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The physics potential of EDELWEISS detectors for the search of low-mass weakly interacting massive
particles (WIMPs) is studied. Using a data-driven background model, projected exclusion limits are
computed using frequentist and multivariate analysis approaches, namely, profile likelihood and boosted
decision tree. Both current and achievable experimental performances are considered. The optimal strategy
for detector optimization depends critically on whether the emphasis is put on WIMP masses below or
above ∼5 GeV=c2. The projected sensitivity for the next phase of the EDELWEISS-III experiment at the
Modane Underground Laboratory (LSM) for low-mass WIMP search is presented. By 2018 an upper limit
on the spin-independent WIMP-nucleon cross section of σSI ¼ 7 × 10−42 cm2 is expected for a WIMP
mass in the range 2–5 GeV=c2. The requirements for a future hundred-kilogram-scale experiment designed
to reach the bounds imposed by the coherent scattering of solar neutrinos are also described. By improving
the ionization resolution down to 50 eVee, we show that such an experiment installed in an even lower
background environment (e.g., at SNOLAB) together with an exposure of 1000 kg · yr, should allow us to
observe about 80 8B neutrino events after discrimination.

DOI: 10.1103/PhysRevD.97.022003

I. INTRODUCTION

In past decades, astronomical surveys and cosmological
precision measurements have led to the worldwide con-
sensus that the matter content of the Universe is dominated
by nonbaryonic dark matter [1]. Though its nature remains
unknown, a class of dark matter candidates from physics
beyond the Standard Model is so far favored and known as
weakly interacting massive particles (WIMPs) [2].
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Thermally produced in the early Universe, these stable
elementary particles should account for the relic density
and consequently have a cross section of the weak scale and
a mass within a typical range of 10 GeV=c2 to 1 TeV=c2.
Liquid xenon experiments stand now as a leader in such
high-mass WIMP searches thanks to both scalable highly
radiopure absorbers to large masses and low background
levels ensured by self-shielding [3–5]. However, there is
increasing interest in the search for low-mass WIMPs arising
on the one hand from a lack of evidence for supersymmetry
at the LHC and on the other hand from new theoretical
approaches favoring lighter candidates [6–8]. As an exam-
ple, asymmetric dark matter models linking the relic density
to the baryon asymmetry predict dark matter particles of a
few GeV=c2 [9–11].
Thus, a wide region of the parameter space ðσSI; mWÞ

giving spin-independent WIMP-nucleon cross sections as a
function of WIMP mass has yet to be explored at such low
WIMP masses. A division of work is taking shape in the
hunt for dark matter particles: an exploration of the high-
mass region led by experiments with liquid scintillators,
and light WIMP models to be tested by cryogenic detector
experiments. Concerning the low- and intermediate-mass
WIMP region between 0.8 and 20 GeV=c2, the current
situation is the one presented in Fig. 1. It shows current
experimental constraints: 90% C.L. upper limits [3–5,
12–18] and closed contours [19–22] on the ðσSI; mWÞ
plane below 20 GeV=c2, as well as the so-called neutrino

floor [23]. Solid state detectors such as DAMIC [12] and
particularly cryogenic ones such as those used by the
CRESST [13], SuperCDMS [14,15], and EDELWEISS
[16,24] experiments are potentially well suited to reach
very low nuclear energy thresholds. These collaborations
are actively working on the optimization of their experi-
ments to focus on low-mass WIMP searches, whereas the
required thresholds seem to be more difficult to achieve
for liquid Xe and Ar time projection chambers (TPCs)
[3–5,18], intrinsically limited by insufficient light scintil-
lation efficiency.
In this new context, the EDELWEISS experiment origi-

nally designed for the search of WIMPs ofOð100 GeV=c2Þ
has undergone a redirection of its strategy. The present
paper thus proposes a road map dedicated to the optimi-
zation of EDELWEISS detectors for low-mass WIMP
searches. To define research and development (R&D)
priorities, projected sensitivities are computed spanning
the detector performance achievable in the short term. This
paper is organized as follows. In Sec. II, we first describe
the EDELWEISS experiment and present the background,
signal, and detector response models used to simulate the
outputs of future data acquisition. We then present in
Secs. III A and III B the two analysis methods used to
derive projected sensitivities, namely, the boosted decision
tree (BDT) and the profile likelihood, respectively, and we
compare their performance in Sec. III C. The study of
EDELWEISS detector optimization is presented in Sec. IV,
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FIG. 1. Constraints in the spin-independent (SI) WIMP-nucleon cross section as a function of WIMP mass. Closed contours correspond
to signal hints reported by the CDMS-II Si [19] (dashed blue, 90% C.L.); CoGeNT [20] (dashed green, 90% C.L.); CRESST-II [21]
(dashed pink, 95% C.L.); and DAMA/LIBRA [22] (dashed purple, 90% C.L.) experiments. Results interpreted as 90% C.L. exclusion
upper limits are represented by lines: experimental limits shown are from DAMIC [12] (green), CRESST [13] (pink), SuperCDMS
low mass [14] (dotted dark blue), CDMSlite with Ge [15] (dark blue), PandaX-II [5] (brown), LUX combined [4] (turquoise blue),
XENON-100 high and low mass [3] (dashed orange and orange), EDELWEISS low mass [16] (red), ZEPLIN-III [17] (blue-green), and
DarkSide-50 [18] (pale brown). The region delimited by the yellow dashed line corresponds to the neutrino floor [23].
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where the impact on the sensitivity of detector performance
is reviewed. Finally we present in Sec. V the expected
sensitivity that can be achieved by 2018 and discuss the
requirements for a larger-scale experiment to probe the space
parameter down to the bound imposed by the coherent solar
neutrino scattering [23], either in terms of background for
the WIMP search or as a potential neutrino study.

II. THE EDELWEISS-III EXPERIMENT

The EDELWEISS-III dark matter direct detection experi-
ment [25] is installed in the deepest European underground
laboratory (4800 m.w.e) [26], the Laboratoire Souterrain de
Modane (LSM). It houses the largest operating mass of
germanium detectors devoted to the search for dark matter
with twenty-four 820–890 g high-purity Ge cylindrical
crystals, each with a diameter of 7 cm and a height of
4 cm, called fully interdigitized (FID) detectors. These are
cooled down to cryogenic temperatures (18 mK) in order
to perform a double measurement of ionization and heat
signals, which is used to discriminate nuclear recoils
induced by WIMP elastic scattering on Ge nuclei from
electronic recoils induced by β and γ rays. Charge collec-
tion is carried out by concentric Al electrodes interleaved
on all the absorber surfaces [see Fig. 2(a)]. Electrodes are
alternatively biased in such a way as to produce a field
structure that defines two regions recognizable from the
pair of electrodes involved in charge collection:

(i) A fiducial zone where the created carriers drift
towards the fiducial electrodes B and D, as shown
in Fig. 2(b).

(ii) A surface zone where an energy deposit leads to a
charge collection shared between one fiducial elec-
trode and one so-called veto electrode: either (A&B)
or (C&D), as shown in Fig. 2(c).

The readout of the four types of electrodes allows fiducial
selection of events and results in a background rejection
factor for surface α and β events of 4 × 10−5 and 2.5 × 10−6,
respectively [25]. FID detectors are also equipped with two
neutron transmutation doped (NTD) Ge sensors glued on
their two planar surfaces, allowing us to measure temper-
ature elevations of a few μK that characterize energy deposits
of the order of one keV. In addition to inducing the ionization
signal, the drift of the Np electrons and holes created
following a particle interaction amplifies the heat signal
through the Neganov-Luke effect [27]. Neglecting trapping
effects [28], the full conversion into thermalized phonons
of the work done on the charge carriers during the drift
produces an additional heat contribution ELuke equal to

ELuke ¼ NpeV ¼ QðErÞ
Er

ϵγ
eV ð1Þ

where e is the elementary charge, V the collection bias,
and QðErÞ the ionization yield associated with the recoil
energy Er. The quantity ϵγ ¼ 3 eV per electron charge is
the average energy required to create an e−=hþ pair for
electronic recoils in germanium [29]. This quantity is
approximately four times less than the energy required by
a nuclear recoil to produce a pair, a factor that is taken into
account by the normalized ionization yield factor QðErÞ.
The total energy of the heat signal is thus

Eheat ¼ Er þ ELuke ¼ Er ×

�
1þQðErÞV

3

�
: ð2Þ

In the limit of biases up to 100 V, ELuke dominates and both
phonon and ionization signals become proportional to Np,
effectively losing the discrimination power offered by the

(a)

(b)
(c)

FIG. 2. (a): A FID detector. (b): Cross section of a FID detector as indicated by the dashed purple lines on panel (a). The zone in
semitransparency delimited by orange lines indicates the fiducial zone (i.e., where an energy deposit leads to charge collection on
fiducial electrodes B and D as schematized on the picture). The color code gives the electric potential map. (c): Charge collection for a
surface event (i.e., involving at least one veto electrode).

