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Abstract. Future liquid-argon DarkSide-20k and Argo detectors, designed for direct dark
matter search, will be sensitive also to core-collapse supernova neutrinos, via coherent elastic
neutrino-nucleus scattering. This interaction channel is flavor-insensitive with a high-cross
section, enabling for a high-statistics neutrino detection with target masses of ~50 t and
~360 t for DarkSide-20k and Argo respectively.

Thanks to the low-energy threshold of ~0.5 keV,,,- achievable by exploiting the ionization
channel, DarkSide-20k and Argo have the potential to discover supernova bursts throughout
our galaxy and up to the Small Magellanic Cloud, respectively, assuming a 11-Mg progenitor
star. We report also on the sensitivity to the neutronization burst, whose electron neutrino
flux is suppressed by oscillations when detected via charged current and elastic scattering.
Finally, the accuracies in the reconstruction of the average and total neutrino energy in the
different phases of the supernova burst, as well as its time profile, are also discussed, taking
into account the expected background and the detector response.
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1 Introduction

Core-collapse supernovae (SNe) are violent explosions of very massive stars at the end of their
lives, triggered by the gravitational collapse of the stellar cores [1]. The characteristic energy
emitted by a core-collapse SN is ~103 erg, which corresponds to the gravitational binding
energy of a 1.4 Mg core that collapses into a neutron star. 99% of this energy is emitted
as neutrinos, ~1% goes into the kinetic energy associated with the external layers of the
progenitor that are ejected at ~10,000 km/s, and only 0.01% is radiated at UV, optical and
near-infrared wavelengths. Therefore neutrinos are the ideal “messengers” for investigating
the final stages of stellar evolution, even when the SN is not accessible to optical and radio
telescopes [2-5]. Observations of a neutrino burst from SN 1987A have suggested that the
formation of a neutron star might have occurred inside the SN remnant, nevertheless, this
fact has been never unambiguously confirmed. SN can play also a key role in the neutrino
physics, by providing constraints to the neutrino absolute mass and mass ordering [6, 7].

To date, the only SN observed through neutrinos is the SN 1987A, with a total of 25
events detected by Kamiokande-2 [2], IMB [3] and Baksan [4]. Since then, core-collapse SN
simulations have made several breakthroughs, providing detailed understanding of the neu-
tronization, accretion, and cooling phases [5, 7]. The next detection of galactic SN neutrinos
will provide key elements to our comprehension of the mechanisms governing the core-collapse
and also on fundamental questions in neutrino physics.

This paper presents a sensitivity study on SN neutrino detection with the Global Argon
Dark Matter Collaboration (GADMC) liquid-argon (LAr) experiments, DarkSide-20k and
Argo. DarkSide-20k is a dual-phase time-projection-chamber (TPC) of about 50t mass [§],
designed for dark matter detection, but also sensitive to low energy nuclear recoils (NR)
induced by SN neutrinos via coherent elastic neutrino-nucleus scattering (CEvNS) [9], in
construction at Laboratori Nazionali del Gran Sasso LNGS), Italy. The GADMC is also
considering a future single-phase or dual-phase multi-hundred tonne detector, called Argo,
with SNOLAB, Canada, as the preferred location. For this work we assume that Argo is a
dual-phase TPC with a target mass of 370+t.

Neutrino detection via CEvNS offers a unique and synergistic opportunity to explore
the neutrino signal from a SN and understand the neutrino oscillation physics involved, since
it is equally sensitive to all neutrino flavours and therefore allows to measure the unoscillated



SN neutrino flux. Current and future giant (kilotons and megatons target mass) detec-
tors, in fact, are mostly sensitive to electron neutrinos and electron anti-neutrinos: water-
Cherenkov and scintillator detectors, like Super-Kamiokande [10], Hyper-Kamiokande [11],
IceCube [12], KM3NeT [13], and JUNO [14], rely on the electron antineutrino detection
via inverse beta decay (IBD) and are sensitive to electron-neutrinos via elastic scattering,
whereas the DUNE [15] LAr TPC will exploit the electron neutrino charge current interaction
(ve *Ar —40 K* e7). The truly flavour-blind measurement of the neutrino signal via CEvNS
yields the normalization of the total flux of SN neutrinos, and could potentially provide a
measurement of the neutrino mass hierarchy in combination with the other experiments.

