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The next Galactic core-collapse supernova (SN) is a highly anticipated observational target for neutrino
telescopes. However, even prior to collapse, massive dying stars shine copiously in “pre-supernova”
(pre-SN) neutrinos, which can potentially act as efficient SN warning alarms and provide novel information
about the very last stages of stellar evolution. We explore the sensitivity to pre-SN neutrinos of large-scale
direct dark matter detection experiments, which, unlike dedicated neutrino telescopes, take full advantage
of coherent neutrino-nucleus scattering. We find that argon-based detectors with target masses of O(100)
tons (i.e., comparable in size to the proposed ARGO experiment) operating at sub-keV thresholds can
detect O(10-100) pre-SN neutrinos coming from a source at a characteristic distance of ~200 pc, such as
Betelgeuse (a Orionis). Large-scale xenon-based experiments with similarly low thresholds could also be
sensitive to pre-SN neutrinos. For a Betelgeuse-type source, large-scale dark matter experiments could
provide a SN warning siren ~10 hours prior to the explosion. We also comment on the complementarity
of large-scale direct dark matter detection experiments and neutrino telescopes in the understanding of

core-collapse SN.

DOI: 10.1103/PhysRevD.101.043008

I. INTRODUCTION

Stars with mass =8 M, that ignite nuclear fuel burning
nonexplosively explode as core-collapse supernovae (SNe)
at the end of their lifetime (see Ref. [1] for a review),
leaving behind a compact remnant. As the star’s nuclear
fuel becomes exhausted, the inner core collapses under
gravity. Contraction of the core leads to a dramatic increase
in density, with nuclear forces halting and bouncing back
the rapid collapse, resulting in a shockwave propagating
outward. Copious emission of ~10-30 MeV neutrinos
within a ~10 sec burst are a generic byproduct of this
event, typically carrying away ~10°3 erg of the original
star’s gravitational binding energy. The luminosity in
neutrinos from core-collapse supernovae greatly exceeds
its optical counterpart. The general picture of the outlined
supernova mechanism was decisively confirmed by the
observation of neutrinos from SN 1987A [2-4]. With the
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expected rate of Galactic core-collapse SNe of around a few
per century, anticipation and preparation for future SN
observations is a principal goal of large-scale neutrino
experiments [5]; however, large-scale direct dark matter
detection experiments will also be sensitive to SN neutrinos
in a highly complementary manner [6-10].

Even prior to the inception of the core collapse, a
significant emission of ~MeV “presupernova” (pre-SN)
neutrinos is expected from the supernova progenitor during
the final nuclear fuel burning stages, in particular from the
silicon (Si) burning [11-14]. The resulting pre-SN neutrino
luminosity is typically smaller than that of SN neutrinos by
a few orders of magnitude. Detection of pre-SN neutrinos
will directly probe the very late stages of nuclear fusion
processes beyond hydrogen and helium within the SN
system, providing vital information about the temperature
and density near the star’s core at that time. Furthermore,
these neutrinos could provide an early supernova warning
trigger, dramatically improving upon the current supernova
early warning system (SNEWS) [15] network.

Sensitivity studies for pre-SN neutrinos have been
conducted [11-14] for current and future neutrino experi-
ments, primarily focusing on liquid scintillator-based
(Borexino [16], KamLAND [17,18], SNO+ [19], JUNO
[20,21]) and water Cherenkov-based (SNO [22], Super-
Kamiokande [23,24] and Hyper-Kamiokande [25], includ-
ing gadolinium dissolution [26]) detectors. A dedicated
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study by the KamLAND Collaboration has also been
recently carried out [27]. These analyses, however, pri-
marily focused on detection via the inverse beta decay
(IBD) o, + p — e + n channel, which has a kinematic
threshold of neutrino energy = 1.8 MeV and is limited to
U, interactions.

Among the major open questions in modern physics is
the nature of dark matter (DM). For many decades, a
leading DM candidate has been the weakly interacting
massive particle (WIMP); however, despite a dedicated and
multipronged experimental search program, WIMPs have
remained elusive. Some of the most stringent constraints on
WIMP DM come from direct detection experiments, which
search primarily for rare neutral current interactions with
nuclei in deep underground laboratories. Future generations
of these experiments will continue to carve out WIMP
parameter space, eventually encountering an irreducible
background arising from the coherent scattering of neu-
trinos produced from the Sun, atmospheric interactions,
SNe, the interior of the Earth, etc.—collectively, these
interactions constitute what is called the “neutrino floor”
[28-30]. Since neutrinos can mimic the DM signal, they
limit the DM discovery sensitivity. However, the neutrino
signal, which definitely exists and will be observed,
constitutes in itself an interesting subject of study. It is
thus vital to further explore detection capabilities of direct
detection experiments beyond particle DM.

