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Abstract Scintillating CaWOy single crystals are a promis-
ing multi-element target for rare-event searches and are cur-
rently used in the direct dark matter experiment CRESST
(Cryogenic Rare Event Search with Superconducting Ther-
mometers). The relative light output of different particle
interactions in CaWOQy is quantified by quenching factors
(QFs). These are essential for an active background discrim-
ination and the identification of a possible signal induced by
weakly interacting massive particles (WIMPs). We present
the first precise measurements of the QFs of O, Ca and W
at mK temperatures by irradiating a cryogenic detector with
a fast neutron beam. A clear energy dependence of the QF
of O and, less pronounced, of Ca was observed for the first
time. Furthermore, in CRESST neutron-calibration data a
variation of the QFs among different CaWOy single crys-
tals was found. For typical CRESST detectors the QFs in the
region-of-interest (10-40 keV) are QFRO! = (11.2£0.5) %,
QFRO! = (5.940.49) % and QFRO! = (1.72+0.21) %. The
latest CRESST data (run32) is reanalyzed using these funda-
mentally new results on light quenching in CaWOy4 having
moderate influence on the WIMP analysis. Their relevance
for future CRESST runs and for the clarification of previ-
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ously published results of direct dark matter experiments is
emphasised.

1 Introduction

Rare-event searches for dark matter (DM) in the form of
weakly interacting massive particles (WIMPs) [1,2] have
reached impressive sensitivities during the last decade [3].
Well motivated WIMP candidates with masses m , between a
few GeV/c? and a few TeV/c? might be detectable via nuclear
recoils of few keV in terrestrial experiments [4]. While the
DAMA/LIBRA [5], and recently the CoGeNT [6], CRESST
[7] and the CDMS(Si) [8] experiments observed excess sig-
nals that might be interpreted as induced by DM particles
with m, ~ 10 GeV/c? at WIMP-nucleon cross sections
of ~10~* pb, this scenario is ruled out by the LUX [9]
and XENON100 [10] experiments, and almost excluded by
the CDMS(Ge) [11,12], the EDELWEISS [13,14] and the
SuperCDMS [15] experiments. It is strongly disfavoured by
accelerator constraints [16,17] and in mild tension with an
extended analysis [18] of published CRESST data [19].

2 Dark matter search with CRESST

The CRESST experiment [7] employs scintillating CaWQO4
crystals [20,21] as a multi-element target material. The key
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feature of a CRESST detector module is the simultaneous
measurement of the recoil energy E, by a particle inter-
action in the crystal (operated as cryogenic calorimeter at
mK temperatures [22]) and the corresponding scintillation-
light energy E; by a separate cryogenic light absorber. Since
the relative light yield LY = Ej/E, is reduced for highly
ionizing particles compared to electron recoils (commonly
referred to as quenching) nuclear-recoil events can be dis-
criminated from e~ /y and « backgrounds. The phenomeno-
logical Birks model [23] predicts this quenching effect to be
stronger the higher the mass number A of the recoiling ion,
which allows one to distinguish, in general, between O (A &
16), Ca (A =~ 40) and W (A =~ 184) recoils. The expected
WIMP-recoil spectrum—assuming coherent scattering—is
completely dominated by W-scatters for m, 2 20 GeV/c?.
However, the light targets O and Ca make CRESST detec-
tors particularly sensitive to low-mass WIMPs of 1 GeV <
my <$20GeV. Furthermore, the knowledge of the recoil
composition of O, Ca and W allows a test of the assumed A>-
dependence of the spin-independent WIMP-nucleon cross
section [2]. In addition, background neutrons, which are
mainly visible as O-scatters (from kinematics [24]), can be
discriminated statistically.

3 Quenching factors (QFs)

The mean LY of e™/y events (LY,) is energy dependent and
phenomenologically parametrised as LY, (E;) = (po+p1 E;)
(1 — p2exp(—E,/p3)) [25]. By convention, LY, (122 keV)
is normalised to unity. The parameters pg, p1, p2 and p3
are derived from a maximum-likelihood (ML) fit for every
detector module individually. For the module used in this
work the fit yields: pg = 1.07, py = —1.40 - 107 keV ™!,
p2 = 6.94 1072 and p3 = 147 keV (errors are negligible
for the following analysis). The exponential decrease towards
lower recoil energies (quantified by p, and p3) accounts for
the scintillator non-proportionality [26]. The Quenching Fac-
tor (QF) of a nucleus x—in general energy dependent—is
defined as QF, (E,) = LYx(E;)/LYy norm Where LY is the
mean LY of a nuclear recoil x and LY, norm is a detector-
specific normalization factor which corresponds to the LY
of e”/y events. By convention, LY, norm = LY, (E;)/(1 —
prexp(—E,/p3)) = po is used for the analysis since the
scintillator non-proportionality is not observed for nuclear
recoils and pl < 1. For typical CRESST detector mod-
ules, the uncertainties in energy and LY are well described
by gaussians [7] consistent with photon-counting statistics in
the energy range considered in this work.

