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Abstract

Distinguishing a dark matter interaction from an astrophysical neutrino-induced interaction will
be major challenge for future direct dark matter searches. In this paper, we consider this issue
within non-relativistic Effective Field Theory (EFT), which provides a well-motivated theoretical
framework for determining nuclear responses to dark matter scattering events. We analyze the
nuclear energy recoil spectra from the different dark matter-nucleon EFT operators, and compare
to the nuclear recoil energy spectra that is predicted to be induced by astrophysical neutrino
sources. We determine that for 11 of the 14 possible operators, the dark matter-induced recoil
spectra can be cleanly distinguished from the corresponding neutrino-induced recoil spectra with
moderate size detector technologies that are now being pursued, e.g., these operators would require
0.5 tonne years to be distinguished from the neutrino background for low mass dark matter. Our

results imply that in most models detectors with good energy resolution will be able to distinguish
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a dark matter signal from a neutrino signal, without the need for much larger detectors that must

rely on additional information from timing or direction.
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I. INTRODUCTION

For over two decades, direct dark matter detection experiments have made great progress
in searching for dark matter in the form of Weakly Interacting Massive Particles (WIMPs).
The most stringent bounds now constrain the spin-independent and spin dependent WIMP-
nucleon direct detection cross sections to be less than ~ 107% ¢cm? [1] and ~ 1073 cm? [2]
respectively. Larger scale detectors in development are expected to further improve the
cross section bounds by 2-3 orders of magnitude [3, 4]. From a theoretical perspective,
experiments are now probing dark matter that interacts with nucleons through tree-level
Higgs exchange.

A theoretical interpretation of the experimental limits depends on a detailed modeling
of the WIMP-nucleus interaction. The WIMP-nucleus interaction is traditionally approxi-
mated by multiplying the cross section at zero-moment transfer, i.e. the point nucleus model,
by the form factor, which represents the extended structure of the nucleus and encodes the
momentum dependence of the interaction [5, 6]. The WIMP-nucleon interaction is approx-
imated as a sum of a spin-independent (SI) and spin-dependent (SD) cross section. The SI
interaction is coherent on the nucleus, leading to an enhanced sensitivity, so that current
experimental limits on the SI interaction are much stronger than on the SD interaction.

In a series of recent papers, this standard theoretical formalism has been generalized
within a non-relativistic effective field theory (EFT) model for the nucleus, in which the
WIMP interacts with a nucleon via a larger sample of operators [7, 8]. Additional nuclear
responses were identified that augment the standard SI and SD responses. Though these
operators induce nuclear recoil energy spectra that differ from the traditional SI/SD models,
the upper limits on the WIMP-nucleon cross section are not strongly affected, except for
experiments with relatively high recoil energy thresholds, greater than tens of keV [9]. The
non-relativistic EFT formalism also provides unique signatures in direct detection experi-
ments with directional sensitivity [10, 11].

Larger volume, next generation direct dark matter searches that detect WIMPs only via
the energy deposition from the WIMP to the nucleus will be affected by a background from
neutrinos produced in the Sun, atmosphere, and diffuse supernovae [12-14]. Neutrinos from
these sources will interact primarily with nuclei through the coherent scattering process,

which is induced by neutrinos with energies of tens of MeV. Considering the nuclear recoil



energy spectrum alone, within the traditional SI/SD formalism Solar neutrinos mimic a
WIMP with mass ~ 6 GeV, while atmospheric neutrinos mimic a WIMP with mass ~ 100
GeV [14, 15].

Identifying and reducing the neutrino backgrounds presents a significant challenge for
direct detection experiments, in particular those which strive to reach the ton scale and be-
yond. Several recent studies have discussed methods to distinguish WIMPs from neutrinos
in next generation detectors. Ruppin et al. discussed the prospects for exploiting the com-
plementarity between detectors that use different nuclear targets to detect energy deposition,
considering both SI and SD interactions [15]. Davis [16] considered the difference between
time variation of the WIMP signal, due to the well-known annual modulation [17] from the
rotation of the Earth around the Sun, and the Solar neutrino signal, which is due to the
small but non-zero eccentricity of the Earth’s orbit around the Sun. These time variations
generate a phase difference between the Solar neutrino and the WIMP signal. Grothaus [18§]
and O’Hare et al. [19] discussed the prospects for exploiting the difference in the direction
of the nuclear recoil energy induced by the WIMPs and Solar neutrinos. For these timing
and directional-based techniques, an exposure on the scale of 100 tonne years is required to
distinguish the Solar neutrino background from a WIMP signal.