Large direct detection experiments are themselves effec-
tive neutrino detectors, capable of probing neutrinos in
regimes complementary to those studied with conventional
neutrino experiments. One reason for this is the very low
detection thresholds achievable in direct detection experi-
ments, often around or below the keV level. Furthermore,
with heavy nuclei as detector targets, these experiments
achieve high detection rates via coherent neutrino-nucleus
scattering, whose cross section scales approximately as the
neutron number squared. This process has recently been
directly observed [31]. Both coherent neutrino-nucleus
scattering and elastic neutrino-electron scattering have
been considered in a range of studies related to neutrino
physics for direct detection experiments, including sterile
neutrinos (e.g., Refs. [32,33]), nonstandard neutrino
interactions (e.g., Refs. [34,35]), solar neutrinos (e.g.,
Refs. [33,36-40]), geoneutrinos [41], and neutrinos from
DM annihilations and decays [42-44], as well as supernova
neutrinos [6—-10].

In this work, we explore pre-SN neutrino detection
capabilities of large direct detection experiments. Unlike
traditional neutrino detectors using IBD, coherent neutrino
interactions allow for direct detection experiments to
be unconstrained by the IBD kinematic threshold on
neutrino energy, and also to have sensitivity to all six
(es Ues Vs Uy, vy, ;) neutrino flavors. As pre-SN neutrinos
are significantly softer than SN neutrinos and also fewer in
number, efficient detection entails a low energy threshold

and a large target mass. As we will show, a favorable
combination of the above is achievable in a future argon-
based O(100) ton-scale detector, such as the recently
proposed ARGO experiment [45,46]. Large-scale dark
matter direct detection experiments are therefore comple-
mentary to neutrino detectors and are insensitive to
uncertainties associated with neutrino oscillations.

This paper is organized as follows: In Sec. II, we review
the capabilities of future dark matter direct detection
experiments, with emphasis on their ability to achieve
low energy thresholds suitable for pre-SN neutrino detec-
tion. In Sec. III, we show the differential fluxes of pre-SN
neutrinos and background neutrinos, and obtain their event
rates at direct detection experiments. In Sec. IV, we
describe the expected nuclear recoil rates. In Sec. V, we
derive our sensitivities to pre-SN neutrinos, showing that an
O(100) ton—scale argon detector (e.g., ARGO [45,46]) can
constitute an efficient target. In Sec. VI, we summarize and
conclude.

II. LARGE DIRECT DETECTION
EXPERIMENTS

A variety of proposals for the next generation of direct
detection experiments has been suggested [47]. As it is
difficult to predict the exact final design and hence the
associated detection capabilities, we consider optimistic
but realistic detector configurations based on current
technology. The detector target elements we consider
are argon (Ar), xenon (Xe), germanium (Ge), and silicon
(Si), which we list in Table I with their respective isotope
abundances.'

Throughout this work, we optimistically assume that
detectors can achieve a perfect detection threshold and
energy resolution. Furthermore, we assume that our back-
ground originates either from neutrino interactions alone,
as might optimistically be the case should conventional
backgrounds be reduced to a point where they can be
neglected, or from electronic recoils in the detector, which
allow us to explore the possibility that reducible back-
grounds dominate over those coming from solar neutrinos.
The former assumption allows one to treat different
experimental configurations on the same footing, indepen-
dent of specific detector design choices, while the latter
allows us to assess the extent to which electronic back-
grounds need to be reduced in order to extract useful
information from the pre-SN signal. As significant non-
neutrino backgrounds are expected, it would be difficult to
justify fully neglecting electronic backgrounds for neutrino-
electron scattering signals. For these reasons, and because

'We do not include isotopic abundances of elements that
contribute less than 1%. Note that we refer to naturally
occurring abundances, while isotopically modified target
material could be used. We do not expect this to significantly
alter our conclusions.
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TABLE I. Summary of target materials considered for our
experimental configurations.