An additional advantage of the CEvNS channel is the high cross-section, roughly 50
times larger than that of charge current interaction [16] at 10 MeV, which compensates for
the relatively small target masses of DarkSide-20k and Argo, and which allows for high-
statistics detections.

The sensitivity to SN neutrino detection via CEvNS process has been thoroughly in-
vestigated for future liquid xenon dark matter detectors like XENONnT, DARWIN, and
LZ [17, 18]. Although the lower LAr density imposes larger TPC volumes with respect to
liquid xenon experiments, and hence a slightly worse time resolution due to the longer drift
time, LAr experiments can provide a better energy resolution. The lighter argon nucleus and
the smaller energy quenching effect, in fact, as demonstrated in this work, provide higher sen-
sitivity to SN burst parameters that can be inferred from the nuclear recoil energy spectrum
induced by SN neutrinos. In addition, the lower energy threshold allows for larger statistics,
compensating for the lower cross-section with respect to liquid xenon targets.

In this work, we provide an extensive study for argon detectors, assuming a background
level derived from the most recent contamination measurements from material screenings.
After a detailed description of the expected signal (section 2), of the detector response (sec-
tion 3) and of the expected background (section 4), we discuss the DarkSide-20k and Argo
discovery potential to SN burst in section 5. We will also report on the sensitivity to the
neutronization burst and to the mean and integrated neutrino energies from the SN accretion
and cooling phases.

2 Core-collapse supernovae and neutrinos

A very massive star can undergo core-collapse when, at the end of its life, the iron core
of the progenitor star, grows to roughly the Chandrasekhar mass, and nuclear fusion can
no longer balance the inward push from the force of gravity. In this regime, neutrinos are
mostly produced by electron captures on heavy nuclei and leave the core unimpeded. After
a few milliseconds, the neutrino mean free path becomes comparable to the core radius and
neutrinos remain trapped in ultra-dense matter [19]. Despite the trapping, neutrinos around
the newly formed neutrinosphere can still escape.

When compression of matter reaches a critical density, the core rebounds. The violent
rebound of the matter produces a pressure wave propagating outwards, which eventually
steepens into a shock wave, and neutrino emission again increases rapidly, producing the so-
called neutronization burst, lasting about 30 ms. The shock, in fact, is so powerful that it dis-
sociates nuclei into free nucleons all along its way to the edge of the core. Free protons quickly
interact with the energetic electrons, resulting in neutrons and electron neutrinos [20, 21].

Neutrinos are the only messengers that can bring us direct information about the neu-
tronization phase. During their propagation through the stellar mantle to Earth, neutrinos



oscillate, with a flavor conversion amplified by the Mikheev-Smirnov-Wolfenstein (MSW) ef-
fect [22], in agreement with the matter density profile crossed. Additional phenomena, such
as matter turbulence, fluctuations in stellar matter density, and neutrino-neutrino interac-
tions, can lead to alteration of the MSW effect, and hence of neutrino flavor conversion. As a
net effect, the survival probability at the Earth of v.’s, produced in the neutronization phase,
is expected to be ~2% (~30%) assuming the normal (inverted) mass ordering [6, 23, 24].

Since the neutronization burst is dominated by neutrinos, not accessible via IBD, the
signal observed from SN1987A did not allow for the neutronization burst to be directly
observed. Furthermore, even future experiments that rely on IBD and charge current inter-
actions but also on elastic scattering, will be significantly limited in their sensitivity to the
neutronization burst due to the flavor suppression, especially in the case of a normal mass
hierarchy. In contrast, the neutrino flavor conversion does not affect the results reported in
this work, as CEvNS is flavor insensitive, and therefore GADMC LAr TPCs will be able to
detect the entire SN neutrino flux.

