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Limits on Momentum-Dependent Asymmetric Dark Matter with CRESST-II
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The usual assumption in direct dark matter searches is to consider only the spin-dependent or spin-
independent scattering of dark matter particles. However, especially in models with light dark matter
particles O(GeV/c?), operators which carry additional powers of the momentum transfer g> can become

dominant. One such model based on asymmetric dark matter has been invoked to overcome discrepancies
in helioseismology and an indication was found for a particle with a preferred mass of 3 GeV/c? and a
cross section of 10737 cm?. Recent data from the CRESST-II experiment, which uses cryogenic detectors
based on CaWOy, to search for nuclear recoils induced by dark matter particles, are used to constrain these
momentum-dependent models. The low energy threshold of 307 eV for nuclear recoils of the detector used,
allows us to rule out the proposed best fit value above.
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Introduction.— Today, the existence of dark matter in the
Universe is well established. The nature of this dark matter,
however, remains unresolved. One possible solution would
be the existence of new particles beyond the standard
model. Among the most favored particle candidates are the
so-called weakly interacting massive particles (WIMPs).
They are created thermally in the early Universe and could
be detected via elastic scattering off nuclei, causing recoils
of a few keV in energy. The WIMP mass range spans from
~2 GeV/c? up to ~TeV/c?>. Asymmetric dark matter
(ADM) models offer an alternative mechanism to create
the dark matter, connecting the asymmetry observed in the
baryonic sector with the dark sector [1]. In ADM models
the dark matter particles are expected to have a mass
of 0(GeV/c?).

In both cases the dominant contribution to the interaction
between dark matter and normal matter is usually assumed
to be either spin independent (SI) or spin dependent. There
exist, however, viable models where these channels are
suppressed and the dominant interaction becomes dependent
on the transferred momentum g [2]. Recently, it has been
shown that momentum-dependent asymmetric dark matter
can resolve a disagreement between helioseismological data
and solar models resulting in a preferred dark matter mass
of 3 GeV/c? and cross section of 10737 cm? [3].
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The CRESST-II experiment, using cryogenic detectors
particularly sensitive to light dark matter, is well suited to
test these models. The detailed setup of CRESST-II is
described in [4,5]. It uses scintillating CaWQ, crystals
as absorber material operated as cryogenic detectors at
millikelvin temperatures. Each crystal is equipped with a
tungsten transition edge sensor (TES) which measures the
phonons induced in a particle interaction. This phonon
signal allows a precise reconstruction of the deposited
energy independent of the particle type. The scintillation
light produced in an interaction is detected in a second
absorber made of silicon and sapphire. This so-called light
detector is again equipped with a tungsten TES and records
the light signal which can be used to discriminate the
interacting particle. This is possible since the ratio of light
to phonon signal (light yield) depends on the interaction
type. Because of their higher ionization density, the light
production for nuclear recoils (e.g., dark matter particles
or neutrons) is quenched relative to electronic recoils
(e.g., gammas or betas).

The most crucial parameter in the search for O(GeV/c?)
dark matter particles is the energy threshold for nuclear
recoils. Here current CRESST detectors feature among the
lowest thresholds in the field (as low as 307 &= 3 eV [6]).
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FIG. 1. Energy dependent signal survival probability after

successive application of the different selection criteria. Figure
adapted from [6].

Another advantage of CRESST detectors for low mass
dark matter searches is the relatively light targets oxygen
(A~ 16) and calcium (A ~40) where more energy is
transferred in the scattering process compared to heavier
targets like germanium or xenon. Together, this leads to the
currently best sensitivity to spin-independent dark matter
scattering for masses below ~2 GeV/c? [6,7].

Data Set and Analysis.— The detector used in this work
is described in [6]. It features the lowest energy threshold
(307 eV) of all detectors, which makes it best suited for this
analysis.

The data set for this work contains an exposure of
52.2 kg live days. The data as well as the data reconstruction
are the same as in [6]. The energy reconstruction starts with
obtaining the pulse height by fitting a signal template to the
recorded pulses. The signal templates are created by aver-
aging a large number of pulses from the 122 keV line in a
dedicated calibration with a >’Co source. Pulses injected into
the TES with a heater are then used to linearize the detector
response. Finally, the energy scale is set by the response to
y-rays of the 122 keV peak from the 3’Co calibration source.

All data quality cuts are defined on a statistically
insignificant training set and blindly applied to the final
data set. After the removal of periods where the detector is
not in its nominal operating point, events coincident with
the muon veto and/or any other detector are removed.
Finally, data quality cuts are applied to remove unwanted
pulses (e.g., electronic artifacts, pileup). The signal survival
probability of these cuts is determined by applying the cuts
on artificial nuclear recoil events which are generated by
superimposing the signal template—scaled to the desired
energy—and randomly sampled baselines. The resulting
energy-dependent signal survival probability (see Fig. 1)
and the events surviving all cuts (see Fig. 2) are identical to
the ones in [6].
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FIG. 2. Data plotted in light yield-energy plane. The upper and
lower 90% contours of the e~ /y, oxygen, and tungsten bands are
shown in blue, red, and green, respectively. The dashed red line
indicates the center of the oxygen band which is used as an upper
boundary for the acceptance region which is shaded in yellow.
All events in the acceptance region are highlighted in red. Figure
adapted from [6].

