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Search for low mass dark matter 

• observation of dark matter on different 
astrophysical scales 

• microscopic character of dark matter 
unclear  
→ search for particle dark matter 

• several models predict dark matter 
beyond the traditional WIMP mass 
window from ~2 GeV to ~120 TeV  
→ search for low mass dark matter
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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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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
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Direct detection of dark matter - basic principle

• weakly interacting massive particles scatter 
elastically with baryonic dark matter 

1.recoil of nucleus leads to 

2.deposition of energy followed by 

3.measurement of deposited energy  

• exact interaction rate and size of deposited 
energy (=mass of Dark Matter particle) 
unknown 

• low mass dark matter requires sensitivity 
to low energy deposition ~ 100 eV

time
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The CRESST Collaboration

About 40-50 scientists from 8 institutions and 5 countries
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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”)

�5

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) 



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 for 
nuclear recoils  
(“quenching”) 

• clear separation 
between signal and 
background at large 
ENR 

• significant overlap 
of bands at low 
energies (= low 
mass dark matter)
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Background simulation for 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 for CRESST - method II
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Background simulation for CRESST - result

• contribution of identified 
γ-peaks from external 
radiogenic background 

• electromagnetic 
background 
reproduces (69±16)% 
of the observed events 

• simulation of neutron 
background component 
and material screening 
ongoing
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CRESST III - detector module
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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

�12
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unfiltered pulse optimum filtered pulse

10.1016/j.nima.2019.06.030 
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Selection efficiency

• data taking period:  
5/2016-02/2018 

• 20% of data as non-
blind training set 
randomly selected  

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

• efficiency (energy 
dependence not taken 
into account) ~65%
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threshold Eth = 30.1 eV 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error function) 
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CRESST III - selected data 

• number of events exponentially  
increasing for low energies

�14
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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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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.

< 20
0 e
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cosmogenic activation:

M1: 
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0 k
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11
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Limit on spin-independent dark matter

• extend sensitivity 
down to 160 
MeV/c2 

• unexpected rise 
of event rate 
below 200 eV
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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 
(10.1140/epjc/s10052-017-5223-9)

arxiv:1904.00498



Limit on spin-dependent dark matter interaction

• measurement of spin-
dependent interaction via 17O 
(natural abundance 0.0367%)  

• exposure: 0.46 g⋅d

�16

⇣d�WN

dER

⌘

SD
=

16mN

⇡v2
⇤2G2

FJ(J + 1)
S(ER)

S(0)

spin of the target

Li2MoO4 above ground (10h)  
→7.91x10-5 kg⋅d 7Li exposure 

(arxiv:1902.07587)
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Summary 

• CRESST-III with 23.6 g CaWO4 crystals from 
05/2016-02/2018  

• unprecedented low nuclear recoil threshold of 30 eV 

• best limit for dark matter masses  between 160 MeV/c2 

and 1.8 GeV/c2  

• unexpected rising background below 200 eV 
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Result interpreted with Effective Field Operators

• develop cross section in 
terms of effective operators:
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2

of dark matter is explained in terms of freeze-in and asym-
metric production (for a review, see [9]).

From the theoretical side, the null result of present direct
detection experiments is usually interpreted within a frame-
work where dark matter either couples to the total nucleon
content of the nucleus (spin-independent interaction) or to
the nucleon spin content of the nucleus (spin-dependent in-
teraction) [10]. This is a reasonable approach, since spin-
independent and spin-dependent interactions are in general
expected to give the leading contribution to the cross section
for dark matter-nucleus scattering. However, when these stan-
dard interactions are forbidden or suppressed, such as in
the case of dark matter-nucleon interactions mediated by
a pseudo-scalar particle [11] or in the case of anapole in-
teractions [12], the leading contribution to the dark matter-
nucleus scattering cross section may have a different na-
ture. The classification and characterisation of non-standard
dark matter-nucleus interactions has driven the theoretical
research in the field of dark matter direct detection in the
past few years. In this context, the non-relativistic effec-
tive theory of dark matter-nucleon interactions has played
a key role [13]. Assuming that dark matter and nucleons
are the only relevant degrees of freedom, this theory de-
scribes all possible dark matter-nucleon interactions which
are compatible with the symmetries characterising the non-
relativistic dark matter-nucleus scattering. Within this the-
oretical framework, data collected by the SuperCDMS and
XENON100 experiments have been interpreted in [14] and
[15], respectively. Furthermore, a likelihood analysis of dif-
ferent direct detection experiments and non-relativistic dark
matter-nucleon interactions has been performed in [16–19].
The role of operator interference has extensively been dis-
cussed in [20].

The main goal of this work is to set exclusion limits on
the coupling constants of the effective theory of dark matter-
nucleon interactions using data collected by the CRESST-II
Phase 2 experiment. This analysis generalises previous re-
sults found by the CRESST collaboration focusing on stan-
dard interactions, and extends limits on non-standard inter-
actions presented by other groups to an as yet unexplored
mass range.

