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Coherent scattering of solar, atmospheric, and diffuse supernovae neutrinos creates an irreducible
background for direct dark matter experiments with sensitivities to WIMP-nucleon spin-independent
scattering cross sections of 107*6—~107*% ¢m?, depending on the WIMP mass. Even if one could eliminate
all other backgrounds, this “neutrino floor” will limit future experiments with projected sensitivities to
cross sections as small as 10™*8 cm?. Direction-sensitive detectors have the potential to study dark matter
beyond the neutrino bound by fitting event distributions in multiple dimensions: recoil kinetic energy,
recoil track angle with respect to the sun, and event time. This work quantitatively explores the impact of
direction sensitivity on the neutrino bound in dark matter direct detection.
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I. INTRODUCTION

Dark matter comprises approximately 25% of the energy
density of the Universe [1,2], yet its particle properties are
unknown. There are a large class of dark matter candidates
with masses and interaction energy scales expected to appear
just beyond the electroweak scale [3]. Such models are
interesting since they can lead naturally to an abundance of
dark matter in agreement with cosmology. They also suggest
cross sections for scattering off of nuclei which are within
reach of current and near-future direct detection experiments.

The precise predictions for scattering cross sections with
nuclei in these models vary a great deal and even within
a given model the scattering strongly depends upon the
values of the input parameters, such that the range for the
WIMP-nucleon interaction cross section ¢, spans many
orders of magnitudes. Very small WIMP-nucleon cross
sections can arise in models in which the dark matter
candidate is a mixed state such that small mixing angles
may suppress the interaction, or when the self annihilation
cross section of dark matter in the Early Universe (which
determines relic density today) is enhanced via kinematics
rather than couplings. Another possibility is that different
contributions to the interaction of the WIMP with nucleons
cancel each other for specific choices of input parameters.

These possibilities require direct dark matter searches
that are sensitive to very small WIMP-nucleon cross
sections where, as we will see, coherent neutrino-nucleus
scattering will become a problem [4-7].

Direct detection experiments search for dark matter
particles using the coherent elastic scattering process.
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Neutrinos also interact coherently with atomic nuclei,
causing the nucleus to recoil with energies up to tens of
keV. Such recoils would be indistinguishable from dark
matter interactions individually. The scale of the ambient
neutrino flux in this energy range is 10® cm=2s~!, and
the coherent neutrino-nucleus cross section is of order
1073° cm?. Background interactions due to these neutrinos
represent a lower “neutrino bound” on the achievable
sensitivity of dark matter direct detection experiments [8,9].

Discovering dark matter with a cross section close to or
below the neutrino limit will be difficult. Equivalently, if
we discover dark matter relatively soon with cross sections
far above the neutrino limit we will still want to build larger
detectors to study the dark matter in more detail, in which
case the precision of such measurements will be limited by
background neutrinos.

In this paper, we estimate the impact of backgrounds in
dark matter detectors caused by coherent neutrino-nucleus
elastic scattering of ambient solar, atmospheric and super-
novae neutrinos, taking into account recoil energy, direction,
and time modulation sensitivity. We calculate probability
distribution functions for the dark matter signal and the
neutrino background in the dimensions of recoil energy,
recoil direction, and event time. We find that direction
sensitivity adds approximately an order of magnitude sensi-
tivity beyond nondirectional searches for light dark matter,
and depending on the target species and energy threshold,
this sensitivity can leap far beyond the solar neutrino bound.

II. DARK MATTER DETECTION

Direct detection experiments seek to look for the signal
of dark matter particles via their elastic scattering inter-
actions with detector nuclei [10].

© 2014 American Physical Society
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Recent experiments have limited the magnitude of the
scattering cross section to be less than approximately
10~% cm? [11,12]. This corresponds roughly to one event
per 100 kilograms of detector fiducial mass per day of
detector live time. The next generation of ton-scale plus
experiments are expected to increase this sensitivity by 2
or 3 orders of magnitude.

Directional detection experiments measure both the
energy and track direction of the recoil nuclei. To measure
the direction of such low-energy tracks, gas targets are used
at pressures of 0.05-0.1 atmospheres, with high-density
readout of charge and optical signals [13]. Current direc-
tional detectors are at the research and development stage,
and in small prototypes have demonstrated energy thresh-
olds of a few keV, and at higher thresholds (50-100 keV)
have demonstrated angular resolution of 30-55" [13-15].
For the studies here we use the event angle 6,,, which is
defined as the angle between the recoiling nucleus track
and the Earth-Sun direction.

Earlier work on directional dark matter detection has
shown how dark matter properties can be constrained [16],
how exclusion limits with directional detectors may be set
[17], how well a dark matter signal may be distinguished
from an isotropic background [18], or how the dark matter
velocity distribution may be tested [19]. We will investigate
here the implications of directional dark matter detectors
for dark matter searches in the presence of neutrino
background.

A. Dark matter scattering cross section

The current approach in direct dark matter detection to
test the wide range of theoretical models for dark matter is
to measure the event rate of dark matter particles scattering
off of target nuclei [20].

The zero momentum WIMP-nucleus cross section is
given by

2
o0 =1 (2f, + (A= D)f, ). (1

where f, and f, are the couplings of the dark matter
particle to the proton and neutron, respectively, uy is the
dark matter-nucleus reduced mass, A the atomic number
and Z the number of protons of the target nucleus. We
assume f, and f, to be approximately equal such that the
estimation o, o« A2f2u% holds. Then, we can cast o, into
the WIMP-proton cross section 6, via 6y = o, (ur/p,)?A?

and use the event rate to constrain cp-

B. Dark matter velocity distribution

We assume a local density for the dark matter of
0.3 GeVcm™ which is in agreement with current astro-
physical values [21].

We assume that the WIMPs have a Maxwellian distri-
bution f(v) with a cutoff at the halo escape velocity
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Vese = 544 km/s. Tt is well known that limits for light
dark matter depend strongly on astrophysical uncertainties,
but considering these is not part of this paper. If |7 < vy,
the distribution in the halo rest frame is

) 13\ T3
SO pato = Now (m) exp {— 20 } (2)

with N = erf(z) — 2zexp(—z%)/+/7 accounting for the
truncation. We have z = v.,./? and o = 220 km/s as the
most probable WIMP velocity, which is related to the width
of the distribution via 6, = \/3/29. For |v| > v we
assume that f(7) vanishes.

In the lab frame, we need to take into account the Earth’s
overall velocity vector which has contributions from the
Sun’s movement around the Galactic center, the peculiar
movement of the Sun relative to the local standard of rest
and the Earth’s velocity vector relative to the sun which
changes throughout the year. The velocity distribution is
therefore time dependent. A detailed description of the
Earth’s overall velocity vector that has been used in this
work can be found in [22,23]. We integrate this time
dependence over the exposure time from ¢, to #; to account
for the annual modulation in the event rate.