OPTIMIZING EDELWEISS DETECTORS FOR LOW-MASS … PHYS. REV. D 97, 022003 (2018)

022003-3



double measurement. To prevent this, the detectors are
commonly operated at biases of a few volts. However, in
the context of low-mass WIMP searches, the optimal bias
needs to be reevaluated in view of the constraints imposed
by the experimental backgrounds and the required thresh-
olds. To answer this question, a modeling of both
EDELWEISS-III backgrounds and signal, as well as the
FID detector response, has to be carried out as described in
Secs. II A, II B, and II C, respectively.

A. Background model

Our background model is data driven by the first physics
run of the EDELWEISS-III experiment [16,24] and based
on sidebands. Each background component [30,31] is
characterized by a spectral shape, an event rate, and an
ionization yieldQðErÞ. The latter, which is normalized to 1
for γ rays, is given for all backgrounds in Table I, together
with the expected number of events in the recoil energy
range ½0; 20� keV considering a total exposure of 1 kg · d.
The associated recoil energy spectra are shown in solid
lines in Fig. 3 for each individual background described
below. Analytic functions used to describe these back-
grounds can be found in the Appendix.
The three backgrounds considered first have been studied

extensively to understand tritium decays and cosmogenic
activation in germanium detectors, as described in [32].
These are

(i) Compton-induced electronic recoils, which are well
described by a flat spectrum in the region of interest.

(ii) Tritium β decays, inducing electronic recoils, for
which the recoil energy spectrum is parametrized
using Eq. (A1), with an end point at 18.6 keV.

(iii) Cosmogenic-activation-induced x-ray peaks follow-
ing the electron capture from the K, L, or M shells in
Ge detectors and producing lines whose intensity is
strongly dependent on the history of the detector
[32]. In these projections, we will not account for
cosmogenic activation differences from one detector
to another and will assume constant arbitrary rates
for the K, L, and M peaks, with fixed values of
10 (100) for K/L (K/M) electron capture intensity

ratios [33,34]. In the simulation, theK peak is resolved
as the so-called 10 keV triplet (at 10.37, 9.66, and
8.98 keV), while the L andM are considered as single
peaks at 1.30 and 0.16 keV, respectively (these lines
have no impact on our following sensitivity study
thanks to the resolution) [35].

Background associated with surface events has been studied
during low-mass WIMP analyses of the EDELWEISS-III
data using the eight detectors having the best performance:
associated energy spectra have been directly measured for
top and bottom sides of each detector independently,
according to their ionization topologies, and then extrapo-
lated down to lower energy [16,24]. The corresponding
ionization yields have also been measured and the values are
given in Table I. The dispersions around these QðErÞ values
are dominated by experimental resolutions at low energy.
In the present publication, the projected sensitivities are
obtained using surface backgrounds as derived detector by
detector by fitting the resulting averaged spectra weighted
by the exposure with analytic functions, which allow us to
reproduce the data:

(i) The spectrum associated with surface β decays from
the 210Pb decay chain has been derived by fitting the
averaged spectrum in data between 5 and 50 keV
with a function given in Eq. (A2).

(ii) Surface 206Pb recoils from the α decays of 210Po are
assumed to be produced in equilibrium with the
210Pb decay chain. The recoil energy spectrum has
been derived by fitting the averaged spectrum in data
between 10 and 100 keV, leading to a Gaussian
distribution associated with a flat component;
see Eq. (A3).

Three other backgrounds have been modeled, namely, heat-
only events and nuclear recoils arising from either neutrons
or 8B solar neutrinos:

FIG. 3. Event rate for a total exposure of 1 kg · d as a function
of the recoil energy. Solid lines correspond to the recoil energy
spectra of the different background components as indicated by
the color code. The dashed blue line shows the theoretical
spectrum of a 6 GeV=c2 WIMP with σSI ¼ 4.4. × 10−45 cm2,
which is extremely similar to the one of solar 8B neutrinos
represented with a solid gray line.

TABLE I. Background model parameters for EDELWEISS Ge
detectors.

Background
type

Ionization
yield QðErÞ

Event rate ðkg · dÞ−1
for Er ∈ ½0; 20 keV�

Compton 1 2.00
Tritium 1 0.990
Cosmogenic 1 2.42
Beta 0.4 16.1
Lead 0.08 0.740
Heat-only 0 145.
Neutron 0.16E0.18

r 4.80 × 10−3

8B neutrino 0.16E0.18
r 1.37 × 10−3
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(i) The dominant background in the EDELWEISS-III
low-energy data is due to heat-only events charac-
terized by no ionization signal. These are not to be
mistaken with noise events resulting from triggering
on upper fluctuations of the heat baseline. Inves-
tigations are still ongoing to clearly identify the
origin of these events and eliminate them. In [16],
background from heat-only events in the region of
interest (ROI) has been modeled using a kernel
density estimator (KDE) function of the data in the
sideband with negative ionization energy. The spec-
trum is parametrized by the sum of two exponential
functions [see Eq. (A4)]. It has been noted that the
shape of the heat-only background does not vary
with bias voltage, therefore allowing us to properly
model them at 8 V, where we can separate them from
other background components and extrapolate them
at higher voltages.

(ii) Radiogenic neutrons can produce single scatter
nuclear recoils with the same ionization yield as
WIMPs and thus mimic their signal. One considers
that neutrons (as 8B neutrinos, see below) induce
nuclear recoils with ionization yield values Gaus-
sian-distributed aroundQðErÞ ¼ 0.16E0.18

r [25]. The
neutron spectral shape is obtained from a fit on the
EDELWEISS-III GEANT4 simulations in the nu-
clear recoil energy range from 2 to 20 keV [16]. It
consists of the sum of two exponentials as given
by Eq. (A5). The absolute single rate is derived from
the number of multiple nuclear recoils observed in
WIMP search data between [10, 100] keV [25],
multiplied by the single/multiple ratio of 0.45
provided by the same GEANT4 simulations [16].

(iii) Background from coherent neutrino-nucleus scatter-
ing induced by solar 8B neutrinos, whose spectral
shape is given in [36], can produce single scatter
nuclear recoils with the same ionization yield
QðErÞ ¼ 0.16E0.18

r as neutrons or WIMPs. Also
their spectral shape is extremely similar to the one
of a 6 GeV=c2 WIMP with σSI ¼ 4.4. × 10−45 cm2

[36]. Neutrinos from other sources are not included
as they would have no impact on the sensitivities
computed in the ½0.8; 20� GeV=c2 WIMP mass
range considered for this study.

In the present study, spectral shapes are assumed to be
perfectly known. With the versatility of the EDELWEISS
detectors, it has been so far relatively easy to accumulate
relevant calibration and sideband data for the study of the
different backgrounds. As a result, the precision on the
background models is steadily increasing. Systematic uncer-
tainties on rates are fixed to 16% for solar 8B neutrinos [23],
50% for neutrons [16], and 30% for tritium [32]. Systematics
of 10% are associated with the rates of all the remaining
individual backgrounds and arise from the combination of

measured statistical uncertainties and extrapolation (in the
ROI) of spectral uncertainties [16].