This article is organised as follows. We introduce the
non-relativistic effective theory of dark matter-nucleon in-
teractions in Sec. 2 and the CRESST experiment in Sec. 3.
Sec. 4 is devoted to the methods and data used in our anal-
ysis, while a summary of our results and conclusions is pre-
sented in Sec. 5.

2 Effective Theory of Dark Matter Direct Detection

In this section we briefly review the non-relativistic effec-
tive theory of dark matter-nucleon interactions as defined
in [13]. The theory is based upon the following considera-
tions: 1) In the non-relativistic limit, the amplitude for dark
matter scattering off nucleons N in target nuclei, McN , can
in general be expanded in powers of |q|/mN ⌧ 1, where |q|
is the momentum transferred in the scattering and mN is the
nucleon mass. 2) Each term in this expansion must be invari-
ant under Galilean transformations and Hermitian conjuga-
tion, and can be expressed in terms of basic invariants under
the above symmetries [13]: Sc , SN , iq, and v? ⌘ v+q/2µN ,
where Sc (SN) is the dark matter (nucleon) spin, and µN and
v are the dark matter-nucleon reduced mass and relative ve-
locity, respectively. These considerations imply that in the
one-body approximation1, the Hamiltonian for the interac-
tions of dark matter with a nucleus T , HcT , can be written
as follows [13]:

HcT = Â
i

Â
j

⇣
c0

jÔ
i
j1

i
2⇥2 + c1

j Ô
i
j t i

3

⌘
, (1)

where the index j characterises the dark matter-nucleon in-
teraction type and c0

j (c1
j ) is the associated isoscalar (isovec-

tor) coupling constant. The A nucleons in the target nucleus
are labeled by the index i = 1, . . . ,A, and 1i

2⇥2 (t i
3) is the

identity (third Pauli matrix) in the i-th nucleon isospin space.
Finally, Ô i

j is a non-relativistic operator for interactions of
type j between the dark matter particle and the i-th nucleon
in the nucleus.

In the Hamiltonian (1), the operators Ô i
j act on particle

coordinates through the momentum transfer and transverse
relative velocity operators, q̂ and v̂?, respectively. At linear
order in v̂?, and at second order in q̂, Eq. (1) includes 16 in-
dependent interaction operators Ô i

j, listed in Tab. 1. Not all
of them appear as leading operators in the non-relativistic
limit of simplified models2 [22–24]. In Tab. 1, the dark mat-
ter and nucleon spin operators are denoted by Ŝc and ŜN ,
respectively. Following [13], here we do not consider the
operators Ô i

2 and Ô i
16. Indeed, Ô i

2 is quadratic in v?, and
Ô i

16 is a linear combination of Ô i
12 and Ô i

15. Notably, Ô i
17

and Ô i
18 can only arise for spin 1 dark matter [22]. For sim-

plicity, from here onwards we will omit the nucleon index i
in the definitions.

In a dark matter direct detection experiment, the differ-
ential rate of nuclear recoil events per unit detector mass is

1The one-body approximation assumes that the interactions of dark
matter with nucleon pairs can be neglected, i.e. the so-called two-body
currents. See [21] for a discussion on two-body currents in dark matter-
nucleus scattering.
2By “simplified model”, one usually refers to a model where dark mat-
ter interacts with nucleons through the exchange of a single mediator
particle.

3

Ô1 = 1c1N

Ô3 = iŜN ·
⇣

q̂
mN

⇥ v̂?
⌘
1c

Ô4 = Ŝc · ŜN

Ô5 = iŜc ·
⇣

q̂
mN

⇥ v̂?
⌘
1N

Ô6 =
⇣

Ŝc · q̂
mN

⌘⇣
ŜN · q̂

mN

⌘

Ô7 = ŜN · v̂?1c
Ô8 = Ŝc · v̂?1N

Ô9 = iŜc ·
⇣

ŜN ⇥ q̂
mN

⌘

Ô10 = iŜN · q̂
mN
1c

Ô11 = iŜc · q̂
mN
1N

Ô12 = Ŝc ·
⇣

ŜN ⇥ v̂?
⌘

Ô13 = i
⇣

Ŝc · v̂?
⌘⇣

ŜN · q̂
mN

⌘

Ô14 = i
⇣

Ŝc · q̂
mN

⌘⇣
ŜN · v̂?

⌘

Ô15 =�
⇣

Ŝc · q̂
mN

⌘h⇣
ŜN ⇥ v̂?