After the neutronization, the shock wave may stall losing energy in the dissociation of
the nuclei, thus being unable to overcome the ram pressure of the material falling into the
shock. Neutrinos can revitalize the shock, depositing energy into the envelope. This critical
stage, named accretion phase, lasts a few hundred milliseconds and can lead either to the
star explosion or to its collapse, and thus to the formation of a black hole. Multi-dimensional
simulations suggest a standing accretion shock instability (SASI) [25], where the shock front
oscillates inward and outward, periodically, leading to a O(10 — 100) Hz modulation of the
neutrino luminosity. Although this effect can potentially be observed with GADMC TPCs,
thanks to the time resolution in the millisecond range, the present work is based on 1D
simulations, and therefore sensitivity to SASI will not be discussed.

The explosion of the SN blows off almost all the matter in the stellar mantle and leaves
the hot proto-neutron star. The third phase, the cooling of the neutron star by neutrino
emission, lasts about 10s [20]. The neutrino mean energy (E,) drops from 15 MeV to 5 MeV
in about 10s, while the neutrino luminosity decreases roughly according to the law of black
body radiation [26].

The luminosity and mean energy time evolutions and the energy spectrum are shown
in figure 1 from 1-d hydrodynamical spherically symmetric core-collapse SN simulations by
the Garching group [7, 27, 28], using the LS220 equation of state, for a progenitor star mass
of 27 M. This is the reference model adopted in this work, and we will report results also
for a progenitor star mass of 11 M.

3 Supernova neutrino signal and detector response

The CEvNS differential cross-section as a function of neutrino energy, F,, and recoil energy,
FE,, is given by
G2
do(E,, E,) = —4FQ%Vm (1
7r

mkE,
2F2

) F2(q) dE,, (3.1)

where G is the Fermi coupling constant, Qw the weak charge of argon nucleus, and m
the argon nucleus mass. F'(q) is the Helm form factor, parametrized with the Lewin-Smith
approach [29], as a function of the momentum transfer ¢ = /2mkE,.

The nuclear recoil (NR) energy spectrum induced by SN neutrinos, shown in figure 2,
results from the convolution of the neutrino flux with the differential neutrino cross-section
from eq. (3.1). The window of observation is <100keV ., with ~70% (~50%) of events with
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Figure 1. Time evolutions of neutrino luminosity (top) and mean energy (middle) and energy
spectrum (bottom) from a core-collapse 27 Mg SN for the different neutrino species, using Garching
group 1-d simulations [20].
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Figure 2. Nuclear recoil energy spectrum from neutrino interactions in LAr via CEvNS from a
core-collapse 27 M, supernova at 10kpc.

energy <10keV,, (<5keV,,). The low energy detection threshold, therefore, plays a crucial
role in the final sensitivity.

The detection mechanism of interacting particles in dual-phase GADMC LAr TPCs
relies on a prompt light pulse (S1) induced by scintillation, followed by a delayed pulse (S2)
associated to ionization electrons. These, in fact, are drifted vertically upwards by the drift
field, and extracted, by the so-called extraction field, in a thin layer of gas, where they induce
a secondary light signal by electroluminescence.

The detection efficiency of S1 photons is estimated in DarkSide-20k at 19% through
Monte Carlo simulations. Therefore, a detection strategy based on S1 photons trigger,
highly inefficient for NRs in the keV,, range, would strongly affect the sensitivity to SN
neutrinos. Disregarding S1, S2 guarantees an amplification factor by more than 20 (~23
photoelectrons per electron extracted in the gaseous phase in DarkSide-50 [30]), allowing
the detection of NRs with a threshold of a few hundreds of e€V,,. This approach was suc-
cessfully applied by DarkSide-50 in setting the world’s best limit on WIMP dark matter
particles in the 2-6 GeV /c? mass range [30], with a ~0.6keV,,, threshold. In the same work,
DarkSide-50 demonstrated a detection efficiency at 100% level for NR deposits with an energy
of 0.46 keV,,,, allowing the detection of about 86% of NRs induced by SN neutrinos.