B. Signal model

To compare our projected sensitivities to previous exper-
imental limits, we will assume the standard halo model
described by a truncatedMaxwell-BoltzmannWIMP veloc-
ity distribution which, translated in the Earth frame, is
defined by

fðv⃗Þ ¼
8<
:

1
Nescð2πσ2vÞ3=2 exp

h
− ðv⃗þV⃗ labÞ2

2σ2v

i
if jv⃗þ V⃗ labj < vesc

0 if jv⃗þ V⃗ labj ≥ vesc

;

ð3Þ
where v⃗ is the WIMP velocity, σv is the WIMP velocity
dispersion related to the local circular velocity v0 such that
σv ¼ v0=

ffiffiffi
2

p
, V⃗ lab and v⃗esc are the laboratory and the escape

velocities with respect to the galactic rest frame, and Nesc is
the correction to the normalization of the velocity distribu-
tion due to the velocity cutoff (vesc). The differential recoil
energy rate is then given by [37]

dR
dEr

¼ MT ×
ρ0σ0

2mχm2
r
F2ðErÞ

Z
vmin

fðv⃗Þ
v

d3v; ð4Þ

where ρ0 is the local dark matter density, mχ is the WIMP
mass,mr¼mχmN=ðmχþmNÞ is theWIMP-nucleus reduced
mass, and σ0 is the normalized nucleus spin-independent
cross section. FðErÞ is the nuclear form factor that describes
the loss of coherence for recoil energies above ∼10 keV. In
the following,wewill consider the standardHelm form factor
[37]. For the sake of comparison with running experiments,
we will consider the standard values of the different astro-
physical parameters: ρ0¼0.3GeV=c2=cm3, v0¼220 km=s,
V lab ¼ 232 km=s, and vesc ¼ 544 km=s [37,38].

C. Detector response model

We build a simplified detector response model based on
the capability of FID detectors to reject surface events
using sets of interleaved fiducial and veto electrodes.
We make no distinction between top and bottom surfaces
and consider only two ionization measurements: the
fiducial ionization energy Efid defined as the average of
the energies measured on B and D channels and the veto
ionization energy Eveto referring indifferently to the
energy measurement on the veto A or C involved in
charge collection in the case of a surface event. Both
ionization and veto energy channels are characterized by
baseline energy resolutions of σEfid

and σEveto
, respectively,

where σEveto
¼ ffiffiffi

2
p

σEfid
. Ionization energies are expressed

in keVee (electron equivalent) as follows:
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Efid ¼ αQðErÞ × Er Eveto ¼ βQðErÞ × Er; ð5Þ

where ðα; βÞ is (1, 0) for fiducial events and ð1
2
; 1Þ for

surface events. This model neglects the small fraction of
events where ðα; βÞ have slightly different values due to
additional charge sharing between veto and fiducial
electrodes from the ionization cloud in the crystal and
from multiple scattering that could be induced by neutrons
and gammas.
The heat energy measurement Eheat is characterized by

its baseline energy resolution σEheat
. It is useful for the

purpose of analysis to define a normalized heat energy ~Eheat
expressed as follows:

~Eheat ¼ Er ×

�
1þQðErÞV

3

�
=

�
1þ Vfid

3

�
; ð6Þ

where V is the voltage difference between the two
collecting electrodes (V ¼ Vfid for fiducial events and
V ¼ Vsurf for surface events). The electron-equivalent heat
energy ~Eheat is expressed in keVee as it is normalized such
that ~Eheat ¼ Efid ¼ Er for electronic recoils in the fiducial
volume.
Electronic and nuclear recoil discrimination is provided

by the double measurement of Efid and Eheat. Surface
event rejection is performed by requiring Eveto < 3σEveto

.
The heat energy lower bound corresponds to a 50%
threshold efficiency, assuming a trigger at 6σEheat

. This
strong requirement allows us to ensure that events arising
from noise fluctuations can be neglected.
In the following, different detector configuration

scenarios will be considered with Vfid as the detector bias
voltage. The ratio Vfid=Vsurf ¼ 8=5.5 is fixed such that
the fiducial volume, determined by the electric field,
corresponds to 75% of the total crystal volume independent
of the bias voltage [25]. Figure 4 presents the event
distribution either in the veto ionization energy (Eveto)
vs. normalized heat energy ( ~Eheat) plane (top panel) or in
the fiducial ionization energy (Efid) vs. normalized heat
energy ( ~Eheat) plane (middle and bottom panels), for
both the background model and a 15 GeV=c2 WIMP
(chosen as an illustration) using standard FID baseline
resolutions (σEheat

¼ 500 eV, σEfid
¼ 200 eVee) and bias

voltage (Vfid ¼ 8 V). The analysis threshold, which will
always be set at 6 σEheat

in the following, corresponds to
818 eVee for this standard detector configuration. The
middle and bottom panels of the figure correspond to
before and after fiducial selection, respectively. In the
top panel of Fig. 4, the fiducial cut is represented by the
dashed red line. The surface-event rejection efficiency
associated with this cut rapidly increases with the
energy, from a rejection factor of 8.5×10−2 (6.2 × 10−4)
at ~Eheat ¼ 1.5 keVee to 2.9 × 10−3 (1.7 × 10−7) at ~Eheat ¼
2 keVee for beta events (tritium events). However, better

performance, as improved energy resolutions, combined
with sophisticated analysis methods will be necessary to
probe the lowest energies, and therefore the low-WIMP-
mass scenarios, as the signal and backgrounds start to
overlap.

FIG. 4. Top panel: Simulated data in the veto ionization
energy (Eveto) vs. normalized heat energy ( ~Eheat) plane before
fiducial selection for a total exposure of 1000 kg · d with
standard FID performance: σEheat

¼ 500 eV, σEfid
¼ 200 eVee,

and a bias voltage Vfid ¼ 8 V. The fiducial cut is indicated by
the dashed red line. Colored contours correspond to a theoretical
15 GeV=c2 WIMP signal (both bulk and surface events), which
is used as an illustration. Middle and bottom panels: Same as the
top panel but in the fiducial ionization energy (Efid) vs.
normalized heat energy ( ~Eheat) plane, before (middle) and after
(bottom) fiducial selection.
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III. ANALYSIS METHODS

As dark matter experiments become increasingly sensi-
tive to smaller and smaller WIMP-nucleon interaction
cross sections, requirements such as detector efficiency,
discriminating variables, and background levels are now
extending to performance analysis methods.
The most common analysis approach in direct detection

consists in defining a ROI in the parameter space separated
from backgrounds and to consider any event recorded in
this signal area as a WIMP candidate. In case no event is
observed, an upper limit on the cross section is reported
with a 90% confidence level (C.L.) corresponding to 2.3
WIMP events excluded from Poisson statistics. For a given
signal acceptance, it gives the best limit an experiment can
hope to achieve. However, experiments frequently report a
few observed events that are often compatible with possible
background contaminations or noise fluctuations. In such
cases, maximum-gap or optimum-interval methods formu-
lated by Yellin [39] are preferentially used to optimize the
exclusion limit. The advantage of these methods is that no
assumption on backgrounds is required as only information
relative to the expected signal spectrum and energies of
WIMP candidates is used. However, more competitive
sensitivities can be achieved via multivariate analyses or
statistical approaches, depending on the degree of knowl-
edge of backgrounds.
Thus, to properly assess the potential of the

EDELWEISS-III experiment, exclusion sensitivities will
be derived from both the boosted decision tree (BDT) and
profile likelihood ratio approaches. These two analysis
methods, described in Secs. III A and III B, respectively,
can be considered as a pessimistic scenario and an
optimistic one: in contrast to the BDT, the likelihood
approach allows for statistical background subtraction
assuming a perfect knowledge of each individual back-
ground spectral shape.