⌘
· q̂

mN

i

Ô17 = i q̂
mN

·S · v̂?1N

Ô18 = i q̂
mN

·S · ŜN

Table 1 Quantum mechanical operators defining the non-relativistic
effective theory of dark matter-nucleon interactions [13]. Here we
adopt the notation introduced in Sec. 2. Standard spin-independent and
spin-dependent interactions correspond to the operators Ô1 and Ô4, re-
spectively. The operators Ô17 and Ô18 can only arise for spin 1 dark
matter, and S is a symmetric combination of spin 1 polarisation vec-
tors [22]. Following [13], here we do not consider the operators Ô i

2 and
Ô i

16 (see text above Eq. (2) for further details). For simplicity, we omit
the nucleon index in the operator definitions.

given by:

dR
dER

= Â
T

xT
rc

mc mT

Z

|v|�vmin
d3v |v| f (v) dsT

dER
(v2,ER) , (2)

where vmin =
p

2mT ER/(2µT ) is the minimum dark matter
velocity required to deposit an energy ER in the detector,
µT and mT are the dark matter-nucleus reduced mass and
target nucleus mass, respectively, and mc is the dark matter
mass. In Eq. (2), rc is the local dark matter density, while
f (v) is the dark matter velocity distribution in the detector
rest frame. The sum in Eq. (2) runs over all elements in the
detector. Each contribution is weighted by the corresponding
mass fraction xT .

In Eq. (2), the differential cross section for dark matter-
nucleus scattering, dsT/dER, depends on the isoscalar and
isovector coupling constants, c0

j and c1
j , respectively, and on

nuclear matrix elements of HcT . For an explicit expression,
see [25]. This very general description of the dark matter-
nucleus scattering captures most of the particle physics sce-
narios that one can conceive. Important exceptions include
models where the dark matter-nucleus scattering is inelas-
tic [26], or scenarios where dark matter-nucleon interactions
are mediated by particles with mass comparable or lighter
than typical momentum transfers [27]. In addition, Eq. (1)
cannot be used to describe effects related to meson exchange

in nuclei, e.g. the “pion pole” [21, 28]. However, such ef-
fects are known to be important only for momentum trans-
fers comparable with the pion mass, and are therefore ex-
pected to be negligible in the mass range of interest for the
present analysis [29]. Finally, Eq. (1) cannot account for op-
erator mixing effects induced by the running of coupling
constants. These can be predicted within ultraviolet com-
plete models [30].

Let us now comment on some of the assumptions made
while evaluating Eq. (2). Regarding the local dark matter
density, we adopt the standard value of 0.3 GeV/c2/cm3, al-
though slightly larger values are favoured by astronomical
data, e.g., [31]. For the dark matter velocity distribution in
the detector rest frame, we assume a Maxwellian velocity
distribution with a circular speed of 220 km/s for the local
standard of rest and a galactic escape velocity of 544 km/s
(i.e. the so-called Standard Halo Model [32]). As far as the
detector composition is concerned, here we consider the con-
tribution of Oxygen and Calcium to the scattering cross sec-
tion, but neglect Tungsten. For Tungsten, the nuclear re-
sponse functions, or “form factors”, associated with (most
of) the operators in Tab. 1 are currently not known. Since the
predominant isotopes of Oxygen and Calcium have spin 0,
and we neglect Tungsten, only the operators O1, O3 O5, O8,
O11, O12 and O15 contribute to the event rate in the present
analysis. In the notation of [13], these operators generate
the nuclear responses W t,t 0

M , W t,t 0
F 00 and W t,t 0

MF 00 . In the zero
momentum transfer limit, W t,t 0

M measures the nucleon con-
tent of the nucleus (and is proportional to the standard spin-
independent form factor), whereas W t,t 0

F 00 measures the nu-
cleon spin orbit coupling content of the nucleus. Finally, the
nuclear response W t,t 0

MF 00 arises from the interference of the
nuclear currents underlying W t,t 0

M and W t,t 0
F 00 .

Conclusions based on Eq. (2) are affected by uncertain-
ties in astrophysical and nuclear physics inputs. For kine-
matical reasons, only uncertainties on the nuclear response
functions at zero momentum transfer are relevant for light
dark matter. Whereas W tt 0

M (0) is known exactly, being pro-
portional to the square of the number of nucleons in the nu-
cleus, uncertainties on W t,t 0

F 00 (0) and W t,t 0
MF 00(0) must be as-

sessed through nuclear structure calculations. In the case of
Helium, the relative uncertainty on these response functions
was found to be of a factor of 3 or so using an ab initio no
core shell model approach [34]. Using large-scale nuclear
structure calculations, similar results were found for the nu-
clear response functions of interest in the case of Xenon iso-
topes [35]. On the other hand, astrophysical uncertainties
can play a crucial role in the search for light dark matter,
especially those on the dark matter velocity distribution. For
example, in the small mass limit, it has been found that ex-
clusion limits can be modified by up to few orders of mag-
nitude by variations in the astrophysical inputs that gov-

spin independent

spin dependent

data used for 
EFT analysis

isoscalar isovector 

• nuclear matrix element required

O an Ca  
have Spin 0
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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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CRESST @ LNGS

• ~3600 m.w.e. deep
• μs: ~3x10-8/(s cm2)
• γs: ~0.73/(s cm2)
• neutrons: 4x10-6 n/(s cm2) ©A. Eckert/MPP


