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Direct searches for dark matter with large-scale noble liquid detectors have become sensitive enough to
detect the coherent scattering of local neutrinos. This will become a very challenging background to dark
matter discovery in planned future detectors. For dark matter with mass above 10 GeV, the dominant
neutrino backgrounds on Earth are atmospheric neutrinos created by cosmic ray collisions with the
atmosphere. In contrast, the Moon has almost no atmosphere and nearly all cosmic rays incident on the
Moon first collide with the lunar surface, producing a very different neutrino spectrum. In this work we
estimate the total flux and spectrum of neutrinos near the surface of the Moon. We then use this to show that
a large-scale liquid xenon or argon detector located on the Moon could potentially have significantly
greater sensitivity to dark matter compared to an equivalent detector on Earth due to effectively reduced

neutrino backgrounds.
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I. INTRODUCTION

Our nearest celestial neighbor, the Moon, has fascinated
humankind since time immemorial [1,2]. The Moon has
also helped us understand our Universe, such as through
tests of gravity with laser lunar ranging [3-5]. Recent
renewed interest in visiting and exploring the Moon [6-9]
has motivated proposals for new scientific facilities to be
built there, including instruments for astronomy and
cosmology [10-13] and energy-frontier particle colliders
[14]. In this work we demonstrate that the Moon could also
enable the direct detection of dark matter beyond what is
possible on Earth.

Evidence for dark matter (DM) from astrophysics and
cosmology is overwhelming [15], but its identity remains a
mystery [16]. A leading paradigm for DM is a new
elementary particle species y that interacts with ordinary
matter more strongly than through gravity alone [17-22].
For masses in the 1 GeV-50 TeV range, near the electro-
weak scale, such a particle could be created and obtain the
observed DM density by thermal processes in the hot early
Universe [23]. This paradigm has motivated a worldwide
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program to search for DM in the lab by its scattering with
ordinary matter in detectors located deep below the surface
of Earth [24,25].

Efforts to identify DM through this direct detection
method have made enormous progress over the past
decades [26]. For DM with mass m, 2 10 GeV and
primarily spin-independent interactions with nuclei, the
most sensitive current experiments are large-volume noble-
liquid detectors using xenon [27-29] or argon [30,31] as
the target material. These detectors are so sensitive that they
are beginning to observe the coherent scattering of neu-
trinos on nuclei [32]. While this is a remarkable achieve-
ment, it also implies that neutrino scattering will be a
difficult background in future direct searches for DM [33—
44]. Indeed, proposed detectors such as DARWIN [45,46]
and ARGO [47] are expected to be able to look for DM all
the way down to the neutrino floor [36,37] (or neutrino fog
[43,44]) beyond which neutrino backgrounds make further
progress very challenging. Many well-motivated theories of
DM predict scattering cross sections below the neutrino
floor [48-53], such as the infamously challenging m, =
1.1 TeV Higgsino [50,54-56]. Going beyond it would
appear to require directional sensitivity [57-59], combining
data from detectors consisting of different target materials
[37,40,42], or extremely large detector volumes [37,40,43].
Probing below the neutrino floor is complicated further by
uncertainties in the spectral shapes of neutrino fluxes and
the energy dependences of detector responses [42].

In this work we show that locating a large-scale detector
under the surface of the Moon could allow for greater
sensitivity to DM by reducing neutrino backgrounds. The
dominant neutrino backgrounds for the detection of DM
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with mass m, 2 10 GeV on Earth are atmospheric neu-
trinos, created when cosmic ray (CR) protons and helium
collide with molecules in the atmosphere to produce pions
and kaons which yield neutrinos in their subsequent decay
chains [60]. In contrast, the Moon has almost no atmos-
phere and CRs collide primarily with the thin regolith layer
covering the lunar surface or the underlying rocky crust.
This greatly alters the resulting neutrino flux spectrum: on
Earth the pions and kaons decay while in flight, whereas on
the Moon they are mostly stopped or absorbed before
decaying [61-63]. We find that the modified neutrino
spectrum on the Moon makes for a significantly weaker
background to DM scattering relative to Earth and could
provide a novel approach to exploring DM below the
(Earth) neutrino floor.