C. Dark matter signal distribution

The stronger the scattering cross section, the larger the
event rate in an experiment. The differential rate is

R t o Iy
d DM _ Ao =200 F2(E,) / G, (3)
1y VUmin v

dE, 2mpypy

Here, Mg is the detector mass, p, the local dark matter
density, mpy the dark matter mass, f(7, ) the dark matter
velocity distribution in Earth’s frame of reference, and
F(Q) the form factor which describes the distribution of
weak hypercharge within the nucleus. The form factor
depends on the momentum transfer squared, Q% = 2myE,.
In this work we use Helm form factors; see e.g. [24] or [25].
To obtain the differential rate, an integral over this
velocity distribution must be performed from a minimum

velocCity vpmin = v/ 2Emin/mpy that depends on the recoil
energy through the minimal WIMP energy E.;, =
E.(mpy + my)?/(4mpymy) necessary to obtain such a
recoil energy E..

The number of dark matter events is calculated as an
integral over the differential rate and the energy-dependent
detection efficiency ¢(E,) of an experiment:

EuP dRDM
= E dE,. 4

If a dark matter particle with kinetic energy Epy scatters off
a target nucleus with scattering angle 6 with respect to its
incoming direction, the resulting recoil energy is
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E, = Epyr(1l —cos8)/2, (5)

with r = 4mpymy/ (mpy + my)?. In this work we assume
isotropic scattering in cos@. The scattering angle of the
recoiling nucleus with respect to the incoming dark matter
velocity is then given by

g — p'sin@

~ \2mpyEpy — p'cosO’

(6)

with p’ = \/2mpyEpm — 2mrE,.

Figure 1 shows the two-dimensional probability distri-
bution of event angle and recoil energy in a tetrafluoro-
methane, CF,, detector with 5 keV energy threshold for a
6 GeV dark matter particle. Two distinct features should
be noted. First, the event angles of dark matter scattering
events preferably lie at large cos 6y, (small angles) because
there is more solid angle (on the sphere) there. Second, the
probability distribution drops to zero above the largest
possible recoil energy for the given dark matter mass and
escape velocity. The power of directionality is that dark
matter masses that create an energy spectrum very similar
to the neutrino background can easily be distinguished
when the event angle is taken into account. As we will see,
for light dark matter a strong gain in sensitivity compared
to nondirectional detectors is therefore expected.

A third feature that is not directly visible in Fig. 1, but is
important nonetheless, is a variation of the peak of the
dark matter probability distribution in time. The direction
of the Earth’s overall velocity vector will point approx-
imately towards the radio galaxy Cygnus A [26], such that
the incoming dark matter particles in the lab frame will
have a preferred direction coming from Cygnus A. The
relative angle between the Sun and Cygnus A changes over
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FIG. 1 (color online). Two-dimensional dark matter probability
distribution p of recoil energy and event angle for a 6 GeV dark
matter particle in a CF, detector with 5 keV threshold in
September.
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the year, such that the peak in the dark matter probability
distribution will follow a similar pattern.

The annual modulation in the event rate of light dark
matter has a maximum in June because at this time the
velocity vector of the Earth and the Sun are parallel to each
other [27]. Both vectors approximately point into the
direction of Cygnus A. In December, these two vectors
are antiparallel resulting in a minimum of the event rate.
The angle between the Earth-Sun direction and the Earth-
Cygnus A direction, Oy, cyena, 18 expected to be the
same in June and December, because the Earth has simply
moved to the other side of the Sun. However, in September
the Earth is between the Sun and Cygnus A, such that
Osun-Cygna 18 at its largest value. The two objects appear on
opposite directions in the sky. Analogously, in March when
the Earth is behind the Sun relative to Cygnus, Oy, cygna 18
at its smallest value. These situations were studied to test
the coordinate system of our simulations.

The time evolution of the peak in the two-dimensional
dark matter probability distribution arises because of this
modulation in the relative angle between the incoming
dark matter velocity vector and the Earth-Sun direction,
OpM-sun- Since in September the Sun and Cygnus A appear
in different directions on the sky, the velocities of the
incoming WIMPs that can produce an event above a
detector’s fixed energy threshold therefore preferentially
point along the Earth-Sun direction. In March, however,
the incoming dark matter velocities will point away from
the Sun, resulting in a large Oppgun. When simulating light
dark matter events for each month of the year and
producing a histogram for Opyp.qn, We expect the peaks
of these histograms to show a modulation that follows
exactly this pattern. In Fig. 2 we color code the number of
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FIG. 2 (color online). Distribution of the angle between the
incoming dark matter velocity and the Earth-Sun direction over
the year for events above a 5 keV threshold in a CF, detector. For
each month 1 x 10* dark matter events have been simulated. The
maximum of the distribution follows the expected pattern as
described in the text.
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events in each angular bin. It is visible that the distribution
in Oppsun follows the expected pattern with a maximum in
March and a minimum in September.

Having presented the dark matter event rate as a function
of energy, time, and direction, we now turn to the neutrinos.

III. NEUTRINO BACKGROUNDS

Dark matter experiments are potentially sensitive to two
separate types of neutrino interactions: the first is v-e~
neutral current elastic scattering, where the neutrino inter-
acts with the atomic electrons, and the second is v-A neutral
current coherent elastic scattering, where the neutrino
interacts with the target nucleus. The fact that the former
process can lead to events in a dark matter experiment has
long been realized and has led to it being suggested as a
method for solar neutrino detection [28]. The maximum
recoil electron kinetic energy from v-e~ events can be as
large as a few hundred keV, and the cross sections are of
order 107* cm?. The latter process has never been
observed since the maximum nuclear recoil kinetic energy
is only a few tens of keV; however, the cross section is
relatively large, approximately 1073 cm? This work
focuses exclusively on coherent v-A scattering.

Although coherent v-A scattering has never been
observed, the process is theoretically well understood.
The calculated Standard Model cross section is relatively
large, of order 1073 cm? [29,30]. There has been interest
in using this process to make precision weak interaction
measurements at the SNS [31], to search for supernova
neutrinos [32] and to measure neutrinos produced in the
Sun [5]. Even before direct dark matter detection experi-
ments existed, this process was anticipated as a background
[4]. On the other hand, one could also take the neutrino
events as a signal and test neutrino physics using dark
matter detectors; see e.g. [33].

Here we calculate the background rates caused by v-A
coherent scattering in target materials relevant to current
dark matter searches. We consider the recently measured
solar, e.g. [34,35], the atmospheric, e.g. [36-38], and the
predicted diffuse neutrino flux from supernovae throughout
the Universe and include the nuclear form factors in the
coherent cross section calculation. We include the direction
dependence of the recoil signal, and its sidereal and annual
modulation.

