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As 99% of the energy liberated in a 
supernova is thought to be radiated 
away in the form of neutrinos, their 
detection provided much information 
about what actually happens when 
a star collapses. Neutrinos produced 
by radioactive beta decays within 
Earth have also been detected: these 

geoneutrinos could become a priceless 
tool for geophysics (Bellini et al., 2011), 
as they provide information about the 
size and location of radioactive sources 
within Earth’s interior, where access is 
completely impossible.

Neutrinos from the Sun puzzled 
scientists for several decades. The 

number of neutrinos detected overall 
was much lower than scientists 
expected the Sun to produce, based 
on detailed calculations of nuclear 
fusion processes. The problem was 
solved in 2001 when it was found that 
neutrinos, which exist in three types 
called ‘flavours’, can flip from one type 

This map shows the location of some of the most relevant 

deep underground facilities around the world. There 

are also similar underground facilities in Finland, Japan, 

Russia, Ukraine and the USA, and there are plans to build 

new ones in Australia, India and South America.

· Laboratori Nazionali del Gran Sasso (LNGS), the 

world’s largest underground laboratory, is located in a 

highway tunnel 120 km from Rome, Italy.

· Three other mid-size underground laboratories have 
been active in Europe since the 1980s: Boulby Labo-
ratory on the north-east coast of England, UK; Modane 
Laboratory in the French Alps; and Canfranc Laboratory 
under the Spanish Pyrenees.

· Sandford Underground Research Facility was built in a 

former gold mine in South Dakota, USA. This pioneer 
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solar neutrinos were carried out in the 1960s (Rosen, 

2006).

· SNOlab (Sudbury Neutrino Observatory), near Sudbury 

in Ontario, Canada, is located in a working nickel 

mine. The laboratory is one of the deepest in the world, 

at 2100 m below ground. 

· JinPing Laboratory in located within the tunnels of a 

hydroelectric power company in Sichuan province, 

China. At 2400 m beneath JinPing mountain, it is the 

world record holder for depth beneath the Earth’s 

 surface.

· Kamioka Laboratory in Kamioka-cho, Gifu, Japan, has 

the world’s largest underground neutrino detector. 

Groundbreaking neutrino experiments have been car-

ried out at this lab over the past two decades.
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13 operating infrastructures
Plenty of experiments on DM, DBD, and neutrino physics 



SN1987A: 1st SN n observation
• 23rd Feb 1987
• ~ 50 kpc
• Only 29 events

– 16 
Kamiokande
(Cherenkov)

– 8 IMB 
(Cherenkov)

– 5 Baksan (LS)



Estimation of the binding energy and neutrino energy from SN1987A

• Consider:
• 12 neutrino observed in Kamiokande in 103 tons of water
• <En> ~ 10 MeV
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The Supernova model 
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SN Signal duration ~ O(10) s

@ 10 kpc



SN neutrinos and neutrino oscillations

• Assume  2fx = fnµ + fnt
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• Pee depends on mass ordering and particle anti-particle nature



Probability of a galactic SN vs distance to the Sun

Mirizzi, Raffelt and Serpico, JCAP 0605,012(2006)



Underground 
Laboratories 
and SN 
neutrinos

ULs offer a unique opportunity to 
detect SN neutrinos by different 
and complementary techniques 

• Core-collapse SN emits different cosmic messengers: 
neutrinos, gravitational wave, electromagnetic emission 
and cosmic rays in a late stage

• Neutrinos are a unique probe to trigger multi-messengers 
observation/correlation

• Present sensitivity goes beyond Milky Way edge
• Rare event:   ~ 1.6 /century

• Detectors
• Liquid scintillators (LS) such as LVD, Borexino, 

KamLAND, Juno, SNO+, others in CJPG and Yemilab
• Water Cherenkov such as SNO, SuperKamiokande, 

Hyper-Kamiokande
• LXe and LAr detectors such as LZ, XENONnT,XMASS, 

DarkSide-20k, DUNE
• IceCube and Km3NET



Liquid 
Scintillators

• SN at 10 kpc with Eb=3x1053 erg

• Main detection channel IBD
• ~ 200 events/kton

• ES ~ 20 events/kton above 200 keV
• CC on 12C ~ 15 events/kton
• Neutrino-proton ES ~ 100 

events/kton above 200 keV

Cross sections in LS detectors



Neutrino-
proton ES
• A unique opportunity for NC 

interactions

• Need sensitivity to low visible
energy (<1 MeV) due to quenching 
effect

• ~80% of the signal above 200 
keV thereshold is due to nx’s

• crucial to disentangle the 
average energy of nx neutrinos 
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Water Cherenkov detectors