Despite this increase in sensitivity to DM, we must also
acknowledge that building and operating a DM search
experiment on the Moon faces enormous practical chal-
lenges. Our study demonstrates the potential benefits of
Moon-based detectors relative to Earth, and represents a
necessary first step before attempting detailed estimates of
feasibility. With global plans underway to explore and settle
the Moon [6-9], the prospects for such an experiment may
become more realistic in the future, as discussed below.

Following this introduction, we discuss fluxes of neu-
trinos on the Moon in Sec. II and demonstrate a significant
difference in the CR-induced flux relative to Earth. In
Sec. III we investigate the impact this has on neutrino
scattering energy spectra in xenon and argon detectors.
Next, in Sec. IV we study the sensitivity to dark matter of
detectors located below the surface of the Moon and
compare it to sensitivity of equivalent detectors on
Earth. Finally, Sec. V is reserved for our conclusions
and further comments on feasibility. Some additional
technical details are covered in Appendices A—C.

II. LUNAR NEUTRINO FLUXES

Many neutrino fluxes on the moon are nearly the same as
on Earth, but a few are radically different. For direct
detection of electroweak scale dark matter on Earth, the
most important flux sources are solar neutrinos [64-66],
diffuse supernova background neutrinos (DSNB) [67], and
atmospheric neutrinos [60]. Solar and DSNB neutrino
fluxes are effectively identical on the moon. In contrast,
the flux of neutrinos created by CRs—called atmospheric
neutrinos on Earth—differs strongly on the moon due to its
near complete lack of atmosphere [2,68]. Instead, CRs
impact primarily on the lunar surface to produce a neutrino
spectrum that is very different from that of atmospheric
neutrinos on Earth. We show the neutrino fluxes from these
sources in Fig. 1.

To obtain the CR neutrino flux on the Moon we make use
of the results of Ref. [63], which performed a detailed
GEANT4 [69,70] simulation of the neutrino spectrum created
by proton or helium cosmic rays striking the moon. From
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FIG. 1. Neutrino fluxes relevant for direct detection per unit

energy, on the Moon at a depth d = 1 km, from cosmic ray
collisions on the moon (black), solar (red), DSNB (green), and
residual atmospheric neutrinos (blue). For reference, we also
show the atmospheric neutrino spectrum on Earth (blue dashed).

their work we extract dN,/dE,, the mean number of
neutrinos produced per cosmic ray per unit neutrino energy.
This depends on the primary CR energy spectra, which are
estimated through fits to the collected CR data in Ref. [71].
From their simulations, Ref. [63] finds that pions, kaons,
and muons created in cosmic ray collisions are mostly
stopped in the lunar regolith and crust before decaying.
Neutrinos come primarily from z* and K+ decays and their
downstream products, leading to approximately monoe-
nergetic peaks at E, ~29.8 MeV (z" decay) and E, ~
235.6 MeV (K™ decay) together with a broad shoulder up
to E, ~52.8 MeV (3-body u* decay). In our analysis, we
model the zt and K" peaks with delta functions in energy.
The Moon CR neutrinos are concentrated at lower energies
than atmospheric neutrinos, which are mostly created by
decays in flight [60]. For the neutrino energies of primary
interest, £, <1 GeV, the production is found to occur
mainly within the first tens of meters of the surface [63]. We
have verified this independently with simulations in
GEANT4 [70] and FLUKA [72].

We are interested in the flux of neutrinos at a depth d
below the surface of the Moon. We take this depth to be
considerably larger than the thickness of the area over
which the neutrinos are produced. This allows us to treat
the emission as coming from a shell at the surface. As in
Ref. [63], we also treat the emission of neutrinos as being
isotropic. With these assumptions, the flux of neutrinos per
unit energy at depth d is

dd dN 2ry —d
e e R )
dE,  dE, 8(ry —d) d

where @y, is the total CR flux striking the Moon integrated
over all angles and CR energies and subject to the energy
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cuts made in Ref. [63] when computing dN,/dE, (kinetic
energy E; > 400 MeV for protons and E; > 800 MeV for
helium), and rj; ~ 1740 km is the radius of the Moon. For
the analysis to follow we fix d = 1 km as a representative
value of the depth of the detector. Moderate variations in
the depth (by a factor of a few) do not significantly change
our results.