Since the resolution of light-detectors operated in the
CRESST setup at present is not sufficient to disentangle O,
Ca and W recoils unambiguously, dedicated experiments to
measure the QFs of CaWQ, are necessary. Earlier attempts
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yield inconclusive results, in particular for the value of QFy
[27-29].

4 The neutron-scattering facility
4.1 Experimental setup

At the accelerator of the Maier-Leibnitz-Laboratorium
(MLL) in Garching a dedicated neutron-scattering facility
for precision measurements of QFs at mK temperatures was
set up (see Fig. 1). A pulsed ''B beam of ~65 MeV in
bunches of 2-3 ns (FWHM) produces monoenergetic neu-
trons of ~11 MeV via the nuclear reaction p(!'B,n)!'Cin a
pressurised Hj target [30]. These neutrons are irradiated onto
a CRESST-like detector module consisting of a ~10 g cylin-
drical CaWOy single crystal (20 mm in diameter, 5 mm in
height) and a separated Si light absorber (20 mm in diameter,
500 wm thick) [31]. Both are operated as cryogenic detec-
tors in a dilution refrigerator at ~20 mK [32]. Undergoing
elastic (single) nuclear scattering in CaWQ, the neutrons are
tagged at a fixed scattering angle ® in an array of 40 liquid-
scintillator (EJ301) detectors which allow fast timing (~2 ns)
and n/y discrimination.

4.2 Working principle

Depending upon which of the three nuclei is hit a distinct
amount of energy is deposited by the neutron in the crystal.
Triple-coincidences between (1) a ''B pulse on the H target,
(2) a neutron pulse in a liquid-scintillator detector and (3) a
nuclear-recoil event in the CaWOy crystal can be extracted
from the data set. A neutron time-of-flight (TOF) measure-
ment between neutron production and detection combined
with a precise phononic measurement of the energy deposi-
tion in the crystal (resolution ~1 keV (FWHM)) allows an
identification of the recoiling nucleus. To derive the individ-
ual QF the corresponding scintillation-light output is mea-

cryogenic detector module
Si light detector —_|

™

-

neutrons (11MeV) ~ e
~

CaWOQ,single
crystal

L~

liquid-scintillator
neutron-detector array

Fig. 1 Schematic experimental setup of the neutron-scattering facility.
Neutrons produced by the accelerator are scattered oft a CRESST-like
detector module (operated at 20 mK) and tagged in liquid-scintillator
neutron detectors at a fixed scattering angle ®
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Fig. 2 Histogram of the time difference Ar between neutron events
with the correct TOF and the closest W recoil in the CaWOy crys-
tal (E, = 100 £ 20 keV). A fit to the distribution (solid black line)
including a constant for the accidental background (shaded area) and
a gaussian for the triple-coincidences on W (dashed red line) is shown.
158 W-scatters are identified with a signal-to-background ratio of ~7:1

sured simultaneously by the light detector. Since the onset
uncertainty of cryodetector pulses is large (~5 ws) compared
to typical neutron TOFs (~50 ns) an offline coincidence anal-
ysis has to be performed [25].

4.3 Measurements and results for QFy,

The experiment was optimised for the measurement of QFyy
[25,33]. To enhance the number of W-scatters a scattering
angle of ® = 80° was chosen due to scattering kinemat-
ics [27]. For this specific angle, the expected recoil energy
of triple-coincident events is ~100 keV for W, ~450 keV
for Ca and ~1.1 MeV for O. In ~3 weeks of beam time a
total of ~108 cryodetector pulses were recorded. Figure 2
shows the time difference At between neutron events with
the correct TOF identified in one of the liquid-scintillator
detectors and the closest W recoil (in time) in the CaWOQy
crystal (E, = 100 £ 20 keV). A gaussian peak of triple-
coincidences on W (dashed red line) at At =~ 0.016 ms and
a width of 0; & 4.8 s (onset resolution of the cryodetector)
is observed above a background due to accidental coinci-
dences uniformly distributed in time (shaded area). Within
the 20 -bounds of the peak 158 W-scatters are identified with
a signal-to-background (S/B) ratio of ~7:1.