A. Neutrino scattering cross sections

The maximum recoil kinetic energy in v-A coherent
scattering is

2E2

Eppay = ——%—, 7
r,max mT+2ED ( )

where E, is the incident neutrino energy, and my is the
mass of the target nucleus. The four-momentum exchange
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is related to the recoil energy by Q” = 2mE,, and the
three-momentum exchange ¢ is approximately equal to
v/2myE,. For neutrino energies below 20 MeV and nuclear
targets from '>C to '*2Xe, the maximum recoil kinetic
energy ranges between 50 and 5 keV, meaning that the
maximum possible g is quite small, < 1 fm~!. Typical
nuclear radii, R, are 3-5 fm, and therefore the product
gR < 1. In this regime, the neutrino scatters coherently off
the weak charge of the entire nucleus, which is given by

Qw = N — (1 —4sin20y)Z, (3)

where N and Z are the number of target neutrons and
protons, respectively, and 6y, is the weak mixing angle.
Through the dependence on Qy, coherence enhances the
scattering cross section with respect to the single nucleon
cross section by approximately a factor of N2

The v-A coherent scattering cross section is given
by [29,30,39]

L—G—ZFQZ EZ(1 + cosO)F(Q?)? 9)
d(cos®) 8z =" '

where G is the Fermi coupling constant, Qy, is the weak
charge of the target nucleus, E, is the projectile neutrino
energy, cos @ is the scattering angle in the lab frame of the
outgoing neutrino direction with respect to the incoming
neutrino direction, and F(Q?) is again the nuclear form
factor. The suppression of the cross section by the nuclear
form factor depends on the target material and grows with
the momentum transfer in a collision.

The dependence of the cross section on scattering angle
means that solar neutrino elastic scattering events will, in
principle, point back to the sun. However, the majority of
dark matter detectors do not have directional sensitivity,
and so we calculate event rates here as a function of recoil
nucleus kinetic energy as well. The scattering angle and the
recoil kinetic energy are related via 2-body kinematics and
the cross section can be expressed in terms of the kinetic
energy, E,.., of the recoiling nucleus as

mTEr

do G in(_
252

dE, 4n

oy (1= Fier (o)
The theoretical uncertainty on the coherent v-A scattering
cross section comes from uncertainty in the form factor; for

neutrino energies of 10 MeV the uncertainty is expected to
be less than 10% [32].

B. Neutrino fluxes

There are many sources that contribute to the large flux
of ambient neutrinos and antineutrinos. The main sources
are fusion reactions in the Sun, radioactive decays in the
Earth’s mantle and core, decay products of cosmic ray
collisions with the atmosphere, relic supernovae neutrinos,
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TABLE I. Ambient sources of neutrinos. Fluxes are given in
number per cm? per second.

Source Predicted flux Energy (MeV)
[40] Solar v pp 5.99 x 1010 <0.4
[40] Solar v CNO 5.46 x 108 <2

[40] Solar v "Be 4.84 x 10° 03, 0.8
[40] Solar v 3B 5.69 x 10° <12

[40] Solar v hep 7.93 x 10° <18

[41] Atmospheric v +7  O(1/E(GeV)?7) 0-10°
[42]Diffuse supernovae T,~8 MeV 0-10?

and neutrinos from fission processes at nuclear reactors. We
show the approximate energy ranges and fluxes of neu-
trinos in Table I. For this work, we consider the fluxes of
solar, atmospheric, and supernovae neutrinos. In Ref. [6] it
has been shown that the contribution of geoneutrinos to the
background of dark matter searches can be neglected. In
Fig. 3 we show the energy dependent fluxes used here.
The largest contribution from solar neutrinos is the ®B
neutrino flux, which is well understood. The predicted flux
normalization, shown in Table I, agrees with the measured
flux at the 2% level [43]. The uncertainty of the measured
flux that includes neutrino oscillations is only 3.5% [44],
even though the predicted flux normalization has an
uncertainty of 16% [40]. For the predicted atmospheric
neutrino flux the estimated normalization uncertainty is
10% for neutrino energies below 100 MeV [45] which
agrees well with measurements by a number of experi-
ments. We note that the normalization of the low energy
component of the atmospheric neutrino flux is strongly
dependent on the latitude. This is due to the geomagnetic

10" g pep
+ hep — e
8
10 — B -
10 _ ony .
ok B -

8 - - Iz |
= 10 / ﬁ — TF 3 MeV
= 10° — " Beggg v 5 MeV
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@« 4 :

~, 10 / ]
g :

S AR N I (R

ax
dE,
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FIG. 3 (color online). Theneutrino fluxes considered in this work.
The grey colored fluxes will not give events above thresholds
considered in this paper. Important fluxes for coherent neutrino
nucleon scattering originate from solar neutrinos (red), atmospheric
neutrinos (blue), and diffuse supernovae neutrinos (green).
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cutoff, e.g. the flux at Super-Kamiokande [46] is approx-
imately half of the flux at the SNO experiment.

The background of diffuse supernovae neutrinos is the
integrated flux from all supernovae that occurred in the
Universe. The neutrino energy spectrum of a single super-
novae is assumed to be similar to a Fermi-Dirac spectrum
with temperatures of 3 MeV for electron neutrinos, 5 MeV
for electron antineutrino, and 8 MeV for the other four
flavors. For more details on diffuse supernovae neutrinos,
see for example [42]. We assume an uncertainty of 10% on
the supernovae neutrino flux.

The calculations here use the predicted neutrino fluxes
without including neutrino oscillations. The coherent
scattering process is neutrino-flavor independent to leading
order, and we assume no sterile neutrino participation
in oscillations; thus the oscillated and unoscillated pre-
dicted neutrino fluxes are, in practice, equivalent for our
calculation.

C. Neutrino signal distribution

The neutrino event rate is, similarly to the dark matter
event rate, given by an integral over the differential recoil
rate and the energy efficiency,

dR,
b= / e(E) 2 dE,. (11)
Epe Er

The differential rate is

o [ e

with nT the number of target nuclei in the detector, the

dN(1)
dE, "’

dependence on time, ¢, in the flux is due to the change in
distance between the Sun and the Earth over the year. We
integrate the time dependence over the exposure time of a
given experiment to calculate rates. Note that the only thing
that changes with time is the normalization in the solar
neutrino flux, not the shape of the spectrum. As a first
approximation, we take the flux of atmospheric and super-
novae neutrinos to be time independent, although there is a
time variation in the atmospheric flux due to temperature
changes in the Earth’s atmosphere [47]. This change in the
event rate is, however, smaller than the annual modulation
of the dark matter rate or the modulation of the solar
neutrino rate. As we found that both of these are not
contributing significantly to the sensitivity of the simulated
detectors we neglect the variation of the atmospheric
neutrino flux here.