This calculation of the CR neutrino flux is expected to
provide a sufficiently good approximation to estimate the
sensitivity of DM detectors on the Moon. However, we note
that it could be refined in several ways that go beyond the
scope of this paper. The assumption of isotropic neutrino
emission from the lunar surface is expected to hold for
neutrinos from decays at rest, but for the rarer decays in
flight there can be a correlation between the incident CR
direction and the angular spectrum of the neutrinos pro-
duced. As shown in Appendix A, we find that for uniform
neutrino emission directed within a finite cone along the
CR direction, the flux at d = 1 km varies by less than about
30% for any cone angle, and thus we expect that going
beyond the isotropic approximation would not significantly
change our results. There is also an uncertainty in the
composition and density of the lunar regolith and crust. The
calculation of Ref. [63] suggests that the impact of this
uncertainty on the neutrino flux is modest, and we note that
it could be reduced with future exploration of the Moon.
Finally, the CR flux with Ecg < 10 GeV varies over the
solar cycle [73,74] with the value used here representing a
mean. This uncertainty could be largely eliminated by
monitoring the primary cosmic ray spectra with a modest
CR detector on the lunar surface.

Other potential sources of neutrinos on the Moon are
radioactive decays of lunar material, atmospheric neutrinos
from Earth, and solar energetic particles. All three can be
neglected in this analysis to a good approximation.
Neutrinos from radioactive decays are analogous to geo-
neutrinos in Earth, have energies below E, < 10 MeV, and
are negligible in comparison to solar neutrinos that domi-
nate in this energy range [75]. Atmospheric neutrinos from
Earth are suppressed by the factor (rg/R)*=~3 x 1074,
where rg =~ 6400 km is Earth’s radius and R ~ 384400 km
is the Moon distance, and their flux is much smaller than
Moon CR neutrinos. Solar energetic particles are emitted
sporadically in solar events and can sometimes include
protons and helium with enough energy to create pions
[76,77]. These are present for only a small fraction of the
observing time and their effects can be removed by
discarding data taken during these periods.

In Fig. 1 we show the energy spectra of the most
significant neutrino fluxes on the Moon summed over
flavors and including antineutrinos. The relevant sources
are solar, DSNB, and cosmic rays striking the Moon. For
reference, we also show the atmospheric neutrino spectrum
on Earth as well as its residual value on the Moon. Note that
the heights of the pion and kaon decay lines in the figure

correspond to the normalizations of the delta functions used
to represent them. Relative to the atmospheric spectrum on
Earth, we see that the CR neutrino spectrum on the Moon is
shifted to lower energies and is concentrated at specific
locations.

III. DARK MATTER AND NEUTRINO
SCATTERING

The primary search objective of large-scale noble-liquid
dark matter detectors is the scattering of a dark matter
species y off nuclei. In a detector target composed of
nucleus N = (A, Z), this leads to recoil energy depositions
with a rate per unit target mass of

LA 4
dEx NRTIN m,

where Ey is the nuclear recoil (NR) energy, eyg is the NR
detection efficiency, ny is the number of N nuclei per unit
mass, p, is the DM mass density, and m,, is the DM particle
mass, f(7) is the local DM velocity distribution restricted
to ||| > vpin = /myEg/2u3 for DM-nucleus reduced
mass uy, and do,y/dEg is the DM-nucleus differential
cross section. For primarily spin-independent (SI) DM-
nucleus scattering, the full cross section can be expressed in
terms of an effective DM-nucleon cross section o, as
described in Ref. [17] and Appendix B.

Neutrino scattering on nuclei leads to a similar expres-
sion for the rate per unit target mass,

d
/ d%f(z)v%:, 2)

Vmin

N)

Bl

dRy d®; do,

T 5NR”N/ dE, SO (3)
dEg >

with E;, = /myEg/2 and the sum on j runs over
relevant neutrino flux sources ®;(E,). Note that these
fluxes are summed over all neutrino flavors and implicitly
include antineutrinos since the underlying scattering proc-
ess is a flavor-independent Z° boson exchange. A full
expression for do,y/dEg is given in Ref. [78] and
Appendix B.