In this paper, we calculate the expected WIMP signal in future detectors using non-
relativistic EF'T, and compare to the predictions of the astrophysical neutrino backgrounds.
For each of the operators that describe the WIMP coupling to the nucleons within EFT, and
for a wide range of WIMP masses, we compare the nuclear recoil energy spectrum to the
neutrino backgrounds. Using the nuclear recoil energy spectrum, we categorize the operators
that both can and cannot be distinguished from the neutrino backgrounds. We find that
the majority of the operators can in fact be distinguished from the neutrino backgrounds
over the entire WIMP mass range. For the few operators that cannot be distinguished, we
identify the specific WIMP mass that best matches the neutrino background, and highlight
the scatter in this best matching mass between the operators. Our results imply, for detectors
with good nuclear recoil energy resolution, that the neutrino background is less significant
than it is when using the traditional SI/SD formalism.

This paper is organized as follows. In Section II we briefly review both the physics of
non-relativistic EF'T and of neutrino coherent scattering. In Section III we calculate the

nuclear recoil spectra for EFT operators, and identify the operators that induce nuclear



recoils that mimic the neutrino backgrounds. In Section IV we calculate the discovery limit
for each operator in light of the neutrino background, and show that many of the operators
can in fact be distinguished from the neutrino background over a wide range of masses. In

Section V, we present our summary and conclusions.

II. WIMP AND NEUTRINO SCATTERING WITH NUCLEI

In this section we review the WIMP-nucleus and the neutrino-nucleus scattering formal-
ism that is required for our analysis. For WIMP-nucleus scattering, we describe the neces-
sary ingredients of non-relativistic EF'T, while for neutrino-nucleus scattering we describe

the cross section that is predicted in the Standard Model.

A. Non-relativistic EFT WIMP-nucleus scattering

Dark matter-nucleus scattering is expected to occur due to the presence of a dark matter
distribution in our galaxy, with the interaction rate being sensitive to both the local dark
matter density (for reviews of observations and theoretical models of the local density see
for example [20, 21]) and the velocity distribution of the dark matter, as well as the nuclear
properties of the target material. The precise form of the velocity distribution is unknown,
but can be modeled using N-body simulations [22, 23]. The speed of the dark matter is
predicted to be in the O(few 100km/s) region, with an upper limit corresponding to the
galactic escape velocity (the RAVE survey gave a value of 533151 km/s at 90% confidence
[24]). Standard momentum exchanged in such collisions is in the MeV range, which lends
direct detection interactions to a non-relativistic effective field theory treatment for mediator
particles with masses above this value, which is the case for a large variety of dark matter
models.

Traditionally WIMP-nucleus scattering has been formulated as an incident dark matter
particle scattering off a nucleus through either SI or SD interactions. However, as theoretical
investigations into the particle nature of dark matter have broadened in scope to include a
more general set of interactions, including a variety of velocity and momentum dependence,
it has been recognized that the SI/SD interaction categorization insufficiently captures the

range of the possible relevant interaction properties. Importantly, not including the full



array of interactions and nuclear responses could lead to a misinterpretation of any future
direct detection observations if carried out within the conventional framework [25].

