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Direct detection dark matter experiments looking for WIMP-nucleus elastic scattering will soon be
sensitive to an irreducible background from neutrinos which will drastically affect their discovery potential.
Here we explore how the neutrino background will affect future ton-scale experiments considering both
spin-dependent and spin-independent interactions. We show that combining data from experiments using
different targets can improve the dark matter discovery potential due to target complementarity. We find
that in the context of spin-dependent interactions, combining results from several targets can greatly
enhance the subtraction of the neutrino background for WIMP masses below 10 GeV/c? and therefore
probe dark matter models to lower cross sections. In the context of target complementarity, we also explore
how one can tune the relative exposures of different target materials to optimize the WIMP discovery

potential.
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I. INTRODUCTION

Numerous independent surveys have demonstrated evi-
dence on both cosmological and galactic scales that about
30% of the matter energy density of the Universe consists
of nonbaryonic, nonluminous matter. A leading candidate
for this dark matter is a yet-to-be-discovered weakly
interactive massive particle (WIMP) which could directly
interact with detectors based on Earth leading to keV-scale
nuclear recoils. Direct dark matter detection experiments
are now probing well-motivated models of extensions to the
standard model such as supersymmetry which naturally
predict dark matter candidates [1-3].

As the exposures of direct dark matter detection experi-
ments continue to improve, they will soon have enough
sensitivity to detect neutrinos from several astrophysical
sources such as the Sun, the atmosphere, and diffuse
supernovae [4-9]. For example, a 1 keV threshold Xe
based experiment with a 1 ton-year exposure will detect
about 100 3B solar neutrino events via coherent neutrino-
nucleus scattering (CNS). In fact for some WIMP masses,
such neutrino backgrounds can almost perfectly mimic a
WIMP signal. It has been shown in Ref. [10] that the CNS
background leads to a strong reduction of the discovery
potential of upcoming experiments. Therefore, though
neither coherent neutrino scattering nor the WIMP-nucleus
interaction have conclusively been observed yet, the search
for discrimination methods to disentangle WIMPs from
neutrino events is a necessity.
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Several methods to improve on the discrimination power
between a WIMP and a neutrino origin of the observed
nuclear recoils have been suggested [10], including using
the annual modulation signal [11] or directional detection
methods [12,13]. In this paper, we propose a new method to
reduce the effect of this neutrino background by looking for
a possible complementarity between different target nuclei.
In addition to discussing the target complementarity for
different spin-independent (SI) targets, for the first time we
discuss the prospects for complementarity using spin-
dependent (SD) targets.

This paper is organized as follows. In Sec. II, we briefly
review how to compute the WIMP and neutrino event rates
and we explain the test statistic that has been used to
generate discovery limits. We then compute some discov-
ery limits for several upcoming direct dark matter detection
experiments in light of the neutrino background. In Sec. 111,
we show how target complementarity can help in improv-
ing the WIMP discovery potential by considering both SI
and SD interactions. We then illustrate the improvement on
the discovery limits by combining data from different
targets. In Sec. IV, we explore how one can optimize the
relative exposures of the different target materials in a given
experiment in order to maximize its discovery potential
using the effect of target complementarity.

II. THE NEUTRINO BACKGROUND

A. Event rates computation

In this section, we review how to compute the WIMP
event rates for both SI and SD interactions and the coherent

© 2014 American Physical Society


https://core.ac.uk/display/78055908?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevD.90.083510
http://dx.doi.org/10.1103/PhysRevD.90.083510
http://dx.doi.org/10.1103/PhysRevD.90.083510
http://dx.doi.org/10.1103/PhysRevD.90.083510

RUPPIN et al.

neutrino event rates induced by the solar, atmospheric and
diffuse supernovae neutrinos [4-9].

Direct dark matter detection aims to detect elastic scatter-
ing between a WIMP from the galactic halo and the detector
material. In the nonrelativistic limit, the interaction between
a WIMP and a nucleus is well described by the superposition
of a spin-dependent (SD) and a spin-independent (SI)
contribution to the total cross section. When the transferred
energy is equal to 0 the WIMP-nucleus cross section (O‘SI’SD)
is related to the WIMP-nucleon normalized cross section
as [14]

2
o =12 L o3ix), (1)
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pn 2 Fp SD(Ax) . 2
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where uy = m,my/(m, 4+ my) is the WIMP-nucleus
reduced mass, A is the number of nucleons in the considered
target nucleus and y,, is the WIMP-nucleon reduced mass.
For the spin-dependent cross section [Eq. (2)], J corresponds
to the total angular momentum of the nucleus and (S, ,,) are
its mean spin content.