Figure 3 shows the LY distribution of these events in a
histogram (black dots). The mean LY of the extracted W-
scatters is found at a lower value compared to the mean
LY of all nuclear recoils, i.e., the (overlapping) contribu-
tions of O, Ca and W if no coincidence measurement is
involved. The accidental coincidences have a LY-distribution
equal to that which is modelled by a probability-density
function (background-pdf) [25]. A simultaneous maximum-
likelihood (ML) fit is performed including (1) the timing
distribution which fixes the S/B ratio and the number of
identified W-events, and (2) the LY distribution described
by a gaussian (W-events) and the background-pdf. The
final results are LYw = 0.0208 4+ 0.0024 and QFy =

10

-0.1 -0.05 0 0.05 0.1 0.15 0.2
LY

events / (0.02)

Sat

Fig. 3 LY histogram of the 158 events identified as triple-coincidences
on W. A fit to the distribution (solid black line) is shown which
includes a gaussian (dashed red line) accounting for W-scatters and the
background-pdf (shaded area) describing accidental coincidences. The
simultaneous ML fit including the timing distribution yields QFy =
(1.96 £ 0.22) %

(1.96 £ 0.22) %, correspondingly (errors are dominated
by statistics). Figure 3 shows the fit to the LY distribution
by the gaussian (dashed red line) and the background-pdf
(shaded area).

5 Energy-dependent QF analysis
5.1 Principle of analysis

For the measurement of QF, and QFg no coincidence sig-
nals are necessary, instead, an analysis of the nuclear-recoil
data alone is sufficient. Also for this analysis the neutron
data obtained at the scattering facility were used. Commonly
CRESST data is displayed in the energy-LY plane [7] giving
rise to nearly horizontal bands which correspond to differ-
ent types of particle interactions (LY ~ 1 for electron and
LY < 0.2 for nuclear recoils). The nuclear-recoil bands of
the data recorded during ~1 week of beam time (~5 - 10°
pulses) are shown in Fig. 4 (2-dim histogram). From kine-
matics using ~11 MeV neutrons as probes the O-recoil band
extends up to ~2.4 MeV while the Ca- and W-bands extend
up to ~1.05 MeV and ~240 keV, respectively [30]. Despite
the strong overlap of the 3 nuclear-recoil bands the contribu-
tions of O and Ca fitted by two gaussians can be disentangled
at E, 2 350 keV (see Fig. 5 top) due to high statistics and a
good light-detector resolution.

5.2 Results and discussion

InFig. 6 the results for QFy and QF, (red error bars) derived
by these independent one-dimensional (1-dim) fits are shown
for selected recoil-energy slices of 20 keV in width. All
parameters in the fit are left free except for the LY-resolutions
which are fixed by a ML fit of the electron-recoil band [25].
While QFg clearly rises towards lower recoil energies, this
effect is less pronounced for QF,.

@ Springer
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Fig. 4 Histogram of neutron-induced nuclear-recoil events plotted in
the LY-energy plane. The corresponding 1o acceptance bounds (full red
lines) of O, Ca and W as derived from the correlated ML fit (see text)
are indicated

Below ~350 keV, due to the strong overlap of the nuclear-
recoil bands, this simple approach fails. Instead, a corre-
lated ML fit was performed based on the following assump-
tions: (1) for the mean LY of O- and Ca-scatters the phe-
nomenological parametrization LY (E,) = LY(1 + f; -
exp (—E,/Ay)) is proposed with the free parameters LY$°
(LY at E, = o0), fy (fraction of energy-dependent com-
ponent) and A, (exponential decay with energy), and (2)
the mean LY of W-scatters is approximated to be con-
stant in the relevant energy range (up to ~240 keV) at the
value precisely measured with the triple-coincidence tech-
nique (LYw = 0.0208 £ 0.0024 which corresponds to
QFyw = (1.96 £ 0.22) %). These assumptions are supported
by the result of the 1-dim fits (see Fig. 6), by Birks’ model
[23] and by a recent work [34] which predict the strength
of the energy dependence to decrease with A. The nuclear-
recoil bands are cut into energy intervals of 10 keV (20 keV
to 1 MeV), of 20 keV (1 to 1.4 MeV) and 50 keV (above
1.4 MeV) and fitted with up to three gaussians depend-
ing on the recoil energy (e.g., shown in Fig. 5 bottom for
E, = 40 keV). Except for the assumptions mentioned above