The integral over the neutrino energy starts at the
minimal neutrino energy E, necessary to get a recoil event

over threshold and is given by E™" = | /m;E,/2. In Fig. 4
we show the event rate for a CF, detector. For the threshold

)dE dr,  (12)

flux and the differential cross section M The
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FIG. 4 (color online). Neutrino event rate in a CF, detector. For
this plot a perfect energy efficiency and an upper threshold of
100 keV were considered. For the rest of the paper we assume a more
realistic energy efficiency function lowering the total event rate.

that we will consider in this work (5 keV), only ®B and hep
neutrinos from the Sun as well as all atmospheric and
supernovae neutrinos are important.

The scattering angle of the nucleus with respect to the
incoming neutrino direction can then be found from
scattering kinematics to be

Ev + mr Er

s@ = .
o El/ 2m7~

(13)

Figure 5 shows the two-dimensional probability distribu-
tion of recoil energy and event angle for neutrinos in a CF,
detector with a 5 keV energy threshold. The significant

1.0 . - - . . . 0.0

-0.5

-1.0
0.5}

cos O,

25 30 35 40
Epo[keV]
FIG. 5 (color online). The two-dimensional probability distri-

bution p of recoil energy and event angle of neutrinos in a CF,
detector with 5 keV threshold.
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difference to the dark matter probability distribution is the
clear peak at cos f,, = —1 and small recoil energies due to
the solar neutrino events. Atmospheric and supernovae
neutrinos contribute as a smooth, isotropic background. For
a 5 keV CF, detector we can see in Fig. 4 that the nonsolar
neutrinos have only a small contribution such that in this
example the probability distribution function falls off
steeply away from the solar peak. The ratio of the solar
peak to the smooth background of nonsolar neutrinos
depends on the target material and the recoil energy
threshold. In different detector configurations the domi-
nance of the solar peak over the nonsolar background is not
necessarily this significant.

IV. DARK MATTER SEARCHES IN THE
PRESENCE OF NEUTRINO BACKGROUNDS

Having obtained detailed spectra for dark matter and
neutrino events as a function of energy, direction, and time,
we need a statistic to test these signal and background
distributions in a given experiment. In order to do this, we
perform a CLs test [48] to distinguish between background
and signal + background hypotheses, in which the back-
ground comes from solar, atmospheric, and diffuse super-
novae neutrino coherent elastic scattering. We consider a
range of targets and moderately optimistic energy thresh-
olds, as well as energy and angular resolutions, which
should be realistically achievable by the next-generation
experiments.

A. Statistical test

The presence of backgrounds in direct searches of any
kind implies that a given set of observed events is either
pure background or contains background plus signal. One
way to distinguish between these two cases statistically is
to perform a hypothesis test. Such a test can be carried out
by looking at the ratio between the probability densities of

the measured data X being either signal plus background or
background only, Q = % [48]. We take this as the

definition of our test statistic:

13

11 5S,(1))+bB,(1;) $3,5(0;.E}) +bBo (0. E))
Pb+s (n) Jj=1 s+b s+b

po(n) [1=1 Bi(t;)Bo£(9;. E;)

0=
(14)

Throughout this work, we use the notation p(x) =
dP(x)/dx as the probability distribution function of the
variable x where P(x) is therefore the cumulative proba-
bility of this quantity at x. In Eq. (14), s is the number of
expected dark matter events given by equation (4), b the
number of expected neutrino events given by Eq. (11) and
n the total number of observed events in an experiment.
The functions with capital letters B or S denote different
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normalized probability distribution functions for the neu-
trino and dark matter events, respectively. p,(n) is the
Poisson distribution centered at A, where A is either b or
b + s (we discuss in Sec. IV D how to exactly obtain s, b,
and n). The variables £, E I 0 g denote the time, recoil
energy, and event angle of the jth event. We define the
event angle as the angle between the track of the recoiling
nucleus and the Earth-Sun direction.

B, describes the annual modulation of the neutrino event
rate. It has a maximum in January, when the neutrino flux
and hence the neutrino event rate is largest, and a minimum
in July, when the distance between the Earth and the Sun is
at its maximum. S, encodes the information of the annual
modulation of the dark matter event rate and depends on the
dark matter mass. For light dark matter this function has a
maximum in June and a minimum in December.

By g is the two-dimensional probability distribution of
the recoil energy and the event angle for neutrino events
and SGI,E the corresponding one for dark matter events.
Visualized examples of these distributions are the Figs. 5
and 1, respectively. The dark matter distribution carries an
additional index for time because of its variation over the
year as described in Sec. II C. To include this time variation,
we choose ten equally distributed days over one year and
create one probability distribution function for each of
these days. A given event will then interpolate linearly
between the two probability distribution functions closest
to the signal event time. Equation (14) can be simplified to:

S (T

In the following we will
Q0 = —-2logQ.

An advantage of this procedure is that experimental
uncertainties can easily be incorporated by smearing the
probability distributions. Dark matter searches have to deal
with imperfect energy and angular resolution (in the case
of directional experiments), as we discuss in Sec. IV B,
leading to a smearing of By y and Sﬁ)’g The background of
nonsolar neutrinos ensures a nonzero value for By  for all
values of 0 and E such that Q is well behaved. See Sec. IV
C for more details on how By and Sg_>E are created.

For every dark matter mass and cross section we want
to find out wether a fixed detector setup (target material,
energy threshold, exposure, energy, and angular resolution)
is capable of distinguishing whether the observed events
are pure background or contain a dark matter signal. To
do so, Q has to be evaluated twice: First we simulate
pseudoexperiments with only neutrino events and obtain a
distribution pg(Qp) for the background only hypothesis
using Eq. (15). As, in this case, the pseudodata is more

ssg{g(ej,Ej)>
bByg(9;.E;)

(15)

discuss the log-ratio
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consistent with the background expectations, pg(Qp) will
peak at positive Q values.

We then repeat the exercise and simulate pseudoexperi-
ments with dark matter and neutrino events to get a
distribution pgp(Qgp). This distribution will, in contrast,
peak at negative Q values.

We can then decide whether the detector setup is
sensitive to a given mpy and oy, if we look at the separation
between these two distributions. The clearer this separation,
the easier it is for the chosen detector configuration to
distinguish between these two hypotheses and the more
sensitive the detector. The lower the signal rate and the
more similar the signal expectations are to the background
expectations, the closer the distributions will be until they
start to overlap. If the overlap becomes too large, the
experiment will lose its sensitivity completely. See Fig. 6
for a visualization.

To quantify the sensitivity of a given dark matter
experiment for a specific dark matter mass and cross
section we calculate the overlap of these two distributions
as follows. We integrate both,

Psp = /_q Psp(Qsp)dQsg, (16)
Pp = /_q pB(QB)dQB’ (17)

up to a g value for which

1 =fsp=Pp=a. (18)

FIG. 6 (color online). The normalized background only dis-
tribution pz(Qp) (blue) and signal plus background distribution
psp(Qsp) (red) including angular information (top) and exclud-
ing angular information (bottom) for s = 10 and b = 500 for a
6 GeV dark matter particle in a CF; detector. The gain in
sensitivity when using directionality is clearly visible in the
separation of the two distribution in the upper plot.
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We take the confidence level at which the signal plus
background hypothesis can be distinguished from the
background-only hypothesis to be (1 —a). In this work
we are interested in separations of both hypotheses at
90% confidence level, corresponding to a equal to 0.1, and
in 30 separations (¢ = 0.00135).