In this study, we only consider the simplest cases in
which the WIMP-nucleon cross section is due either solely
to a SI interaction or to a SD interaction. More generally,
the interaction of a nucleus which has a nonzero total
angular momentum with a WIMP is a superposition of
these SI and SD terms. Isotopes of a given target which
have a zero total angular momentum cannot be involved in
a SD interaction. Table I shows the different target

TABLE L
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properties that we use [15]. Note that the mean spin content
values depend on the considered nuclear model. The target
properties used in this study are similar to within a few
percent from those found in Ref. [16]. The WIMP event
rate as a function of the recoil energy of a given target
element 4X is given by

dR pooy " (*X) f(@)
L= MTY f1=2 F3p(E d*%,
ar, = M2 Pl B ]

(3)

where M is the detector mass, 7 is the time of exposition,
fa is the isotopic fraction of 4X (see Table 1), py =
0.3 GeV/c?/cm? is the standard value for the local density
of dark matter, and v,;, is the minimum velocity required for
a WIMP to induce a nuclear recoil with a recoil energy E,.
For the sake of comparison with existing WIMP constraints,
we consider the standard Maxwell-Boltzmann WIMP veloc-
ity distribution characterized by a dispersion o, related to the
local circular velocity v, such that ¢, = vy/v/2 and an
escape velocity ve,, = 544 km/s. Fgsp(E,) are the SI and
SD form factors that describe the coherence of the WIMP-
nucleus interaction. In the following, we will consider the
standard Helm form factor for the SI interaction and the thin
shell approximation for the SD interaction form factor
from Ref. [14].

Similar to the WIMP event rate calculation, the neutrino
event rate is computed by the convolution of the neutrino-
nucleus cross section with the neutrino flux as

dR, / dN do(E,.E,)
Emin dEU dE,,

i MT x ;fA

dE,, (4)

Considered target nuclei properties used for this study for both spin-dependent (SI) and spin-

independent (SD) interactions. For SI interactions, a single “isotope” with the mean atomic weight of the target was

used. Nuclear properties are taken from [15].

Nucleus Mean A z Isotopic fraction J (S,) (S,)
W 183.91 74 1.0
Xe 131.29 54 1.0
I 127.00 53 1.0
Ge 72.63 32 1.0
SI Ca 40.12 20 1.0 Not considered
Ar 39.98 18 1.0
Si 28.11 14 1.0
F 19.00 9 1.0
o 16.00 8 1.0
C 12.01 6 1.0
Nucleus A z Isotopic fraction J (S,) (S.)
Xe 131 54 0.2129 3/2 —0.009 -0.227
Xe 129 54 0.264 1/2 0.028 0.359
SD I 127 53 1.0 5/2 0.309 0.075
Ge 73 32 0.0776 9/2 0.030 0.378
Si 29 14 0.0468 1/2 —0.002 0.130
F 19 9 1.0 1/2 0.477 —0.004
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FIG. 1 (color online).

temperatures of each neutrino flavor: T,

Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric,
and diffuse supernovae [22-24]. Note that for the DSNB fluxes we show the three different contributions corresponding to the

=3 MeV, T;,

=5MeVand T,

= 8 MeV where v, represents all remaining flavors. Right:

Neutrino background event rates for a germamum based detector. The black dashed line corresponds to the sum of the neutrino induced
nuclear recoil event rates. Also shown is the similarity between the event rate from a 6 GeV/c> WIMP with a SI cross section on the

nucleon of 4.4 x 10~ c¢cm? (black solid line) and the 8B neutrino event rate.

where 4 dE, N corresponds to the neutrino flux. As it has been
shown in Ref. [17], the neutrino-nucleon elastic interaction
is theoretically well understood within the standard model,
and leads to a coherence effect implying a neutrino-nucleus
cross section that approximately scales as the atomic
number (A) squared when the momentum transfer is below
a few keV. At tree level, the neutrino-nucleon elastic
scattering is a neutral current interaction that proceeds
via the exchange of a Z boson. The resulting differential
neutrino-nucleus cross section as a function of the recoil
energy and the neutrino energy is given by [18]

G> myE
f A2 NEr
= L 02my (1 -2
dg =7 N( 2F?

do(E,.E,

it 2 e 6
where my is the nucleus mass, G, is the Fermi coupling
constant and Q,, = N — (1-4sin?d,,)Z is the weak nuclear
hypercharge with N the number of neutrons, Z the number
of protons, and 6, the weak mixing angle. The presence of
the form factors describes the loss of coherence at higher
momentum transfer and is assumed to be the same as for the
WIMP-nucleus SI scattering. Interestingly, as the CNS
interaction only proceeds through a neutral current, it is
equally sensitive to all active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The different neutrino sources consid-
ered in this study are the Sun, which generates high fluxes
of low energy neutrinos following the pp chain [19] and
the possible Carbon-Nitrogen-Oxygen cycle [20,21], dif-
fuse supernovae (DSNB) [22] and the interaction of cosmic
rays with the atmosphere [23] which induces low fluxes of
high energy neutrinos. As a summary of the neutrino

sources used in the following, we present in Table II the
different properties of the relevant neutrino families such
as: the maximal neutrino energy, the maximum recoil
energy for a Ge target nucleus and the overall flux
normalization and uncertainty. In order to most directly
compare to the analysis of Ref. [10], we use the standard
solar model BSO5(OP) and the predictions on the atmos-
pheric and the DSNB neutrino fluxes from [23] and [22]
respectively.