A. Boosted decision tree

Boosted decision tree analysis belongs to machine
learning techniques and is widely used to treat data in
high-energy physics (e.g., [40–42]). It is an extension of the
commonly used cut-based selection strategy into a multi-
variate technique. Decision tree analysis can be seen as a
data classifier and is often used for signal/background
discrimination. Indeed, as most events do not have all
characteristics of either signal or background, the principle
of decision tree is to keep events that fail a given criterion
and check for other observable discriminants. Trees can
then be boosted to combine weak classifiers into a new one
with a smaller error rate [43]. The result of a BDT analysis
is given by a forest of Ntree decision trees (Tk) combined
into a unique output BDT score which varies from −1
(backgroundlike) toþ1 (signal-like) as presented in Fig. 12
and described in Sec. V C. It reads

BDT output ¼
XNtree

k¼1

αkTkðE⃗Þ; ð7Þ

where E⃗ refers to the set of considered observables
associated with each recorded event fEfid; Eveto; ~Eheatg
and αk corresponds to the weight given to the Tk classifier
based on the misclassification rate. Thanks to its high level
of reliability, ease of use via the TMVA software [44], and
robustness against mismodeling of the background, BDT
has recently started to be used in direct dark matter searches
[24,45]. Its robustness against background mismodeling
comes from the fact that even though the resulting ROI is
tuned according to both the background and signal models,
since no background subtraction procedure is applied, any
mismodeling of the background would result in a non-
optimized, and therefore weaker, exclusion limit.
To compute EDELWEISS-III expected sensitivities, the

BDT has been specifically trained for each WIMP mass
and experimental condition using 106 events generated by
Monte Carlo in the 3D space (Efid, Eveto, ~Eheat) according to
signal and background models. The fiducial cuts as
described in Sec. II C are not applied. Instead we let the
BDT learn by itself how to optimize the use of the three
input variables to maximize the sensitivity to WIMPs. The
exclusion limit can then be obtained from Poisson counting
statistics by tuning the only remaining cut on the BDT
score following

μexcðcutÞ ¼
P∞

n¼0 μ90ðnÞ × P½μtotB ðcutÞjn�
ϵWIMPðcutÞ

; ð8Þ

where μexc refers to the excluded number of WIMP events
at the 90% C.L. as a function of the BDT score cut, μ90
corresponds to the Poisson upper limit at the 90% C.L.
derived for n observed events, P is the Poisson probability
of observing n events from μtotB expected background events
(also as a function of the BDT score cut), and ϵWIMP is the
WIMP signal efficiency which decreases from 1 to 0 when
varying the BDT score cut from −1 to þ1. Finally, we
integrate over all possible outcomes of observed events by
summing over n from 0 to infinity. Therefore, μexcðcutÞ as a
function of the BDT score cut naturally exhibits an optimal
point, where it is minimal, from which we derive the
optimal BDT score cut to be used in the limit calculation.
This procedure was first introduced in [45].

B. Maximum likelihood analysis

We now consider a maximum likelihood frequentist
approach known as the profile likelihood ratio. Toy data
are generated from Monte Carlo simulations according to
both background and detector response models even
though, contrary to the BDT, only events passing the
fiducial cut are selected (see Sec. II C). The likelihood
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function and the test statistic used are described in the
sections below.

1. Unbinned likelihood function

An unbinned likelihood function is used to extract
the whole accessible spectral information from the two
registered energies f ~Eheat; Efidg for each simulated event.
Therefore, for a given cross section σ, WIMP mass, and
exposure, the extended likelihood function is written as

Lðσ; μ⃗BÞ ¼ exp

�
−
�
μS þ

XM
j¼1

μjB

��

×
YN
i¼1

�
μSfSðE⃗iÞ þ

XM
j¼1

μjBf
j
BðE⃗iÞ

�

×
YM
j¼1

1ffiffiffiffiffiffi
2π

p
σj~μB

exp

�
−
1

2

�
μjB − ~μjB
σj~μB

�2�
; ð9Þ

where μS and μB ¼ P
jμ

j
B correspond to the expected

number of WIMP signal and background events from
the model, respectively, with each background component
labeled j, and are thus adjustable parameters with M the
number of background components used in the model. E⃗i

refers to the set of observables f ~Eheat;i; Efid;ig, depending on
the readout and analysis considered, associated with each
of the N simulated nuclear recoils. The first two terms of
Eq. (9) account for both Poisson fluctuations on the total
number of observed events and spectral shape information
through the probability density functions fS of WIMPs and
fjB of each background component. The last term of Eq. (9)
allows us to constrain the model parameters by including
the knowledge of the different background rates with ~μjB
and σj~μB being, respectively, the expected number of back-
ground events and its associated systematic uncertainty.

2. Likelihood ratio test statistic

Following the statistical procedure described in [46], Hσ

refers to the signal hypothesis where the WIMP-nucleon
cross section σ can be nonzero andH0 is the alternative null
hypothesis where σ ¼ 0. To test the compatibility between
Hσ and the best-fit model to the data, a hypothesis test is
used, which is based on the profile likelihood ratio defined
in Eq. (10):

λðσÞ ¼ Lðσ; ˆ̂θÞ
Lðσ̂; θ̂Þ ; ð10Þ

where θ represents the set of nuisance parameters which in
our case refers to the expected number of background
events from the model (θ≡ fμjBg). θ̂ and σ̂ are the
maximum likelihood estimators of our nuisance and

interest parameters, respectively. ˆ̂θ denotes the values of
θ that maximize the conditional likelihood function for the
specified cross-section value σ; i.e., we are profiling
over the nuisance parameters. The test statistic qσ is then
defined as

qσ ¼
�−2 lnðλðσÞÞ σ̂ ≤ σ

0 σ̂ > σ
: ð11Þ

As one can deduce from this test, a large value of the test
statistic qσ implies a large inconsistency between data and
the tested hypothesisHσ such that the larger the value of the
test statistic qσ , the higher the confidence level at which
the tested cross section σ is excluded. The confidence
level at which the tested cross section σ is excluded is given
by α% ¼ 1 − ps, where ps is the signal p-value defined
as follows:

ps ¼
Z

∞

qobsσ

fðqσjHσÞdqσ; ð12Þ

where fðqσjHσÞ is the probability density function of qσ
under the hypothesis Hσ . According to Wilk’s theorem,
fðqσjHσÞ asymptotically follows a half χ2 distribution with
one degree of freedom, as described by Eq. (13), in the limit
of large enough statistics:

fðqσjHσÞ ¼
1

2
δðqσÞ þ

1

2

1ffiffiffiffiffiffi
2π

p 1ffiffiffiffiffi
qσ

p e−
qσ
2 : ð13Þ

We have checked from Monte Carlo simulations that this
asymptotic approximation is well recovered even in the
case where only a few WIMP events are excluded. Since
the distribution fðqσjHσÞ is known, Monte Carlo simu-
lations are only performed under the background-only
hypothesis H0 to determine qobsσ . The hypothesis Hσ is
rejected at 90% C.L. if ps ≤ 10% ↔ qobsσ ≥ 1.64. The
procedure described herein is repeated 500 times for
each WIMP mass and the considered scenarios. From
the obtained set of cross sections fσ90g excluded at
90% C.L., the expected sensitivity is determined
as σexcl ¼ medianðfσ90gÞ.

C. Comparison and strategy

Considering the achievable detector performance accord-
ing to ongoing R&D carried out by the EDELWEISS
Collaboration and presented in Sec. VA, sensitivity curves
have been derived from both the BDT and likelihood
methods.
Figure 5 presents a detailed comparison between the

sensitivity curves derived with a standard bias value of
Vfid ¼ 8 V from the likelihood and the BDT analyses
considering achievable energy resolutions (σEheat

¼100 eV,
σEfid

¼ 100 eVee; see Sec. VA) and varying the exposure
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from 10 kg · d to 1000 kg · d. As expected, the likelihood
analysis provides much more stringent limits at all con-
sidered WIMP masses. The relative sensitivity gain varies
with the exposure up to more than one order of magnitude
between the extreme considered exposures such that, with
current EDELWEISS-III backgrounds, a likelihood analy-
sis with only 10 kg · d is preferable to a BDT analysis with
1000 kg · d for a WIMP mass below 4 GeV=c2. This is due
to the saturation effect of the exclusion limits derived from
the BDT that indicates the presence of limiting back-
grounds. Increasing the exposure does not lead to further
improvement of the sensitivity to low-mass WIMPs as the
ROI starts to be totally overwhelmed by background
events. Exclusion limits obtained via the likelihood analy-
sis, though affected by backgrounds, do not suffer from this
saturation effect and allow us to progress by one order of
magnitude when the exposure is increased by a factor of
100. This typical progression with the square root of the
increase in exposure is allowed by the statistical subtraction
of backgrounds with the likelihood, whereas the BDT cut
efficiency decreases rapidly as the cut becomes increas-
ingly stringent. At higher mass, the relative sensitivity gain
conferred by the likelihood approach is still noticeable
but less marked, indicating that it is possible to explore
WIMP masses above 4–5 GeV=c2 with EDELWEISS even
if the knowledge of the backgrounds does not reach the
precision needed for performing a likelihood analysis. Note
that even the exclusion limits derived from the likelihood
analysis ineluctably saturate at some point, but at higher
exposure than when they are derived from a BDTapproach.

