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Abstract. We present in this paper the sensitivity of the future liquid argon time projection9

chamber dark matter search experiments DarkSide-20k and Argo to core-collapse supernova10

neutrinos. Such dual-phase dark matter search experiments are sensitive to the low energy11

nuclear recoils induced by supernova neutrinos, from the so called CEνNS, i.e. the neutral12

current coherent elastic neutrino-nucleus scattering recently observed. Using this detection13

channel we estimate the discovery potential and the determination of core-collapse supernova14

parameters with the aforementioned detectors.15
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1 Introduction35

Core-collapse supernovae are violent explosions of very massive stars at the end of their lives,36

triggered by the gravitational collapse of the stellar cores [1]. A typical supernova can emit37

in approximately 10 seconds ∼ 20 times the energy emitted by the Sun in its entire life [2].38

More than 99% of the supernova’s energy is carried away by neutrinos; the neutrinos are39

mainly emitted directly from the collapsed core, which is not accessible via electromagnetic40

observation [3] [4] [5] [6]. Observing a galactic supernova, particularly the detection of its41

neutrinos, would offer a unique opportunity to understand stellar core-collapse supernovae,42

neutrino physics, neutron star and nuclear physics in the extreme conditions created by the43

supernova [7] [8].44

SN 1987A is the only core-collapse supernova that has been observed via neutrinos. A45

total of 25 neutrino events were d etected by Kamiokande-2, IMB and Baksan [3] [4] [5].46

Since then, core-collapse supernova simulations have made several breakthroughs, providing47

detailed knowledge of the neutronization, accretion, and cooling phases [6] [8]. In addition, the48

discovery of neutrino oscillations and neutrino mass raised more fundamental questions about49

neutrinos, including their absolute mass and their mass hierarchy [7]. The next detection of50

galactic supernova neutrinos can provide answers to or constraints on many of these important51

questions.52

This paper presents a sensitivity study on supernova neutrino detection with the GADMRC53

(Global Argon Dark Matter Collaboration) liquid argon time projection chambers (LAr54
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TPCs) DarkSide-20k [9] and Argo [10] [11], that are going to have 40 and 400 tonnes active55

mass, respectively. These LAr TPCs are dark matter detectors, but they are also sensitive56

to the low energy nuclear recoils (NRs) induced by supernova neutrinos via coherent elastic57

neutrino-nucleus scattering (CEνNS) which is a neutral current interaction with a relatively58

large cross-section and equal sensitivity to all types of active neutrinos [12] [13].59

The content of the paper is arranged as follow. In section 2, core-collapse supernova60

physics will be outlined, with emphasis on the open questions whose answers can be provided61

by supernova neutrino detection. In section 3, the signals of supernova neutrinos in the62

DarkSide LAr TPCs, the level of backgrounds, and the analysis strategy will be addressed.63

In section 4, we will present a sensitivity study for supernova neutrino detection based on64

the neutrino signals in the DarkSide LAr TPCs. In section 5, the method of measuring the65

supernova neutrino spectrum, specifically the mean energy and flux of supernova neutrinos,66

is presented. Other potential physics measurements are also discussed. In section 6 all the67

results presented will be discussed and summarized.68

2 Core Collapse Supernovae69

A very massive star can develop into an onion-like structure at the end of its life, with different70

phases of nuclear fusion occurring in different layers. The silicon burning in the core results in71

the creation of isotopes like 56Fe, which has the highest nuclear binding energy per nucleon. As72

no more fusion can occur beyond 56Fe, the stellar core is supported by electron degeneracy73

pressure, which becomes smaller as the stellar core becomes more massive. Once the core74

reaches a mass around 1.4 M�, it collapses under the strong gravity, almost in free-fall due75

to the sudden reduction of pressure caused by processes like nuclei capturing electrons and76

photo-disintegration of nuclei [2]. It is estimated that the stellar core can collapse from a77

radius of about 1000 km to 10 km in approximately 0.1 s, reaching a velocity of 0.5 c and78

releasing 3× 1046 J [14].79

Once the core reaches nuclear density (approximately 1015g/cm3 ), the mean free path80

of neutrinos in the core is as small as O(1) m, and thus they can be trapped in the core [15].81

Due to frequent scatterings with nucleons in the core, neutrinos thermalize, and the surface82

of last scattering defines the neutrinosphere [8]. A core-collapse supernova is usually divided83

into three main subsequent phases: neutronization, accretion, and cooling phases, each with84

its unique signal of neutrino emission [16]. The neutrino emission assumed in this work is85

from two hydrodynamical spherically symmetric core-collapse supernovae simulations by the86

Garching group, for a progenitor star mass of 11M� and of 27 M�, both 10 kpc far from us,87

following LS220K equation of state [8].88

2.1 Neutronization Burst89

The core-collapse is halted by the repulsive nuclear force and the nucleon degeneracy pressure90

at nuclear density. The violent rebound of the matter produces a pressure wave propagating91

outward, which eventually steepens into a shock wave. The shock is so powerful that it92

dissociates nuclei into free nucleons all along its way to the edge of the core. The free protons93

quickly interact with the energetic electrons, resulting in neutrons and electron neutrinos,94

p+ e− → n+ νe. The immediate escape of the νe created outside the neutrinosphere results95

in the "neutronization burst", lasting about 30 ms, as shown in figure 1 [16] [17].96
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Figure 1. Left: The neutrino luminosity of a core-collapse supernova with 27 M� progenitor star
mass. Neutrino trapping occurs from 1 ms to 4 ms; neutronization burst is from 4 ms to 30 ms;
accretion phase lasts from 30 ms to ∼ 500 ms; and finally the neutron star cooling phase lasts about
10 s. Right: The evolution of average neutrino energy. The neutrino mean energy rises before the
accretion phase, and decreases after the accretion phase. For both figures, red curve refers to electron
neutrinos νe; blue curve electron antineutrinos ν̄e; yellow curve to each of heavy flavor neutrinos νx;
green curve to each of heavy flavor antineutrinos ν̄x; black curve refers to the total. [16]

It is revealed by core collapse supernova simulations that the energy of the neutronization97

burst does not depend much on the progenitor mass [18] [17], so it can be used as a standard98

candle to measure the distance to the supernova [7].99

It should be pointed out that the neutronization burst has not been observed yet. The100

neutrino events from SN 1987A observed in Kamiokande-2 [3] (water Cherenkov detector),101