The different neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that the
highest event rates are due to the solar neutrinos and
correspond to recoil energies below 6 keV. Indeed, the 3B
and hep neutrinos dominate the total neutrino event rate for
recoil energies between 0.1 and 8 keV and above these
energies, the dominant component is the atmospheric
neutrinos. Also shown, as a black solid line, is the event
rate from a 6 GeV/c?> WIMP with a SI cross section on the
nucleon of 4.4 x 10~ cm?. We can already notice that for

TABLE II. Relevant neutrino fluxes to the background of direct
dark matter detection experiments. Also shown are the respective
maximum neutrino energy, maximum recoil energy on a Ge
target, and overall fluxes and uncertainties [22-24].

v type EP™ (MeV) EM™ (keV) v flux (cm™2s7")
"Be 0.861 0.0219  4.84 £0.48 x 10°
pep 1440  0.0613 1.42 +0.04 x 108
150 1.732 0.0887 2.33+0.72 x 108
;] 16.360 7.91 5.69 4+ 0.91 x 10°
hep 18.784 10.42 7.93+1.27 x 10°
DSNB 91.201 245 85.5 +42.7
Atmospheric 981.748 27.7x10° 10.5+2.1
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this particular set of parameters (m,, ¢'), the WIMP event
rate is very similar to the one induced by the ®B neutrinos.
As discussed in the next section, this similarity will lead to
a strongly reduced discrimination power between the
WIMP and the neutrino hypotheses and therefore dramati-
cally affect the discovery potential of upcoming direct
detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to provide a
substantial signal in future dark matter detectors. Our
primary motivation for this is because the neutrino-electron
spectrum is flat and is therefore fairly easy to distinguish
from a WIMP signal. Furthermore, in the following we will
mainly focus on the low WIMP mass region (below
20 GeV/c?) where the CNS background largely dominates
over the neutrino-electron induced one. Moreover, most
experiments are able to distinguish between electron and
nuclear recoils down to 1073~1073, making the neutrino-
electron scattering a negligible component.

B. Discovery limit computation

Following Ref. [10], we utilize a profile likelihood ratio
test statistic in order to derive discovery limits of upcoming
direct detection experiments in the context of the coherent
neutrino scattering background. A discovery limit fixes a
WIMP-nucleon cross section such that if the true WIMP-
nucleon cross section is higher than this value then the
considered experiment has a 90% probability to detect a
WIMP with at least a 36 confidence level [25]. A binned
likelihood function has been used in order to compute
discovery limits for very high exposures:

NSXP Nbin Nb
. . hij
‘C(G)(—n’ ¢v) = H |:HP(NhJ|/")}(”l + Z,“vl]>:|
h=1 Li=1 j=1

<[] o), (6)
j=1

where (,{),’, are the different neutrino fluxes, P is the Poisson
probability function, N, is the number of independent
experiments, N;, is the considered number of bins, N7 is
the number of events in the ith bin of the hth experiment
and N, is the number of considered neutrino families. The

values of u and ul"/ correspond respectively to the
expected number of events from WIMPs and neutrinos of
the family j for the experiment 4. They are computed by
integrating the considered event rates over the recoil energy
range of the ith bin. Finally, £/ (¢}) are the individual
likelihood functions related to the flux normalization of
each neutrino component. They are parametrized as
Gaussian distributions with a standard deviation corre-
sponding to the uncertainty on the considered neutrino flux.

The profile likelihood ratio test statistic allows one to
quantify the gap between a background only hypothesis
(Hy) and an alternative hypothesis (H;) which includes

PHYSICAL REVIEW D 90, 083510 (2014)
both background and signal [26]. It is defined as

—21n {M] &yn>0
L(6ynh)

0 6,_, <0,

x—n

(7)

qo =

A

where we used the g{;b notation to show that this parameter
varies in order to maximize the conditional likelihood
function when o,_, is fixed to zero. Following Wilk’s
theorem, the probability distribution function of ¢, asymp-
totically follows a half y? distribution with 1 degree of
freedom. This has been checked by computing the histo-
gram of the ¢, values under the H, hypothesis for 1000
Monte Carlo pseudoexperiments. Therefore the signifi-

cance of this test statistic is simply given by Z = /¢S

in units of sigmas.

Figure 2 presents the evolution of the discovery limit for
a WIMP mass of 6 GeV/c? (left panel) and 100 GeV/c?
(right panel) as a function of exposure which is given in
number of expected neutrinos and ton-year on the bottom
and top x axes. Those calculations were done considering
different values of the systematic uncertainties on the
relevant neutrino background. From looking at Fig. 2,
one can understand the impact of the neutrino background
on the discovery potential which is worth describing in a
couple of main points:

(i) At the lowest exposures, where the neutrino back-
ground is negligible, and if no other backgrounds are
present, the discovery potential evolves as ~1/MT
where MT refers to the exposure (mass x time) of
the considered experiment.

(i) As soon as the experiment starts to become sensitive
to the neutrino background, the discovery potential
evolves as ~1/v/MT as we are in a Poisson back-
ground subtraction regime.