In realistic detectors, neutrino scattering on atomic
electrons can be mistaken for scattering on nuclei with
probability ¢,(Eg). When this occurs, the average recon-
structed nuclear recoil energy Ex can be related to the
actual energy transfer 7' by a factor g [79],

T = qer(Eg)Eg. (4)

The contribution of neutrino-electron scattering to the
reconstructed nuclear recoil rate is therefore
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FIG. 2. Recoil rates per unit target mass as a function of nuclear recoil energy Ep in xenon (left) and argon (right) from background
neutrinos on the Moon (black solid), on Earth (black dashed), and dark matter with 6, = 107*8 cm? and m, = 30,100,300 GeV (red,
green, blue). For xenon, we also show the rate for misidentified neutrino-electron scattering, scaled by a representative electron rejection

factor of 1073,

dRWNZ) () dT dR%® 5)
= & _— .
dEg RNdEy dT |1,
with
dR'%®) d®; , do'%®)
L= dE j.a 40a
ar "™ [;m_m Jz a, ar

where E;, = [T + /T (T + 2m,)| and we have specified
the neutrino flavor a since scattering on atomic electrons is

flavor-dependent. Explicit expressions for do-ie) /dT for
scattering on free electrons can be found in Refs. [80-82]
and Appendix B, while detailed ab initio calculations for
scattering on atomic electrons in xenon are performed in
Ref. [83], the latter of which are used in our analysis.
To evaluate these rates, we also need estimates for the local
DM distribution and the relevant neutrino fluxes. For DM, we
follow the recommendations of Ref. [84] and use p, =
0.3 GeV/cm?® with the Standard Halo Model velocity dis-
tribution with parameters v, = 238 km/s, vy = 254 km/s,
and v.. = 544 km/s. Neutrino fluxes and their uncertainties
are taken as in Ref. [42], which mostly follows Ref. [84]. For
each flux source, we model the differential spectrum as

do;
B = hiE). ™

where j = 1,2, ..., n, runs over flux sources, ¢ j is the total
flux, and the spectral functions f;(E,) are normalized to
unity. Solar neutrino fluxes in this work are based on the high

metallicity model [85-87] with specific predictions from
Refs. [66,84] and updated with recent data [88,89]. For the
total atmospheric neutrino flux on Earth, we use the results of
Ref. [90] relevant for a detector located at Gran Sasso and
averaged over the solar cycle with an estimated fractional
uncertainty of 20% [90-93]. We also estimate a fractional
uncertainty of 20% for CR neutrino fluxes on the Moon,
although we expect that this could be improved with direct
measurements of the primary CR spectrum.

In Fig. 2 we show the scattering rates for dark matter and
neutrinos in xenon (left) and argon (right) as functions of
the reconstructed nuclear recoil energy Ey for eyp = 1. The
red, green, and blue lines show rates from DM scattering
with ¢, = 107 cm? for masses m, = 30, 100, 300 GeV,
respectively. The solid black line in each panel shows the
total neutrino-nucleus recoil rate spectrum on the Moon,
while the dashed black line shows the corresponding
spectrum on Earth. These are significantly different, with
lower rate at Ex 2 5 keV (20 keV) for xenon (argon) on the
Moon. The solid purple line in the left panel shows the
reconstructed spectrum from neutrino-electron scatterings
misidentified as nuclear scatterings and rescaled by 1073
to represent a typical electron rejection factor in xenon.
No such line is shown for argon where electron rejection is
expected to be much more efficient.

IV. DARK MATTER SENSITIVITY ESTIMATES

We turn next to estimating the dark matter discovery
sensitivity of detectors located on the Moon. Following
Ref. [42], we focus on large-scale xenon and argon
detectors with properties based on current and proposed
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experiments. We also treat statistical and systematic uncer-
tainties using a binned profile likelihood evaluated in the
asymptotic limit [94,95].