The statistical approach has uncertainties due to a finite
sample size of pseudoexperiments, a finite number of
events to create the two-dimensional probability distribu-
tions, as well as a finite bin width when creating the
histograms of the test statistics. We estimate this numerical
error to be 5% in the overlap and add it to the error due to
the systematic uncertainties.

B. Detector performance assumptions

In this work we will estimate future sensitivities of dark
matter detectors including the irreducible neutrino nucleus
coherent scattering as a background. To see how the mass
of the target material influences the sensitivities, we look at
tetrafluoromethane, CF,, as a light and Xenon, Xe, as a
heavy target material.

Interesting directional technologies are already in exist-
ence for experiments based on CF, [13,49] and we show
here that scaling these detectors to large masses can test
cross sections beyond the neutrino background. For Xenon,
on the other hand, there are at the moment no directional
techniques demonstrated and our directional sensitivities
are in this sense futuristic. However, we think it is still
interesting to see how directional information would help
if a heavy target material was used.

For the CF, detectors, we model the energy efficiency of
the detectors with

PR (R 15 R

c

and choose c¢; = 0.5, ¢, as the energy threshold E, and
c3 = 15 keV. These values for the efficiency asymptote at
50% and are consistent with current directional searches
[13]. The 5 keV energy threshold we assume is optimistic
relative to current searches (although a number of CF,
directional detectors use 5.9 keV 3Fe sources for calibra-
tion, and track images with directionality at this energy
have been measured in small prototypes [15]). Large direct
dark matter searches based on Xenon have been carried out
in the past already [11,12], so we use the efficiency curve
published by the LUX experiment and shift it to smaller
energy thresholds, such as 2 keV. For the Xenon detectors
we assume an upper energy window cutoff of 40 keV, for
the CF, detectors we take 100 keV.
The energy resolution is modeled as

op = 0.1/E/keV, (20)

and the angular resolution as
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30°

70~ VE/keV'

For the angular efficiency we assume 100%.

(21)

C. Event simulation

To simulate dark matter events we use the rest frame of
the static, spherically symmetric dark matter halo and draw
a random velocity magnitude » from the velocity distri-
bution according to Eq. (2) and, to fix the dark matter
direction, additionally two angles (6, @) in a spherically
symmetric way. We then calculate the cartesian coordinates
of the dark matter velocity vector v in galactic coordinates.
Drawing a random event time ¢ from a uniform distribution
between 7, and #; gives us the Earth’s overall velocity
vector in galactic coordinates from Ref. [22]. After a
coordinate transformation into the rest frame of the
Earth, we have the incoming WIMP velocity vector.

As we assume isotropic scattering, we draw a uniform
scattering angle and obtain the recoil energy E, of the event
from Eq. (5). In this way, the dark matter direction and
annual modulation are both included in the event simu-
lation as we use the full information of the Earth’s velocity
vector and start from a spherically symmetric halo. We
calculate the event angle 6, by projecting the track of the
recoiling nucleus onto the Earth-Sun direction and perform
the energy and angular Gaussian smearing. To take the
energy efficiency into account, we only accept the corre-
sponding fraction of events at each recoil energy and apply
the energy thresholds as hard cutoffs. For each of the ten
dark matter probability distributions of each dark matter
mass we simulate 10° events and bin the data into 30 energy
and 15 angular bins.

To create the two-dimensional probability distribution
function for neutrinos, we perform the event rate calcu-
lation, Eq. (11), for each neutrino type separately to know
exactly how many events of each type can be expected in a
given detector configuration.

To simulate neutrino events, we draw a random neutrino
energy according to the energy dependent flux. For a
solar neutrino the direction is known. When simulating the
atmospheric and supernovae neutrinos we assume an
isotropic incoming neutrino direction. We use the differ-
ential cross section and its dependence on the neutrino
energy to create a probability distribution for a given
neutrino energy E, to give an event of recoil energy energy
E.. From this we draw a random E, and obtain the
scattering angle via Eq. (13).

These real event values are smeared according to the
detector resolutions as explained in Sec. IV B and the
energy efficiency and thresholds are applied. The event
time is drawn uniformly for the atmospheric and super-
novae neutrinos, but from a nonuniform distribution for the
solar neutrinos that follows the annual modulation of the
event rate. For the neutrino probability distribution we
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FIG. 7 (color online). The combined two-dimensional proba-
bility distribution p of the recoil energy and event angle for a
6 GeV dark matter particle and neutrinos in a CF, detector.
The expected signal rate is fixed to s = 10 and the expected
background rate to b = 500.

simulate 1.5 x 10° neutrino events and bin them into 30
energy and 15 angular bins.

In Fig. 7 we present the combined two-dimensional
signal plus background probability distribution of event
angle and recoil energy for a 6 GeV dark matter particle in a
CF, detector. As can be seen in Eq. (14), the constituent
probability distribution functions of signal and background
are weighted according to the expected number of back-
ground and signal events. We present the case for b = 500
and s = 10. Even for such low count rates, a significant
excess at large cos fy,, is visible, compared to Fig. 5.

Given the differences between the energy, angle, and time
distributions of dark matter signal and neutrino background
events, a directional experiment could in principle fit
simultaneously for the normalizations of both fluxes and
include the systematic uncertainties as nuisance parameters.
This technique has been employed by a number of experi-
ments to constrain systematic uncertainties on both back-
ground and signal distributions, for example the current
most precise measurement of the solar ®B flux [50].
However, the degree to which this approach is successful
depends strongly on the number of events, the separation
of the signal and background distributions (which in the
energy dimension depends on the dark matter mass), and the
degree of correlation of the systematic uncertainties.
Therefore we assume for this work that the neutrino flux
uncertainty is externally determined, and we make a semi-
optimistic assumption about its magnitude in the future.

D. Systematic uncertainties

We have seen that the neutrino background is made up
of three distinct populations—solar neutrinos, diffuse neu-
trino background from supernova explosions, and neutrinos
from cosmic rays hitting the atmosphere. The amount by
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which the uncertainties on these three fluxes will reduce in
future years is uncertain and can only be estimated roughly.
The solar flux in our energy range of interest is dominated
by ®B and hep neutrinos, and the flux of neutrinos due to
both of these emission mechanisms is very sensitive to the
iron abundance in the Sun which affects the opacity in the
core [51]. Understanding the iron opacity in the Sun is
challenging—currently the solar composition as observed at
the surface of the Sun [52] is not in good agreement with
that deduced from helioseismology [53]. There are at least
two future experiments that will help reduce the uncertainty
on the solar flux. SNO+ will make good measurements of
both the Boron-8 and the Beryllium-7 neutrinos both of
which depend sensitively upon the iron abundance in the
core, which will indirectly constrain the hep fluxes [54]. If
approved, Hyper-Kamiokande should be able to detect
several hundred ®B neutrinos per day collecting such high
statistics that it will look for time variation in the ®B flux
[55]. With these observations, it seems not impossible that
the uncertainties in the solar flux may drop by a factor of
several in a few decades, if not orders of magnitude. See the
recent work [56] for how data from future dark matter
detectors could help to test solar models.