Target material A(Z) Isotope fraction
xenon(Xe) 128(54) 0.019
129(54) 0.264
130(54) 0.041
131(54) 0.212
132(54) 0.269
134(54) 0.104
136(54) 0.089
argon(Ar) 40(18) 0.996
germanium(Ge) 70(32) 0.208
72(32) 0.275
73(32) 0.077
74(32) 0.363
76(32) 0.076
silicon(Si) 28(14) 0.922
29(14) 0.047
30(14) 0.031

the neutrino-electron scattering rate is orders of magnitude
smaller than the coherent neutrino-nucleus scattering rate
(see, e.g., Ref. [8]), we will focus solely on neutrino-nucleus
scattering in this work.

We assume our detectors to be located at SNOLAB
(Sudbury, Canada), which will likely host a number of
next-generation direct detection experiments. However, we
emphasize that this assumption will not significantly
influence any of our conclusions, as the strong time
dependence of the pre-SN neutrino flux allows for unam-
biguous separation of signal events from the background.
The depth of this lab (6010 mwe) ensures that backgrounds
due to cosmogenic muons are highly suppressed.

For future large-scale direct detection experiments,
we adopt fiducial target masses characteristic of proposed
generation-3 experiments and thresholds consistent with
those achievable in current and near-future experiments. In
particular, we assume that the argon-based experiment will
have a detector mass of 300 tons, as proposed for ARGO
[45,46]. For xenon, we take a detector mass of 50 tons, as
proposed for DARWIN [48]. For silicon and germanium,
we assume a target mass of 50 kg, similar to what is
proposed for SuperCDMS-SNOLAB [49].

We briefly elaborate on the energy thresholds assumed
in our analysis. In a recent search for light DM, the
argon-based DarkSide-50 experiment has demonstrated
the ability to reach a nuclear recoil threshold as low as
0.6 keV while maintaining low backgrounds, although
electronic backgrounds in this low-threshold analysis
cannot be fully mitigated [50].> For xenon-based detectors,

*A broader search for DM at DarkSide-50 employs a some-
what higher threshold [51].

such as XENONI1T [52,53], LUX [54], and PandaX-II [55],
typical background-free searches operate efficiently at
recoil energies above ~5 keV. However, a nuclear recoil
threshold of 0.7 keV has recently been achieved [56] at
the expense of a reduced efficiency and higher back-
ground. For both argon and xenon, these sub-keV
thresholds were accomplished using information from
only the S2 signal, produced when electrons are drifted
out of the liquid and into the gas phase of the time
projection chamber (TPC). The drawback of adopting a
S2-only analysis is the loss of pulse shape discrimination
that is necessary for a strong rejection of electronic
recoils. Without any additional experimental techniques,
such backgrounds are currently at a level that would
plague pre-SN detection. However, there are significant
promising experimental R&D efforts to reduce and better
understand the characteristics of these background
sources that are currently underway, suggesting that
experimental setups with dramatically reduced back-
grounds could be feasible by the time generation-3
experiments are operational. Nevertheless, we will present
results in Sec. V assuming electronic recoil backgrounds
based on measurements from available experiments. We
note that the S2-only analyses performed in these experi-
ments typically operate at reduced efficiencies. For
example, by comparing the standard analyses performed
by DarkSide-50 and Xenon-100 with the S2-only
counterpart, the associated efficiencies are only ~40%
and 15%, respectively. In order to compare these experi-
ments in a more balanced manner, we neglect this
efficiency reduction and simply note that this may affect
the observable number of neutrinos in argon and xenon
by a factor of ~2 and ~7, respectively.

Both germanium and silicon will be used in the future
SuperCDMS-SNOLAB experiment. The SuperCDMS
Collaboration has recently determined that recoil thresh-
olds as low as 78 eV are achievable with their high-
voltage (HV) silicon detectors; however, at the moment
their estimation of a 40 eV threshold in the germanium
HV detector relies on the use of Lindhard theory and
has yet to be directly verified (see Table VII of
Ref. [49]). We emphasize that the HV detectors are
subject to larger backgrounds than the conventional
detectors, with thresholds closer to the level of
0O(200) eV [49].

In Table III, we summarize the thresholds and target
masses for our experimental configurations. Note that in
this table and throughout this work, our threshold values
denote the energy deposited, so that keV denotes keV,, as
opposed to the electron equivalent energy (keV,.). The
sensitivities to pre-SN neutrinos of near-future generation-2
experiments, such as the argon-based DarkSide-20k [46]
and the xenon-based XENONNT [57] and LZ [58], can be
simply inferred by rescaling our results by the correspond-
ing target masses as appropriate.