(iii) When the exposure gets even bigger and the WIMP
and neutrino signals are very similar, such as for a
WIMP of 6 GeV/c? for a Xe target, the discovery
potential starts to flatten out due to the systematic
uncertainties. Indeed, in the extreme case where
there is no discrimination power between the WIMP
signal and the neutrino background, one would
expect the discovery potential to evolve as [10]

1+ &N,
N,

; (8)

Odisco &

where £ is the relative uncertainty on the relevant
neutrino background. One can then see that the
level and exposure at which the discovery potential
flattens out is directly related to the level of this
systematic uncertainty, as illustrated by Eq. (8) and
shown in Fig. 2. This clearly highlights the need for

083510-4
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Evolution of the discovery limit for a SI interaction as a function of the exposure for idealized Xe experiments

with perfect efficiency and a 3 eV (4 keV) threshold. The discovery limit is shown for a 6 GeV/c? (100 GeV/c*) WIMP mass for
different values of the systematic uncertainty on the ®B (atmospheric) flux in the left (right) panel. The second and third regions
(background subtraction and saturation regime) are well described by Eq. (8) as shown by the dashed lines corresponding to the different

systematic uncertainties.

reducing systematic uncertainties on the neutrino
fluxes. Note that this saturation of the discovery
potential can span about 2 orders of magnitude in
exposure and therefore clearly represents a chal-
lenge to the development of future direct detection
experiments.

Once enough neutrino events have been accumulated
(between a few thousand and a million, depending on
the systematic uncertainty), one can get back to a
standard Poisson background subtraction regime and
therefore overcome the previously described satura-
tion regime. This is due to the small differences in the
tails of the neutrino- and WIMP-induced spectra
which lead to additional discrimination power, e.g.,
Fig. 1 (right panel) around 6.5 keV for the 6 GeV/c?
case. However, these small differences in the induced
spectra only become relevant at very high exposures
(especially at the high WIMP mass region) which are
well beyond what is envisioned for the next gener-
ation of experiments.

In Fig. 3 we illustrate the evolution of the discovery
limit, in the light of the neutrino background, as a function
of the WIMP mass. We use an idealized Xe-based experi-
ment with a recoil energy threshold of 3 eV and perfect
efficiency to map out the low and high WIMP mass range.
This figure clearly shows that there are some particular
WIMP mass ranges for which we expect the neutrino
background to dramatically affect the discovery potential,
i.e., going through a saturation regime. A few examples are
for masses around m, = 0.8 GeV/c?, m, =6 GeV/c?,
m, =8 GeV/c? and above m, = 100 GeV/c? where the

WIMP signal is well mimicked by the "Be, ®B, hep and the
atmospheric neutrinos respectively. For WIMP masses with
strong differences between the WIMP and the neutrino

(iv)

recoil spectra, the discovery potential evolves close to
1/v/MT as one can see from Fig. 3 for WIMP masses
between 1 and 4 GeV/c? for example.

Interestingly, from Figs. 2 and 3 we can clearly see that
the neutrino background will impact the low WIMP mass
(below 10 GeV/c?) and the high WIMP mass (above
10 GeV/c?) regions at very different exposures due to
the vastly different rates of neutrino backgrounds seen in
Fig. 1. Indeed, the discovery limit evolution with exposure
transitions from 1/MT to 1/v/MT as soon as the expected
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FIG. 3 (color online). Evolution of the discovery limit as a
function of exposure on the WIMP mass vs SI cross section
plane. These limits are computed for an idealized Xe-based
experiment with no other backgrounds, 100% efficiency, and an
energy threshold of 3 eV to fully map the low WIMP mass
discovery limit. Features appearing on the discovery limits with
increasing exposures are due to the different components of the
total neutrino background, see Table II.
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neutrino background nears one event, which corresponds to
exposures of a few kg-years for very-low-threshold experi-
ments in the low-mass region and a few tens of ton-years
for the high-mass region for idealized perfect-efficiency
experiments (actual exposure values depend on the target,
threshold, and efficiency of a given experiment). The
saturation regime exists for exposures between 100 kg-
year and 10 ton-year and between 10° ton-year and 10° ton-
year for the low and high WIMP mass regions respectively.
Therefore, one can conclude that the next generation of
low-threshold experiments focusing on the low WIMP
mass region could reach well into the 1/+/MT regime and
even begin to see the effects of saturation, while at high
WIMP masses the next generation of experiments will at
most begin to see the 1/v/MT effects from the neutrino
background.