Following standard semi-leptonic electroweak treatments of the nuclear physics involved
in the WIMP-nucleus scattering, it has been shown [7, 8] that the SI and SD interactions
are only a portion of a larger set of nuclear responses which must be considered for a proper
consideration of direct detection studies. In addition to responses giving rise to SI (the
vector charge nuclear operator) and SD interactions (which is a sum of two responses: the
axial and longitudinal spin-dependent responses), there are also nuclear responses sensitive
to orbital angular momentum and spin-orbit coupling. Different WIMP-nucleus scattering
models will correspond to different nuclear responses, which often include a sum of responses
contributing, and can also lead to interference terms between the responses [26, 27]. A study
of a variety of spin-1/2 dark matter UV complete models whose responses are described by
these non-standard responses was given in [9], and a general survey of simplified models
of spin-0, spin-1/2, and spin-1 dark matter models was carried out in [28]. There exist
additional nuclear responses beyond these five, but are typically not considered due to P
and CP properties of the nuclear ground state and an assumption of CP conservation of the
interaction.

Within this general EFT framework, the WIMP-nucleus interaction is written as a sum
over the individual WIMP-nucleon interactions, whose Lagrangian is of the form

L=% fjc;o,-f (1)

r=0,1 j=1

where t¥ is the identity matrix, thus giving the isoscalar interaction, and ¢! is the third Pauli
matrix giving the isovector interaction. It can be seen in general treatments that interference
effects can arise not only between operators giving rise to different nuclear responses but also
between the same operators characterized by different ¢ and ¢} [26, 27]. The coefficients

c] can be related to the familiar neutron and proton couplings by

0 1 0 1
G = v G =
2 2

(2)

The nucleon-level interactions arise from WIMP-quark interactions (either at the La-
grangian level including mediator particles, which are subsequently integrated out, or by

directly writing down bi-linear terms suppressed by some high mass scale) where quarks are



then embedded into the nucleons through standard techniques [29-32], and all operators are
treated non-relativistically.

We consider the operators in Table I, with the exception of Oy which cannot be generated
at leading order from Lorentz invariant relativistic operators [8]. There are two additional
operators which need to be included if the WIMP under consideration has spin-1 [28], but
for this work we are assuming a spin-1/2 dark matter particle. Assuming Galilean invariance
(for a treatment which includes operators which are constrained by Lorentz invariance rather
than Galilean invariance see Ref. [31]), time-reversal symmetry, and Hermiticity, these op-
erators only depend on four quantities: the exchanged momentum, ¢, in the dimension-less,
Hermitian form i¢/my, the velocity 7+ = @ + ¢/2un, where ¥ is the WIMP velocity in the
target nucleon rest frame and gy is the WIMP-nucleon reduced mass, the WIMP spin S,
and the nuclear spin Sy.

Although we retain the remaining 14 operators, it should be kept in mind that not all of
these non-relativistic operators arise at leading order from simple UV models [28], and there-
fore may not be relevant when a complete Lagrangian picture of dark matter is formulated.
Additionally the recoil response of the operators can vary by many orders of magnitude on
a given target material, and operator responses can vary greatly between various detector

materials, which demonstrates the premium placed on target complementarity [15, 33].

B. Neutrino-nucleus scattering

The theoretical prediction for neutrino interaction with the nucleus is much more simple
than the WIMP interaction described above. Neutrino-nucleus coherent scattering is a
straightforward prediction of the Standard Model, and has been theoretically studied for

many years [34, 35]. The coherent cross section is

do G2 myE,
E(ET; Eu) - T;QWmN (1 — 2%2 ) Fz(ET) y (3)

v

where Qw = N — (1 — 4sin?fy,) Z is the weak nuclear hypercharge of a nucleus with A/
neutrons and Z protons, G is the Fermi coupling constant, 8y, is the weak mixing angle
and my is the target nucleus mass. There are few percent corrections to Equation 3 for non
isoscalar nuclei (N # Z) arising from axial couplings [36]. In addition there is an angular

dependence in the recoil direction of the nucleus which we do not consider in this paper.



TABLE I: List of NR effective operators described in [7]
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III. MATCHING THE WIMP AND NEUTRINO RECOIL SPECTRA

In this section we analyze the nuclear recoil spectrum that is induced by WIMPs within
non-relativistic EFT, and by neutrinos through coherent scattering. We identify operators
which admit recoil spectra that are degenerate with the neutrino backgrounds, and for these
operators we find the corresponding WIMP masses that provide the “best-fit” which is
defined below. We classify operators into groups based on their induced recoil spectra, and

compare to the neutrino-induced spectra.