043008-3
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III. PRESUPERNOVA NEUTRINO SIGNAL AND
BACKGROUNDS

A. Presupernova neutrino flux

When the fuel of a particular element in the core of a star
is exhausted, outward thermal pressure forces can no longer
counterbalance those induced by gravity. This causes the
star to contract. The compression-induced increase in
density and temperature can result in the fusion of heavier
elements. After nuclear burning within the core, the same
element can subsequently burn in the outer shell layers. The
later burning stages occur on increasingly shorter time-
scales. Energy loss can occur from photoemission from the
outer surfaces as well as neutrino emission from within the
star. After the helium-burning stage, energy losses are
dominated by neutrinos produced within the interior. For
stars sufficiently massive to reach the silicon-burning stage,
the temperatures and densities are so high that electron
capture is rampant, resulting in a high flux of v, and overall
neutronization. This continues until the onset of the core
collapse and subsequent shock breakout, which is accom-
panied by copious neutrino emission.

A variety of thermal and f processes contribute to the
overall pre-SN neutrino emission, including pair annihila-
tion (et 4+ e~ = v+ D), plasmon decays (y* — v+ D),
photoneutrino production (e* +y — e* + v + D), e* cap-
ture, and #* decays. Nonstandard neutrino effects could
also affect stellar cooling [59].

The evolution of the pre-SN neutrino flux (compared
with the SN neutrino flux) is displayed in Fig. 1, adapted
from Ref. [60]. While the prediction of the pre-SN neutrino
flux is not without modeling uncertainties, independent
numerical simulations have found closely matching results.
These uncertainties are subdominant compared to the

54
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FIG. 1. Evolution of the neutrino luminosity of a 15 M, star in

the final stages of its life. Contributions from electron neutrinos
(v,), electron antineutrinos (7,), and the averaged contribution
from the v, U, v;, and o, flavors (denoted by “v,”) are shown, for
both before supernova core collapse (pre-SN neutrinos) and after
core collapse (SN neutrinos). Note the change of scale on the
x axis after core collapse. This figure is adapted from Ref. [60].

uncertainties on the measurements of the distances to
source stars. For our analysis, we use the tabulated neutrino
fluxes for M = 15 M, and M = 30 M, stars as computed
by Patton e al. [14]. We have confirmed that using the
fluxes computed by Odrzywolek et al. [11] does not
significantly alter our results.

B. Neutrino backgrounds

Since pre-SN neutrinos carry ~MeV energies, the
relevant backgrounds are due to solar, reactor and geo-
neutrinos (see Fig. 2), which dominate at energies
E, <10 MeV. Among these, reactor and geoneutrino
fluxes depend sensitively on the detector location. We
have summarized these backgrounds in Table II. Although
our main background originates from solar ®B neutrinos,
which has significant flux even for neutrino energies
beyond 10 MeV, we also comment on the other background
contributions for completeness.

1. Solar neutrinos

Electron neutrinos that are produced via nuclear fusion
reactions in the Sun contribute predominantly to the
neutrino background at low energies (see Ref. [61] for a
review). This background is independent of the laboratory
location. The solar neutrino flux is composed of contribu-
tions from multiple reaction chains, with varying resultant
fluxes and energies. The proton-proton cycle contributes to
more than 98% of the energy flux. Initiated by the reaction
p+p—2H+e" +u,, this cycle gives rise to pp, hep,
pep, 'Be, and ®B neutrinos. The carbon-nitrogen-oxygen
(CNO) cycle accounts for the rest of the Sun’s energy,
giving rise to 13N, 150, and '"F neutrinos.

1011 E T 17T I T T T T T LI I T E
0 E fee = 6 min Distance: 200 pc =
10 e — 30 M, hep E
7 =
T 1 s E
% T N
(\I.E 107k |22, 5 N 7R -
2ot b 3
1 E Y Reactor 3
= S WO\ [Geo] -
e 10 E \“\ 238y [Geo] E
= E .“\‘ \ \ 1€0 =
= 104 = 9 \ \mTh [Geo] B
E RURY 3

10201l | 1 L1 AN I

10° 10"
E, [MeV]

FIG. 2. Neutrino fluxes at the SNOLAB location. The presu-
pernova neutrino signal flux (dashed curves) is evaluated at
various times .. prior to core collapse. The backgrounds (solid
curves) originate from solar, reactor, and geo-neutrinos. Their
fluxes and maximum energies are provided in Table II. The solar
8B neutrinos constitute our main background.
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TABLE II. Fluxes and maximum energies of the neutrino
backgrounds to the presupernova neutrino signal in direct
detection experiments. These consist of solar, reactor, and geo-
neutrino contributions. The solar B neutrinos constitute our main
background.