C. Discovery limits for different targets

From Figs. 2 and 3, we have seen that the neutrino
background can lead to a saturation regime of the discovery
potential over certain mass ranges that can span over 2
orders of magnitude in exposure. However, with enough
exposure or lower systematics, one can always improve the
discovery limit. In the following, we will define an arbitrary
neutrino induced discovery limit within the saturation
regime, derived from a set of two different exposures
(and energy thresholds) for the low and high WIMP mass
regimes. The thresholds are defined such that for the low
mass region we expect no pp neutrino events in the data
and that for the high mass region we expect no B neutrinos
events in the data. The exposures are set such that the low
WIMP mass regime detects 200 events from 8B (about
1660 neutrino events total including pep, hep and "Be), and
the high WIMP mass regime detects 400 neutrino events.
The corresponding exposures and thresholds for each target
discussed in the following are summarized in Table III. One

TABLE III

PHYSICAL REVIEW D 90, 083510 (2014)

can then see, using Fig. 2, that the computed limits are
always within the saturation regime of the discovery
potential for both the low and the high WIMP mass
regions. As previously discussed, this is where adding a
new observable such as annual modulation [11] and/or
directionality [12,13], or combining data from several
experiments, as suggested in Sec. III, can lead to the most
substantial improvement in the discovery potential.

Figures 4, 5 and 6 c-target and multitarget based
experiments for both SI and SD interactions using the
target and neutrino properties shown in Tables I and II, and
the energy thresholds and exposures from Table III. It
should be noted that these are limits calculated for idealized
experiments with perfect efficiency, and no background
except for neutrinos, and thus represent the best attainable
discovery limit for the listed exposures.

In Fig. 4 (left panel) we show the discovery limits of
elemental targets considering only the SI interaction. One
can first notice that, using a binned likelihood function, we
have been able to reproduce the results from [10]. In the SI
case the equivalent WIMP models corresponding to a given
neutrino type are only weakly dependent on the considered
target (see Sec. III for more details), thus all single-nucleus
based targets share a very similar discovery limit.

In Fig. 4 (right panel) we show the discovery limits for
the SI interaction considering compound targets such as
CaWOy (used in CRESST), CFslI (used in COUPP), and
C5Fg (used in PICO and PICASSO). Since experiments
that use C;Fg and CF;1 do not currently measure the recoil
energy of the event, we computed limits with and without
energy sensitivity, shown as dashed and solid lines respec-
tively. In the case of compound targets, we chose the
thresholds by considering the lightest nucleus of the
mixture as it has its neutrino spectra the most shifted to
the high recoil energies. For example, considering CaWQy,,
in order to compute the low threshold part of the discovery

Corresponding energy thresholds and exposures for each target material used to derive the discovery

limit over the low and the high WIMP mass regions. The thresholds are defined such that for the low WIMP mass
region one we expect no p p neutrino events in the data and that for the high WIMP mass region one we expect no *B
neutrinos events in the data. The exposures are set such that the low WIMP mass regime detects 200 events from $B
(about 1660 neutrino events total including pep, hep and "Be), and the high WIMP mass regime detects 400 neutrino

events.

‘ Exposure!®¥ Exposurehigh
Target Sample experiment ENY (eV) ENE" (keV) (ton-yr) (x10? ton-yr)
Xe LZ/XENONIT 3 4 0.19 9.3
Ge SuperCDMS/ 5.3 7.9 0.38 15.6

CoGeNT

Si SuperCDMS/DAMIC 14 20 1.26 73.1
Ar DEAP/DarkSide 9.6 14.4 0.72 32.5
CaWO, CRESST 25 35 1.48 24 .4
C;Fy PICO 33 47.7 2.02 25.1
CF, MIMAC/DMTPC 33 47.7 2.39 22.9
CF;1 PICO/COUPP 33 47.7 2.42 23.8

083510-6



COMPLEMENTARITY OF DARK MATTER DETECTORS IN ...

T T T T

T T T T T T

—
S
T

CDMS Si
2013)

SI WIMP-nucleon cross section [cmz]
'WIMP-nucleon cross section [pb]

] M| ol L

1 10 100
WIMP mass [GeV/cZ]

FIG. 4 (color online).

PHYSICAL REVIEW D 90, 083510 (2014)

T T

T T T T T T

CDMS Si
(2013) -

SIMPLE @n2)

._
<,
2
‘WIMP-nucleon cross section [pb]

SI WIMP-nucleon cross section [cmz]
.
[—]

g =——
C;Fg with energy =«

Tl r——————yl | L

1 10

c ol L

100
WIMP mass [GeV/cZ]

Discovery limits for single (left) and multitarget (right) based experiments considering the SI interaction. Also

shown are the current sensitivity limits of several experiments: DAMIC [27], SIMPLE [28], SuperCDMS-LT [29], COUPP [30],
ZEPLIN-III [31], EDELWEISS [32], CDMS II Ge [33], CDMSLite [34], XENONI100 [35], LUX [36], CDMS-II Si [37], DAMA/

LIBRA [38] and CRESST [39].