A likelihood fit to this data yields the band containing
the e~ /y-events. Two noticeable features stand out in this
e~ /y-band: a p-decay spectrum (starting from 46.5 keV)
from the intrinsic contamination of the crystal with >'°Pb
and the double peak around 6 keV from an accidental
illumination with an >3Fe-source deployed to calibrate the
light detector of another module. The contamination due
to the »Fe-source, however, has only negligible impact
for masses <5 GeV/c? since the energy is far above the
expected recoil energies.

The precise amount of reduction of the light output for
nuclear recoils off the different target nuclei with respect to
the light produced for e~ or y events is quantified by the
so-called quenching factors. They have been precisely
measured in an external setup [8] and are used to define
bands in the energy-light yield plane where we expect
nuclear recoils to show up. The validity of this method has
been checked by irradiating the detectors with neutrons
from an Am-Be calibration source.

The acceptance region for dark matter candidates is
defined analogously to [6] to contain the lower half of the
oxygen band bounded below by the lower 99.5% contour
of the tungsten band. The energy range starts at the trigger
threshold of 307 eV, which is measured with pulses injected
into the TES heater (see Fig. 1 of Ref. [6]), and extends up
to 40 keV (yellow shaded region in Fig. 2). All events in
this region (highlighted in red in Fig. 2) are considered as
dark matter candidates, no background was subtracted.

The ability to separate e~ /y events from nuclear recoils
depends mainly on the resolution of the light detector
which dominates the width of the bands. The modest
performance of the light detector used in this module leads
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FIG. 3. Recoil spectra for 3 GeV/c® dark matter particles  FIG.4. 90% C.L. upper limits on o for different powers of ¢.

scattering off CaWO,. In dashed black the default spin-
independent spectrum is shown, in solid red and dotted blue the
effect of the different powers of ¢ on the shape of the recoil spectrum
can be seen. All spectra are normalized to one, note, however,
that especially for small masses the absolute count rate of the
modified spectra may be suppressed by several orders of magnitude.

to leakage of e~ /y events into the acceptance region also at
higher energies.

Results, Discussion, and Outlook.—Using the optimum
interval method [9,10], an upper limit with 90% confi-
dence level is set on the elastic spin-independent inter-
action cross section of dark matter particles with nucleons.
The dark matter-nucleon cross section is modified [2] by a

factor of
2
q
Oy—n =00\ 3| (1)
4 ’ <Q%>

where ¢? is the transferred momentum and g, is a
normalization factor chosen to be 40 MeV to be consistent
with [3].

This modification of the default spin-independent
recoil spectrum causes a suppression of the event rate
at lowest energies and leads to a peaked energy spectrum
(see Fig. 3).

To be able to directly compare the results, the halo
parameters from [3] are adopted: Maxwell-Boltzmann
halo with velocity dispersion of 270 kms™!, velocity of
the sun of 220 kms~!, and local dark matter density of
0.38 GeV cm™. The galactic escape velocity is taken as
544 kms~!. These differ slightly from the ones used in [6],
which, however, has no significant impact on the results.
We use the Helm parametrization of the nuclear form
factors to account for deviations from the A> dependence of
the scattering cross section due to the loss of coherence.
This approach is valid, since the nuclear physics involved
in the ¢2-dependent scattering is the same as in the standard
spin-independent scattering [11].

The resulting exclusion limit for g>-dependent dark
matter is drawn in solid red in Fig. 4. For comparison
also the default SI exclusion (dashed black) and the limit

The limit for g>-dependent scattering is drawn in solid red, ruling
out the best fit point from [3] (magenta cross). For comparison
also the limit for ¢*-dependent scattering (dotted blue) and scalar
interaction (dashed black) are shown.

for g*-dependent dark matter (dotted blue) are shown.
Our result for g>-dependent scattering excludes the best fit
point from [3] for g*>-dependent dark matter by an order of
magnitude, ruling out this particular model.

The kinks around 2-3 GeV/c? in the exclusion curves
are caused by the presence of the different target nuclei in
the detector. Above these kinks the scattering is dominated
by tungsten due to the expected A% dependence of the
scattering cross section. Below, the kinetic energy of the
dark matter particles is insufficient to cause tungsten recoils
above the energy threshold and only oxygen recoils can still
be observed at these low masses.

The rather large number of ¢~ /y events leaking into
the acceptance region limits the sensitivity that can be
reached with this detector. For the future it is planned to
reduce the dimensions of both the absorber crystal and
the light detector. This should lead to an even lower
energy threshold (<100 eV) and improve the discrimina-
tion of signal and background events due to enhanced
sensitivity in the light channel. In addition, absorber
crystals with significantly lower intrinsic background
will have an immediate impact on the sensitivity of the
detectors [12].

In summary, we have shown that current CRESST
detectors are a valuable tool for constraining also more
general dark matter models. The low energy thresholds
which can be achieved with these detectors provide a
unique opportunity to search for light dark matter particles.
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