• Main detection channel is IBD

• ES sub-dominant but with pointing capability

• CC on 16O for ne

• 10 kpc SN in Super-Kamiokande gives about 50 pointing accuracy, this 
improves to about 30 with Gd (better IBD selection, so isolate ES 
events). With Hyper-Kamiokande expected 10 accuracy



Super-Kamiokande
• Water Cherenkov with 22.5 kt fiducial mass
• Energy threshold 7 MeV
• Golden signal with a cluster of ≥60 candidates in 20s
• Main signal from IBD with ~104 events for 10 kpc SN
• Other channels:

• ES (directionality)
• ne capture on 16O

• Gd loading enhances IBD detection opening new opportunities
• Pointing
• Pre-supernova alert



• Recently the horizon became larger 

• Observation of neutrino-nucleus coherent scattering
• COHERENT Collaboration, Science, Aug. 3, 2017



Coherent neutrino-nucleus elastic scattering
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CohNS vs IBD and CC n interactions

Trade off between
1. large A for larger s
2. low A for larger recoil energy

Energy range of interest



Basic requirement to detect cohNS

σ ≈ 2.539×10−18 N 2
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 cm2 / kg
Target Mean recoil energy

[keV]
Number of 

events
[ton-1]

Si 5.7 4.0

Ne 8.0 2.9

Na 7.0 3.6

Ge 2.2 13.0

Ar 4.0 6.9

Xe 1.2 26.0

Te 1.3 25.6

Cs 1.2 26.1

I 1.2 24.6

For the sake of the discussion: 
En = 15 MeV and fn = 1012 cm-2



Dark Matter Detectors to the rescue

üDesigned
§ to detected low energy nuclear recoils (< 100 keV)
§ to have high discrimination power between Electron Recoils 

(ER) and Nuclear Recoils (NR) 
§ to have intrinsic low background due to the radio-purity of 

selected detector components
§ To have good fiducial mass determination

üLook ideal for cohNS measurement and SN neutrino observation



SN signal in Ar and Xe
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Massive LAr and LXe detectors
• Joining the underground network of detectors to probe for core-collapse 

SN neutrinos
• Considering efforts made to search for DM and neutrinos these detectors 

become crucials for some ULs 
• Main detectors using LXe and LAr for DM direct detection

• LZ at SURF: ~ 360 events/7 t LXe for 10 kpc SN from n-nucleus coherent ES
• XENONnT at LNGS: ~ 100 events with 700 t Water Cherenkov veto IBD; ~300 events 

from n-nucleus coherent ES
• To massive LAr detectors belongs DUNE

• 4 x 10 kt detectors
• Special CC channel: ne + 40Ar ➝ e- + 40K* (E>1.5 MeV), order of 2x103 events
• Other channels: ES, NC, bar- ne + 40Ar ➝ e+ + 40Cl*
• Absence of photons from de-excitation to distinguish ES (about 300 events)
• DUNE TPC can also exploit directionality on ES at about 50



More opportunities

• HALO at SNOlab with Pb target mass and 3H counters
• SN neutrinos will produce CC and NC on Pb
• Neutrons in final stage detected by counters

• CC on 13C in organic LS
• 1% abundance 
• Large cross section
• Specific for ne

• CC on 56Fe in LVD tanks
• Large cross section
• Specific for ne
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• IBD «golden» channel with Super-Kamiokande leading the field
• electron anti-neutrino observation

• Future massive LAr detectors to probe electron neutrinos in CC 
interactions

• A second «golden» channel is coherent neutrino-proton scattering



Neutrino-proton ES and the Supernova

Aldo Ianni 23
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Exploit cohNS with a SN: main feature
The measured number of events has a typical NC degeneracy problem

Due to the fact that the cohNC spectrum is mainly from nx above threshold,
by measuring the spectrum we break the degeneracy between <Ex> and 
Ebinding_x.