7]

1 0+06

T T T T T T

T T

| 10+04

_ 10+02

1 0+00

oam
S oupE 201

PICAS

WIMP-nucleon cross section [pb]

108 -
107
|- Xe —
Ge ==sas=n
10742 H 5 ool

Lol ol ol L

1 10 100
WIMP mass [GeV/cZ]

SD (proton) WIMP-nucleon cross section [cm’

FIG. 5 (color online).

limit, we chose a threshold such that there is no pp neutrino
events in the data due to the O target, i.e., 25 eV. By
choosing this threshold we do not consider the same event
rate proportions for the three different targets. This explains
the three successive exponential-like falls from a WIMP
mass of 6 GeV /c? to about 100 GeV /c? for this target. We
can apply the same reasoning for the CF;I target where we
can see two different exponential-like falls due to I and F
targets. For C;Fj this effect is not visible as F and C have
very similar atomic masses. Note that the discovery limit
for CF, (used in experiments such as MIMAC [40] and
DMTPC [41]) is almost identical to the one from a C;Fg
based experiment with energy sensitivity. Therefore, all the
following results using CsFg are also relevant to CF,.
Figures 5 and 6 show the discovery limits considering
a SD interaction on the proton and on the neutron,
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Same as Fig. 4 but considering the SD interaction on the proton.

respectively. These discovery limits have similar shapes
to those derived for the SI interaction but their relative
amplitudes can be very different. For example, considering
a SD interaction on the proton, a Si-based experiment and
an experiment using C;Fg have their discovery limits
around 107 cm? and 107! cm? in the low mass region,
respectively. This difference is due to the nature of the
SD interaction. Indeed, the neutrino-nucleus cross section
is still described by a coherent effect (evolution in A?)
while the SD WIMP-nucleus cross section depends on
the total angular momentum and mean spin contents of
the considered target [see Eq. (2) and Table I]. Another
interesting feature that one can notice from Figs. 5
and 6 concerns the multitarget based experiments.
Indeed, for such experiments, some nuclei from the tar-
get material cannot lead to a SD interaction as they have
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J = 0. This effect leads to different shapes in the discovery
limits between the SI and SD cases, as one can see for C;Fg
where J- =0 and Jz = 1/2. One may also notice that
CaWOy, does not appear in Figs. 5 and 6 as it has no SD
sensitivity.

For these six figures, the discovery limit indicates the
region of parameter space where the neutrino background
has its highest impact on the reach of upcoming direct
detection experiments. Indeed, with the considered energy
thresholds and exposures, the discovery potential is in the
saturation regime over most of the mass range, where a
slight increase in sensitivity would be at the cost of a large
increase in exposure. This clearly highlights the need for
developing alternative strategies to be able to probe dark
matter models lying underneath this neutrino-induced
bound on the WIMP discovery reach.

III. COMBINING DATA FROM DIFFERENT
EXPERIMENTS

As shown in the previous section, it can be extremely
difficult to claim a discovery of dark matter if the true WIMP
model lies below the neutrino background. However, there
are several possible ways to improve the discovery potential,
even in the neutrino-induced saturation regime. The first one
is to improve the theoretical estimates and experimental
measurements of neutrino fluxes as it has been shown in
Fig. 2. A second possibility is to add some new observables
that could help at disentangling between the WIMP and
neutrino origin of the observed nuclear recoils. This could be
done by searching for annual modulation [11] and/or
by measuring the nuclear recoil direction [13], as suggested
by wupcoming directional detection experiments [12].
Indeed, since the main neutrino background has a Solar
origin, the directional signature of such events is expected
to be drastically different from the WIMP induced
one [42,43].

PHYSICAL REVIEW D 90, 083510 (2014)

7]

1 0+06

T T T

T T

T T T

11 0+04

1 0+02

WIMP-nucleon cross section [pb]

SD (neutron) WIMP-nucleon cross section [cm
-
=}
]

-40 10—04
10 CFyl ——
r| CF;l with energy =
. i -06
10 24 C;Fg with eneggy T I - 10
M| ol ol MR
10 100 1000
WIMP mass [GeV/cZ]

Same as Fig. 4 but considering the SD interaction on the neutron.

A. Target complementarity

We are now in position to study the gains in discovery
potential that can be achieved by combining data from
different target materials in light of the neutrino background.
As discussed in the previous section, the effect of neutrino
background is notably important at particular WIMP masses
and cross sections where the WIMP and neutrino spectra are
similar, both in shape and magnitude. The WIMP mass and
cross section where this occurs is target-material dependent.
One may then wonder whether combining different experi-
ments could alleviate such degeneracies between the WIMP
and the neutrino hypotheses.

In order to investigate this possibility, we determine what
WIMP models can be mimicked by ®B neutrinos by
computing the maximum likelihood distributions under
the WIMP only hypothesis in the (m,,, 65'5P) plane from
fake data containing only nuclear recoils from ®B neutrinos.
Because of the small differences between the WIMP and
neutrino energy distributions, the reconstructed WIMP
masses for each target are slightly different. This result
is shown in Fig. 7 (left panel). For a SI interaction, the
reconstructed cross sections for different targets are all
roughly the same as shown in Fig. 7 (right panel). This is
because both neutrino- and WIMP-nucleus cross sections
evolve as A® [Eq. (1)]. Therefore, we expect the target
complementarity in the SI case to be fairly weak.

