2 = 14.268d and an energy release of 1.711MeV
to the stable isotope 32S. A further cosmogenic background
is 3H produced via muon spallation and inelastic scattering
of neutrons on silicon [29, 30]. It undergoes a b�-decay into
the stable 3He with an energy release of 18.592keV.
We simulate the energy deposition in silicon of the 32Si and
the subsequent 32P decay with the GEANT4 simulation pack-
age in version 10.2p1 using mostly the default processes de-
scribed by the “Low Energy Electromagnetic Physics Work-
ing Group” [24–26]. Only the size of the sampling bins of
the b� spectra are decreased by a factor 100 relative to the
default settings to increase the precision at lowest energies.
We model a silicon only device with the geometry similar
to the device to be used for initial dark matter searches. We
set the activity of 32Si in the sensor to 80kg�1d�1 [23]. The
decaying 32Si isotopes are randomly distributed in the sen-
sor. We explicitly note, since 32Si is generated via cosmo-
genic activation, that the activity strongly depends on the
time the silicon device is exposed to cosmic rays and the ac-
tivity might vary for other devices.
To our knowledge no measurement of the cosmogenic 3H
production rate R3H in Si exists. Therefore, we rely on the
simulation study [30] which found a strong dependence of
R3H on the used simulation code, resulting in values ranging
from 27.29 to 108.74kg�1d�1. In a conservative approach
we use the upper limit and set R3H = 108.74kg�1d�1. The
cosmogenic induced activity A3H is then given by [29]

A3H = R3H ·
 

1� e

� ln2·texp
t1/2

!
· e

� ln2·tcool
t1/2 , (6)

where t1/2 = 12.32y is the half-life of 3H, texp is the period
of exposure to cosmic rays, and tcool is the cooling time, i.e.
the duration at an underground location. Assuming a du-
ration of texp = 2y between growth of the Si crystal and
movement of the assembled detector to an underground lab-
oratory, and afterwards an immediate start of operation, i.e.
tcool = 0y, results in A3H = 11.57kg�1d�1.
The simulated spectrum of the deposited energy in silicon
from 32Si, 32P, and 3H decays is shown in figure 10. The
simulation returns a flat spectrum with an activity of  2.26
kg�1d�1keV�1, corresponding to 0.825kg�1y�1eV�1, for
energy depositions below 1keV.
The RNDR DEPFET detector is able to detect single elec-

trons with a resolution of 0.2e
�. To estimate the total back-

ground rate we follow the conversion from the total deposited
energy to ionization as used in [10] and summarised in Eq. 2.
We define as the signal region the energy range between the
band gap energy of silicon (1.1eV) and the minimum energy
needed to generate three electrons (8.3eV), corresponding
to the first two bins in figure. 1. By defining the first Q-bin as
part of the signal region we follow a conservative approach

Fig. 10 Simulation of the energy deposition in a silicon sensor from
radioactive 32Si/32P decays with a given activity of 80kg�1d�1 and 3H
decays with a given activity of 11.57kg�1d�1. The histograms show
the energy depositions from: the 32Si decays (red), the subsequent 32P
decay (blue), the 3H decay (green), and the sum of all decays (black).
The inset zooms to the flat part of the spectrum below 1keV. Statistical
uncertainties are comparable to the line width.

and allow upward fluctuations of Q = 1 to Q = 2 hits, gen-
erated by the leakage current. With the given background
activity of 0.825kg�1y�1eV�1 for energy depositions be-
low 1keV, as reported above, we expect a background rate
of 5.94kg�1y�1 in the region of Q = 1 to Q = 2. For the
sensitivity studies we use a background rate of 6kg�1y�1.

4.3 Expected sensitivity for detecting MeV dark matter
with DETFET-RNDR detectors

We use the number of predicted background events from
32Si, 32P, and 3H decays together with the code QEdark code
to calculate the expected sensitivity of the experiment [10].
We consider a constant form factor of FDM(q) = 1 only. We
determine the expected sensitivity assuming six background
events, an exposure of one kg·y and a threshold of Q = 2e

�.
We use the statistical approach described in [27] to deter-
mine the expected sensitivity. We assign no uncertainty to
the number of expected background events and we take the
number of observed events to be equal to the number of
background events. The upper limit for the number of signal
events for six background events is 6.75 events (95 % C.L.).
The expected sensitivity for different assumptions is shown
in figure 11 and figure 12. Please note, that we assume in
all cases no background events from leakage current events.
With the default assumption of an energy threshold of two
electrons, six background events and an exposure of one
kg·y we can reach a sensitivity of about s e = 10�41 cm2 for
dark matter particles with a mass of 10MeV. Assuming six
background events the maximal sensitivity can be reached
with an exposure of about one kg·y, an exposure of three
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Summary 

• the Standard Model of particle physics is an  
effective theory  

• some astro physical observations cannot be explained → Dark Matter  

• new particle(s) could explain Dark Matter 

• several new theoretical models (strongly interacting Dark Matter, 
asymmetric Dark Matter, Dark Photons,…) predict new particles in the 
sub-GeV region   

• key experimental technique: energy detection threshold  

• CRESST aims for best Dark Matter limit in the ~300 MeV - 3 GeV region 

• DANAE aims for the best Dark Matter limit in the ~1 - 100 MeV region

�41