This was pointed out by J. Beacom et al. for the n-p elastic scattering in organic
liquid scintillators in 2002
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Breaking <Ex> and Eb_x degeneracy
Reference SN: Ex=16 MeV; Eb-x=0.5x1052erg (total energy is 1053 erg)
LAr with ROI = [20,80] keVr
Select different Ex and Ebx to give the same number of events above threshold
Ex changing from 12 to 20 MeV
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Probe SN parameters

Standard NR selection in LXe above 3 keVr with 10 tons of LXe
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Pre-supernova neutrinos
• Emitted before collapse begins: O(180 days) and Si(2 days) burning
• Neutrino produced by fusion reactions, electron-positron annihilation
• Only ~1% of core-collapse event

• at the same detection sensitivity, SN distance reduced x10
• closer stars such as Betelgeuse and Antares can be observed

• << 10 MeV energy, peaked at a few MeV
• O burning: ~ 1 MeV
• Si burning: ~ 2 MeV
• detection more challenging, more background from natural radioactivity

• KamLAND and Super-Kamiokande have implemented  an alert for this signal
• Super-Kamiokande with 0.01% Gd has a significant enhanced sensitivity

• 9 hours before collapse for Betelgeuse
• NO with x2 events wrt IO

• Large detectors with LAr/LXe could also attempt this observation 
• Very important to prepare multi-messenger observation



A netwrok to 
provide a robust 
early alert for a SN 
event  

• In each experiment an alert 
corresponds to a cluster of M 
events within 10s with specific 
characteristics

• E.g.: LVD with backg. = 0.03/s in 
ROI for M≥10, facc = 1/100 years

• Intrinsic background rate 
limits the sensitivity

• A network reduces 
significantly the false alert 
rate



Supernova Early Warning System (SNEWS)
• Considering the multi-messenger nature of a core-collapse event
• Considering the low rate of about 1.6/century

• A network was established SNEWS1.0  (New J. Phys. 6 114, 2004) to provide
a prompt, pointing, and positive (3P) alert for a core-collapse event (see Kate 
Scholberg, AN 329, No. 3, 337-339, 2008)

• First meeting on this topic in 1998
• In 2013: LVD, Super-Kamiokande, Borexino, KamLAND, and IceCube
• In 2015: added HALO and Daya Bay
• The network is being improved (SNEWS2.0) including new detectors from ULs

and enhancing the efficiency, gravitational waves detectors
(New J.Phys. 23 (2021) 3, 031201)



Hyper-Kamiokande

• Water Cherenkov with 217 kt fiducial mass

• For a 10 kpc SN about 106 IBD events and 
103 ES events

• High directionality capability through ES 
channel

• Tunnel excavation (2 km) started in 2021

• Tunnel reached the center of HK cavern in 
June 2022

• HK cavern excavation 2022-2024

• Start operation 2027

The center of HK dome, July 2022 



Long-baseline neutrino facility @ SURF
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2 Detector Caverns:
145m L x 20m W x 28m H

1 Utility Cavern:
190m L x 20m W x 11m H

“Module of Opportunity”
(73m L x 20m W x 28m H)
Temporary use of 50% of one of the LBNF caverns

• Aug 2023: north cavern excavation complete
• Mar 2023: central utility cavern excavation complete
• Oct 2023: south cavern excavation complete
• Mar 2024: all concrete complete
• May 2024: infrastructure outfitting (18 months), 

cryostat  construction (24 months)



Conclusions
• A core-collapse SN event offers a unique opportunity for a multi-messenger event

• Wrt to 1987 we expect order of x103 events with different detection channels

• A network of sensitive detectors is being established to provide an early and 
robust alert for a core-collapse SN event: SNEWS2.0 

• New detectors for DM and neutrino physics being included in the network

• Pointing capability improving significantly

• Crucial pre-supernova signal: challenging but feasible

• Detectors in ULs playing a crucial role to not miss such a unique event
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XMASS as SN detector
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Figure 2: Energy spectrum as a function of true xenon nuclear recoil energy.
The upper most and middle curves are the energy spectra with and without
taking into account the detection efficiency, respectively. The lower most curve
shows the contribution from νx only. The upper line is calculated above 1 keV.
The supernova model used here is the one from Nakazato et al. with Mp =
20 M⊙, Z = 0.02 and trev = 200 ms. This specific model predicts neither
most nor least neutrino flux, hence is chosen to create the plot in order to avoid
any visual bias. The distance of the supernova from the Earth is assumed to be
10 kpc.

where NA is the Avogadro’s number, A is the averaged atomic
mass of natural xenon and d is the distance between the super-
nova and the detector, Emin = (Enr +