The diffuse supernova background (DSNB) neutrinos are
more complicated since while we are able to increase our
understanding of the historic stellar evolution history using
astronomical observations, we are not so certain of the
spectrum of neutrinos emitted from a single supernova. It
seems that there are good prospects for Super-Kamiokande
to improve its sensitivity, in particular by using dissolved
gadolinium to improve neutron tagging, which could sig-
nificantly enhance its sensitivity to the DNSB neutrinos
ultimately leading to a discovery in a decade or so of running
which could constrain the magnitude of the spectrum
between 10-20 MeV [42]. Again, Hyper-Kamiokande
would do much better, allowing one to measure the spectrum
in great detail. It is not unreasonable to suggest a large drop
in the uncertainties in this flux.

The same enhancement of Super-Kamiokande could
detect the atmospheric neutrino flux. This flux is perhaps
more elusive than the other two since factors which may
affect it include the primary cosmic ray flux (although this
will be constrained by AMS02 (where AMS denotes alpha
magnetic spectrometer), the geomagnetic field, the solar
wind, and nuclear propagation models. The theoretical
uncertainties in the development of the shower have been
studied by observing the interaction between protons and
thin targets of O, and N, at the HARP experiment in
CERN as well as observing the muon flux in the atmos-
phere using balloon experiments. Models like DPMJet-II1
(where DPM denotes dual parton model) and JAM (Jet AA
Microscopic Transportation Model) then aim to constrain
the resulting neutrino flux [57]. Because of this, the
uncertainties are likely to fall more slowly, although
Hyper-Kamiokande and an upgraded Super-Kamiokande
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will probably be able to detect the flux therefore con-
straining it more tightly.

These considerations lead us to the semioptimistic
approach to take half the current flux uncertainties as a
basis for the simulated detectors in our analysis. This
translates into an uncertainty of 8% for the solar neutrino
fluxes (note that only 8B and hep neutrinos can give events
above threshold in this work), and 10% for the atmospheric
and supernovae neutrino fluxes.

To include these neutrino flux uncertainties we first
obtain a central value result. This means that we assume the
incoming fluxes to have their nominal measured values
resulting in a background rate b,. The number of observed
events n in a pseudoexperiment is drawn from a Poisson
distribution centered at a value A which is either equal to b,
for the background only or by + s for the signal plus
background simulation. For each pseudoexperiment we
simulate these n events as we discussed in Sec. IV C.

To account for the unknown real flux value when
performing the experiment we vary the expectation of each
pseudoexperiment, that is » in Eq. (15). Hence, for each
pseudoexperiment we draw a random flux value for
each neutrino flux type from a Gaussian with 1o corre-
sponding to the uncertainties. This results in a different
expected background rate b for each pseudoexperiment
via Eq. (12) and widens the Q distributions. We then repeat
the procedure shifting by up and down by 1 sigma to obtain
a 1 sigma band for the estimated exclusion limits.

V. RESULTS

A. Estimation of detector sensitivities

In order to see directly the gain in sensitivity when
directional information is used, we evaluate the sensitivity
that we obtain from our statistical approach for both cases,
excluding (red bands) and including directional informa-
tion (green bands). To compare the results to the WIMP
discovery limit that was presented in [9], we show this limit
as a light grey line. Note here that the limits from [9] are
discovery limits at the 3¢ level and based on a profile
likelihood approach, whereas we perform a hypotheses
test. Therefore, any direct comparison should be taken with
care. A strict discovery limit exists for dark matter masses
that match the energy spectrum of the neutrino background
perfectly; see [9]. This is, for example, the case for a 6 GeV
dark matter particle and the background of ®B neutrinos in a
Xenon detector. We reproduce this limit and the discovery
limits for heavy dark matter from [9] with very good
accuracy; see also Sec. V B. In the dark matter mass region
around 10 GeV where a steep increase in sensitivity
towards smaller cross sections is observed, however, we
find slightly less constraining discovery limits, as will
become clear when we discuss the Xenon detector.

In this section we will look at sensitivity limits at the
90% C.L. and 30 level for experiments with different target
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materials and energy thresholds. To compare the different
simulations, the detector exposure is scaled such that the
simulated experiment will observe 500 neutrino events, i.e.
the background contribution is sizable. As an example for a
dark matter detector with directionality, we estimated the
sensitivity of tetrafluoromethane CF, as target material. As
a light target CF, is promising to distinguish solar neutrinos
from light dark matter. We set the energy thresholds in our
run to 5 keV.

Figure 8 shows the obtained sensitivity bands for a
36.6 ton-year CF, experiment with a 5 keV energy thresh-
old. The 500 neutrino events consist of 499.8 expected
solar and 0.2 expected nonsolar neutrinos. The green and
red bands represent limits that can be obtained with
directional and nondirectional detectors at a 3o level,
respectively, and the grey curve is the neutrino bound.
The fainter colors show corresponding limits at 90% C.L.
The separation of the green band from the red band clearly
shows the impact of directional information. A strong
increase in sensitivity for directional detectors towards
smaller cross sections is observed which is larger the
smaller the dark matter mass. This is easily understood
when considering the clear separation of the neutrino and
dark matter peak in the two-dimensional probability dis-
tribution functions. The lighter the dark matter particle is,
the more significant this separation. For a light dark matter
event to be above threshold, the track of the recoiling
nucleus has to lie closer along the incoming dark matter
direction in order to produce a large enough recoil. Hence,
the dark matter signal also has a strong directional
character, as discussed in Sec. II. Since the event angle
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FIG. 8 (color online). Estimated sensitivity limits at 3¢ level for
a nondirectional (red band) and directional (green band) CF,
detector with 36 ton-yrs exposure and 5 keV energy threshold
resulting in 500 expected neutrino events. The fainter bands
indicate corresponding sensitivity limits at 90% C.L.; the grey
curve is the neutrino bound.
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distribution is different for the neutrinos, directional infor-
mation has a large impact.

We find that cross sections below the solar neutrino
bound can be tested at the 3o level when directional
information is taken into account.