Max energy

Neutrino component Flux [cm—2s7] E, [MeV]

Solar (ve, pp) 6.03(1 £ 0.006) x 10'° 0.42
Solar (v,, pep [line]) 1.47(1 £0.012) x 108 1.45
Solar (v, hep) 8.31(1 £ 0.300) x 103 18.77
Solar (v, 'Be [line 1])  4.56(1 + 0.070) x 10® 0.39
Solar (v, 'Be [line 2])  4.10(1 £ 0.070) x 10° 0.87
Solar (v,, °B) 4.59(1 £ 0.140) x 10° 16.80
Solar (v,, *N) 2.17(1 4 0.140) x 108 1.20
Solar (v,, 130) 1.56(1 £ 0.150) x 108 1.73
Solar (v,, '7F) 3.40(1 £ 0.170) x 10° 1.74
Reactor (7,) 5.96(1 £ 0.080) x 10° 10.00
Geo (7., “K) 2.19(1 +0.168) x 107 1.32
Geo (7., 2U) 4.90(1 4 0.200) x 10° 3.99"
Geo (7., ’Th) 4.55(1 +0.257) x 106 2.26

“In Fig. 2, the 23U flux appears to cut off at much lower
energies; however, this is simply a consequence of not extending
the y axis to lower values. See Fig. 1 of Ref. [30] for an extended
spectrum.

Predictions of solar neutrino fluxes depend on the solar
model. The Standard Solar Model (GS98) [62] has been
demonstrated to agree well with helioseismological studies.
However, more modern models such as AGSS09 [63], that
are more internally consistent, show a lesser degree of
agreement with the helioseismology results, leading to a
discrepancy known as the “solar metallicity” problem. In
this work, we will assume the solar neutrino fluxes and
uncertainties as predicted by AGSS09 (see Table 2 of
Ref. [61]). These are provided in Table II. Our dominant
background originates from 3B neutrinos. Since the ®B flux
difference between the two solar models is only ~20%,
using a different solar model will not significantly affect
our results. Future measurements of the solar neutrino flux
will further reduce this uncertainty.

2. Reactor neutrinos

Fission f decays of uranium (**U and >3®U) and
plutonium (3°Pu and >*'Pu) in reactor fuels give rise to
reactor electron antineutrinos (see Ref. [64] for a review).
The corresponding neutrino flux depends sensitively on the
reactor operation since these isotopes are short-lived, and
since the reactor’s fuel composition and relative isotope
fractions evolve with time. The reactor neutrino back-
ground depends on the location of the direct detection
experiment—i.e., on the specifics of and distances to
nearby reactors. For the SNOLAB location, we calculate
this background using the formalism and reactors described
in Ref. [30].

3. Geoneutrinos

Geoneutrinos are predominantly electron antineutrinos’
originating from the f-decay branches of the Earth’s major
heat-producing nuclear reactions, involving isotopes of
potassium (*°K), thorium (**?Th), and uranium (**U).
Recently, KamLAND [65] and Borexino [66] have
observed a geoneutrino flux. We take the spectrum for
each of these elements from Ref. [65]. The respective
location-dependent total flux is predicted from a
geophysics-based three-dimensional global Earth model
of heat-producing element distribution [67].

IV. NUCLEAR RECOIL RATES

The Standard Model neutrino-nucleus coherent scatter-
ing cross section is given by [68]

do! Zm
d?(EwEr) F [Qz (

m,E
2E?

V).

where m; is the target nuclide mass; Gp = 1.1664 x
1073 GeV~2 is the Fermi coupling constant; F;(E,) is
the form factor, taken to be the Helm form factor [69];
Qw = [(1 — 4sin’0y)Z; — N/] is the weak nuclear charge;
N is the number of neutrons; Z; is the number of protons;
and Oy, is the Weinberg angle. Since sin’6y, = 0.23867 at
low energies [70], the coefficient in front of Z; in Qy
approximately vanishes, and the coherent neutrino-nucleus
scattering cross section follows an approximate N7 scaling.