IMB [4] (water Cherenkov detector) and Baksan [5] (scintillation detector) are all electron102

anti-neutrinos (ν̄e) from the accretion phase and cooling phase. Hence, detecting neutri-103

nos from the neutronization burst will test the theory of the first stage of the core-collapse104

supernova.105

2.1.1 Neutrino Mass Hierarchy106

Neutrinos emitted in the neutronization burst are purely electron neutrinos (νe). However,107

due to neutrino oscillation, only a fraction of them remain as νe when arriving at the Earth.108

As the neutrinos travel through the matter from the core to the progenitor’s surface, neutrino109

oscillation with MSW resonance can occur [19]. The survival probability of νe is found to110

depend critically on the neutrino mass ordering. For normal mass ordering (NMO), the111

survival probability is PNMO
ee = sin2(θ13) = 0.022; for inverted mass hierarchy (IMO), the112

survival probability is P IMO
ee = sin2(θ12) cos2(θ13) = 0.297 [7] [20] [21]. A∼ 14 times difference113

in the survival probability provides a good opportunity to measure neutrino mass ordering in114

the neutronization phase [7]. A measurement of the survival probability — and hence of the115

mass ordering — can be done by comparing the total neutrino flux expected in DarkSide LAr116

TPCs to the νe flux measured through charged current interactions, like the one that can be117

measured in DUNE.118

2.2 Accretion Phase – Explosion119

After the neutronization phase, the shock wave is stalled at a radius of 100 – 200 km, due120

to the loss of its energy in the dissociation of the nuclei, and so unable to overcome the ram121

pressure of the accreting matter: the accretion phase begins. The shock wave, however, has122

to be revived, so that it can reach the core edge, at a radius of about 3000 km, igniting the123
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explosion that was observed from SN1987A. Neutrinos must have a key role in the shock124

revival mechanism, as they are the only particles that can transport energy and heat from125

the core to the stalled shock and provide the momentum of the explosion. On the other126

side, 2D and 3D simulations of core-collapse supernovae show that neutrinos alone can’t127

determine the explosion, as spherical symmetry must also be broken [22]. Several phenomena128

in multi-dimensional simulations are believed to contribute to the explosion. Convection can129

significantly enhance the transportation of energy from the remnants of the core [23] — which130

is going to develop into a proto-neutron star (PNS) — to the region beneath the stalled shock.131

This mechanism is found to be important in most progenitors with relatively small masses.132

The standing accretion shock instability (SASI)[24] has been observed in many supernova133

simulations of progenitors with large masses. The shock front oscillates inward and outward,134

periodically, leading to the oscillation of the neutrino luminosity, which can be detected in135

presence of high statistics and excellent time resolution. The data used in this study is from136

a 1D supernova simulation, which shows no signals of SASI. Therefore no sensitivity study137

for detecting SASI is presented in this paper. A quasi-stable dipole moment of the luminosity138

and flux of νe and ν̄e — called self-sustained lepton number emission asymmetry (LNEA) —139

came out in recent 3D simulations [25], but detecting it requires sensitivity to neutrino flavor.140

DarkSide-20k and Argo can measure the total luminosity of all types of neutrinos through141

CEνNS. Combining this measurement with those from other detectors via charged current142

interactions, the difference between the fraction of electronic neutrinos and the fraction of143

electronic anti-neutrinos will provide sensitivity to the LNEA.144

In summary, the observation of neutrinos from the accretion phase will enlighten their145

role in the explosion mechanism. On the other hand, the time-lapse of the accretion phase146

is dependent on the progenitor mass; usually the larger the progenitor mass the longer the147

duration of the accretion. A ONeMg core-collapse supernova usually has a very short accretion148

phase, while a Fe-core collapse supernova tends to have a long accretion phase [26] [27]. For149

progenitors with masses larger than approximately 50 M�, black holes can be produced by150

the core collapses [28] [29] [30]. Such supernovae are called "failed supernovae" and their151

neutrino signals will terminate in the accretion phase: a sudden stop of neutrino signals in152

the accretion phase will suggest that the collapsed core developed into a black hole, preventing153

the supernova explosion [31].154

2.3 Cooling Phase155

The revival of the shock wave leads to the explosion of the supernova, which blows off almost156

all the matter in the stellar mantle and leaves the hot proto-neutron star. The third phase,157

the cooling of the neutron star by neutrino emission, lasts about 10 s [16]. As seen in figure158

1, the neutrino mean energy drops from 15 MeV to 5 MeV in about 10 s, while the neutrino159

luminosity L decreases roughly according to the law of black body radiation, L ∝ T 4, where160

T is the temperature of the star. High statistics measurement of the time evolution of the161

neutrino luminosity and mean energy can be performed during the cooling phase.162

Neutrino signals from the cooling phase can be used to constrain axions or other novel163

particles beyond the Standard Model [32] [33]. If no such particles exist, neutrino emission164

is the only way to cool the neutron star and the cooling time can be predicted by supernova165

simulations. If axions or other novel particles exist and are produced in the extreme conditions166

of the supernova, they can provide new channels of cooling and result in shorter cooling time.167
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2.4 Spectrum of Supernova Neutrinos168

The spectrum of supernova neutrinos, see figure 2, is often described by a pinched Fermi-Dirac169

distribution [34] [7]:170

f(Eν) =
ε

4πD2

Eν
αe−

Eν
T

Γ(α+ 2)Tα+2
. (2.1)

The amplitude of the spectrum is determined by the total energy ε, and the distance to171

the supernova D. The shape of the spectrum is determined by the neutrino mean energy172

〈Eν〉 = (1 + α)T and the so-called "pinching parameter" α (the Γ in the denominator is the173

Euler gamma function). A Maxwell spectrum corresponds to α = 2.0, while a Fermi-Dirac174

spectrum corresponds to α = 2.3; in general higher α means more pinching (corresponds to175

narrower peak). The supernova simulation data shows that in the neutronization burst the176

pinching parameter has a value close to α = 3.0, in the accretion phase the neutrino emission177

starts to have a thermal spectrum and the pinching parameter is about α = 2.3, while in the178

cooling phase the pinching parameter is approximately α = 2.0 [8]. The spectrum is not very179

sensitive to the pinching parameter, therefore an average value is enough for a good spectrum180

measurement, as will be shown in section 5.181

3 Signals, Backgrounds, and Analysis182

3.1 The DarkSide LAr TPCs and Neutrino Signals183

The DarkSide experiment aims to search for dark matter using LAr TPCs with a low-184

radioactivity underground argon (UAr) target [35]. The current running detector is DarkSide-185