Towards heavier dark matter masses, we see that the
sensitivity curves approach each other and directionality
loses some impact. For heavy dark matter, the distinction
of signal and solar background is already easy when the
energy spectrum is considered on its own, because the
recoil energies of solar neutrinos are much smaller com-
pared to heavy dark matter. Besides, the dark matter events
lose their directional character more and more: Light dark
matter can only give recoil energies above threshold for the
largest dark matter velocities in the halo, such that only
those particles coming from Cygnus A can give a recoil
event in the detector. The kinetic energy of heavy dark
matter particles is, in contrast, also large for small dark
matter velocities. Hence, the incoming direction of
dark matter particles that give a signal event in the detector
becomes unconstrained and more and more isotropic. A
competing effect is that the track resolution for small recoil
energies is worse, but improves for larger recoil energies
and thus for heavier dark matter. Overall, we see that
directional information is also useful for heavier dark
matter. This is mainly because when heavy dark matter
particles give recoil energies comparable to the recoil
energies of solar neutrinos, the dark matter events can
be distinguished using directional information, which
would not be possible otherwise.

At the moment, the strongest constraints on the WIMP-
nucleon cross section are set by experiments that use Xenon
as a target material. These detectors have no directional
information and no technology exists up to now that could
achieve this. However, it is still interesting to ask which
cross section experiments with heavy target materials
would be able to probe if they could use directional
information. There has been recent interest in developing
a direction-sensitive Xenon detector technology based on
recombination dependence on the recoil angle relative to
the detector E field [58], so perhaps this will be a possibility
for the future.

Therefore, we additionally choose Xenon as a target
material and perform the same tests. Estimated sensitivity
curves for a hypothetical experiment with 367.7 ton-yrs
exposure using a 2 keV threshold can be seen in Fig. 9. The
500 neutrino background events consist of 485.8 expected
solar and 14.2 expected nonsolar neutrinos.

Our statistical test finds that even without directional
information cross sections below the discovery limit from
[9] (grey curve in the plots) can be tested at 3¢ level.
For example, an 8 GeV WIMP with a cross section of
2.3 x 107*¢ cm? would give about 470 dark matter events.
We note here that we assumed half the flux uncertainties
and took a different statistical approach than Ref. [9]. The
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FIG. 9 (color online). Estimated sensitivity limits at 3¢ level for
a nondirectional (red band) and directional (green bands) Xenon
detector with 367 t-yrs exposure and 2 keV energy threshold
resulting in 500 expected neutrino events. The fainter bands
indicate corresponding sensitivity limits at 90% C.L.; the grey
curve is the neutrino bound.

nondirectional 3¢ limit should hence be seen as a WIMP-
discovery limit obtained from our approach rather than
testing cross sections beyond the discovery limit. Again, we
see that directional detectors can go beyond and probe
smaller cross sections compared to nondirectional detec-
tors. The same trend that directional and nondirectional
detectors give similar sensitivities for heavy dark matter
particles is visible; the limits are basically identical for the
Xenon detector.

Compared to the light target material CF, we find that
the impact of directional information is less significant
in this Xenon detector configuration when searching for
heavy dark matter. With Xenon as a heavy target material
solar neutrinos can give recoil energies only up to approx-
imately 5 keV. Hence, the range of recoil energies for which
directionality is the only indicator to distinguish the signal
from the solar neutrino background is small. For the light
target material CF, this range is larger: solar neutrinos can
recoil up to approximately 30 keV; see Fig. 4. We can
therefore conclude that the larger the range of possible
recoil energies of solar neutrinos is compared to the total
energy range of the detector, the larger the gain in
sensitivity from directional information. On the other hand,
for the same number of background events Xenon can
probe smaller cross sections.

It is not clear how a Xenon detector might be made
directional. However, an additional motivation to pursue
directionality is that ultimately very large Xenon detectors
would be limited by the background of solar neutrino-
electron elastic scattering events. It is important to note that
we do not take this background source into account in our
simulations, although it is expected to become significant at
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the 10~ cm? level [59]. Additionally, the electron dis-
crimination in Xenon detectors is less efficient than in other
detectors, for example liquid argon. Directionality could
aid in that discrimination considerably, because these
events have a direction that points back to the Sun, allowing
deeper cross sections to be probed. Of course it is important
to note that such large detectors would cost a great deal
of money since Xenon is approximately $1000 per kg at
today’s prices and only 25 tons are obtained from the air
annually.

In this section we have presented results from detector
simulations for which we fixed the number of expected
neutrino events to 500 in order to estimate possible
sensitivity limits in the presence of neutrino backgrounds.
It was shown that cross sections beyond the discovery limit
can be probed when directional information is taken into
account. Directional detectors have significantly larger
sensitivities for light dark matter masses. For a light target
material this is also true for heavy dark matter. We will now
move on and discuss how these limits behave as a function
of exposure.

B. Projected sensitivity

For both detector configurations that were presented
in Sec. VA, we choose three dark matter masses and for
different exposures find the minimal cross section that
can be tested at a 30 level with and without directional
information. In this way we can find the exposure necessary
to go beyond the discovery limit. As the dark matter masses
we choose 6 GeV in order to see how directionality helps
when the energy spectrum of solar 3B neutrinos and dark
matter are identical, 1000 GeV as a heavy dark matter mass
and 30 GeV as a mass for which nondirectional experiments
have close to maximal sensitivity. We expect the projected
nondirectional sensitivity limits for the Xenon detector to
flatten out below the limits from Ref. [9] by a factor of 2
because we assume half the neutrino flux uncertainties.
For each dark matter mass and cross section we simulate
5 x 10° pseudoexperiments.

We present the results for the Xenon detector in
Fig. 10 and for the CF, detector in Fig. 11. The projected
sensitivity limits for directional detectors are presented as
solid lines and nondirectional detectors are shown as
dashed-dotted lines. The discovery limits of [9] are indi-
cated as horizontal dashed lines. We color code the three
different masses in blue (6 GeV), red (30 GeV), and black
(1000 GeV).

As expected, for mpy = 6 GeV the sensitivity of a
nondirectional Xenon detector flattens out just below the
discovery limit. This shows our agreement with earlier
work [9] and shows directly the impact of improved
knowledge on neutrino fluxes by a factor of 2. For the
nondirectional CF, detector (Fig. 11) we see that the curve
becomes flat already above the discovery limit. This is
simply because the discovery limits were calculated for
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FIG. 10 (color online). Estimated sensitivity limits for a direc-
tional Xenon detector with a 2 keV energy threshold for a 6 GeV
(blue), 30 GeV (red), and 1000 GeV (black) dark matter particle.
The solid lines show directional detectors; the dashed-dotted lines
show nondirectional detectors. The horizontal dashed lines
indicate the discovery limit of [9] for each dark matter mass.
The vertical grey line shows the simulated detector of Sec. VA

Xenon and we consider a different target material here. The
solid blue line indicates possible limits if directional
detectors were constructed. It is visible that the solar
neutrino floor disappears for both target materials once
there is a clear way to distinguish signal from background
using directionality.