For xenon detectors, we model their parameters on the
planned DARWIN experiment [45,46]. We assume an
analysis region of interest for nuclear recoil energies
Er €15,35] keV and we collect events over this energy
region into bins with size dictated by the local energy
resolution as described in Ref. [42]. We also take a constant
nuclear recoil efficiency of eyp = 0.5 and an electron recoil
rejection factor of £, = 2 x 1074,

In argon, we model detector properties on the proposed
ARGO experiment [47] with guidance from DEAP-3600
[30] and DarkSide [31]. We use a nuclear recoil region of
interest of Ep €[55,100] keV with eyz = 0.9. As for
xenon, we collect events in bins dictated by the expected
local energy resolution in argon [42]. Pulse-shape discrimi-
nation allows for excellent rejection of electron recoils
[96-99], and we take e, < 1078,

To estimate the DM discovery potential of a lunar
detector, we use the profile likelihood method [94] For a
given DM mass m,, per-nucleon cross section o,, and
detector configuration and exposure, we classify the
scenario as discoverable if the background-only hypothesis
(i.e. neutrinos only) can be excluded at the 3¢ level at least
90% of the time. We arrange events into recoil energy bins
Ni,i=1,2,...,N,, with the expected number of events in
each bin given by

(Ny = &si + bi(0), (8)

where & = 06,/0y is the DM cross section relative to an
arbitrary reference value, s’ is the number of DM events

10747

10748
§=
=
S
10749_
MT/(tonyr)
— 10 — 10*
— 102 10°
“ Xe, g, =2x107% —— 10°
10701 10? 10°
my (GeV)
FIG. 3.

with 6, b’ (5) is the number of background events, and 6 is
a set of parameters that describe the backgrounds. We
identify them with fractional neutrino flux variations,

0, :(ﬁj(;%fﬁj’ (9)

where ¢; is the flux normalization of Eq. (7) for source j
relative to the central value ¢ ;- The likelihood used is

Ny " —(6,/100;)°/2

£.0) = [[Pev. vy < [ [ ===
i=1 =1 AU

(10)
with P(A,n) = 2"e¢™*/n!, and A; is the fractional flux
uncertainty. In the asymptotic limit of many events, the
results of Ref. [94] based on Wilks’ theorem [100,101] can
be extended to show that our DM discovery condition is
equivalent to the test statistic go 4 > 18.34 [42], where

-

Gos = -2l [L(E=0,0)/L(E0=0). (1)

Here, 6 are the values of the background parameters that
optimize the likelihood function under the background-
only hypothesis & = 0 for the dataset N° = (N?) obtained

-

with DM signal & and neutrino fluxes 6 = 0.

With these methods we obtain the dark matter sensitiv-
ities to the per-nucleon SI cross section o, shown in Fig. 3
for representative xenon (left) and argon (right) detectors as
a function of DM mass m,. The solid lines indicate the
sensitivities for a detector on the Moon and the dashed lines
show sensitivities on Earth. Lines of different colors
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Sensitivity to SI dark matter with per nucleon cross section 6, as a function of DM mass m, for several values of detector

exposure MT/(ton yr) in representative xenon (left) and argon (right) detectors. The solid lines indicate the sensitivities for detectors on

the Moon and the dashed lines for detectors on Earth.
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correspond to the indicated total exposures MT/(ton yr) =
102,103, 10*,10° (top to bottom).

The contours in Fig. 3 demonstrate that an equivalent
detector located on the Moon could have better sensitivity
to DM than a detector on Earth. This is due to the very
different neutrino flux spectra induced by cosmic rays in
the two locations, as shown in Fig. 1. The sensitivity
improvement on the Moon is seen primarily for masses
m, 2 50 GeV and is more pronounced for xenon than
argon. In xenon, the recoil energy spectrum from atmos-
pheric neutrinos is closer to that from dark matter compared
to argon, and in this sense the neutrino fog is more opaque
for xenon detectors. The modified CR neutrino spectrum on
the Moon reduces this spectral degeneracy and the total
background rate, leading to sensitivity improvements in
xenon by up to nearly an order of magnitude in o,. A
greater DM sensitivity is also seen in argon but the
improvement is more modest. We also find that these
results are relatively robust under reasonable variations in
the electron rejection factor and in the uncertainty in the
Moon CR neutrino flux as shown in Appendix C.