For a differential neutrino flux d¢,/dE,, the differential
event rate per unit time per unit detector mass is given by

dR! C; [~ d¢, do’

“(E,) =— —(E,,E,)dE,, 2
dEr< r ml El!:ﬂin dEydEr( v r) v ( )
where EM™" is the minimum neutrino energy required to
produce a recoil of energy E,, given by

. mE

Epin = ([ 3)
2

Note that the maximum recoil energy due to collision with a

neutrino of energy E, is

2E?
Epex = (4)
my + 2ED

In Eq. (2), C; is the mass fraction of nuclide / in the material.
When multiple nuclides are present, the differential event

rate is obtained by combining their contributions. The total
event rate over the exposure of the experiment is

*We note that electron neutrinos are also produced in sub-
dominant quantities (e.g., from electron capture in *°K, contrib-
uting at the level of ~11%). We neglect this contribution here, as
geoneutrinos are not expected to noticeably impede the detection
of pre-SN neutrinos.
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FIG. 3. Predicted nuclear recoil spectra for a pre-SN neutrino

signal in argon for various time intervals until the onset of the
core collapse, assuming a characteristic 30 M, star located at a
distance of 200 pc. Background contributions from solar, reactor,
and geoneutrinos are also shown for comparison.

dR dR!
Y—M Ty %
i = [ > ®

where M is the fiducial target mass of the detector, and the
integration f dT runs over the data-taking period. For
neutrino fluxes that are independent of time, these factors
can be combined into a single multiplicative term MT that
accounts for the total exposure of the experiment.

Since coherent neutrino-nucleus scattering is mediated
by the Z boson, this detection channel is independent of
neutrino flavor and the corresponding oscillation effects.
Oscillation effects do become relevant if neutrino-electron
scattering is considered [41].

We display the expected pre-SN neutrino signal as
well as background nuclear recoil spectra for a 300 ton
argon experiment (i.e., ARGO-type detector) in Fig. 3.
The pre-SN neutrino signal is evaluated at several time
intervals prior to the onset of core collapse, assuming a
characteristic 30 M, star located at a distance of 200 pc.
Already around 12 h prior to core collapse, the differential
recoil rate of the pre-SN neutrino signal near the 0.6 keV
detection threshold starts to exceed that of background *B
solar neutrinos.

V. DETECTION SENSITIVITY

A burst of SN neutrinos is readily detectable with large
direct detection experiments for a SN located O(10) kpc
away (i.e., Milky Way distance scales) [6—10]. While argon
detectors have not been previously explored as targets for
SN neutrinos, the resulting sensitivity can be expected to be
similar to xenon-based configurations. In contrast to SN
neutrinos, the pre-SN signal is fainter, and the detection
distance can be expected to be on <1 kpc scales. Nearby
red supergiant stars at the end of their lifetime constitute the

most likely source for pre-SN neutrino emission. There are
41 red supergiant stars with distance estimates within 1 kpc,
16 within 0.5 kpc, and 5 within 0.2 kpc (see Table 2 of
Ref. [71]). The most well studied is the red supergiant
Betelgeuse (a Orionis), with mass 17-25 M and distance”
197 £ 45 pc [74], which we take as our characteristic
source.

We estimate our detection sensitivities in two ways. First,
we compute the cumulative number of pre-SN neutrino
events integrated from some time ¢ = t.. prior to core
collapse, all the way to core collapse, ¢ = O:

dR,
dEr ° (6)

0
Neyents(fee) =M ¥ / dr / dE,
—tee

This quantity is displayed on the left-hand panel of Fig. 4
for two stellar masses, M =15 My and M =30 Mg
(shown in solid curves). Also shown in Fig. 4 using dashed
lines is the ratio of the number of signal (or pre-SN) events
Ngn to the square root of the total number of events
(Nsn + Npig) as a function of .., assuming a distance of
200 pc and a ®B flux given by the expected mean. It is worth
emphasizing that this statistic neglects valuable information
on the time dependence of the signal (i.e., searches for
time-correlated events in a particular window) which could
be used to better extract the signal for small ¢... The 7.,
values are chosen to conveniently illustrate the typical
average flux behavior. It can be seen that O(10) pre-SN
neutrino events are expected ~1 day prior to the SN
explosion and would exceed the ®B neutrino background.
This quantity can be extracted from the dataset after the
occurrence of the SN, providing a valuable window into the
last stages of stellar evolution.

A second useful quantity is the expected number of
pre-SN neutrino events obtained in an interval starting
t = 12 h prior to core collapse and ending at some value
t=t,.:

evts _ e dRU
AN]Zizat(y.(:(tcc) =M x o dT dErdY. (7)

This is shown in the right-hand panel of Fig. 4. This quantity
tracks the number of events accumulated in real time and
provides a direct visualization of the rising fluence of pre-SN
neutrinos. In practice, this event-tracking scheme may be
implemented within the experiment by registering events
over 12-hour windows, with new windows starting every
few minutes.” Also shown in the figure are the 1o and 3o

*We note that recent parallax measurements obtained from
Gaia data [72] could further decrease the uncertainty in distances
to nearby red supergiants (see, e.g., Ref. [73]).