The dual-phase LAr TPC response to NRs, in the S2 channel, differs from the one
to electronic recoils (ERs), which account for almost all of the background. This is due
to the differences between ER and NR excitons to ionization electrons ratio, as well as to
the recombination process, which produces excited argon dimers and depletes the ionization
channel. In addition, the largest fraction of energy deposited by NRs is neither converted into
scintillation nor ionization, resulting in a quenching effect much stronger than that observable
for ERs [31].

The NR energy scale in the S2 observable was determined with 24! Am—?Be and 24! Am—
13C neutron sources [30] deployed outside the DarkSide-50 cryostat, and from neutron-beam
scattering data from the SCENE [32] and ARIS [31] experiments. The S2 ER energy scale
is obtained from DarkSide-50 data by fitting the Thomas-Imel model [33] to the mean S2
measured for the 2.82keV K-shell and 0.27keV L-shell lines from the electron capture of



the cosmogenic 37Ar [34]. At the nominal drift field of 200 V/cm at which GADMC TPCs
operate, and using S2 as energy variable, the ER energy corresponding to 100 keV,,,. is about
13keVe,., as shown in figure 2.

The energy resolution model adopted in this work accounts for the LAr intrinsic fluctu-
ations of the ionization and electron-ion recombination processes, and for the statistics gov-
erning the emission and detection of photons induced by electrons in the gas pocket. Intrinsic
processes fluctuate with respect to the binomial probability defined as the ratio of the number
of free ionization electrons and the number of all quanta produced by the particle interaction.
The latter is obtained by dividing the deposited energy by the effective work function in LAr
(19.5eV [35]). The photoelectron statistics is assumed normal, with a photon yield of 23
photoelectrons per ionization electron, in agreement with the DarkSide-50 measurement.

The event time resolution is dominated by the electron drift time, which, in absence
of a S1 pulse, induces a delay with respect to the SN neutrino interaction time. The drift
velocity in presence of an electric field of 200 V/cm is (0.93 £+ 0.01) mm/us, which cor-
responds to a maximum drift time, Tyax of ~3.8 ms in DarkSide-20k (3.5 m height), and
of ~5.4 ms in Argo (5.0 m height). As SN neutrino events are uniformly distributed in
the TPC, the corresponding standard deviations, calculated as Tpax/v/12, are ~1.1 ms and
~1.6 ms, respectively.

The same response model is applied to energy deposits from the background sources
discussed in the next section.

4 Expected background in GADMC TPCs

The DarkSide-20k (Argo) TPC is an octagonal regular prism with a distance of 3.5 m (8 m)
between parallel lateral walls, resulting in a total active LAr mass of 49.7 t (371 t). Differently
from DarkSide-50, where the TPC is housed in a stainless steel cryostat, DarkSide-20k and
Argo TPCs will be enclosed in an acrylic envelope, characterized by a larger radio-purity
and smaller mass. This will be possible thanks to the new design, where the TPC is entirely
immersed in a LAr bath within a proto-DUNE-like cryostat, serving as active and passive
shielding against cosmic rays and environmental radioactivity, respectively. In this new
design, photomultiplier tubes that detect light in DarkSide-50 will be replaced by silicon
photomultipliers (SiPMs), which provide higher quantum efficiency and radiopurity [8, 36].

The background expected in the energy range of observation for SN neutrinos
(<100keV,,,) can be inferred from the one measured in DarkSide-50. Above ~1keV,,,, this is
dominated by LAr intrinsic contamination from 3? Ar and ®°Kr 8-decays, and by radioactivity
from the detector materials surrounding the active mass.