However, for a SD interaction the situation is different.
As Fig. 7 (right panel) clearly indicates, the reconstructed
cross sections for the different targets can be different by
many orders of magnitude. This is due to the nature of the
WIMP SD cross section which depends on the angular
momentum (J), spin content ({S p.,,)) and isotopic fractions
(f4) of the considered targets [Eq. (2)]. Thus, as the
reconstructed WIMP models of a given neutrino for
different target nuclei are strongly distinguishable, one
could expect to gain in discrimination power between the
WIMP and the neutrino hypothesis by combining data from
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hypothesis. Right: Figure of merit of target complementarity showing the mean values of the reconstructed WIMP-nucleon cross
sections computed by considering the distributions of the maximum likelihood of the ®B neutrino under the WIMP only hypothesis for

different target nuclei and 1000 Monte Carlo pseudoexperiments.

several experiments. As a matter of fact, Fig. 7 (right panel)
can be seen as a way to quantify the target complementarity.
Indeed, the larger the difference in reconstructed WIMP
cross sections between two targets is, the greater the
discrimination power and improvement in a combined
discovery potential becomes.

As mentioned above, target complementarity is not very
efficient for the SI interaction as one can see in Fig. 8 (left)
where we have computed the discovery limits (solid curves)
for progressive combinations of Xe, Ge, Si, and C;Fg
targets using thresholds taken from Table III for the low
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FIG. 8 (color online).

WIMP mass region. The exposures for each individual
target have been set such that we expect a total of 1000 *B
neutrino events equally distributed amongst each experi-
ment. For example, the Xe 4+ Ge curve has exposures set
such that 500 events are detected in Xe and 500 in Ge.
The slight shift to higher WIMP masses when adding Si to
the Xe + Ge mixture comes from the differences in the
reconstructed WIMP masses from a 8B signal shown in
Fig. 7 (left panel). C5F; is currently used in bubble chamber
experiments such as COUPP which do not have sensitivity
to the recoil energy since they detect events which deposit
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Left: Discovery limits for a Xe only, and combinations of Xe/Ge, Xe/Ge/Si and Xe/Ge/Si/C;Fg based

experiments for the SI interaction with thresholds set such that we do not have pp neutrino events in the data: 3, 5.3, 14, and 33 eV for
Xe, Ge, Si, and C respectively. The exposure has been set such as an expected number of 1000 B neutrino events equally distributed
between the targets was expected in the four cases. For the C;Fg based experiment we computed two limits with and without energy
sensitivity. Also shown are the background-free limits obtained without considering the neutrino background (sensitivity limits). Right:
Ratio between the discovery limits of a Xe based experiment, combinations of Xe/Ge, Xe/Ge/Si and Xe/Ge/Si/C;Fg based experiments
with their respective sensitivity limits. The gap between this ratio and 1 gives the effect of the background on the discovery potential.
Also shown as dashed vertical lines are the WIMP masses that can be mimicked by different neutrino components.
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two limits with and without energy sensitivity. The right panel shows clearly that combining data from C5Fg with other targets results in
a significant decrease of the impact of the neutrino background on the discovery potential.

an energy density above the threshold required to generate
bubble nucleation [30]. We have thus included curves with
and without energy sensitivity for this target. For reference,
the background-free sensitivity limits for the chosen
exposures are also shown as dashed lines. The ratio
between the sensitivity and the discovery limits, shown
in Fig. 8 (right panel), allows us to quantify the impact of
the neutrino background on the WIMP discovery potential
of these idealized experiments. As expected, for ST WIMP
interactions target complementarity has a modest effect and
can at most reduce by a factor of 2 the impact of the
neutrino background on the discovery potential.

Figure 9 (left panel) is similar to Fig. 8 (left panel) but for
the SD interaction on the proton. From Fig. 7 (right) we see
that fluorine targets have a large advantage in sensitivity for
SD proton interactions. One can see this in the large
improvement in discovery potential when adding C;Fg to
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FIG. 10 (color online).

the compliment of targets. One might wonder if it is worth
combining C3Fg with other experiments due to its advantage
for this interaction. To consider this, we have added a C;Fg-
only discovery and sensitivity limit. One can see that even
though one obtains the best background-free sensitivity with
C;5Fj, the best discovery limit is obtained by adding other
targets which helps at reducing the effect of the neutrino
background by about an order of magnitude (see Fig. 9, right
panel) even while the background-free sensitivity is reduced.
It is also worth recalling that the curves that consider an
experiment using C3Fg with recoil energy sensitivity have
very similar neutrino background implications than CF,-
based experiments such as MIMAC and DMTPC.

Finally Fig. 10 shows the results of complementarity for
the SD neutron case. For this interaction, the improvement
in discovery potential is intermediate between the SI and
SD proton case.
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While we have considered only models in which a
WIMP has one of these three types of nuclear interactions,
a true WIMP may have nonzero cross sections in all three
of these channels. If a potential signal is discovered near the
neutrino-induced discovery limit, a more detailed scan of
the parameter space would be required to disentangle the
possible WIMP and neutrino signals.

B. Effect on the dynamics of the discovery limit

In the previous section, we focused on the effect of target
complementarity on the discovery potential of upcoming
experiments for a fixed exposure. In the following, we will
describe the effect of target complementarity on the
dynamics of the discovery limit when increasing the
exposure around the saturation regime.