400 1~ g = 350keV + data
- fit
200 |—
= .
c. 0 | KL | d
=
= 0.04 0.06 0.08 0.1 0.12 0.14 0.16
&
5
S 1000} Er=40keV + data
- fit
00 W .
o Lt
-0.1 0 0.1 0.2
LY

Fig. 5 LY histograms of energy slices (20 keV in width) at 350 keV
(top) and 40 keV (bottom) fitted by gaussians
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Fig. 6 Results of the correlated ML analysis for QFg, QF¢, and QFy
(solid lines). The shaded areas indicate the 1o and 20 bounds. For the
first time a clear energy dependence of QFy and QFc, is observed.
These results are in agreement with that of the 1-dim fits of discrete
energy intervals (see text) shown as red error bars. QFyy is fixed (in the
correlated fit) at the value measured by the triple-coincidence technique

and the LY-resolution all parameters are left free in the fit. The
fit converges over the entire energy range (20-1800 keV).
In Table 1 the results for LYS®, fy and A, are presented
which correspond, e.g. at 40 keV, to QFy = (12.6 £0.5) %,
QFc, = (6.73 £ 0.43) % at 1o CL. Errors are domi-
nated by systematics including different choices of the LY
parametrization. The final results for QFg, QFc, and QFyy
are presented in Fig. 6 and are found to be in perfect agree-
ment with the outcome of the 1-dim fits (red error bars).
Figure 4 shows the 1o acceptance bounds (full red lines)
of O, Ca and W recoils as obtained in the correlated ML
fit.

These are the first experimental results which clearly show
arise of QFg of ~28 % towards the ROI (10—40 keV) com-
pared to that at a recoil energy of 500 keV. For QF, the best
fit yields a rise of ~6 %, however, the energy dependence is
less significant (see Fig. 6).

In previous works, the QFs of CaWO,4 were assumed
to be constant over the entire energy range [7]. A statis-
tical analysis shows that this simple model is clearly dis-
favoured. Employing a likelihood-ratio test in combination
with Monte-Carlo simulations gives a p-value of p < 107>
for the data presented here to be consistent with constant
QFs. Furthermore, the derived energy spectra of the individ-
ual recoiling nuclei agree with the expectation from incident
11 MeV neutrons while the constant QF approach provides
non-physical results.

6 QFs of CRESST detectors

In the present paper, using the eight detector modules oper-
ated in the last CRESST measurement campaign (run32)
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Table 1 Results for the free parameters LY°, fy and A, of the ML
analysis. The statistical errors are given at lo CL

LY fx Ax
o 0.07908 =+ 0.00002 0.7088 + 0.0008 567.1+0.9
Ca 0.05949 + 0.00078 0.1887 + 0.0022 801.3 £18.8

Table 2 QF results averaged over the ROI (10—40 keV) and adjusted
by the scaling factor €; for the modules Rita and Daisy, and the mean
(@) of all run32 detectors (1o errors)

€i QESY" (%) QFEY! (%) QR (%)
Rita 0.844  108+05 570044  1.65+0.19
Daisy ~ 0939  120£07  633£0.58  1.84+024
4] 0.880  112+£05  594£049 1724021

an additional aspect was investigated: the variation of the
quenching behaviour among different CaWOy crystals [25].
Nuclear recoils acquired during neutron-calibration cam-
paigns of CRESST run32 are completely dominated by O-
scatters at E, 2 150 keV (from kinematics) [7]. Despite
low statistics (a factor of ~100 less compared to the mea-
surement presented here) in the available data, the mean LY
of O-events can be determined by a gaussian fit with a pre-
cision of O(1 %) for every module. In this way, the mean
QF of O between 150 and 200 keV was determined indi-
vidually for the 8 detector modules (index i) operated in
run32 (QF—E‘)J) and for the reference detector operated at the