A. Best fit rates

We begin by matching the nuclear recoil spectra from the various WIMP-nucleon opera-
tors described above to the predicted Solar and atmospheric neutrino-induced recoil energy
spectrum. For the Solar neutrinos, we consider the ®B component. The predicted recoil

energy spectra in dark matter detectors due to these neutrinos are taken from Refs. [13, 14].



To find the “best-fit” WIMP masses for a given operator we maximize the Poisson likelihood,

b ni v,

viie
‘CPoisson = H ] (4)
=1

n;:

where b is the number of nuclear recoil energy bins, n; is the expected number of WIMP
events and v; is the expected number of neutrino events in the bin. We consider several
detector targets, which are indicated in Table I along with the corresponding nuclear energy
recoil range. For our likelihood analysis we choose an exposure such that we obtain 200

neutrino events for each target [14], binned into 16 energy bins.

TABLE II: List of detector targets considered in this work

low region (keV)|high region (keV)
xenon 0.003 - 3 4.0 - 100
germanium 0.0053 - 7 7.9 - 120
silicon 0.014 - 18 20 - 300
flourine 0.033 - 25 28 - 500

Figure 1 shows a sample of the best fitting WIMP-induced recoil energy spectra when
comparing to the predicted 8B spectrum, and Figure 2 shows a sample when comparing
to the predicted atmospheric-induced recoil spectrum. In both figures we have used one
operator representative from each group where the groups are defined in Table III. As is
shown for several operators, in particular Oy, we find a good match to both the 8B Solar
and atmospheric spectra. This is quantified by the Ay? indicated in Figure 1 and 2, which
is calculated as the negative log likelihood in Equation 4. Note that O; (Oy) from group 1
is the SI (SD) response used in the standard analyses, and our result agrees with previous
results [14, 15].

On the other hand, the nuclear recoil spectra from many WIMP-nucleon operators are
clearly distinct from the ®B and atmospheric-induced neutrino spectra, even when taken at
the best-fit WIMP masses. For example, as is indicated in Figures 1 and 2, the Og (belongs
to group 3) and Oy (belongs to group 2) best fit WIMP mass gives a poor Ax? relative to
the neutrino backgrounds. This indicates that for essentially all WIMP masses and cross
sections, Og and Oqy can be distinguished from the neutrino backgrounds. We return to

this point below when we discuss the evolution of the discovery limit.
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FIG. 1: Sample maximum likelihood fits to the ®B Solar neutrino-induced nuclear recoil event
rate spectrum in Xenon (left) and Germanium (right). Three different operators are shown, one

operator from each of the groupings in Table III.
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FIG. 2: Sample maximum likelihood fits to the atmospheric neutrino-induced nuclear recoil event
rate spectrum in xenon (left) and germanium (right). The same operators are used here as in

Figure 1.

The WIMP masses that provide the best fit to the ®B recoil spectrum for the operators
01, Og, O19 are shown in Figure 3. As discussed above we assume an exposure to produce
200 neutrino events for each target. Each point in Figure 3 represents either the proton or
neutron coupling as defined in Equation 2. In Figure 3 we have scaled the coupling by a factor
m, = 246 GeV, so that the resulting quantity ¢,m? is dimensionless (the ¢,’s as defined in

Ref. [8] have dimensions of inverse mass-squared). Also shown are the corresponding WIMP-

. c2p? . ..
nucleon cross sections calculated as o; = ;n’fl . For Si, Ge, and Xe, the excess spin in the

v

nucleus is carried by the neutron, so that for a fixed number of neutrino events the neutron
coupling corresponds to a lower cross section. For flourine the excess spin is carried by the

proton, so in this case for a fixed number of neutrino events the proton coupling corresponds
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FIG. 3: Best fit WIMP mass to the 8B Solar neutrino induced nuclear recoil spectrum for Xe, Ge,
Si, and F targets. For each target and each operator, we show the best fitting WIMP mass for
neutron and proton couplings, defined as in Equation 2. The quantity on the vertical axis of the
left-hand side in each figure is dimensionless, since the ¢,’s as defined in Ref. [8] have dimensions

of inverse mass-squared. An exposure is assumed to produce 200 neutrino events for each target.