39 Ar has a cosmogenic origin, as it is produced by cosmic rays via spallation on CAr.
In order to suppress such a background, the LAr active mass is extracted from deep un-
derground wells (UAr) in Cortez, Colorado (U.S.A.), naturally shielded against cosmic rays.
DarkSide-50 has measured an 3Ar specific activity of ~0.7 mBq/kg. In the same campaign,
85Kr was identified with a specific activity of ~2 mBq/kg. The anthropogenic nature of
85Kr suggests tiny air contamination in UAr occurred during the detector filling, possibly
at the origin also of the residual 3?Ar activity. This hypothesis, corroborated later by the
identification of a leak in the purification phase, suggests an even smaller 3?Ar intrinsic con-
tamination in UAr. For both DarkSide-20k and Argo, any residual %Kr activity will be
entirely suppressed by distillation thanks to Aria, a 350 m tall distillation column in the
phase of installation in the Seruci mine in Sardinia [8]. In this work, ®*Kr contamination



is therefore assumed negligible, but we consider the most conservative hypothesis on 3?Ar
specific activity, corresponding to the one measured by DarkSide-50 in UAr. As shown in
figure 3 (top) that displays the energy distribution of expected signal and background, the
contribution from 3?Ar becomes comparable to the signal from a 10 kpc 11-M SN at ~100
number of ionization electrons, V.-, corresponding to ~8.5keV,,. The total expected rate of
39 Ar events in DarkSide-20k (Argo) is 0.5 Hz (4.2 Hz), taking into account that the fraction
of 39Ar events with N,— <100 is ~1.7%.

The external background rate is estimated from the contamination, measured in material
screening campaigns (not yet completed at the time of writing), of radioactive chains (238U,
235U and 232Th) and individual isotopes (}37Cs, 53Mn, 49K, °Co). Each contaminant was
simulated with G4DS [35], the DarkSide Monte Carlo package, tracking the radiation from
the detector components, primarily from the acrylic vessel and SiPMs. Since SN neutrinos
interact only once in LAr, multiple-scatter events, identified by the detection of multiple S2
pulses, are efficiently rejected. The rate of the residual single-scatter events in DarkSide-20k
(Argo) is expected to be ~75 Hz (~320 Hz) in the entire energy range. Narrowing in the
region of interest for SN neutrinos, the rate drops to ~0.3 Hz (~1.3 Hz).

Simulations demonstrate that the mean attenuation length in LAr of single-scatter ER
events from the external background, with energy less than <8.5keVe,, is ~0.5 cm. The
external contamination becomes thus negligible by rejecting events within 5 cm from the
detector walls. The event position is reconstructed at the centimeter level on the plane
orthogonal to the electric field, exploiting the S2 signal and the segmentation of the pho-
todetection modules. The active mass resulting from the volume fiducialization is 47.1 t in
DarkSide-20k and 362.7 t in Argo.

The events originating from the upper and lower planes can be ideally suppressed using
the dependence of the ionization electron cloud diffusion on the vertical position, as discussed
in [37]. However, since we don’t have an estimate of the rejection efficiency at such low
energies, the background from the top and bottom planes is conservatively included in this
study. Its residual rate is 0.2 Hz in DarkSide-20k and 1.1 Hz in Argo.

The sub-keV,,,. energy region is dominated by a large population of spurious electrons,
here named “single-electrons”, whose origin is still under investigation. A fraction of these
events is related to impurities present in LAr that capture drift electrons and re-emit them
with a delay that varies from a few milliseconds to several seconds. A time correlation has
been observed in DarkSide-50 between a fraction of single-electrons and events with an large
amplitude S2 pulse preceding them. However, the mechanism behind the majority of single
electrons remains unknown.

In this work, we assume, for the single-electron background, the spectrum of single-
electrons as measured in DarkSide-50, after subtraction of known internal and external back-
ground components [30], scaling the rate by the target mass ratio between DarkSide-50 and
DarkSide-20k or Argo. The single electron rate measured in DarkSide-50 is ~380 mHz/ton,
and drops to ~1.8 mHz/ton by applying a threshold cut at N,- >3, as shown in figure 3 for
neutrino signals from 11-Mg and 27-Mg, SNe. Pile-up of single electrons with physics events
are expected with probabilities equal to 6% and 49% for DarkSide-20k and Argo, respectively.
The single electron component in such events can be efficiently identified and removed by
applying selection cuts on the spatial distance between the two interactions.