50 which has 50 kg active mass. DarkSide-20k [9], with an active mass of 40 tonnes, is the186

next-generation DarkSide LAr TPC, expected to begin data collection in 2023. The ultimate187

goal of the Global Argon Dark Matter Collaboration is to build a LAr TPC with ∼ 400188

tonnes active mass of UAr, now named Argo and expected to begin taking data in 2027 [11].189

The successful running of DarkSide-50 has proven that LAr TPC is an excellent technology190

for searching for low energy nuclear recoils (NRs) induced by dark matter or neutrinos [36].191

It can be expected that many technological advances will be available for DarkSide-20k and192

Argo compared to DarkSide-50, but the main principles of the LAr TPC technology will be193

the same. A detailed description of the DarkSide-50 LAr TPC can be found in [37].194

A particle interaction in the active volume of the LAr TPC gives both scintillation195

photons, detected as the prompt signal S1, and ionization electrons. The latter are drifted196

vertically upward by a drift field, extracted in the gas layer by an extraction field, and197

accelerated by an electroluminescence field in the gas to produce a second signal, called S2,198

measured in photoelectrons (PE), as well as S1 signal. Since the gas layer is thin and close199

to the top PMTs, the S2 photon hit pattern allows the reconstruction of the xy-coordinates200

of the event. In DarkSide-50, the S1 light yield for NRs is on average 6 PE/keVnr, and the201

S2 light yield is 23 PE per drifted electron [38].202

Even if the light yield in DarkSide-20k or Argo might change, the S2 light yield will203

always be one-two order of magnitude larger than that of S1. In February 2018 the DarkSide204

Collaboration set the best absolute exclusion limit for the spin-independent WIMP interac-205

tion in the mass range 1.8 - 5 GeV [39]. At such low masses, the expected NRs are O(1) keVnr,206

so most of the events have vanishing S1 light, and hence an S2-only analysis was performed.207

These results were possible thanks to the very low background and the high quality of the208
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calibrations. Similarly, as the supernova neutrino mean energy is 15 MeV, scattering coher-209

ently on Argon, most events produced in argon via CEνNS would be below 10 keV ; therefore210

an S2-only analysis will be performed. The vanishing S1 signal will not affect the detector211

sensitivity to supernova neutrinos, due to the very low background level in both DarkSide-20k212

and Argo LAr TPCs, as it will be explained in section 3.2. A simulated spectrum of the argon213

NRs induced by supernova neutrinos can be seen in figure 2. The threshold of the S2-only214

analysis can be as low as 0.15 keV (1 drifted electron), so most of CEνNS events induced by215

supernova neutrinos can be seen in S2. For a 27M� supernova at 10 kpc, DarkSide-20k and216

Argo can detect approximately 280 and 2800 neutrino events above the 1 electron threshold,217

respectively.218

As core-collapse supernovae are quite rare events, with an average rate of 2 - 3 per219

century, and because of the central role of neutrinos in the explosion mechanism, most of the220

running neutrino experiments, involved in the new program of the Supernova Early Warning221

System (SNEWS 2.0), plan to detect neutrinos from the next galactic supernova. As dark222

matter experiments based on noble liquid-filled TPCs will detect neutrinos via CEνNS, they223

will be sensitive to the total flux. Water Cherenkov detectors like Super-K [40], Hyper-K224

[41] and IceCube [42] are primarily sensitive to ν̄e via inverse beta decay (IBD) [43] [44].225

Scintillator detectors like JUNO [45] are sensitive to ν̄e via IBD and to all types of neutrinos226

via neutrino-proton elastic scattering (νPES) [46]. The LAr TPC of DUNE [47] is primarily227

sensitive to νe via the charge current interaction νe +40 Ar −→40 K∗ + e− [48]. As the cross-228

section of CEνNS is roughly 50 times larger than that of CC interaction [49] at 10 MeV, it229

compensates for the relatively small target masses of DarkSide-20k and Argo and allows for230

high-statistics detection.231
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Figure 2. Left: The spectrum of core-collapse supernova neutrinos is a pinched Fermi-Dirac spec-
trum. Red curve refers to νe; blue curve ν̄e; yellow curve νx; green curve ν̄x; black curve refers to
the total. Right: The spectrum of Ar nuclear recoils induced by supernova neutrinos, with recoil
energies on the order of 10 keV.

3.2 Backgrounds232

Backgrounds in DarkSide-20k and Argo fall into the following categories: (1) β-decays; (2)233

single-electron backgrounds; (3) cosmic ray muons and cosmogenic neutrons; (4) α-decays and234

radiogenic neutrons (mainly from (α, n) reactions); (5) γ-rays and (6) Cherenkov light. Most235

of them are at very low rates and can be assumed to be negligible during a supernova neutrino236

burst detection that last about 10 seconds, as it will be shown in this section. Only β-decays237

and single electron backgrounds have significant event rates and need to be considered.238
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DarkSide-20k will be located 3800 m.w.e. underground at LNGS, Italy, while Argo will239

be installed 6000 m.w.e. underground at SNOLAB, Canada. The cosmic ray muon flux240

measured by Borexino experiment at LNGS is fµ = (3.41± 0.01)× 10−4 m−2 s−1 [50]. This241

would correspond to about 0.05 cosmic ray muons going through DarkSide-20k TPC in 10 s,242

which is negligible. Cosmogenic neutrons are thus not considered a source of background for243

this study.244

Alpha-emitters like uranium and thorium and their progeny are present at very low245

activities in LAr. Assuming the same activity as in DarkSide-50, the number of α-decays in the246

DarkSide-20k LAr TPC will be about Nα = 2 in 10 s [51] [52]. The α-decays deposit energies247

approximately at 5 MeV, much higher than those of NRs induced by supernova neutrinos,248

and they are thus out of the region of interest. Another source of α-decay backgrounds are249

surface backgrounds due to 222Rn daughters like 210Po [51]. Assuming the same activity as250

in DarkSide-50, the number of surface backgrounds in DarkSide-20k LAr TPC in 10 s would251

be Nsurface = 0.8, which is only 0.3% of the number of neutrino events from a supernova set252

at 10 kpc from us. In Argo, this fraction can be even smaller, due to an increased volume253

to surface area ratio. Therefore the surface backgrounds can be tolerated and no fiducial cut254

is needed. Surface backgrounds are therefore assumed to be negligible in the Monte Carlo255

simulations of this study. Radiogenic neutrons are related to these α-emitters and therefore256

also negligible [53].257

The read-out in DarkSide-20k and Argo will use specific silicon photomultipliers (SiPMs)258

[54], designed to have very low radioactivities at 87 K compared to the photomultipliers tube259