V. SUMMARY AND CONCLUSIONS

In this work we have estimated the fluxes of neutrinos
below the surface of the Moon by leveraging the simu-
lations of Ref. [63]. The spectrum of neutrinos created by
cosmic rays is found to be significantly different on the
Moon. We applied these results to calculate the potential
sensitivities of large-scale xenon and argon detectors
located on the Moon to spin-independent DM. Neutrino
backgrounds from cosmic ray collisions are easier to
distinguish from dark matter on the Moon relative to
Earth. All else being equal, this implies that a DM detector
located on the Moon would have a significantly greater
sensitivity to DM with mass m, 2 50 GeV than one on
Earth. In particular, this could enable sensitivity to the
m, = 1.1 TeV thermal Higgsino DM [50,54-56].

While our results provide motivation for Moon-based
DM direct detection experiments, we have not attempted to
address the many practical challenges to realizing such an
apparatus. These include material transportation and cos-
mic activation, local backgrounds, infrastructure, human
resources, and cost. However, we note that many aspects of
direct DM experiments align well with the goals of the
Artemis program [6], suggesting they could be feasible as a
small subcomponent of a much larger lunar exploration
program. For example, lava tubes below the lunar surface
have been suggested as a settlement location for protection
against cosmic rays and meteorites [102], and some of these
may be deep enough for DM experiments [103] thereby
mitigating the need for extensive excavation. Moreover,
analyses of lunar samples have indicated the presence of
small amounts of local argon and xenon [104], and show
levels of background radioactivity below those on Earth

[105]. Finally, let us emphasize that despite these chal-
lenges, given the current drive to return to the Moon [6-9] it
is worthwhile and timely to consider dark matter searches
and other potential applications of lunar exploration to
scientific discovery [10-14].
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APPENDIX A: MORE ON COSMIC RAY
NEUTRINO FLUXES ON THE MOON

In the analysis above we computed the CR induced
neutrino flux at a depth d below the surface of the Moon
assuming an average isotropic emission of neutrinos from
each cosmic ray collision. Here, we generalize this calcu-
lation to the case where the neutrinos created are correlated
with the incident CR direction. For a given neutrino
emission energy E,, we assume an angular distribution
F(c,), where y is the polar angle of the neutrino with
respect to the CR direction, ¢, = cosy, and we normalize
such that 1 = [!, de,F(c,).

To obtain the neutrino flux at a depth d = ry; — z, we
consider a patch of lunar surface with polar angle 6 as
shown in the left panel of Fig. 4. For this patch, we take 7 as
the usual radial unit vector, f as the unit vector antiparallel
to the incident CR direction, and D as the unit vector along
the direction from the detector to the patch on the surface.
Each patch has area dA = 2zr3,dc,, while neutrinos
emitted from the patch are diluted by the factor 1/2zD?
by the time they reach the detector. Summing over all
incident CR directions and then over the lunar surface area,
and treating the incident CR flux as isotropic with
dQCR/dQCR = q)CR/4ﬂ', we have

dd, dN, 1 /1 P2 /1
— g x— | deg | 4
dE, ~ dE, "4z, "D2 ),

x A T ap - POG - HF(c).

(A1)

Here, y and f are the polar and azimuthal coordinates
of f relative to D, the factor of (7- f) projects onto the
component normal to the surface, and the step function
enforces the constraint that only downward-going CRs
contribute. Limiting the integration to ¢, > c,, ensures that
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FIG. 4. Left: geometry for our calculation of the neutrino flux in a detector at position z = r}; — d in the Moon from cosmic rays
hitting a surface patch at polar angle 6. Here, # is the radial unit vector, f is the unit vector antiparallel to the incident CR direction, D is

the unit vector pointing out from the detector to the patch, a is the polar angle between # and D, and 7 is the angle between f and D.
Neutrinos are assumed to be emitted uniformly within a cone of opening angle Ay relative to the incident cosmic ray direction. Right:
variation in the geometric flux function at a depth of d = r); — z = 1 km for different values of the neutrino emission cone angle Ay.

the detector lies within the emission cone of the incident
CR. We also have

Pof= CoCy - 545,Cp. (A2)
where a is the angle between 7 and D as well as

LAV (A3)

D~ 1+ =2ac,

o, = 1 —acy (A4)

\/l+a2—2acg7

with a = z/ry < 1. From Eq. (A1) we see that the Moon
CR neutrino flux can be written in terms of the universal
production factor ®-grdN,/dE, times a geometric flux
function that depends on the depth d.