This saturation effect appears in the presence of a back-
ground similar in shape to the signal (as background
from 8B solar neutrinos), which disables the spectral
discrimination.
Looking at the efficiency of both analysis methods, it

appears clearly that in order to assess the full potential of
the EDELWEISS-III experiment, the likelihood analysis
is to be privileged to span the various experimental
conditions.

IV. OPTIMIZING THE SENSITIVITY
TO LOW-MASS WIMPS

According to the conclusions of Sec. III C, the superi-
ority of the likelihood method is a general result in all the
performed studies, and for brevity, we will omit the BDT
plots in the next subsections where the effects of various
experimental factors on the sensitivity to WIMP masses
below 20 GeV=c2 are studied. In Sec. IVA, we describe the
impact of the threshold on the sensitivity and, in particular,
the effect of reducing it through Neganov-Luke boosting.
We then briefly review, respectively in Secs. IV B and IV C,
how each individual background affects the sensitivity and
the expectations from energy resolution improvements.
Finally, we explore in Sec. IV D the actual benefits of
both the ionization and heat double measurement and the
surface rejection capability, to determine in which mass
range the FID detector design is required for low-mass
WIMP searches.

A. Thresholds and Neganov-Luke boost

Reducing thresholds is a common objective shared by
all dark matter experiments as the theoretical recoil
energy spectrum falls typically with an exponential
behavior. It is compulsory for low-mass WIMP searches
as the spectrum is increasingly softer as the WIMP mass
gets lower. The Neganov-Luke boost can be used to
lower thresholds by amplifying the signal through the
application of high voltage biases on collecting electro-
des. For Ge or Si detectors, the amplification gain
provided by the increase of the collection bias between
two electric potentials V1 and V2 is ð1þQðErÞV2=ϵγÞ=
ð1þQðErÞV1=ϵγÞ. However, since the Neganov-Luke
effect linearly depends on the number of charge carriers,
its enhancement tends to transform the heat measurement
into a pale copy of the ionization measurement and thus
gradually disables the discrimination between nuclear and
electronic recoils.
Achievable sensitivities will be affected by these two

opposite effects. In Fig. 6, we show how the projected
sensitivities vary by increasing the bias voltage from 10 V
to 100 V while keeping all other detector characteristics
the same: the whole set of EDELWEISS-III backgrounds
with a fixed exposure of 500 kg · d, σEheat

¼ 100 eV, and
σEfid

¼ 100 eVee. We observe that the WIMP mass range is
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contours, and regions plotted in gray in this figure are those
described in Fig. 1.
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clearly split into two regions, below and above 4 GeV=c2,
which are the so-called low-mass and intermediate-mass
regions, respectively:

(i) Above 4 GeV=c2, we observe a loss of the sensi-
tivity with increasing bias attributable to a decreas-
ing discrimination power. The latter is particularly
marked for WIMP masses around 10 GeV=c2 with a
sensitivity reduction by almost one order of magni-
tude when varying Vfid from 10 V to 100 V.

(ii) Below 4 GeV=c2, the signal amplification provides
sensitivity to lower WIMP masses since both the
trigger and analysis thresholds depend on the heat
resolution. Furthermore, for a given WIMP mass,
high biases lead to much more stringent limits. A
similar improvement of both the background-free
sensitivities and the exclusion limits in the presence
of backgrounds is observed, which could indicate
that below 4 GeV=c2, the discrimination power is
not affected anymore by the use of high biases. This
effect will be further discussed in Sec. IV D.

In order to properly study the effect of various exper-
imental conditions on the sensitivity to both intermediate-
and low-mass regions for WIMPs, only two extreme Vfid
conditions will be considered in the following studies,
which are Vfid ¼ 100 V for the high value (left panels of
Fig. 7) and Vfid ¼ 8 V for the low one (right panels
of Fig. 7).

B. Impact of backgrounds

The impact of the main background contributions on
the exclusion sensitivity has been studied at fixed energy

resolutions (σEheat
¼ 100 eV, σEfid

¼ 100 eVee), either tak-
ing into account all backgrounds as described in Sec. II A
or for a background-free experiment. Between these two
extreme cases, each background type with substantial event
rate (see Table I) has been considered separately: Compton,
tritium, beta, lead, and heat-only events. The impact of 8B
neutrino or neutron background is negligible on the
sensitivity, whereas cosmogenic x-ray lines have been
easily subtracted thanks to the good energy resolutions
used for these projections. The upper limit associated with
each considered background is derived by setting to zero all
the other background components.
As illustrated in the top panels of Fig. 7, which show the

exclusion limits associated with the different background
types for an exposure of 500 kg · d, the heat-only back-
ground clearly dominates for both voltage bias conditions
below 5 GeV=c2.
Considering WIMP searches at 100 V, suppression of the

heat-only background would increase the sensitivity by
more than one order of magnitude in the low-mass region.
Also for this Vfid ¼ 100 V value, Compton and tritium
backgrounds are the dominating ones for the intermediate-
mass region, above ∼10 GeV=c2. This is due to the
Neganov-Luke effect dominating the heat signal, which
implies that the discrimination between electronic and
nuclear recoils gets dramatically reduced.

C. Effect of energy resolutions

The impact of varying both heat and ionization energy
resolutions has been studied either taking into account
all backgrounds or for a background-free experiment,
again for an exposure of 500 kg · d. Three cases have been
considered for the heat energy resolutions (σEheat

¼ 500 eV,
300 eV, and 100 eV) and two values were used for the
ionization energy resolutions (σEfid

¼200eVee or 100eVee),
varying from the current resolution values of the
EDELWEISS-III experiment to the expected achievable
ones. Results are presented in the middle panels of Fig. 7.
Let us first consider the limits obtained when operating at
Vfid ¼ 100 V (left panel). Reducing the heat energy res-
olution σEheat

leads to reduced thresholds and therefore to an
improved sensitivity to low-mass WIMPs, while improving
the ionization resolution σEfid

has no effect on this sensi-
tivity below 4 GeV=c2. Above this WIMP mass value, the
behavior is the exact opposite: reducing the heat resolution
does not increase the sensitivity in contrast with improving
ionization resolution. Lowering σEfid

allows us to attenuate
the loss of discrimination power originating from high
voltage biases by half an order of magnitude.
Considering now the limits derived from the Vfid ¼ 8 V

scenario, the conclusions are nearly the same as those at
100 V: reducing the ionization resolution σEfid

from 200 eVee

to 100 eVee is extremely favorable in the intermediate-
mass region. This is essentially due to both the resulting
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FIG. 7. Effect of various experimental parameters on the sensitivity derived from the likelihood analysis for an exposure of 500 kg · d
at both 100 V (left panels) and 8 V (right panels). All upper limits, contours, and regions plotted in gray in this figure are those described
in Fig. 1. Top panels: Impact of backgrounds for fixed heat and ionization resolutions (σEheat

¼ 100 eV, σEfid
¼ 100 eVee). The solid red

line corresponds to the exclusion limit when all backgrounds are included. The dashed blue line indicates the background-free
sensitivity. The other limits are derived by considering each background separately as indicated by the color code. Middle panels: Impact
of varying heat and ionization energy resolutions considering all background components. Heat energy resolution values are
distinguished by their color code: red, orange, and purple for σEheat