(PMTs) in DarkSide-50. The γ-ray backgrounds are primarily from the cryostat materials;260

they mostly produce signals higher than 120 electrons, they often scatter multiple times in the261

TPC, and they can leave a signal in the veto. Considering all these background suppression262

techniques, the residual number of γ-ray backgrounds will be assumed to be negligible in the263

Monte Carlo simulations.264

The rate of Cherenkov events is found to be very low in DarkSide-50 and can be expected265

to be roughly the same in DarkSide-20k and Argo. For supernova neutrino detection, this266

background source is negligible.267

All β-emitters except 39Ar in the UAr in DarkSide-20k and Argo will be removed by268

purification through the Urania [55] and Aria [56] projects. As measured by DarkSide-50, the269

activity of 39Ar in UAr is 0.7 mBq/kg, about 1400 times smaller than that in atmospheric270

argon (AAr) [37]. Assuming the same activity, for 40 tonnes of UAr in DarkSide-20k in 10 s,271

the number of 39Ar β-decays is approximately 270.272

The main background source at low energies is the "single-electron" background. These273

events have no S1 but only S2, and are likely due to the release of electrons captured by274

impurities in the UAr bulk. The rate measured by DarkSide-50 is ∼ 152 events/kg/day275

[39]. Assuming the same rate, for 40 tonnes of UAr in DarkSide-20k in 10 s, the number of276

single-electron backgrounds is about 680.277

In summary, only the backgrounds from the TPC bulk, so the 39Ar and the single-278

electron background, are non-negligible compared to the supernova neutrino events. Selection279

cuts in the time and the S2 energy variable – the number of ionization electrons – are applied280

to maximize the signal to background ratio. In the time variable, a cut at 7 seconds is applied,281

as shown in figure 4. From the spectrum shown in figure 3 it is clear that all neutrino events282

will be below 120 electrons, where the upper energy cut is set. These selections remove 97% of283

the 39Ar β-decay backgrounds, while most of the single-electron background still overwhelm284

the neutrino signal, with its peak at 1 – 2 electrons. Setting the analysis threshold at Ne− = 3285
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removes 98% of this background. Table 1 resumes the expected supernova neutrino events286

and TPC bulk backgrounds before and after the selection cut and the energy threshold.

Total
events

t > 7.0 s ,
Ne− < 120

Ne− > 3

11 M� SN 3.73 3.72 3.38

27 M� SN 7.01 7.00 6.44

39Ar 0.27 0.14 0.14

single e− 13.38 12.24 0.24

Table 1. Comparison of neutrino and background events expected in 1 kg of UAr. In the first column
the total number of events is shown for both supernovae and the two relevant backgrounds, the 39Ar
β’s events and the single electron background. After applying a time-cut at 7 s and an energy upper
cut at 120 drifted electrons, the 39Ar background is halved, while the single electron background still
overwhelm the core-collapse supernova neutrino events. The application of a threshold at 3 electrons
removes the 98% of this background.

287

In DarkSide-20k and Argo, the overall signal to noise ratio is about 11 for a 27 M�288

supernova at 10 kpc. Looking at the specific phases, in the neutronization burst and accretion289

phase, the signal to noise ratio is higher, due to the high signal rates and short time duration,290

as it can be seen in figure 4. The signal to noise ratio would be relatively low in the cooling291

phase, but it can be improved thanks to a more accurate cut on the energy range, as shown292

in figure 5.293

3.3 Toy Monte Carlo simulation294

A toy Monte Carlo simulation has been implemented to simulate the response of DarkSide-295

20k and Argo to supernova neutrino signals. The generation of an event is built from the296

differential rate, hence the convolution of the differential flux with the differential cross-297

section. The CEνNS differential cross-section as a function of both neutrino energy and298

recoil energy is given by299

dσ(Eν , Er) =
G2
F

4π
Q2
WMAr

(
1− MArEr

2E2
ν

)
F 2(q)dEr (3.1)

where GF is the Fermi coupling constant and QW is the weak charge of 40 Ar nucleus [12]300

[57] [58] [59] [60]. For the form factor F (q), where q =
√

2MArEr is the momentum transfer,301

the Helm model has been assumed, with the Lewin-Smith parametrization [61] [62] [63]. For302

each neutrino event, both the scattering time and the recoil energy are extracted.303

The backgrounds taken into account are from the TPC bulk. The background rates are304

assumed to be constant in time, while the energy of backgrounds is randomly taken according305

to the spectra extracted from DarkSide-50 data [37].306
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Once that an event is generated, whether it is due to the background or a supernova307

neutrino, it is convoluted with the time and energy response of the detector. The measured308

drift speed of electrons in DarkSide-50 is 0.9 mm/µs; given the heights of the detectors, the309

maximum drift time Tdrift follows. The arrival time to SiPM is then given by310

311

time = t0 + Uniform(0, Tdrift). (3.2)

312

where t0 is the scintillation time and time is the arrival time in the SiPM. The energy313
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Figure 5. The ratio of neutrino events to total events. In the cooling phase, the neutrino energy
decreases with time. At later times, smaller upper limits of energy can be used. This can remove
more backgrounds and improve the signal to noise ratio in the cooling phase.

as measured by S2 response, i.e. the number of ionization electrons, follows a binomial314

distribution, Bi. The average number of ionized electrons < Ne > is extracted from the315

Nuclear recoil (NR) ionization yield for neutrino events and from the Electron recoil (ER)316

ionization yield for background events (see figure 6 ); the total number of quanta is Nq =317

ER/W , assuming W = 19.5 eV for the work function of liquid Argon [64]. The number of318

ionized electrons is given by319

Ne = Bi(Nq, < Ne > /Nq). (3.3)

An example of a pseudo-experiment data set is shown in figure 7, in terms of both variables,320

the arrival time and the number of ionization electrons. The analysis presented here has been321

performed on each pseudo-experiment and then iterated 5000 times.322
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Figure 6. Left: The ionization yield of nuclear recoils, measured by DarkSide-50. Right: The S2
response of electron recoils, measured by DarkSide-50.

4 Detection Significance323

In this section it is derived the sensitivity of DarkSide-20k and Argo experiments to detect324

neutrinos from galactic supernovae.325
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Figure 7. Data from a pseudo-experiment, simulating the expected signal from the 27 M� SN
supernova in DarkSide-20k. It includes supernova neutrino signals, 39Ar β-decay and single electron
backgrounds. The arrival time and number of drifted electrons (Ne−) are recorded for each event.
Data are simulated for an S2-only analysis and time profile analysis.