Let us now specialize to a concrete angular distribution
to illustrate the effect of deviating from the isotropic
emission approximation. We consider

(AS)

corresponding to the uniform emission of neutrinos over a
cone with polar angle Ay. More general angular distribu-
tions can be built up by superposing such emission cones.

In the right panel of Fig. 4 we show the variation in the
geometric flux function at d = ry —z =1km as c,, is
varied over all possible values. For ¢,, = —1 we recover
the result of Eq. (1), while for c,, — 1 the geometric
function goes to unity as expected. From this figure we see
that the effect of deviating from the isotropic emission
approximation used in our main analysis only changes the
neutrino flux at d = 1 km by less than about 30%. Note
that this is only one of several uncertainties in our
calculation of the CR neutrino flux on the Moon; like
the others, it can be systematically improved through
further simulations and measurements.

APPENDIX B: DARK MATTER
AND NEUTRINO SCATTERING

Many realizations of DM feature a dominant interaction
between dark matter and nuclei that is SI and mediated by
massive mediator particles. In this case, cross section per
unit nuclear recoil energy Ey for a DM particle y to scatter
off a nucleus N = (A, Z) is

do-)(N my

= ——on|Fn(ER)|%
dER 2//‘12\/1}2 N‘ N( R)|

(B1)

where yy = m,my/(my + m,), vis the DM velocity in the
lab frame, my is the nuclear mass, 6 depends on the target
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but is independent of v and Eg, and Fy is a nuclear form
factor. For this last quantity, we use the Helm form [106]:

3[sin(gry) — (gry) cos(gry)]

Fy(Eg) = . e"@’2 (B2)
(grw)

where g = /2myEg, s=09fm, and ry=

V2 + (Tr/3)a> = 5% with ¢ = (1.23a'/? — 0.6) fm and

a = 0.52 fm. To allow a comparison of direct DM searches
using different nuclear targets, it is standard practice to
define an effective per-nucleon DM cross section for SI
scattering by

iy (83)

Oy

2'\3‘3::\)

where p, is the DM-nucleon reduced mass and py is the
DM-nucleus reduced mass. We express the sensitivity of
prospective DM detectors in terms of o, in the text.

The cross section for low-energy neutrino scattering on a

nucleus N = (A, Z) is given by [78]
do,y G20% myEg
ZOWN _ TFREW 1 ——")|Fy(ER)?, (B4
dEp dx my Ez% | N( R)|v ( )

where E, is the neutrino energy, Ey is the nuclear recoil
energy, G is the Fermi constant, Qy = (A—Z) — Z(1 —53,)
with s%v ~ (.23, and F ', is the same form factor as for ST DM
scattering to an excellent approximation [81,106]. Note that
kinematics implies that this cross section is nonzero only
for E, > \/myEg/2.

Neutrinos can also scatter on electrons in the target
material leading to energy deposition that is sometimes
mistaken for the nuclear recoils being searched for. For a
free electron, the cross section for scattering by a neutrino
of flavor a per unit energy transfer 7" is [80-82,107]

() 2 2
Ao 2G> T m,T
i eme e (i) oo ]
(B5)
with Q, =s% and Q, =4, —1/2+ s3,. Kinematics

requires E, > [T+ +/T(T +m,)]/2 for the expression to
be nonzero.

This free-electron cross section is a helpful reference for
the quantity that we need; the cross section for neutrino
scattering on the Z atomic electrons in a target with nucleus
N = (A, Z). The dark matter detectors we investigate are
sensitive to neutrino-electron scattering with 7 ~ 1-20 keV,
and the dominant neutrino sources for this range of energy
transfers are p p and 'Be neutrinos with E, ~ 100-1000 keV
[36,83]. Since these energies typically are large compared to
typical electron binding energies and the energy transfer,

atomic effects are expected to only give a moderate correc-
tion to simply rescaling the free electron cross section of
Eq. (B5) by the number of electrons Z in the atom [108]. For
argon, we apply a slightly improved version of this approxi-
mation and take [109-111]

(e)
da da
° E@T E,) o

(B6)

where the sum runs over all energy levels E, in argon. In
xenon, the binding energies are larger and atomic effects are
more important, so for this element we apply the detailed
atomic calculation of Ref. [83].