M, [ton—year]

FIG. 11 (color online). Estimated sensitivity limits for a direc-
tional CF, detector with a 5 keV energy threshold for a 6 GeV
(blue), 30 GeV (red), and 1000 GeV (black) dark matter particle.
The solid lines show directional detectors; the dashed-dotted lines
show nondirectional detectors. The horizontal dashed lines
indicate the discovery limit of [9] for each dark matter mass.
The vertical grey line shows the simulated detector of Sec. VA.
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For the larger dark matter masses the directional and
nondirectional limits are basically the same when Xenon is
used as a target material, as we discussed in Sec. VA. We
see that the projected sensitivities reach a boundary close to
the discovery limit of [9]. For the 1000 GeV WIMP this is
slightly below the boundary as we expect from the reduced
flux uncertainties. The 30 GeV sensitivity line stays just
above the neutrino bound. We note that the discovery limits
in [9] were obtained with a 4 keV energy threshold,
compared to a 2 keV threshold here and the different
statistical approaches that were taken. Sensitivities for dark
matter masses in this region show a dependence on the
threshold energy. Besides, this change in threshold energy
affects the neutrino energy spectrum significantly, which
influences sensitivities of medium dark matter more than of
heavy dark matter.

Because the directional and nondirectional projected
sensitivities are close to identical, going beyond discovery
limits for these masses with a heavy target material is only
possible if the uncertainties of the neutrino fluxes are
reduced and extremely large exposures become possible.
Note here that our analysis does not include the pp solar
neutrino-electron scattering background, which is relevant
for cross sections below 10~ cm?.

In Fig. 11 we show the sensitivity limits for a CF,
detector. Similar trends are visible. Directional information
allows one to go beyond the discovery limits for light
WIMPs even with imperfect flux knowledge. Directionality
contributes significantly for the complete dark matter mass
range and can help more than an order of magnitude in the
cross section. For the light target material, we see a
significant contribution from directionality even to the
sensitivity of heavy WIMPs, but their discovery limits
cannot be reached with the exposures we consider.

In the presence of backgrounds, the sensitivity is not
expected to scale linearly with exposure. In a Poisson
dominated regime, a scaling behavior as the square root of
the number of background events is expected. Since we are
using additional information here, coming from the energy
spectrum, which might be identical for background and
signal, and the directionality of the events, a better scaling
behavior is possible. For the two detectors we simulated,
the isotropic background of nonsolar neutrinos is smaller
for the CF, compared to the Xenon case, resulting in a
better scaling behavior. This, however, depends on the
energy threshold.

In Figs. 10 and 11 the improvement in sensitivity is
visible when directional information is included in addition
to event time and recoil energy. In our analysis we find that
time information adds only little on top of the sensitivity of
a pure spectral analysis. For a 6 GeV dark matter particle in
a CF, detector, e.g., we can find an improving effect of
more than 10% on the sensitivity when measuring annual
modulation only if there are about 10 background events.
We see that annual modulation becomes important only for
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large background rates, and that the impact of directional
information is much larger.

The estimated sensitivities of directional detectors also
depend on the chosen angular and energy resolutions. We
find the angular resolution to be the more important one.
For a 6 GeV dark matter particle decreasing the energy
resolution by a factor 2 would leave the sensitivity
unchanged up to a few percent. The same change in the
angular resolution, however, would reduce the sensitivity
by a factor ~3 for 500 background events or even a factor
~5 if there are 5000 background events.

These plots show that in principle there is no solar
discovery limit for direct dark matter searches if directional
detectors are constructed. Going beyond the discovery limit
for a 6 GeV dark matter particle is possible for an exposure
of approximately 5 ton-yrs for a directional CF, and around
10 ton-yrs for a directional Xenon detector. For this dark
matter mass, a directional experiment can reach the dis-
covery limit with an exposure which is smaller by about an
order of magnitude compared to the nondirectional case.
Directionality has more impact the lighter the dark matter
particle. For events to be above the energy threshold, the
incoming light dark matter particles need a large velocity
and, hence, have a clear arrival direction from Cygnus A.
For a light target material directionality also adds to the
sensitivity of heavy dark matter candidates.

VI. DISCUSSION AND CONCLUSIONS

In this work we looked at future sensitivities of direct
dark matter searches when irreducible neutrino back-
grounds from coherent neutrino-nucleus elastic scattering
is present. We investigated how time, recoil energy, and
directional information can help one distinguish signal
from background. To do so, we performed a hypotheses
test, as explained in Sec. IVA, and demanded separations
of the two hypotheses at 90% confidence and three
sigma level.

For the simulated detectors we assumed moderately
optimistic energy thresholds and energy efficiency behav-
ior as well as realistic smearing in the energy and angular
resolution. In order to see how the target mass influences
the searches, we looked at tetrafluoromethane, CF,, as a
light and Xenon as a heavy target material. For CF, there
are detector technologies that measure the recoil track of
the nucleus, whereas they have not yet been developed
for Xenon.

In Sec. II we presented two-dimensional probability
distributions in recoil energy and event angle, 6,,, for
neutrino and dark matter events. In Fig. 1 we showed the
distribution for light dark matter and pointed out that it
peaks at large values of cosf,,,. We discussed how the
position of this peak evolves over the year due to the motion
of the Earth around the Sun. We remarked that the lightest
dark matter particles that a detector is sensitive to, need to
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have a large incoming velocity such that their arrival
direction points back to Cygnus A.

In the same section we presented in Fig. 5 the corre-
sponding distribution for the neutrino events. The way we
defined the event angle removes any time dependence of
this distribution. Compared to dark matter, we noted that
the solar neutrinos peak at small recoil energies and at
cos Oy, & —1. The nonsolar neutrinos were assumed to
have an isotropic distribution in the detector frame and act
as a smooth background for the distribution.

In Sec. VA we simulated one detector for each target
material and fixed the exposure such that there are 500
expected neutrino events. We found that with directional
information cross sections beyond the neutrino discovery
limit may be probed. For the light target material we see
that directional information is helpful for the complete dark
matter mass range, whereas for the heavy target nuclei,
directional and nondirectonal detectors will give the same
limits for heavy dark matter. In both cases, directional
detectors can test more than an order of magnitude smaller
cross sections compared to nondirectional detectors for
some light dark matter masses.

We projected possible sensitivities as a function of
exposure in Sec. VB. In Figs. 10 and 11 we saw that
directional information removes the solar neutrino discov-
ery limits and is especially useful for light dark matter.
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For a 6 GeV dark matter particle an exposure of approx-
imately 5 ton-yrs for a directional CF, and around 10 ton-
yrs for a directional Xenon detector is sufficient to go
beyond the discovery limit of nondirectional detectors. The
limit is reached with an exposure that is about an order of
magnitude smaller compared to the nondirectional case. If a
light target material is used, a gain in sensitivity exists also
for heavy dark matter candidates, but very large exposures
are needed to reach their discovery limits. We noted that
perfect flux knowledge would also remove any discovery
limit and conclude that there is no neutrino bound for
directional dark matter searches.
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