The significance for each pseudo-experiment is calculated from the ratio of the total326

number of events to the expected backgrounds, assuming that the uncertainty of the back-327

grounds is negligible, thanks to the long data taking before and after the supernova burst [65].328

By iteration on five thousands of pseudo-experiments, the medium significance is obtained,329

plotted in figure 8 in terms of the distance to the supernova. DarkSide-20k can make a 5σ330

detection out to 20 kpc, Argo can make a 5σ detection out to 40 kpc. The detection signif-331

icance also depends on the progenitor’s mass, with higher significance achievable for higher332

progenitor’s mass, as illustrated by the 11M� and 27M� supernovae in figure 8.333

Figure 8. Significance of supernova neutrino detection with DarkSide-20k and Argo, for a 11 M�
and 27 M� core-collapse supernovae. DarkSide-20k can make a 5σ detection out to 20 kpc, Argo can
make a 5σ detection out to 40 kpc.
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Since the neutronization burst is relatively independent of the progenitor mass, a spe-334

cific sensitivity study was performed. The neutronization burst occurs in the first 50 ms335

after the core rebound. In this short time window, the expected number of backgrounds in336

DarkSide-20k and Argo are only 0.1 and 1.3 events, respectively. For a 27 M� supernova at337

10 kpc, DarkSide-20k and Argo can detect approximately 10 and 100 neutrino events in the338

neutronization burst, respectively. The signal to noise ratio is very high and compensates for339

the very short time-lapse, allowing for a high-significance detection of neutronization burst,340

as shown in figure 9. DarkSide-20k can make a 5σ detection out to 10 kpc which extends341

to the center of the Milky Way Galaxy; Argo can make a 5σ detection out to 20 kpc which342

essentially covers the entire Milky Way Galaxy.343

Figure 9. Significance of detecting neutronization burst neutrinos in DarkSide-20k and Argo.
DarkSide-20k can make a 5σ detection out to 10 kpc; Argo can make a 5σ detection out to 20 kpc.
DarkSide-20k and Argo can make a high significance detection of the yet to be detected neutronization
burst, thanks to the working channel of neutral current CEνNS.

5 Neutrino Spectrum Measurement344

In DarkSide-20k or Argo, it is not possible to reconstruct the neutrino energy event-by-event,345

since there is no definite relation between the neutrino energy and the observed nuclear recoil346

energy. This is common to all noble-liquid dark-matter detectors, including LAr and LXe347

TPCs. However, the spectrum of supernova neutrinos can still be measured from the energies348

of NRs, based on the parameterization of the supernova neutrino spectrum, as illustrated349

with simulation data in this section.350

As described in section 2.4, the supernova neutrino spectrum is determined by three351

parameters: (1) the total energy emitted via neutrinos, ε; (2) the neutrino mean energy, 〈Eν〉352

and the (3) pinching parameter, α. As α is an effective parameter, it is kept fixed, leaving353

ε and 〈Eν〉 unconstrained. In this study, for the entire supernova the pinching parameter is354

assumed to be 2.0, while for the individual phases, it is assumed to be [7]:355

• α = 3.0 in the neutronization burst356

• α = 2.3 in the accretion phase357
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• α = 2.0 in the cooling phase358

In real observation, the NR spectrum, called the ‘experimental NR spectrum’ can be359

reconstructed from data, here coming from the pseudo-experiments. On the other hand, for360

a test-value of ε and 〈Eν〉 the supernova neutrino spectrum is given by Equation 2.1, and361

then the NR spectrum induced by this supernova neutrino spectrum can be calculated, called362

the ‘modeled NR spectrum’. Fitting the experimental NR spectrum with the modeled NR363

spectrum gives the measured values of ε and 〈Eν〉. Such a best-fit value (measured value)364

of ε and 〈Eν〉 is obtained based on maximization of the likelihood of the fit. Each pseudo-365

experiment yields a pair of best-fit values of ε and 〈Eν〉; by iterating on a large number of366

pseudo-experiments, a distribution of the measured values is obtained, as shown in figure 10.367

For a 27 M� supernova, the supernova simulation data shows that the total energy368

emitted and neutrino mean energy are ε0 = 2.07× 1059 MeV and 〈Eν〉0 = 12.73 MeV. Using369

the above method, the values measured by DarkSide-20k are ε = (1.05± 0.08)× 2.07× 1059370

MeV and 〈Eν〉 = (1.04 ± 0.05) × 12.73 MeV; the values measured by Argo are ε = (1.05 ±371

0.03) × 2.07 × 1059 MeV and 〈Eν〉 = (1.04 ± 0.02) × 12.73 MeV. The measured values are372

within 5% precision of the true values, which shows that DarkSide-20k and Argo can measure373

supernova neutrino spectrum to good precision.374

The 5% deviation from the true values are due to the inclusion of backgrounds in this375

study. As can be seen in figure 10, including backgrounds makes the true values fall outside of376

the 1-σ uncertainty area for the measurement; removing backgrounds makes the true values377

fall within the 1-σ uncertainty area. By measuring the background rate before and after the378

supernova neutrino detection window, the precision of the energy measurement in DarkSide-379

20k and Argo can be significantly improved.380

Since DarkSide-20k and Argo detect supernova neutrinos via the neutral current inter-381

action CEνNS, they can measure the total flux of all active neutrinos without any bias from382

neutrino oscillation. Doing so, not only the main variables of the global neutrino emission will383

be measured with high precision, but from the comparison to charged current measurements384

by other detectors, even neutrino oscillations in supernova environment will be studied.385

5.1 Neutronization Burst and Neutrino Mass Hierarchy386

DarkSide-20k and Argo can measure the total flux of all active neutrinos from the neutroniza-387

tion burst. A detector like DUNE can measure the flux of electron neutrinos via the charged388

current interaction, νe +40 Ar −→40 K∗ + e− [66]. The ratio of νe flux to the total neutrino389

flux returns the survival probability of νe, Pee, which can be a measurement of the neutrino390

mass hierarchy, as mentioned in section 2.1.1. In general, as long as (1) the total neutrino391

flux and (2) the electron-neutrino flux can be measured, a determination of the neutrino mass392

ordering is possible. This paper presents how DarkSide-20k and Argo can measure the total393

neutrino flux in the CEνNS channel, while the electron-neutrino flux measurement needs to394

be done by other detectors, like DUNE, JUNO, etc.395

Argo can detect about 100 neutrinos from the neutronization burst of a 27M� supernova396

at 10 kpc. Based on the supernova simulation data, the total energy emitted and neutrino397

mean energy in the neutronization burst measured by Argo are εNB = (0.99±0.13)×0.88×1058398