APPENDIX C: IMPACTS OF FLUX
UNCERTAINTIES AND DETECTOR
PARAMETERS

The dark matter sensitivities shown in Fig. 3 involve a
number of well-motivated estimates about uncertainties in
the neutrino fluxes and properties of the detectors. We
examine here two examples of the impact of deviating from
these estimates on the DM sensitivities, and we show that
the results in the main text are robust under the variations.

As a first example, recall that we assumed a 20%
uncertainty in the CR neutrino flux on the Moon. This
is the same level of fractional uncertainty as expected for
atmospheric fluxes on Earth [90-93], and is realistically
achievable by extending the initial calculations of this
work. Even so, we consider the effect of different values of
the fractional Moon CR flux uncertainty between 10—40%.
This is shown in Fig. 5, where we plot the sensitivity to the
DM per-nucleon cross section 6, as a function of mass m,
for a set of total exposures MT/(ton yr) for representative
xenon (left) and argon (right) detectors. The dashed lines
show the sensitivities on Earth and the solid lines the
sensitivities on the Moon. The shaded bands for the Moon
correspond to varying the Moon CR neutrino flux uncer-
tainty between 10—40%. In general, the larger the uncer-
tainty in the CR flux, the lower the sensitivity to DM,
although there is still a significant improvement in sensi-
tivity on the Moon relative to Earth over most of the ranges
we consider.

The second example we consider is the impact of
variations in the electron recoil rejection factor in xenon
detectors relative to the value £, = 2 x 10~ used in the
analysis above. Distinguishing between electron and
nuclear recoils in two-phase xenon detectors is achieved
by comparing scintillation and ionization within each
event. The target electron recoil rejection factor for
DARWIN is &, =2 x 107* [45], which is challenging
but potentially achievable. In Fig. 6 we show the DM
discovery sensitivity for electron rejection values between
g, =2x 10™-1 x 1073, corresponding to the shaded
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10747 10~47
10748 10748 L
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NS NS
< <
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MT/(tonyr) MT/(tonyr)
— 10t — 10* — 10t — 10!
— 10% 10° — 102 10°
: — 10% ; — 10%
10-50 Xe, Afcr varying . ‘ 10-50 Ar, Afcr varying . ‘
10! 102 103 101 102 103
my (GeV) my (GeV)
FIG. 5. Impact on DM sensitivity in xenon (left) and argon (right) of varying the fractional uncertainty in the Moon CR neutrino flux

between Afc-gr = 10-40%. The sensitivities are given in terms of the spin-independent dark matter per-nucleon cross section o, as a
function of DM mass m,,. The shaded regions bounded by solid lines indicate the sensitivities for a detector on the Moon as Afcy is

X

varied over the range considered, while the dashed lines indicate the sensitivity on Earth. The various colors from top to bottom denote
total exposures of MT/(ton yr) = 102,10, 10%, 10°.

10747

10748
=
N
S
107
MT/(tonyr)
— 100 — 10*
— 102 10°
o Xe, €, varying — 10°
107 om 102 103
m, (GeV)

FIG. 6. Impact on DM sensitivity in xenon of varying the electron rejection factor between €, = 2 x 1071 x 1073, The sensitivities
are given in terms of the spin-independent dark matter per-nucleon cross section ¢, as a function of DM mass m,,. The shaded regions
bounded by solid lines indicate the sensitivities for a detector on the Moon as €, is varied over the range considered, while the shaded
regions bounded by dashed lines show the corresponding sensitivity on Earth. The various colors from top to bottom denote total

exposures of MT/(ton yr) = 102, 10°, 10*, 10°.

remain considerably better than on Earth at larger DM
mass. Note that no such issue is expected for argon
detectors that use pulse-shape discrimination to reject
electron recoils with e, < 1078 [96-99].

~

bands around the solid lines. As the electron rejection factor
gets larger, more neutrino-electron events contribute to the
DM background, and we see reduction in DM sensitivity.
Even with this reduction, the sensitivities on the Moon
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