√

E2nr + 2MEnr)/2 is the
minimum energy a neutrino must have in order to give to the
nucleus a recoil energy Enr, and fi(Eν) is the neutrino energy
spectra shown in Figure 1.
The upper most curve in Figure 2 shows the true recoil en-

ergy spectrum calculated with Equation 7 above 1 keV. Nuclear
recoils below 1 keV create less than 1 photoelectron assuming
standard liquid xenon scintillation efficiency [50] and the light
yield recorded in XMASS [20], hence are ignored.
The full XMASS Monte Carlo simulation is used to estimate

the detection efficiency ε(Enr). The upper most curve in Fig-
ure 2 is used to sample the recoil energies of xenon nuclei as
input for this Geant4-based simulation. The quenching of nu-
clear recoil energy in the scintillation process, the optical prop-
erties of liquid xenon, copper and PMTs, the quantum efficiency
of PMTs and the electronic smearing of the number of photo-
electrons are all implemented [20] in addition to the tracking
process provided by Geant4. A PMT with the number of pho-
toelectrons above 0.25 is recorded as a hit. The total number
of hits, Nhits, is recorded for each simulated event. The detec-
tion efficiency ε(Enr) is defined as the fraction of events with
Nhits > 3 at a certain recoil energy Enr. The realistic recoil en-
ergy spectrum is then

dR
dEnr

(Enr) = ε(Enr) ×
dR0
dEnr

(Enr) (8)

as shown in the middle curve in Figure 2.
The lower most curve in Figure 2 shows the contribution to

the observable energy spectrum from νx only. Clearly, XMASS
detects mostly νx. The upper most curve in Figure 3 is exactly
the same as the middle curve in Figure 2. The lower curves in
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Figure 3: Sensitivity to various supernova neutrino energy regions. The upper
most curve is exactly the same as the middle curve in figure 2.

Figure 3 show contributions from neutrinos in various energy
regions. Due to the threshold effect, XMASS is mostly sen-
sitive to neutrinos above ∼ 15 MeV from the tail parts of the
supernova neutrino spectra shown in Figure 1.
The total number of observable events, Nobs, can be obtained

by integrating the realistic energy spectrum:

Nobs =
∫

dR
dEnr

(Enr)dEnr (9)

Practically, it is enough to integrate over Enr = 1-50 keV as seen
in the middle curve of Figure 2. The values of Nobs from differ-
ent supernova models are listed in Table 2. Two distances are
chosen for comparison, d = 10 kpc is roughly the distance from
the center of the Milky Way to the Earth, d = 196 pc is the dis-
tance from Betelgeuse to the Earth. The number of observable
events predicted by most of the Nakazato models are signifi-
cantly less than that predicted by the Livermore model. How-
ever, one Nakazato model, which forms a black-hole, predicts
similar number of observable events as the Livermore model.
This points out the possibility to detect failed supernovae with
no optical signal. In case of a supernova as close as Betelgeuse,
all the models predict a definitely possible observation.

Table 2: Number of observable supernova events in XMASS. The weakest
Nakazato model is the one with Mp = 20 M⊙, Z = 0.02 and trev = 100 ms.
The brightest Nakazato model is the one with Mp = 30 M⊙, Z = 0.02
and trev = 300 ms. The black-hole-forming model is the one with Mp =
30 M⊙, Z = 0.004. Neutrino energy spectra used in the calculation are all
integrated from core collapse till about 18 seconds later.

Supernova model d = 10 kpc d = 196 pc
Livermore 15.2 3.9 × 104
Nakazato (weakest) 3.5 0.9 × 104
Nakazato (brightest) 8.7 2.3 × 104
Nakazato (black hole) 21.1 5.5 × 104

The energy of an event in XMASS is estimated by convert-
ing the recorded number of photoelectrons to keV using a mea-
sured relationship between these two. Such a relationship is

4
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Figure 4: The solid histogram in the middle is the same recoil energy spec-
trum as the middle curve of Figure 2, but in the unit of electron equivalent
instead of the true nuclear recoil energy. The dashed histogram on the top is
the electron equivalent recoil energy spectrum of the Livermore model. Both
of them are draw on top of the expected background estimated from XMASS
measurements, shown as the filled histogram on the bottom.