MeV and 〈Eν〉NB = (1.00±0.08)×11.05 MeV. The total flux of neutrinos is therefore derived,399

FNBν = εNB

〈Eν〉NB = (1.00± 0.21)× 0.80× 1057. The precision of the flux measurement is about400

20%, including both systematic and statistical uncertainties. Yet we still need the uncertainty401

– 13 –



Figure 10. Left: 2D distribution of the total energy, ε, and average neutrino energy, 〈Eν〉, measured
by DarkSide-20k with 5000 pseudo-experiments. Right: Similar measurements with 5000 pseudo-
experiments done for Argo. The uncertainty of Argo’s measurements is much smaller than that of
DarkSide-20k. A 5% error has been found in both measurements, likely due to the inclusion of
backgrounds in this study.

of the measurements of other detectors on the charged current channel to determine the402

significance of determining the neutrino mass ordering.403

5.2 Accretion Phase and Explosion Mechanism404

Even in the accretion phase, the measurement of εAP and 〈Eν〉AP will be fundamental, as it405

will allow for fine-tuning of the energy taken by neutrinos, compared to the small but necessary406

percentage required to revive the shock wave. For a 27 M� supernova at 10 kpc, DarkSide-407

20k and Argo can detect approximately 130 and 1300 neutrino events in the accretion phase,408

respectively, enough for a high statistic measurement of εAP and 〈Eν〉AP . The precision of409

DarkSide-20k and Argo measurements can be around 10% and 3%, respectively.410

Multi-dimensional phenomena like SASI might also be studied using Argo’s measurement411

in the accretion phase. More advanced supernova simulation data will be needed for such a412
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study, and will be carried out in a future publication.413

5.3 Cooling Phase414

The newly born neutron star cools down by emitting neutrinos in about 10 s. For a 27 M�415

supernova at 10 kpc, DarkSide-20k and Argo can detect about 140 and 1400 neutrino events416

in this phase. Only in Argo the statistics is enough for measuring the temporal evolution of417

neutrino luminosity and neutrino mean energy, as shown in figure 11, which might allow a418

measurement of the neutron star compactness (mass-to-radius ratio of a neutron star) [67].419
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Figure 11. Left: The time evolution of neutrino luminosity in the cooling phase. Right: The time
evolution of average neutrino energy in the cooling phase. The evolution of neutrino luminosity and
average neutrino energy in the cooling phase, measured by Argo.

6 Summary and Dicussion420

For a typical supernova occurring at a distance of 10 kpc, DarkSide-20k can detect 200 - 300421

neutrino events via CEνNS, Argo can detect 2000 – 3000 events, depending on the progenitor’s422

mass. DarkSide-20k can make a 5σ detection of supernova out to the distance of 20 kpc,423

while Argo can make a 5σ detection out up to 40 kpc, covering the Milky Way Galaxy. The424

spectrum of supernova neutrinos, particularly the total energy emitted in neutrinos, ε, and425

the neutrino mean energy, 〈Eν〉, can be measured to a precision of a few percent. The time426

profile of supernova neutrino emission can be measured together with the neutrino spectrum,427

enlightening the explosion dynamics of supernovae.428

The neutronization burst has not been detected yet. DarkSide-20k can make a 5-σ detec-429

tion of the neutronization burst out to the distance of 10 kpc. Argo can make a 5-σ detection430

of the neutronization burst out to the distance of 20 kpc. The neutrino mass hierarchy is one431

of the key open questions in neutrino physics. Argo can measure the total flux of supernova432

neutrinos from the neutronization burst to a precision of 20%; this observation would open433

the possibility of determining the neutrino mass hierarchy, combining this observation with a434

measurement coming from DUNE.435

Detecting neutrinos from the accretion phase will be crucial to understand what is436

happening during this phase. Both DarkSide-20k and Argo can measure the total energy,437

εAP , and mean energy, 〈Eν〉AP , of neutrinos in this phase. The neutral current measurement438

of the total neutrino luminosity would yield important parameters for characterizing this439

phase.440
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Finally, the cooling phase provides a unique opportunity for measuring neutron star441

properties. Argo can contribute to this study by measuring the temporal evolution of neutrino442

luminosity and the neutrino mean energy in this phase. The neutron star compactness is an443

important parameter that can be used to constrain the nuclear equation of state [68] [69]. In444

turn, the observational knowledge of the equation of state in neutron stars can be used to445

improve models in core collapse supernova simulations.446

Acknowledgments447

A special thanks to Prof. Alessandro Mirizzi, who provided the input fluxes for this study448

and invaluable sustain in our discussions on the supernova explosion mechanism.449

References450

[1] A. Burrows, J. Hayes and B. Fryxell, On the nature of core collapse supernova explosions,451

arXiv preprint astro-ph/9506061 (1995) .452

[2] S. Woosley and T. Janka, The physics of core-collapse supernovae, Nature Physics 1 (2005) 147.453

[3] K. Hirata, T. Kajita, M. Koshiba, M. Nakahata, Y. Oyama, N. Sato et al., Observation in the454

kamiokande-ii detector of the neutrino burst from supernova sn1987a, Physical Review D 38455

(1988) 448.456

[4] T. Haines, C. Bratton, D. Casper, A. Ciocio, R. Claus, M. Crouch et al., Neutrinos from457

sn1987a in the imb detector, Nuclear Instruments and Methods in Physics Research Section A:458

Accelerators, Spectrometers, Detectors and Associated Equipment 264 (1988) 28.459

[5] E. Alexeyev, L. Alexeyeva, I. Krivosheina and V. Volchenko, Detection of the neutrino signal460

from sn 1987a in the lmc using the inr baksan underground scintillation telescope, Physics461

Letters B 205 (1988) 209.462

[6] H.-T. Janka, K. Langanke, A. Marek, G. Martínez-Pinedo and B. Müller, Theory of463

core-collapse supernovae, Physics Reports 442 (2007) 38.464

[7] S. Horiuchi and J. P. Kneller, What can be learned from a future supernova neutrino465

detection?, Journal of Physics G: Nuclear and Particle Physics 45 (2018) 043002.466

[8] A. Mirizzi, I. Tamborra, H.-T. Janka, N. Saviano, K. Scholberg, R. Bollig et al., Supernova467

neutrinos: production, oscillations and detection, String Theory 39 (2016) 1.468

[9] C. Aalseth, F. Acerbi, P. Agnes, I. Albuquerque, T. Alexander, A. Alici et al., Darkside-20k: A469