This simple proposal of how event tracking could be
implemented may be in some conflict with the currently applied
blinding schemes for dark matter searches, in which the region of
interest is often excluded from the analysis until unblinding.
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FIG. 4. Expected number of presupernova neutrino events above detection threshold in a generation-3 liquid argon-based dark matter
direct detection experiment of target mass 300 tons. These are shown for stellar masses of 15 M and 30 M, for a star at a distance scale
of 200 pc, such as Betelgeuse. The error band on the presupernova neutrino signal is the + 1o flux uncertainty due to the uncertainty in
the star’s location. The errors on the background ®B neutrinos come from the systematic uncertainty in the neutrino flux (see Table IT).
Left: Shown in solid curves are the number of events integrated from the time until core collapse, t = —1,.., to the point of core collapse,
t = 0; shown in dashed curves are the ratios of pre-SN events Ngy to the square root of Ngy + Ny, assuming a SN distance of 200 pc
and that the B flux is given by the expected mean value. Right: The number of events integrated from 12 hours before core collapse,
t = —12 h, to the time until core collapse, t = ... Also shown here are 1o and 3¢ statistical and total (statistical and systematic)
fluctuations of the ®B neutrino background.
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FIG. 5. Expected number of presupernova neutrino events above the detection threshold in generation-3 dark matter direct detection
experiments with a liquid argon target of mass 300 tons (left) and with a liquid xenon target of mass 50 tons (right). These are shown for
stellar masses of 15 M, and 30 M, for a star at a distance of 200 pc. Also shown are 3¢ fluctuations on electronic recoil backgrounds
estimated from measurements in Ref. [50,56] for argon and xenon, respectively (see text for further details). The error band on the
presupernova neutrino signal is the 1o flux uncertainty due to the uncertainty in the star’s location.

statistical and total (statistical plus systematic) fluctuations
of the solar ®B neutrino background. Note that statistical
and systematic uncertainties in the 3B flux are comparable
for AN§Y;_, (0), and thus integrating over a smaller time
ANG,,. (0]
tends to produce subdominant statistical fluctuations.
Already at O(10) hours prior to collapse, the pre-SN
neutrino signal will be visible at a 30 level above the
background for a M = 30 M, star. For M = 15 M, this
observation threshold is crossed within an hour of collapse.

interval [e.g., instead choosing to analyze, say,

We note that our projections are conservative, and a better
future understanding of the ®B solar neutrino background
will improve the signal sensitivity.®

In Fig. 5, we display ANY}®, (#..), defined analogously
to ANSYY, (f..), along with 3o fluctuations associated

®A reduction of ®B flux uncertainty by a factor of 2 compared
to what we used in our study will allow us to detect pre-SN events
above 3¢ fluctuations of the ®B background significantly earlier,
at t,. = 1.5 hours, rather than the displayed ¢,. = 0.05 hours.
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TABLE IIL

Observational prospects for a presupernova neutrino signal originating from 15 M and 30 M, stars in future large direct

dark matter detection experiments with configurations suggested by currently proposed detectors, based on argon (ARGO), xenon
(DARWIN), germanium, and silicon (both SuperCDMS-SNOLAB), with their respective experimental fiducial mass and threshold. The
expected number of presupernova neutrino events within a 12-hour time window prior to the collapse for a SN 200 pc away from Earth
and the distance to the source that corresponds to a single mean predicted number of events are displayed. We note that these results are

sensitive to an assumed level of contributing background.

A’evenls(l2 h) dSN(N = 1) Ivevems(l2 h) dSN(N = 1)