neutron-scattering facility (QF). Different values of QF—E)J.
are observed for the CRESST detector crystals (variation
by ~11 %) and for the reference crystal (~12 % higher
than the mean of QF ;). This variation appears to be cor-
related with the crystal”s optical quality. The QF—which is
a relative quantity—is found to be lower if a crystal has a
smaller defect density and thus a higher absolute light out-
put, i.e., the LY of nuclear recoils is less affected by an
increased defect density. This is in agreement with the pre-
diction described in a recent work [34]. In the present paper,
a simple model to account for this variation is proposed:
For every detector module which is to be calibrated a scal-
ing factor ¢; is introduced, ¢; = QF}) ,/QFq. Then within
this model the QFs of the nucleus x can be calculated for
every module by QF} ;(E,;) = € - QF,(E;) where QF, is
the value precisely measured within this work. The nuclear-
recoil behaviour of CRESST modules is well described by
energy-dependent QFs. In Table 2 the QFs, averaged over
the ROI (1040 keV) and the scaling factor ¢; are listed
for two selected detector modules (Rita and Daisy, with
the lowest and highest absolute light output, respectively)
and the mean of all eight detector modules of run32 (@),

QFBO! = (11.2 £ 0.5) %, QFF' = (5.94 & 0.49) % and
QFEOl = (1.72 £ 0.21) %.

7 Re-analysis of latest CRESST results

We now turn to the effect of energy-dependent quenching
since constant QFs as assumed in earlier CRESST publi-
cations do not sufficiently describe the behaviour of the
nuclear-recoil bands. The value of QF in the ROI was under-
estimated by ~8 % while the room-temperature measure-
ments overestimated the values of QF, and QFy by ~7 and
~130 %, respectively [7]. Therefore, the parameter space of
accepted nuclear recoils is larger than assumed in earlier pub-
lications (by ~46 %) requiring a reanalysis of the published
CRESST data.

During the latest measuring campaign (run32) a statis-
tically significant signal (4.20) above known backgrounds
was observed. If interpreted as induced by DM particles
two WIMP solutions were found [7], e.g. at a mass of
my, = 11.6 GeV/c* with a WIMP-nucleon cross section
of oy = 3.7 107> pb. The dedicated ML analysis was
repeated using the new QF values (@ in Table 2) yielding
m, = 12.0 GeV/c? and o, = 3.2 - 107> pb at 3.90. Beside
this moderate change of the WIMP parameters also the back-
ground composition (e, y, neutrons, ’s and 206Pb) is influ-
enced. This is mainly due to the significantly lower value of
QFy which increases the leakage of 2%°Pb recoils into the
ROI (by ~18 %). The other WIMP solution is influenced
similarly: m, changes from 25.3 to 25.5 GeV/c?, o, from
1.6-107%to 1.5- 107 pb and the significance drops slightly
from 4.7 to 4.30.

8 Summary and outlook

In conclusion, the first precise measurement of QFy, at mK
temperatures and under conditions comparable to that of the
CRESST experiment was obtained at the neutron-scattering
facility in Garching by an extensive triple-coincidence tech-
nique. Furthermore, the QFs of O and Ca were precisely
determined by a dedicated maximum-likelihood analysis
over the entire energy range (~20—1800 keV). The observed
energy dependence of the QFs, which is more pronounced
for lighter nuclei, has significant influence on the determina-
tion of the ROI for DM search. Analysing CRESST neutron-
calibration data a variation of the QFs between different
CaWOy crystals was observed which is related to the opti-
cal quality. By the simple model proposed above the mea-
sured QFs can be adapted to every individual crystal. The
updated values of the QFs are highly relevant to disentan-
gle the recoil composition (O, Ca and W) of a possible DM
signal and, therefore, to determine the WIMP parameters.
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Since the separation between the O and W recoil bands is
higher by ~46 % compared to earlier assumptions, back-
ground neutrons which are mainly visible as O-scatters [24]
can be discriminated more efficiently from possible WIMP-
induced events. A reanalysis of the run32 data shows a moder-
ate influence of the new QF values on the WIMP parameters.

The results obtained here are of importance for the current
CRESST run (run33) and upcoming measuring campaigns.
Providing a highly improved background level run33 has the
potential to clarify the origin of the observed excess sig-
nal and to set competitive limits for the spin-independent
WIMP-nucleon cross section in the near future.

For the planned multi-material DM experiment EURECA
(European Underground Rare Event Calorimeter Array) [35]
the neutron-scattering facility will be an important tool to
investigate the light quenching of alternative target materials
in the future.
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