20 tonne two-phase lar tpc for direct dark matter detection at lngs, The European Physical470

Journal Plus 133 (2018) 131.471

[10] M. Boulay and U. C. Visions, Argon dark matter searches: Darkside-20k and beyond, New472

Ideas DM (2017) .473

[11] Y. Wang, A global liquid argon dark matter search program, Bulletin of the American Physical474

Society 64 (2019) .475

[12] D. Z. Freedman, Coherent effects of a weak neutral current, Physical Review D 9 (1974) 1389.476

[13] D. Akimov, J. Albert, P. An, C. Awe, P. Barbeau, B. Becker et al., Observation of coherent477

elastic neutrino-nucleus scattering, Science 357 (2017) 1123.478

[14] H.-T. Janka, Explosion mechanisms of core-collapse supernovae, Annual Review of Nuclear and479

Particle Science 62 (2012) 407.480

[15] H.-T. Janka, Conditions for shock revival by neutrino heating in core-collapse supernovae,481

Astronomy & Astrophysics 368 (2001) 527.482

– 16 –



[16] S. W. Bruenn, A. Mezzacappa, W. R. Hix, E. J. Lentz, O. B. Messer, E. J. Lingerfelt et al.,483

Axisymmetric ab initio core-collapse supernova simulations of 12-25 m stars, The Astrophysical484

Journal Letters 767 (2013) L6.485

[17] S. Bruenn, A. Mezzacappa, W. Hix, J. Blondin, P. Marronetti, O. Messer et al., Mechanisms of486

core-collapse supernovae & simulation results from the chimera code, in AIP Conference487

Proceedings, vol. 1111, pp. 593–601, AIP, 2009.488

[18] S. W. Bruenn, A. Mezzacappa, W. R. Hix, E. J. Lentz, O. B. Messer, E. J. Lingerfelt et al.,489

Axisymmetric ab initio core-collapse supernova simulations of 12-25 m stars, The Astrophysical490

Journal Letters 767 (2013) L6.491

[19] S. Mikheyev and A. Y. Smirnov, Resonant amplification of ν oscillations in matter and492

solar-neutrino spectroscopy, Il Nuovo Cimento C 9 (1986) 17.493

[20] H. Duan, G. M. Fuller, J. Carlson and Y.-Z. Qian, Neutrino mass hierarchy and stepwise494

spectral swapping of supernova neutrino flavors, Physical review letters 99 (2007) 241802.495

[21] C. Lunardini and A. Y. Smirnov, Probing the neutrino mass hierarchy and the 13-mixing with496

supernovae, Journal of Cosmology and Astroparticle Physics 2003 (2003) 009.497

[22] C. Y. Cardall, Core-collapse supernova explosion simulations, Nuclear Physics - Section B -498

Proceeding Supplements 217 (2011) 275.499

[23] C. L. Fryer and M. S. Warren, Modeling core-collapse supernovae in three dimensions, The500

Astrophysical Journal Letters 574 (2002) L65.501

[24] I. Tamborra, F. Hanke, B. Müller, H.-T. Janka and G. Raffelt, Neutrino signature of supernova502

hydrodynamical instabilities in three dimensions, Physical Review Letters 111 (2013) 121104.503

[25] I. Tamborra, F. Hanke, H.-T. Janka, B. Müller, G. G. Raffelt and A. Marek, Self-sustained504

asymmetry of lepton-number emission: A new phenomenon during the supernova505

shock-accretion phase in three dimensions, The Astrophysical Journal 792 (2014) 96.506

[26] J. M. Blondin, A. Mezzacappa and C. DeMarino, Stability of standing accretion shocks, with an507

eye toward core-collapse supernovae, The Astrophysical Journal 584 (2003) 971.508

[27] W. Iwakami, K. Kotake, N. Ohnishi, S. Yamada and K. Sawada, Three-dimensional simulations509

of standing accretion shock instability in core-collapse supernovae, The Astrophysical Journal510

678 (2008) 1207.511

[28] C. L. Fryer, Mass limits for black hole formation, The Astrophysical Journal 522 (1999) 413.512

[29] E. O’Connor and C. D. Ott, Black hole formation in failing core-collapse supernovae, The513

Astrophysical Journal 730 (2011) 70.514

[30] J. F. Beacom, R. Boyd and A. Mezzacappa, Black hole formation in core-collapse supernovae515

and time-of-flight measurements of the neutrino masses, Physical Review D 63 (2001) 073011.516

[31] I. Sagert, T. Fischer, M. Hempel, G. Pagliara, J. Schaffner-Bielich, A. Mezzacappa et al.,517

Signals of the qcd phase transition in core-collapse supernovae, Physical Review Letters 102518

(2009) 081101.519

[32] M. S. Turner, Axions from sn1987a, Physical Review Letters 60 (1988) 1797.520

[33] A. B. Balantekin, J. Gava and C. Volpe, Possible cp-violation effects in core-collapse521

supernovae, Physics Letters B 662 (2008) 396.522

[34] M. T. Keil, G. G. Raffelt and H.-T. Janka, Monte carlo study of supernova neutrino spectra523

formation, The Astrophysical Journal 590 (2003) 971.524

[35] T. Alexander, D. Alton, K. Arisaka, H. Back, P. Beltrame, J. Benziger et al., Darkside search525

for dark matter, Journal of Instrumentation 8 (2013) C11021.526

– 17 –



[36] DarkSide collaboration, Low-Mass Dark Matter Search with the DarkSide-50 Experiment,527

Phys. Rev. Lett. 121 (2018) 081307 [1802.06994].528

[37] P. Agnes, L. Agostino, I. Albuquerque, T. Alexander, A. Alton, K. Arisaka et al., Results from529

the first use of low radioactivity argon in a dark matter search, Physical Review D 93 (2016)530

081101.531

[38] P. Agnes, I. Albuquerque, T. Alexander, A. Alton, D. Asner, H. Back et al., Simulation of532

argon response and light detection in the darkside-50 dual phase tpc, Journal of533

Instrumentation 12 (2017) P10015.534

[39] P. Agnes, I. F. d. M. Albuquerque, T. Alexander, A. Alton, G. Araujo, D. M. Asner et al.,535

Low-mass dark matter search with the darkside-50 experiment, Physical review letters 121536

(2018) 081307.537

[40] S. Fukuda, Y. Fukuda, T. Hayakawa, E. Ichihara, M. Ishitsuka, Y. Itow et al., The538

super-kamiokande detector, Nuclear Instruments and Methods in Physics Research Section A:539

Accelerators, Spectrometers, Detectors and Associated Equipment 501 (2003) 418.540