¼ 500 eV, σEheat
¼ 300 eV, and σEheat

¼ 100 eV, respectively, while
dashed and solid lines correspond to σEfid

¼ 200 and 100 eVee, respectively. The thin dashed lines correspond to the background-free
sensitivity, with the same color code as used for Eheat. Bottom panels: Impact of different detector designs considering all the background
components for fixed heat and ionization resolutions (σEheat

¼ 100 eV, σEfid
¼ 100 eVee). The solid purple lines refer to the standard FID

detector design and the orange ones correspond to the same design without the ability to read veto channels. The red lines correspond to
a FID detector only reading the heat channel, with still two distinct collection biases (Vsurf and Vfid). Finally the dashed black line refers
to a detector in coplanar mode only equipped with one heat channel. The thin dashed purple line corresponds to the background-free
sensitivity associated with the standard FID detector design.
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reduced overlap of the heat-only events within the ROI
and to the increased surface event rejection power.
This upgrade in ionization has, however, no impact on
the sensitivity to lower WIMP masses. Taking into account
the possible improvement of the heat energy resolution
down to σEheat

¼ 100 eV, it would also provide sensitivity
to lower WIMP masses. However, the discrimination power
is not improved in most of the WIMP mass range and
especially in the intermediate-mass region. This lack of
improvement is clearly shown from the limits unchanged
for WIMP masses above 4 GeV=c2 at σEfid

¼ 100 eVee and
above 6 GeV=c2 at σEfid

¼ 200 eVee, respectively.
To conclude on the energy resolution effect, reducing the

heat energy resolution σEheat
down to 100 eV leads to

reduced thresholds and therefore to an improved sensitivity
to low-mass WIMPs, especially at Vfid ¼ 100 V.

D. Detector design and readout channels

One can wonder what the contribution of the double
readout to the sensitivity in the low-mass region is. Indeed,
exclusion limits derived at σEfid

¼ 100 eVee and σEfid
¼

200 eVee present an extreme similarity for both Vfid values
at low WIMP mass, as shown in the previous study (see the
middle panels of Fig. 7). To go further, a performance
comparison has been carried out using four different
detector designs that have or do not have the capability
to produce the double readout and that can reject surface
backgrounds or not. The extremes of these designs corre-
spond to the current FID configuration and to a simple
detector in coplanar mode only equipped with one heat
channel. Resulting exclusion limits are presented on the
bottom panels of Fig. 7 at 100 V (left) and 8 V (right) (see
the caption for more details). We clearly identify from the
overlap of the four limits at 8 Vand 100 V below 4 GeV=c2

mass WIMP that the most simple detector design is enough
to probe such a low-mass region. As discussed in Sec. IV B,
the main limitation here is the heat-only background for
which only an improvement of the ionization energy
resolution or a reduction of the associated event rate could
increase the sensitivity for a given exposure. Even in case
this background would be significantly reduced or sup-
pressed, conclusions would be unchanged as the beta
background would take over and neither the surface
rejection capability nor the ionization/heat-based discrimi-
nation is still effective at such low mass. However, once the
discrimination starts to be feasible with respect to the
assumed energy resolutions, a significant gain is conferred
by the double readout, especially at 8 V, which is
furthermore the bias condition to consider to probe the
intermediate-mass region. Also, the limits show that
measuring ionization allows for spectral shape discrimina-
tion, which is particularly important to differentiate
5 GeV=c2 (10 GeV=c2) WIMPs at 100 V (8 V) from
heat-only events, as the similarity of their heat energy

spectra is responsible for the visible bumps in sensitivity for
the two simplest detector designs considered.
In terms of detector design, the discrimination power of

the double readout is needed only to obtain a good
sensitivity in the intermediate-mass WIMP region.

V. PROSPECTS

A. EDELWEISS-III low-mass projections

Figure 8 presents the two major scenarios for near-future
low-mass WIMP searches with EDELWEISS-III, consid-
ering the efforts that have been put into the R&D aimed at
improving at least one of the energy resolutions, either for
heat or for ionization signals. Sensitivities have been
computed with both BDT and likelihood methods for a
total exposure of 500 kg · d with our current background
levels and setup at the LSM.
Improving ionization resolution could be done through

the implementation of high electron mobility transistors
(HEMT) to replace junction field effect transistors (JFET)
used for charge measurements on the Al electrodes
collecting electron-hole pairs [25]. As shown in [47], a
calibrated baseline energy resolution of 91 eVee has
already been achieved with a HEMT-based charge

FIG. 8. EDELWEISS-III projected sensitivities considering that
expected R&D upgrades will be achieved either for ionization or
heat resolutions, with current LSM setup and background budget.
Exclusion limits are derived from both the boosted decision tree
and profile likelihood ratio approaches and for the two extreme
bias voltage conditions (8 V and 100 V). For both Vfid values, a
likelihood analysis gives better limits than a BDT one. Below
WIMP masses of 4–5 GeV=c2, the best sensitivity is obtained by
lowering the thresholds, with the Luke-Neganov boost corre-
sponding to a bias voltage of 100 V, keeping current ionization
resolution σEfid

¼ 200 eVee and improving heat resolution to
σEheat

¼ 100 eV. Official EDELWEISS-III low-mass projected
sensitivity is thus given by the solid black line exclusion limit.
The background-free sensitivity is shown in thin dashed lines. All
upper limits, contours, and regions plotted in gray in this figure
are those described in Fig. 1.
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amplifier coupled to a live CDMS-II detector. Thus, the
next R&D step could be the coupling of this charge
amplifier to an EDELWEISS detector with the goal of
obtaining the ionization resolution σEfid

¼ 100 eVee.
Concerning heat resolution improvement, dedicated R&D
is also in progress on baseline performance with the
achievable objective of reaching σEheat

¼ 100 eV: a coherent
thermal model has been constructed as described in [48] and
is used to extract relevant parameters of the heat signal in
order to build new thermal sensors that would provide the
expected heat energy resolution improvement. It could lead
to nuclear recoil energy thresholds ranging from 400 to
100 eVnr, depending on the applied bias voltage (Vfid)
across the crystal.
Considering that expected values for either heat or

ionization baseline resolutions have been achieved, the
two studied scenarios are taking either usual low bias
voltages or high ones. Exclusion curves corresponding to
the first scenario are computed using σEfid

¼ 100 eVee for
ionization instead of σEfid

¼ 200 eVee, keeping current
heat resolution performance (σEheat

¼ 500 eV) and apply-
ing low bias voltage at Vfid ¼ 8 V, which allows some
discrimination performance. The second scenario uses the
possibility to deal with current ionization resolution at
200 eVee and prioritizes the R&D aimed at lowering the
thresholds. The corresponding exclusion curves have
been computed assuming an achieved performance of
σEheat

¼ 100 eV and working at high Vfid ¼ 100 V.
Both analysis methods provide similar results in the first

scenario at 8 V (dashed orange and purple lines in Fig. 8).
Keeping the current heat resolution σEheat

¼ 500 eV and
low bias voltage of 8 V for discrimination performance
and improving only the ionization resolution to σEfid

¼
100 eVee is not a good solution, since obtained exclusion
curves were not competitive with current results from
noble liquid experiments. For Vfid ¼ 100 V, a likelihood
analysis gives better limits than a BDTone (solid black and
red lines in Fig. 8). Below a WIMP mass of 4–5 GeV=c2,
the best sensitivity is obtained by lowering the thresholds,
with the Luke-Neganov boost corresponding to a bias
voltage of 100 V, keeping the actual ionization resolution
σEfid

¼ 200 eVee and improving the heat resolution to
σEheat

¼ 100 eV.
Hence, prioritizing HEMT’s implementation to achieve

the expected low ionization resolution would not be an
issue even if the background model was not precise
enough to perform a likelihood analysis. However, no
improvement is expected with respect to the current
sensitivities already achieved by other experiments (see
the gray lines of Fig. 8). In the second scenario at 100 V,
where lower thresholds are achieved both by improving
heat resolution and boosting the Neganov-Luke effect
(solid red and black lines in Fig. 8), it is possible to
put new constraints on almost half of the remaining

uncovered parameter space region, though a likelihood
analysis is fundamental to fulfill this purpose. Below
WIMP masses of ∼5 GeV=c2, the best sensitivity is
obtained with the Luke-Neganov boost corresponding
to a bias voltage of 100 V to lower the energy threshold.
This is the reason why the EDELWEISS Collaboration is
now focusing on R&D to put high voltage biases on
detectors, in addition to improving heat and ionization
baseline resolutions. Thus, the official EDELWEISS-III
low-mass projection is presented in Fig. 8 with a solid
black line.