obtained in energy calibrations at various locations in the de-
tector using γ or X-ray sources with different energies as de-
tailed in Ref. [20]. There is less than 10% difference in the
energy converted this way from events with the same number
of photoelectrons but at different locations [51]. Due to the fact
that the scintillation efficiencies of nuclear and electronic re-
coil events are different [50], the energy calibrated this way is
called explicitly electron equivalent energy to avoid ambiguity.
The energy resolution is 36% at 1 keV (electron equivalent),
dominated by Poisson statistics [51].
The solid histogram in the middle of Figure 4 shows the same

recoil energy distribution as the middle curve of Figure 2, but
in the unit of electron equivalent recoil energy instead of the
true nuclear recoil energy. It is converted from the distribution
of number of photoelectrons obtained from the full XMASS
simulation. The spectrum is plotted on top of the expected
background spectrum estimated from XMASS measurements,
shown as the filled histogram on the bottom of Figure 4. The er-
ror bars represent Poisson 68% CL intervals. The error bars in
the background spectrum are invisibly small. For comparison,
the electron equivalent recoil energy spectrum of the Livermore
model is generated the same way and shown as the dashed his-
togram on the top of Figure 4.

6. Event rate

As shown in Table 2, the average event rate in XMASS can
be as high as a few thousand events per second for a super-
nova as close as Betelgeuse. Given such a high rate, it is pos-
sible to study in detail the supernova explosion mechanism by
examining the time evolution of the event rate, since the flux
and energy of the neutrinos predicted by different models vary
in different phases of the explosion. Figure 5 shows the rate
of CEvNS events in XMASS in about 18 second for a super-
nova 196 pc away from the Earth predicted by the Livermore

time [second]
0 2 4 6 8 10

(n
um

be
r 

of
 e

ve
nt

s)
/se

co
nd

/(8
32

 k
g)

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

Livermore Model

All events above 1 keV

Observable events

time [second]
0 2 4 6 8 10

(n
um

be
r 

of
 e

ve
nt

s)
/se

co
nd

/(8
32

 k
g)

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

Nakazato Model

All events above 1 keV

Observable events

Figure 5: Rate of CEvNS events in XMASS for a supernova 196 pc away from
the Earth predicted by the Livermore model (upper plot) and the Nakazato
model with Mp = 20 M⊙, Z = 0.02 and trev = 200 ms (lower plot). This
specific Nakazato model predicts neither most nor lest neutrino flux, hence is
chosen to create the plot in order to avoid any visual bias. The upper lines cor-
respond to all the CEvNS events above 1 keV nuclear recoil energy predicted
by models; the lower lines corresponds to all events that can be detected in
XMASS. About half of the events are detectable.

model and Nakazato model with Mp = 20 M⊙, Z = 0.02 and
trev = 200 ms, assuming without any DAQ loss. Different su-
pernova models can be clearly distinguished.
Event rates of other neutrino interactions such as neutrino-

electron neutral current scatterings and neutrino-nucleus quasi-
elastic scatterings are not negligible in this case. Possible opti-
mization of XMASS electronic system is under investigation to
cope with such a high event rate.

7. Conclusion

The possibility to detect galactic supernova neutrinos coher-
ently scattered with xenon nuclei in XMASS was examined in
detail. The predicted number of observed events depend on two
factors, one is the detection efficiency of the detector at low nu-
clear recoil energy, the other is the neutrino flux predicted by
the supernova model used for the calculation. The former is es-
timated using full XMASS simulation. The latter is estimated
by examining all models available in Nakazato’s database [36].

5

Only cohNS events with 832 LXe active mass for a 10kpc SN
Number of SN events very much depend on the SN model.
Due to threshold effect XMASS is mainly sensitive to neutrinos above ~ 15 MeV

XMASS coll., Astrop. Phys. 89, 2017 



Gold alert

• 2-fold or greater coincidence in 10s depending on number of 
experiments in the network

• Two experiments at different laboratoriesù
• Rate of false alarms (acc. coinc.) in involved experiments < 1/century
• Gold alert delivered to astronomical comunity



Underground Facilities
UG Facilities can provide:

ÊUnique environments for 
multi-disciplinary research

ÊLocal radiation shielding
ÊAssay capabilities
ÊMaterial production/purification
ÊEnvironmental control
ÊImplementation and  operations 
support
ÊAbove-ground and underground 

support facilities (CR, Rn-free CR, ICP-MS,     
HPGe, ….) 

ÊAdvance training
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