[41] K. Nakamura, Hyper-kamiokande—a next generation water cherenkov detector, International541

Journal of Modern Physics A 18 (2003) 4053.542

[42] R. Abbasi, Y. Abdou, T. Abu-Zayyad, M. Ackermann, J. Adams, J. Aguilar et al., The design543

and performance of icecube deepcore, Astroparticle physics 35 (2012) 615.544

[43] M. Ikeda, A. Takeda, Y. Fukuda, M. Vagins, K. Abe, T. Iida et al., Search for supernova545

neutrino bursts at super-kamiokande, The Astrophysical Journal 669 (2007) 519.546

[44] R. Abbasi, Y. Abdou, T. Abu-Zayyad, M. Ackermann, J. Adams, J. Aguilar et al., Icecube547

sensitivity for low-energy neutrinos from nearby supernovae, Astronomy and Astrophysics 535548

(2011) A109.549

[45] F. An, G. An, Q. An, V. Antonelli, E. Baussan, J. Beacom et al., Neutrino physics with juno,550

Journal of Physics G: Nuclear and Particle Physics 43 (2016) 030401.551

[46] F. An, G. An, Q. An, V. Antonelli, E. Baussan, J. Beacom et al., Neutrino physics with juno,552

Journal of Physics G: Nuclear and Particle Physics 43 (2016) 030401.553

[47] B. Abi, R. Acciarri, M. Acero, M. Adamowski, C. Adams, D. Adams et al., The dune far554

detector interim design report volume 1: Physics, technology and strategies, arXiv preprint555

arXiv:1807.10334 (2018) .556

[48] A. Ankowski, J. Beacom, O. Benhar, S. Chen, J. Cherry, Y. Cui et al., Supernova physics at557

dune, in Supernova Physics at DUNE, Blacksburg, Virginia, USA, March 11-12, 2016,558

1608.07853.559

[49] K. Scholberg, Supernova neutrino detection, Annual Review of Nuclear and Particle Science 62560

(2012) 81.561

[50] G. Bellini, J. Benziger, D. Bick, G. Bonfini, D. Bravo, M. B. Avanzini et al., Cosmic-muon flux562

and annual modulation in borexino at 3800 m water-equivalent depth, Journal of Cosmology563

and Astroparticle Physics 2012 (2012) 015.564

[51] C. Stanford, Alphas and surface backgrounds in liquid argon dark matter detectors, Ph.D.565

thesis, Princeton University, 2017.566

[52] S. S. Westerdale, A study of nuclear recoil backgrounds in dark matter detectors, Ph.D. thesis,567

Princeton University, 2016.568

[53] P. Agnes, L. Agostino, I. Albuquerque, T. Alexander, A. Alton, K. Arisaka et al., The veto569

system of the darkside-50 experiment, Journal of Instrumentation 11 (2016) P03016.570

[54] DarkSide collaboration, Cryogenic Characterization of FBK RGB-HD SiPMs, JINST 12571

(2017) P09030 [1705.07028].572

– 18 –

https://doi.org/10.1103/PhysRevLett.121.081307
https://arxiv.org/abs/1802.06994
https://arxiv.org/abs/1608.07853
https://doi.org/10.1088/1748-0221/12/09/P09030
https://doi.org/10.1088/1748-0221/12/09/P09030
https://doi.org/10.1088/1748-0221/12/09/P09030
https://arxiv.org/abs/1705.07028


[55] T. Alexander, D. C. Collaboration et al., Producing 30 tons of underground argon for the next573

generation dark matter detector, in APS April Meeting Abstracts, 2017.574

[56] S. Pandolfi, A 350-metre-tall tower to purify argon, .575

[57] K. Scholberg, Prospects for measuring coherent neutrino-nucleus elastic scattering at a576

stopped-pion neutrino source, Physical Review D 73 (2006) 033005.577

[58] J. Barranco, O. G. Miranda and T. I. Rashba, Probing new physics with coherent neutrino578

scattering off nuclei, Journal of High Energy Physics 2005 (2005) 021.579

[59] R. P. Feynman and M. Gell-Mann, Theory of the fermi interaction, Physical Review 109580

(1958) 193.581

[60] T. van Ritbergen and R. G. Stuart, On the precise determination of the fermi coupling582

constant from the muon lifetime, Nuclear Physics B 564 (2000) 343.583

[61] L. E. Strigari, Neutrino coherent scattering rates at direct dark matter detectors, New Journal584

of Physics 11 (2009) 105011.585

[62] J. Engel, Nuclear form factors for the scattering of weakly interacting massive particles, Physics586

Letters B 264 (1991) 114.587

[63] J. Engel, S. Pittel and P. Vogel, Nuclear physics of dark matter detection, International Journal588

of Modern Physics E 1 (1992) 1.589

[64] H. Cao, T. Alexander, A. Aprahamian, R. Avetisyan, H. Back, A. Cocco et al., Measurement of590

scintillation and ionization yield and scintillation pulse shape from nuclear recoils in liquid591

argon, Physical Review D 91 (2015) 092007.592

[65] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based tests593

of new physics, The European Physical Journal C 71 (2011) 1554.594

[66] A. Ankowski, J. Beacom, O. Benhar, S. Chen, J. Cherry, Y. Cui et al., Supernova physics at595

dune, in Supernova Physics at DUNE, Blacksburg, Virginia, USA, March 11-12, 2016,596

1608.07853.597

[67] W.-C. Chen and J. Piekarewicz, Compactness of neutron stars, Physical review letters 115598

(2015) 161101.599

[68] H. Shen, H. Toki, K. Oyamatsu and K. Sumiyoshi, Relativistic equation of state of nuclear600

matter for supernova and neutron star, Nuclear Physics A 637 (1998) 435.601

[69] J. M. Lattimer, The nuclear equation of state and neutron star masses, Annual Review of602

Nuclear and Particle Science 62 (2012) 485.603

– 19 –

https://arxiv.org/abs/1608.07853

	Introduction
	Core Collapse Supernovae
	Neutronization Burst
	Neutrino Mass Hierarchy

	Accretion Phase – Explosion
	Cooling Phase
	Spectrum of Supernova Neutrinos

	Signals, Backgrounds, and Analysis
	The DarkSide LAr TPCs and Neutrino Signals
	Backgrounds
	Toy Monte Carlo simulation

	Detection Significance
	Neutrino Spectrum Measurement
	Neutronization Burst and Neutrino Mass Hierarchy
	Accretion Phase and Explosion Mechanism
	Cooling Phase

	Summary and Dicussion