B. EDELWEISS 100 kg scale

Looking further ahead, one considers the requirements
to approach the neutrino floor [23], which corresponds to
the coherent scattering of neutrinos from several astro-
physical sources as solar 8B neutrinos. This could
produce background by almost perfectly mimicking a
WIMP signal (see Sec. II A). Figure 9 shows sensitivity
projections derived from the likelihood analysis for a
large exposure of 50 000 kg · d and resolutions of σEheat

¼
100 eV in heat and σEfid

¼ 100 eVee in ionization. Limits
are computed for both 8 V and 100 V bias voltages and
plotted in purple and black, respectively. Solid lines of
Fig. 9 correspond to the expected limits achievable
considering the current EDELWEISS background budget,
with the exception of heat-only events, which are supposed

FIG. 9. Projected sensitivities for a large exposure of
50 000 kg · d in the context of a hundred-kg-scale EDEL-
WEISS-like experiment with strongly improved background
levels and R&D upgrade performance achieved, with baseline
resolutions of σEheat

¼ 100 eV in heat and σEfid
¼ 100 eVee in

ionization. Limits are computed using a likelihood analysis at 8 V
(purple) and 100 V (black) assuming a suppression of the heat-
only background (solid line), and no more neutron background
associated with a reduction of the Compton background by a
factor of 10 (thick dashed line). The background-free sensitivity
is shown in thin dashed lines. All upper limits, contours, and
regions plotted in gray in this figure are those described in Fig. 1.
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to be completely suppressed. Thick dashed lines (dotted-
dashed lines) are obtained assuming not only no more
heat-only events (a reduction of heat-only events by a
factor of 100), but also no more neutrons and a reduction
of the Compton background by a factor of 10. These latter
could be obtained by putting upgraded EDELWEISS
detectors in a dedicated environment with a high radiopurity
level, such as the one designed by the SuperCDMS
Collaboration for its experimental setup at SNOLAB1

[49,50]. Remaining backgrounds are then surface events
and events from coherent neutrino-nucleus scattering induced
by solar 8B neutrinos. The background-free sensitivity is
shown in thin dashed lines.
As illustrated by the dashed and dotted-dashed lines, in

purple and black for 8 V and 100 V, respectively, reducing
the Compton and neutron backgrounds will improve the
sensitivity only for WIMP masses above 5–6 GeV=c2,
which is the mass region where large-scale LXe dual-phase
TPC detectors such as Xenon1T [51] and LZ [52] may
dominate over cryogenic experiments.
We note two features of the Vfid ¼ 100 V scenario,

associated with the black lines of Fig. 9:
(i) For WIMP masses above 6 GeV=c2, suppression of

heat-only events would not be the major issue: the
best upper limits are obtained by reducing neutron
and Compton backgrounds. The limits obtained
simulating either a reduction of heat-only events
(dotted-dashed black line) or a total suppression of
this background (dashed black line) are overlapping
in Fig. 9.

(ii) On the contrary, below 6 GeV=c2 the heat-only
background dominates all other backgrounds and
the best sensitivities (solid and dashed black lines)
require that it be strongly suppressed. The remaining
difference between these two curves and the back-
ground-free sensitivity (thin dashed black line) is
due to surface backgrounds. The projections con-
servatively assume no improvement relative to
currently observed levels. Approaching the neutrino
floor at Vfid ¼ 100 V would require an order-of-
magnitude improvement in both the selection of
material in direct contact with the germanium crystal
and the cleaning of the detector and support surfa-
ces, reaching the levels quoted in [49].

In the second scenario, with Vfid ¼ 8 V (purple lines of
Fig. 9), the best upper limits are obtained for the whole
WIMP mass range by reducing neutron and Compton
backgrounds, as shown by the identical curves obtained,
either with a reduction of heat-only events (dotted-dashed
purple line) or a total suppression of this background
(dashed purple line). It is thus clear that a more radiopure
environment will be needed to take advantage of the
potential of the EDELWEISS detectors.

The best sensitivity will be achieved above 5 GeV=c2

with the Vfid ¼ 8 V bias voltage put on FID upgraded
detectors in a SNOLAB-like environment, thanks to their
discrimination power. However, none of the scenarios will
allow us to reach the neutrino floor.
It is worth mentioning at this point that these projected

sensitivities for low-mass WIMP search are as good (or
even better) than the already published ones by other
cryogenic experiments such as SuperCDMS@SNOLAB
[49] and CRESST-III [53].

C. Entering the 8B region

The next step to improve exclusion limits on the spin-
independent WIMP-nucleon cross section is to reach and
eventually enter the neutrino floor. As discussed in the
previous section, the easier way would be the use of
Vfid ¼ 8 V bias voltage to benefit from the powerful
discrimination between electronic and nuclear recoils of
the FID detectors. We consider in Fig. 10 the projected

FIG. 10. Projected sensitivities computed using a likelihood
analysis at 8 V for a large exposure of 50 000 kg · d in the context
of a hundred-kg-scale EDELWEISS-like experiment, considering
the R&D upgrade performed on heat baseline resolution, with
σEheat

¼ 100 eV, and assuming different conditions of back-
ground reduction. The dotted-dashed purple line upper limit,
which is obtained with σEfid

¼ 100 eVee, considering a reduction
of heat-only background by a factor of 100, no more neutron
background, and a reduction of the Compton background by a
factor of 10, obtained by putting upgraded EDELWEISS detec-
tors in a high-purity-level dedicated environment, has already
been shown in Fig. 9. Its purpose is to guide the eye. The
projected sensitivities in solid and thin dashed lines shown in this
figure are obtained assuming a more drastic improvement on
ionization resolution, with σEfid

¼ 50 eVee. Solid line upper
limits correspond to different background reductions: the blue
one is obtained with the same background conditions as for the
dotted-dashed purple line, whereas the orange one is performed
by removing all backgrounds, including surface events, except
the one due to 8B neutrinos. The thin dashed blue line represents
the background-free sensitivity. All upper limits, contours, and
regions plotted in gray in this figure are those described in Fig. 1.1See https://www.snolab.ca/.
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sensitivity curves for a large exposure of 50 000 kg · d in
a dedicated environment with high radiopurity level,
considering that the R&D upgrade has been achieved on
heat baseline resolution, with σEheat

¼ 100 eV. Entering the
neutrino floor could be realized, even when keeping a
reduced number of heat-only events, by improving more
drastically the ionization baseline resolution from σEfid

¼
100 eVee (dotted-dashed purple line) to σEfid

¼ 50 eVee

(solid blue line).
However, looking at the orange solid line of Fig. 10

corresponding to the sensitivity when removing all
remaining backgrounds, with the exception of the events
due to coherent 8B neutrino-nucleus scattering, the asso-
ciated upper limit stays far from the background-free
sensitivity. Nevertheless, such a very good ionization
energy resolution could be used to study the 8B coherent
neutrino-nucleus scattering as a signal instead of a back-
ground. Upgraded FID bolometers have a good design for
this study since the solar 8B neutrino spectral shape (as
shown in Fig. 3) is really similar to the one of a 6 GeV=c2