Mass Threshold 15 M 15 M 30 Mg 30 Mg
Target [tons] [keV,] Ref. [d = 200 pc] [pcl [d = 200 pc] [pcl
argon-G2 20 0.6 [46] 1.53 251 4.56 427
argon 300 0.6 [45,46] 23.6 972 68.4 1654
xenon-G2 7 0.7 [56,57,75] 0.013 23.1 0.041 40.5
xenon 50 0.7 [48,56] 0.095 61.8 0.292 108
germanium 0.05 0.04 [49] 0.160 78 0.356 119
silicon 0.05 0.08 [49] 0.054 46.5 0.123 70

with the possible electron recoil backgrounds in generation-3
argon and xenon detectors. We estimate these backgrounds
based on measurements by the argon-based Darkside-50
[50] and xenon-based XENON100 [56] experiments. Since
electronic recoils can be large at energies above those
relevant for pre-SN neutrinos, we compute these background
rates using an upper limit on the recoil energy of 1.7 and
2 keVnr for xenon and argon, respectively. Over the energy
range of interest, these rates are approximately independent
of recoil energy, being ~0.2 (argon) and ~0.5 (xenon)
events/keVnr/kg/day. We consider the more pessimistic
case where these backgrounds are not reduced when gen-
eration-3 experiments come online, as well as the more
optimistic one where they are reduced by a factor of 10 or
100 at such a time.

In Table III, we list the expected number of observed
pre-SN neutrino events within a 12-hour period prior to the
collapse, and also the distance from the source at which a
single event is observable, for the proposed large-scale

L R | T T T T T 10171

10!

L LA
L1

100

T T TITTm
Lol

Argon

1 0_1 Xenon

Lol

Silicon

T T TTTTm|

Nevents(12 hr) / tonne

1072

Distance = 200 pc
M=15M,

10—3 1

1072

Ll

Ll 1 L
107!
Ey  [keVr]

1 1

direct detection configurations we consider. Due to a
potentially larger achievable target mass and lower thresh-
old, an argon-based experiment could be more sensitive to
pre-SN neutrinos than an experiment based on xenon.
Despite potentially lower thresholds for germanium- and
silicon-based configurations, we expect that an argon-based
experiment could constitute a significantly more favorable
pre-SN neutrino detector due to the much greater tar-
get mass.

We note that by significantly improving the detection
threshold for a given target material, similar event rates
can be achieved with smaller exposures. In Fig. 6, we
illustrate how the sensitivity depends on the adopted
threshold (taking the maximum recoil energy to be
10 keV) for each of our experimental configurations,
fora 15 M (left) and a 30 M (right) star at 200 pc. We
display here the number of events per unit target mass (in
units of ton~!) to allow for a straightforward comparison
between experiments.

T T T T | | I T T T T LI I_
101 E 3
) r ]
g L N
g 10° E
E\ E Argon ]
g 10-! ;_ Xenon ]
E E Silicon
< 102k
E Distance = 200 pc
- M=30M,
10—3 1 [ R A | 1 L1
102 107! 10°
Ey [keVr]

FIG. 6. Expected number of events per unit target mass as a function of energy threshold, for detectors with argon, xenon, germanium,
and silicon, assuming a 15 M (left) and 30 M, (right) star at a distance of 200 pc.

043008-8



PRESUPERNOVA NEUTRINOS IN LARGE DARK MATTER ...

PHYS. REV. D 101, 043008 (2020)

VI. SUMMARY

A future supernova is a highly anticipated event, and
experiments that can detect the corresponding presuper-
nova neutrinos can both serve as efficient supernova alarm
triggers and provide novel insights into the final stages of
the lifetime of massive stars. Future large-scale dark matter
direct detection experiments can also act as effective
neutrino telescopes. In this work we have explored their
sensitivity to presupernova neutrino signal detection.

Unlike conventional neutrino experiments that primarily
employ inverse beta decay for SN-related neutrinos, direct
detection experiments will detect these neutrinos primarily
through the channel of coherent nuclear scattering, which
has many advantages. First, the event rate is independent of
neutrino mass hierarchy and oscillations, and in particular
there is no penalty to pay in the case of inverted hierarchy
[27]. Second, since all neutrino flavors participate in
coherent nuclear scattering, the presupernova neutrino flux
that could be detected in direct detection experiments is
potentially larger compared to typical neutrino experi-
ments. We do note, however, that the direct detection
experiments we consider are insensitive to the directionality
of the presupernova neutrinos.”

"However, directionality may be challenging for neutrino
experiments as well, due to IBD detection techniques, as well
as the low energies of presupernova neutrinos.

In summary, we have shown that large-scale dark
matter direct detection experiments, especially those
based on argon and xenon, can constitute promising
presupernova neutrino detectors. Large-scale direct detec-
tion experiments thus complement dedicated neutrino
telescopes as presupernova detectors. Our work also
highlights the necessity for further efforts to reduce
experimental backgrounds at lower thresholds in direct
detection experiments that will allow us to open sensi-
tivity for new programs of research.
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