B. Grouping of operators

Although we consider 15 operators, each of which coupling to protons and neutrons, the
nuclear recoil energy spectra that is induced by many of these operators are similar. This is
evident from their best fitting WIMP masses shown Figure 3 and in Figure 7 in Appendix
A, which shows the best fitting masses for the operators that are not shown in Figure 3.
These figures motivate a grouping of operators based on their best fit WIMP mass, which
are shown in Table III. Operators Oy 478, Os 9 10,11,12,14 and Os ¢ 13 15 form group 1, 2
and 3 respectively (this is a similar grouping to that found in [10], although O3 is in our
third group along with O, rather than in a fourth). For the entries in this table we have
assumed a Xe target, though we have checked that these results do not strongly depend on
the nature of the target. We again emphasize that for many operators, the x? is large when
comparing the neutrino-induced spectra to the WIMP spectra, so that even these “worst
case” scenarios should be easily distinguishable from the neutrino backgrounds, provided an

experiment can obtain a robust measurement of the recoil energy spectrum.
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TABLE III: List of NR effective operators categorized by the best fit mass to B Solar neutrinos
in Xenon (the other targets follow suit). The third column gives the exposure to reach saturation

due to the neutrino background, as defined in Section IV.

Operator Mass (GeV) Exp. (t.y)

o, 6 2.9
—
g O, 6 3.5
3 O, 6.2 4.3
Os 6.3 3.6
¢? and QQU%
05 4.8 0.43
Oy 4.6 0.34
[}
g O 46 0.36
3 O 46 0.40
O1s 46 0.44
Ou 4.8 0.43

2.2 4 4,2
q“v7, ¢° and g vy

0, 4.2 0.27
(ap)
g Og 4.2 0.29
S O13 4.2 0.27
O15 4.1 0.21
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IV. DISCOVERY BOUNDS

With the nuclear recoil spectrum in non-relativistic EF'T understood, we now move on to
determine the bounds on the discovery of WIMPs in the presence of the neutrino background.
We determine the exposure at which each operator is maximally affected by the neutrino
background. As above we distinguish between those operators that are most and least

affected by the neutrino background.

A. Formalism

The statistical formalism that we employ follows that of Ref. [14]. Here we review the
relevant aspects for our analysis. The discovery potential of an experiment is defined as the
smallest WIMP-nucleon cross section which produces a 30 fluctuation above the background
90% of the time. To calculate this limit we use the following test statistic for the null
hypothesis and try to reject it,

— logﬁ(";oié) o>

Qo = £(5,0) (5)
0 o<

where o is the WIMP-nucleon cross section, # represents the nuisance parameters (neutrino
fluxes), and the hatted parameters are maximized. By Wilks’ theorem, under background
only experiments, qq is chi-square distributed and the equivalent gaussian significance is
simply /qo [37]. To include the uncertainty of the neutrino flux normalization the likelihood

function is modified to include a gaussian term [14]:
2

_l_NH2 2]

£:£PoissonH€ 3l ) (U)

J

(6)

where N; is the flux normalization and ¢; and o; are the fluxes and their uncertainties given
in Table IV. The Poisson likelihood Lpg;sson is defined as in Equation 4.

We calculate the evolution of the discovery potential for all operators using a Xe based
experiment, in the low and high recoil energy regions as defined above. The WIMP mass
considered for each operator was taken from Table I as this is the worst case scenario
where the WIMP spectrum most closely resembles the neutrino background. Note that

while in the low region the best fit WIMP mass is very similar for the neutron and proton
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TABLE IV: Neutrino flux components and their respective uncertainties in the flux normalizations.
For the Solar components we utilize the high metallicity Solar model as outlined in Ref. [38].

component v flux (em2s71)