WIMP signal. As a confirmation, Fig. 11 shows fiducial
ionization energy as a function of normalized heat energy
for various types of background events and for the 8B
coherent neutrino-nucleus scattering considered as the
searched signal (black dots). This plot has been obtained
by simulating an exposure of 1 000 kg · yr, under the same
background hypothesis as that presented in Sec. V B (see
the dashed lines of Fig. 9): no more heat-only events, no
more neutrons, a reduction of the Compton background by
a factor of 10, keeping all other EDELWEISS-III current
background levels. Also, baseline energy resolutions of
σEheat

¼ 100 eV and σEfid
¼ 50 eVee have been used to

perform the plot, with the FID detector design and fiducial
cuts as described in Sec. II C. In order to demonstrate the
discrimination power, the 8B neutrino signal is represented
with medium gray dots in Fig. 11. The separation of
this 8B signal from background events is obtained thanks
to the very good ionization resolution of σEfid

¼ 50 eVee,
allowing a powerful spectral separation as clearly shown
in the figure. For reference, the number Nð8BÞ of expected
8B neutrino events above both Efid ¼ 0.2 keVee and
~Eheat ¼ 0.5 keVee, where there is a clear separation
with backgrounds, is Nð8BÞ ¼ 78 for this exposure
of 1000 kg · yr.
With these very good energy resolutions, better than or

around 10% at 1 keVee, one can perform a simulated
BDT analysis. To compute the EDELWEISS-III expected
sensitivity to 8B neutrinos, the BDT has been trained for
a 6 GeV=c2 WIMP mass (with a spectral shape similar to
the one of a 8B neutrino) and experimental conditions
using 106 events generated by Monte Carlo in the 3D
space (Efid; Eveto; ~Eheat) according to signal and back-
ground models. The BDT analysis is performed with the
same baseline energy resolutions and background model
as for Fig. 11, and no fiducial cut is used. As shown in
Fig. 12, which gives the number of events as a function
of the BDT output score for an exposure of 1000 kg · yr,
using a BDT score cut of 0.50 would give a clear signal
of 78 8B events after discrimination.2 It could pave the
way for a detailed measurement of this important, and yet

BDT output
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FIG. 12. BDT distribution simulated for a 8B neutrino signal,
obtained for an exposure of 1000 kg · yr, at 8 V, with a heat
baseline resolution of σEheat

¼ 100 eV and ionization baseline
resolution of σEfid

¼ 50 eVee. Colored distributions are associated
with the different background models. The expected 8B neutrino
signal is represented in gray. The BDT distribution of the
simulated data in the ROI corresponds to the black dots. Above
a BDT score cut of 0.5, a clear signal of 78 8B neutrino events is
obtained after discrimination.

FIG. 11. Simulation of 8B coherent neutrino-nucleus scattering
signal and background events, assuming the current EDEL-
WEISS-III background budget, with the exception of no more
heat-only background, no neutron events, and a reduction of the
Compton background by a factor of 10. These simulations are
computed for an exposure of 1000 kg · yr, at 8 V, with σEheat

¼
100 eV and σEfid

¼ 50 eVee baseline energy resolutions. The
separation of the 8B signal (medium gray dots) from background
events is clearly shown in the plane of fiducial ionization energy
versus normalized heat energy, in keVee.

2In 100 kg · yr, there is still a signal of eight 8B events after
discrimination.
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to be observed, signal from 8B coherent neutrino-nucleus
scattering, which will provide a probe for new physics in
the low-energy neutrino sector [54–56].

VI. CONCLUSION

The presented study provides the road map for the
optimization of EDELWEISS detectors for low-mass
WIMP searches. Clear differences have been shown in
how to optimize the sensitivity to low-mass WIMPs
depending on the focused parameter space region. Below
∼5 GeV=c2 WIMP masses, only background levels and the
threshold value matter such that simple detector designs
with good enough heat energy resolutions of typically
100 eVand high voltage biases of 100 Vare better suited. In
this low-mass region, the likelihood method is compulsory
to benefit from background subtraction and spectral shape
discrimination, both essential to avoid a quick saturation
effect at low exposure. At higher WIMP masses, the double
measurement of heat and ionization signals is a huge asset
as long as low voltage biases are applied. For the inter-
mediate-mass region, between 5 and 20 GeV=c2, the
ionization resolution is a key experimental performance
because of our reliance on both discrimination power and
surface event rejection. Finally, for the high-mass region
above 20 GeV=c2, only the total exposure and the neutron
background level really matter as long as discrimination
between electron and nuclear recoils is provided.
Different projected sensitivities for the EDELWEISS-III

experiment have been presented: the successful ongoing
R&D program could lead to a world-leading sensitivity
down to 1 GeV=c2 with an exposure of only 500 kg · d.
Reaching the neutrino floor, however, would require both
important heat-only event reduction and successful detector
R&D, combined with a hundred-kilogram-scale Ge experi-
ment, which could be part of a wider collaboration effort.
Another considered study concerns the possibility to enter
this neutrino floor in order to measure the 8B neutrino
signal: it could be obtained with HEMT technology, if it
successfully reaches an ionization baseline resolution
of σEfid

¼ 50 eVee.
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Université de Lyon in the framework Investissements
d’Avenir (ANR-11-IDEX-00007); by the LabEx P2IO
(ANR-10-LABX-0038) in the framework Investissements

d’Avenir (ANR-11-IDEX-0003-01), both managed by the
French National Research Agency (ANR); by the Science
and Technology Facilities Council (UK); and by the Russian
Foundation for Basic Research (Grant No. 07-02-00355-a).

APPENDIX: PARAMETRIZATION OF
BACKGROUND MODELS

Below we describe the analytic functions used to
compute recoil energy spectra associated with the
EDELWEISS-III background model described in Sec. II A.

(i) Compton-induced electronic recoils are described
by a flat spectrum with amplitude p0 ¼ 0.1 dru,
where the differential rate unit is defined as 1 dru¼
1 ðevent=kg:d:keVÞ [37].

(ii) The recoil energy spectrum for tritium β decays is
given by Eq. (A1), with pj¼0;2 as parameters:

dR
dEr

¼
h
p0ðp1 − ErÞ2ðp2 þ ErÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
r þ 2p2Er

q i
;

ðA1Þ
where p0¼1.406×10−8 dru·keV−4, p1¼18.6keV,
and p2 ¼ 511 keV.

(iii) The recoil energy spectrum for surface beta events
from the 210Pb decay chain has been derived by
fitting the averaged spectrum in data between 5 and
50 keV with the following function:

dR
dEr

¼
�
p0 exp ðp1ErÞ þ p2 exp

�
−
ðEr − p3Þ2

2p2
4

��
;

ðA2Þ
where pj¼0;4 are free parameters: p0 ¼ 1.34 dru,
p1 ¼ −0.058 keV−1, p2 ¼ 0.2 dru, p3 ¼ 40 keV,
and p4 ¼ 11.4 keV.

(iv) The recoil energy spectrum for surface 206Pb recoils
is given by a Gaussian distribution associated with a
flat component and pj¼0;3 as free parameters:

dR
dEr

¼
�
p0 þ p1 exp

�
−
ðEr − p2Þ2

2p2
3

��
; ðA3Þ

where p0 ¼ 0.037 dru, p1¼ 0.15 dru, p2 ¼ 95 keV,
and p3 ¼ 5.7 keV.

(v) The recoil energy spectrum of heat-only events
is parametrized by the sum of two exponential
functions:

dR
dEr

¼ ½p0 exp ð−p1ErÞ þ p2 exp ð−p3ErÞ�; ðA4Þ

where pj¼0;3 are free parameters: p0 ¼ 38.2725 dru,
p1 ¼ 0.293 keV−1, p2 ¼ 1.4775 dru, and p3 ¼
0.0812 keV−1.
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(vi) The spectral shape of radiogenic neutrons consists of the sum of two exponentials:

dR
dEr

¼ ½p0 exp ð−p1ErÞ þ p2 exp ð−p3ErÞ�; ðA5Þ

with pj¼0;3 as free parameters: p0 ¼ 4.827 × 10−4 dru, p1 ¼ 0.3906 keV−1, p2 ¼ 2.986 × 10−4 dru,
and p3 ¼ 0.05549 keV−1.
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