Figure 11 shows the evolution of the discovery limit for
Xe (red +), Xe + Ge (blue x) and Xe + Ge + Si (green )
based experiments considering both SI (left panel) and SD
(right panel) interactions for a 6 GeV/c?> WIMP mass. We
can see that in the case of a SI interaction, combining Xe, Ge
and Si does not allow one to greatly improve on its discovery
potential. The green points (Xe + Ge + Si) still clearly show
a saturation regime in the discovery potential. However,
considering a SD interaction on the proton, adding succes-
sively Ge and Si allows one to consequently improve the
evolution of the discovery potential with exposure and keep
it close to the 1/1/MT best-case scenario. By comparing the
Xe-only and Xe 4 Ge + Si points, we can see that target
complementarity allows one to reach a discovery limit of
about 2 x 1073 cm? with an exposure which is 50 times
lower. This clearly highlights the interest of combining data
from different experiments to bypass the saturation regime
induced by the neutrino background.

IV. OPTIMIZATION

The previous results have shown combinations of several
single-nucleus based experiments with a fixed relative
exposure. In this section, we will address the optimization
of several target materials when designing a future experi-
ment that would maximize its discovery potential. We will
consider the relative exposures of Si and Ge crystals in this
example since at least one experiment (SuperCDMS) can
use both of these targets in their future payloads.

As suggested by our previous study of the target
complementarity, in the context of a SI interaction the
discovery limit is only slightly affected by changing the Si
fraction of the total exposure. We thus concentrate on the
SD proton interaction. Figure 12 shows the discovery limit
for a combination of Ge- and Si-based experiments as a
function of the considered Si fraction in the total exposure
at a fixed WIMP mass of 6 GeV/c?. The considered
thresholds for the two experiments target nuclei are taken
from Table III. We can see that for exposures which are low
enough to be in the systematics-dominated regime (below
0.2 ton-year), adding Si in the experiment does not improve
the discovery potential because the reconstructed cross
section for Si is about 2 orders of magnitude higher than the
one for Ge (see Fig. 7). However, when the exposure is high
enough to be in the discovery potential saturation regime,
the complementarity of the two targets leads to an improve-
ment of the combined discovery potential. The optimum Si
fraction that maximizes the effect of the complementarity
of Ge and Si corresponds to the minimum of these curves
which has been marked by a “x.” We can therefore see that
as the exposure increases, the Si fraction that maximizes the
discovery potential has to be higher. For a 0.4 ton-year
experiment it is around 30% but for a 10 ton-year
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FIG. 12 (color online). Evolution of the discovery limit of a
combination of Ge and Si based experiments as a function of the
considered Si fraction for several different exposures considering
a WIMP mass of 6 GeV/c?. We considered both the SI and the
SD interaction on the proton. For the SI interaction there is no
optimal Si fraction because there is no visible effect from target
complementarity. However, for the SD interaction on the proton,
the discovery limit at 6 GeV/c?> has a minimum value for a
certain Si fraction which depends on the considered exposure.

experiment it is around 60%. Figure 12 suggests that for
very high exposures, it is worth tuning the relative
exposures of Ge and Si detectors in order to maximize
the discovery potential in light of the neutrino background.

V. CONCLUSION

Since dark matter experiments will soon begin to be
sensitive to coherent neutrino scattering from solar neu-
trinos, the search for discrimination methods to disentangle
WIMP from neutrino events is a necessity. For both spin-
independent and spin-dependent targets, we have examined
the effect of target complementarity on the discovery
potential of single nucleus and multitarget based experi-
ments. In general, we find that combining different targets
such as Xe and Ge will allow for an improvement in the

PHYSICAL REVIEW D 90, 083510 (2014)

discovery potential. For spin-independent interactions, we
show that the similarity between the scaling of the response
of WIMPs and neutrinos with different targets ultimately
limits the gain in discovery potential achievable.

However, this situation is different for spin-dependent
interactions. In this case, the differences in the cross
sections of WIMPs and neutrinos with different targets
allows one to bypass the saturation of the discovery
potential and allow the search for dark matter to be pursued
to lower cross sections. The improvement is most dramatic
for spin-dependent WIMP-proton interactions. In particular
combining C3Fg with other targets results in a significant
decrease of the impact of the neutrino background on the
discovery potential.

We have also shown that the effect of target comple-
mentarity can be used to optimize the different element
fractions for experiments which have more than one target
material. In particular for the SD interaction on the proton,
there is an optimum Si fraction for a Ge + Si experiment
which maximizes the discovery potential. We have dis-
cussed how this fraction depends on the exposure and
increases with the exposure.

In summary, the results that we have presented in this
paper provide valuable input for future direct dark matter
searches. We have provided the first suggestion for expand-
ing the reach of WIMP dark matter searches in the regime
where the neutrino backgrounds are substantial. The
methods we have discussed rely only on measuring energy
depositions, and can ultimately be complementary to
methods that reduce the neutrino background that rely
on different experimental signatures such as annual modu-
lation or the direction of the recoiling nucleus.
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