PP 5.98(1 4 0.006) x 10'°
"Be 5.00(1 +0.07) x 10°
B 5.58(1 4 0.14) x 106
pep 1.44(1 £0.012) x 10®
DSNB 85.5 +42.7
Atmospheric 10.5 £ 2.1

scattering rates, this is not the case in the high region. Thus in the low region the discovery
potential curves remain parallel, but this is not necessarily the case for the high region. The
discovery evolution for three of the operators from three groups is shown in Figure 4 and
the remaining operators can be found in the Appendix. For operators which are sufficiently
neutrino like (group 1), the evolution exhibits saturation when the systematic uncertainty in
the neutrino flux becomes relevant. Note that this saturation is achieved at a smaller cross
section than in previous studies [15], because the analysis in this paper separates proton
and neutron couplings, thereby reducing the coherence factor and providing a less stringent
limit. This saturation is then broken when the exposure becomes large enough that small

differences in the WIMP and neutrino-induced recoil spectra become distinguishable [15].

For the other operators with recoil spectra that are sufficiently different than the
neutrino-induced recoil spectra (group 2 and 3), no significant saturation is observed.
For these cases a weak inflection point defines the exposure at which the saturation is a
maximum. The corresponding saturations are listed for each operator in Table III. From
this table we see that operators in the same category reach the inflection point at very
similar exposures. The operators that reach the inflection point at the lowest exposures are
those that are most easily distinguishable from the neutrino backgrounds. These operators

then return quickly to a 1/v/MT evolution as the exposure is increased.
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B. Discovery limits and exclusion regions

We now move on to find the 30 discovery limit across the entire WIMP mass range. We
calculate the discovery limits for all operators using a single exposure which saturates O,
~ 10*( ~ 10?) neutrino events in the low (high) region. The motivation for this choice is
primarily a simplification of the analysis, noting that the discovery evolution of group 2 and
3 operators do not experience saturation as strongly as group 1 operators. The exposures

for the different targets are given in Table V.

TABLE V: List of exposures used to calculate the neutrino floor

Target exposure'®” (t.y)|exposure™?” (kt.y)
xenon 1.76 58
germanium 3.26 87
silicon 10.4 206
flourine 16.3 278

In addition to the discovery limits we also determine the 90% exclusion regions from
the most recent LUX results [1]. To calculate exclusion limits we use the profile likelihood

method with test statistic,
L(0,9)
£(5,9)

—2log o>

4o =
0 o<

where we now use a likelihood which includes gaussian terms for the astrophysical errors:
Py = 0.3 £0.1GeV/em?, vy = 220 £ 20km/s and ves. = 544 + 40km/s. Under repeated
background-only experiments g, is half-chi-square distributed and the significance is /g,
For each of the operators, we calculate 90% confidence limits for the inner 18cm fiducial
volume (117kg) over the 95 day LUX run, which resulted in a 30.5 kg day exposure. For
simplicity we will assume that the background prediction is uniform throughout the fiducial
volume. While this is actually likely not the case, it is a conservative estimate given the
background is lower within the inner fiducial volume. After the 99.6% electronic recoil
discrimination efficiency, 1.9 events were expected in the nuclear recoil region, and 2 were
actually observed. The energy dependent detector efficiency was taken from LUXcalc [39],

which takes into account detector resolution and threshold effects. While we have reduced
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the threshold to 1.1 keV, this efficiency curve is based on the 2013 LUX analysis which
causes us to undercover the confidence limit at low WIMP mass, as illustrated in Fig. 5. A

summary of the experimental specifications are given in Table VI.