The window of observation is then defined within 8 s from the burst and between 3
and 100 N,-, in order to suppress single-electron background and 3?Ar events, respectively.
The neutrino detection efficiency via CEvNS in the [3, 100] N,- range, shown in figure 4,
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Figure 3. Top. Energy spectrum in number of ionization electrons (N, - ) per unit of mass of neutrinos
from 11-M, and 27-My SNe and background from single electron events, *Ar decays and external
background from SiPMs. Bottom. Time evolution of signal and all background components (external
background as expected in Argo) by selecting events in the [3,100] N.- energy range.

leads to expected number of signal events in DarkSide-20k (Argo) of 181.4 (1396.6) and 336.5
(2591.6) from 11-Mg and 27-Mg SN burst at 10 kpc, as quoted in table 1.

The expected overall signal-to-background ratio in the GADMC TPCs for the two SN
models is ~24 and ~45, respectively. In particular, as reported in table 2, the signal is about
two orders of magnitude larger than the background during the neutronization burst (<0.02
s) and the accretion phase ([0.02, 1] s), while it is about one order of magnitude in the cooling
phase ([1, 8] s), where however the statistic is the largest.

From the same table 2, it can be noticed that the number of events expected from the
neutronization burst varies by only 10% between 11-Mg, and 27-Mg SNe, while those from
accretion and cooling phases vary by almost a factor of two. As already suggested in ref. [17],
the relatively high statistic measurements of the differential energy and time spectra of the
SN with Argo, that will be discussed in section 5, can provide a substantial constraint of
SN models and pave the way to the progenitor mass measurement. The sensitivity to the
mass is not considered in this work but will be evaluated in the future, once the relationship
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Figure 4. Neutrino detection efficiency via CEvNS as a function of neutrino energy, for different
N,- thresholds and below 100 N,-.

DarkSide-20k  Argo
11-Mg SN-vs 181.4 1396.6
27-Mg SN-vs 336.5 2591.6
39Ar 4.3 33.8
external background 1.8 8.8
single-electrons 0.7 5.1

Table 1. Event statistics expected in DarkSide-20k and Argo from 11-Mg and 27-Mg SNe at 10 kpc
and from single-electron and 3?Ar background components, within the [3, 100] N.- energy window
and in 8 s from the beginning of the burst.

11-M,, SN 27-M,, SN
SN-v S/B SN-v S/B
SN phase | [1/t] DS20k ARGO | [1/t] DS20k ARGO
Burst 0.08 212 231 0.09 243 264
Accretion | 1.83 105 114 3.30 190 207
Cooling 1.96 16 17 3.76 30 33

Table 2. Number of events per unit of mass expected in GADMC TPCs from 11-Mg and 27-Mg
SNe at 10 kpc and signal-to-background ratio, accounting for single-electron, external background,
and 39Ar rates, within the [3, 100] N,- energy window.

between progenitor mass and fraction of neutrinos emitted during neutronization will be
assessed by theory.

5 Sensitivity to supernova neutrinos

The background expected in DarkSide-20k and Argo can be assumed to be constant in time
and known with negligible uncertainty, as it will be measured with very high statistics before
and after the SN burst. This allows to estimate the median significance using the Asimov
approximation for likelihood-based tests [38]. The significance for both the TPCs and both
the 11-Mg and 27-Mg SN models, assuming the background rate from table 1, is shown with
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solid lines in figure 5, as a function of the SN distance from the Earth. The DarkSide-20k
discovery potential entirely covers distances up to the edge of the Milky Way, and Argo
extends it up almost to the Small Magellanic Cloud. As shown by the bands in figure 5,
the potential increases significantly by assuming lower contamination of 3°Ar, as suggested
in the previous section, up to a factor of 10 less.

The statistics of SN burst induced events in Argo, and consequently its discovery sen-
sitivity, is comparable to that of DUNE [39]: the smaller active mass of Argo two orders of
magnitude lower than DUNE, is compensated by the higher CEvNS cross section, the lower
energy threshold, and the possibility of observing all neutrino flavors. Compared with LXe
target experiments, which also relay on the CEvNS interaction channel, DarkSide-20k (Argo)
has slightly higher discovery sensitivity than XENONnT and LZ (DARWIN) [17]. An exten-
sive comparison with LXe, Cherenkov and liquid scintillator experiments can be found in [40].
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SN at 10 kpc distance, as detected by DarkSide-20k and Argo. The bands represent the statistical un-
certainty.

As for the neutronization burst only, DarkSide-20k can detect it as far as 10 kpc with
a confidence level of 5 o, and Argo can extend it to ~22 kpc, a distance equivalent to the
farthest edge of the Milky Way from the Earth. In this case, the significance, shown in
figure 5, is similar for the two analyzed 11-My and 27-Mg SN models, as the number of
events expected in the neutronization burst differs by only ~10%.

The detection sensitivity can be compared with the most recent determination of the ex-
pected SN core-collapse rate, namely one event every 50 years within 30 kpc inside the Milky
Way, and one event every 30 years within 3 Mpc, which includes the Local Group [41-43].
The SN rate could be higher, with an upper limit of ~20%, because of “failed” SNe, i.e. core
collapses of massive stars that form a black hole without or with a little optical signature [44].
From a theoretical point of view, the progenitor star may go through a neutronization stage
with neutrino emission, during the collapse in the black hole. Although GADMC TPCs
have the potential to observe neutrinos emitted from failed SNe, their contribution was not
included in this work and will be the subject of a future sensitivity study.

DarkSide-20k and Argo, besides their use as counting experiments, can also provide
information on the time and energy evolution of the neutrino flux. Simulations are performed,
using a toy Monte Carlo approach, by applying on an event-by-event basis the detector
response described in section 3 to the interaction rate, obtained from the convolution of the
neutrino flux from Garching simulations with the CEvNS cross-section (eq. (3.1)).

The simulated time evolution of the accretion and cooling phases, as detected with
DarkSide-20k and Argo, is shown in figure 6 for a 27-Mg SN at 10 kpc. The energy window
is limited to [3, 100] N,-, where the background is almost entirely suppressed. The statistical
error bands of the signal events are evaluated with respect to the sampling of 20 and 100
ms for the two phases, respectively. The detector time responses of DarkSide-20k and Argo,
dominated by the associated electron drift times, are included in the simulations. It is worth
highlighting that the statistics expected in Argo, together with the time resolution, allows to
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distinguish the temporal structures that characterize the different SN phases, and therefore
to better constrain the models.

Examples of toy Monte Carlo samples in the N,- observable for the accretion phase
only and for all the SN phases but neutronization burst are shown in figure 7. These samples
were produced for Argo, assuming the neutrino flux from a 10 kpc distant 27-Mg SN. From
now on, we consider only this SN model for the following sensitivity study.

The energy spectrum of the sum of all the SN emitted neutrino components can be
parametrized with [45]

EV<QT+1)
¢ (ar +1)°7H1E, e B

T 4rD® (B T(ar 1 1)

where F, is the neutrino energy, £ and (FE,) are the total and mean SN neutrino energies
emitted via neutrinos, respectively, cr the so-called pinching parameter, D the distance to
the SN, and I the Euler gamma function. The spectrum in the neutronization burst can be
approximated assuming ar=3.0, and with a7=2.3 in the accretion phase, where the neutrino
emission starts to have a thermal spectrum. In the cooling phase, the neutrino emission is
close to having a Maxwell-Boltzmann distribution, where ar=2.0.

The parametrized flux in eq. (5.1), convoluted with the CEvNS cross-section and the
detector response, is used to fit toy Monte Carlo samples, in order to assess the DarkSide-20k
and Argo sensitivities to the total and mean SN neutrino energies. Because of the non-normal
fluctuations in the detector response, especially when N,- is close to the detector threshold
(3 N,-), the convolution with the detector response is performed using a migration matrix,
which transforms nuclear recoil energy into the N,- response function. This accounts also for
the N,.- fluctuations as discussed in section 3. Examples of fits of toy Monte Carlo samples
are shown in figure 7.