TABLE VI: Experiments used to generate exclusion curves

Name|Target|Exp. (kg.y) ROl |efficiency | background |observed

LUX Xe 30.5]1.1-41 keV 0.5 1.9 2

10' 102 108
mass [GeV]

FIG. 5: Comparison of our exclusion limits (solid) with the official LUX result (dashed)

Figure 6 shows the discovery limits and exclusion curves for O; (top), Og (middle), Osp.
The corresponding discovery limits and exclusion curves for the remaining operators are
shown in the Appendix. For several operators, for example Og coupling to neutrons, we
find that the calculated limits (grey shaded regions) are overlapping with the discovery
limits curves for low mass where the discovery limit is dominated by Solar neutrinos. This
does not imply a contradiction, as the exclusion curves, which only apply to xenon targets,
do not overlap the xenon discovery limits. The proximity of the exclusion curves to the
discovery limits (which have vastly larger exposures) is a reflection of the different statistical
procedures used to generate the two sets of curves. In particular, the calculated discovery
limits are a more statistically demanding criteria than an exclusion limit at 90% confidence,
so for a given WIMP mass and cross section a larger exposure would be required to claim
a 30 fluctuation. In future larger scale detectors for which the neutrino signal will be non-
negligible, it will be necessary to include neutrinos into the statistical model that determines

exclusion regions.
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FIG. 6: Discovery limits for O; (top), Og (middle), O1o (bottom), for protons (left) and neutrons

(right). The shaded region shows the 90% confidence limits for a 30.5 kg day exposure at LUX.
V. DISCUSSION AND CONCLUSION

In order to continue to improve bounds on the WIMP-nucleon cross section, future larger
scale detectors must become effective at distinguishing a WIMP interaction from a neutrino
interaction. In this paper we considered this issue within the well-motivated EFT framework.
Within this framework, the standard SI and SD interactions represent only a portion of a

larger set of nuclear responses which must be considered in direct dark matter detection. We
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specifically focus on the set of EF'T operators that respect Galilean invariance, time-reversal
symmetry, and Hermiticity.

We have shown that for 10 of the 14 operators, the energy spectrum induced by WIMPs is
distinct from that induced by neutrinos. For these operators, we show that a clean statistical
separation between WIMPs and neutrinos will be possible. For only 4 of the 14 WIMP-
nucleon operators that we consider do we find that the WIMP and neutrino spectrum can be
highly degenerate. For these 4 operators (which belong to group 1) we specifically calculate
the “worst-case scenario” WIMP mass which most closely matches the neutrino spectra.
Our results show that an experiment with good spectral energy resolution and exposure
near the ton scale should have little trouble distinguishing certain WIMP interactions from
neutrino-induced nuclear recoil events. The group 2 and 3 operators would require an
exposure of about 0.5 tonne years to be distinguished from the neutrino background for
a low mass WIMP (as can be surmised from the linear region of Figure 4 beyond the
saturation region/inflection point). The group 1 operators can be distinguished from the
neutrino backgrounds for a sufficiently large exposure, ~ 10% tonne years.

Relative to previous results that considered energy deposition, our theoretical framework
is more complete and encompasses a wider range of possible nuclear responses. In its most
general form, the WIMP nucleon cross section is a superposition of all of the operators that
we have discussed, with the observable being a superposition of the corresponding nuclear
recoil spectrum for each operator. The limiting case that we have studied here in which a
single operator dominates the cross section will provide guidance and intuition for future
more detailed studies that consider more complicated superpositions of operators. In order
to extract information about the particle properties of dark matter from a detection of
events, the challenge that future detectors will face not only lies in reducing the neutrino
backgrounds, but also in understanding the degeneracies that are incurred when attempting

to map the detected energy spectrum onto a particular superposition of operators [40].
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Appendix A: Analysis for all operators

In this appendix, we show best fitting masses and discovery limits for the operators that
were not shown in the main text. These figures motivate the operator groupings that were
presented above. Figure 7 show the best fit masses to the ®B neutrino rate for the four
targets. Figure 8 shows the discovery evolution for the low mass and high mass WIMP
region for operators O3 — Oy, and Figure 8 shows the discovery evolution for the low mass
and high mass WIMP region for operators O; — Oy5. Figure 10 shows the discovery limits
for group 2 operators interacting with protons, and Figure 11 shows the discovery limits for
group 2 operators interacting with neutrons. Finally, Figure 12 shows the discovery limits
for group 2 operators interacting with protons, and Figure 13 shows the discovery limits for

group 2 operators interacting with neutrons.
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FIG. 7: Best fits of each operator to the 8B Solar neutrino rate for the four targets.
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