We have analyzed the two previously mentioned cases: the cooling phase only, and
the full SN spectrum, excluding the neutronization burst. This choice is motivated by the
good approximation of eq. (5.1) with the accretion phase spectrum, assuming ar=2.3, and
the similar ap value between the accretion and the cooling phase. For the latter case, as
the cooling phase provides a larger statistics with respect to the accretion one, we assume
ar fixed to 2.0. The statistics from the neutronization burst only is too low to allow for a
spectral fit. In addition, as already discussed, the pinching parameter is too different from
the other phases to allow for an overall approximation with a unique ap value.

The sensitivities to (E,) and £ in the accretion only and accretion+cooling phases are
evaluated for both DarkSide-20k and Argo. In each analyzed case, we have produced and
fitted 5x10% samples and derived the significance bands for 1, 2, and 3-¢ computed from the
distribution of the best values from the fit. The results are shown in figure 8, together with
the true values extracted from the original Garching simulations.

Both the experiments are able to reconstruct (E,) and ¢ within 1-0, even if a system-
atic shift between true and reconstructed best values is present due to the parametrization
approximation and the non-normal response of the detector. The total neutrino energy is
reconstructed at 3-o level by Argo (DarkSide-20k) with an accuracy of about 11% (32%) in
the accretion-only and 7% (21%) summing the contributions from both accretion and cool-
ing phases. For what concerns the mean energy, Argo has a 3-o level accuracy at 7% in
the accretion phase only, and at 5% including also the cooling one. For the same parameter,
DarkSide-20k can provide an accuracy of 21% and 13%, respectively. It is important to stress
that the two parameters, as clearly visible in figure 8, are anti-correlated, with a measured
Pearson correlation coefficient of about -0.6 for all the analyzed cases.

f(Ev) , (5.1)
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6 Conclusion and outlook

DarkSide-20k and Argo, with fiducial target masses of ~50 t and ~360 t, respectively, can de-
tect neutrinos from SN burst via the flavor-insensitive CEvNS channel, with an energy thresh-
old of 0.46 keV,,.. Such a low analysis energy threshold can be achieved thanks to the ~20%
accuracy in detecting single ionization electrons, as already demonstrated by DarkSide-50.

The low energy threshold, the resolution in the single-electron response, and the rela-
tively low mass of the argon nucleus, compared to xenon, which kinematically extends the
nuclear recoil spectrum at higher energies, allow the LAr TPCs to achieve good accuracies
in the reconstruction of average and integrated SN-emitted neutrino energies. Moreover, the
time evolution of the SN burst can be investigated with 1.1 ms and 1.6 ms resolutions for
DarkSide-20k and Argo, respectively.

The discovery potential of a SN was also evaluated, demonstrating that DarkSide-20k
can explore 11-Mg and larger SNe up to the Milky Way edge, and Argo up to the Small
Magellanic Cloud. Both DarkSide-20k and Argo detectors are also sensitive to neutrinos from
the 11-Mg neutronization burst up to the Milky Way center and edge, respectively. These
results take into account the most conservative predictions of 3 Ar contamination. As already
discussed, recent investigations from the DarkSide Collaboration suggest that the 3°Ar con-
tamination, intrinsic to underground argon, could be lower than the DarkSide-50 measured
one, leading to a potential further improvement of the DarkSide-20k and Argo sensitivities.

The flavour-blind measurement from DarkSide-20k and Argo could be combined with
the flavour-sensitive measurements of other neutrino detectors to provide another input into
the triangulation of the positions of SNe, to be carried out by the SuperNova Early Warning
System 2.0 (SNEWS2.0) [40], and to constrain the neutrino mass ordering by comparing
electron flavor neutrino flux with the flavor-blind one from the neutronization stage. Fur-
thermore, a measurement of the entire neutrino flux from the neutronization burst allows for
the determination of the SN distance within a precision of ~5% [46], making detections via
CEvNS channel a potential standard candle for distance measurements in the Milky Way
Galaxy. Sensitivity studies for each of these physics measurements with the flavour-blind
GADMC LAr TPC neutrino detection will be carried out in the future.
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