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FUTURE SN NEUTRINO 
OBSERVATIONS



What have we learnt? What can we learn?

No unexpected energy-loss channel:

Restrictive limits on axions, large extra

dimensions, right-handed neutrinos

(couplings, mixings, dipole moments),

Majorons, light SUSY particles, é

Should be generally confirmed

(low-statistics signal enough),

but uncertainty dominated by theory

(processes in a dense nuclear medium)

Nothing useful about absolute mn Short time variation of signal

ÅNothing useful about oscillations

ÅHints that flavor dependence of

spectra indeed is not large

Neutrino mass hierarchy (with luck)

General confirmation of core-collapse

paradigm 

(total energy, spectra, time scale)

ÅDetailed test by high-statistics signal

ÅDetection of unexpected features

SN 1987A Future supernova



NEUTRINO DETECTION METHODS

Milky -Way SN

Excellent statistics (10 4 events for 10 kpc)
High-sensitivity to explosion scenario

1 SN ~ 40 years

SNe in nearby galaxies

Few to 10 neutrinos per SN, but requires a Mton -
class detector 

1 SN ~ year

Diffuse Supernova Neutrino Background (DSNB)

Neutrinos from all past core -collapse SNe; emission 
is averaged, no timing or direction

(faint) signal is always there 



What could we see òtomorrowó?

SN 20XXA !



PROBABILITY OF MILKY -WAY SN
[Kistler, Yuksel, Ando, Beacom & Suzuki, 0810.1959]



GALACTIC SUPERNOVA DISTANCE DISTRIBUTION

Average distance 10.7 kpc, rms dispersion 4.9 kpc
(11.9 kpc and 6.0 kpc for SN Ia distribution)

[A.M., Raffelt, Serpico, astro -ph/ 0604300]



Large Detectors for Supernova Neutrinos

In brackets events  for a òfiducial SNó  at distance 10 kpc

HALO (tens) LVD (400)
Borexino (80)

Super - Kamiokande
(10 4)

KamLAND (330)

IceCube (10 6)
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SUPERNOVA EARLY WARNING SYSTEM (SNEWS )
[P.Antonioli et al., astro -ph/0406214 ]

Neutrino observations can alert
astronomers several hours in advance
to a SN. To avoid false alarms,
require alarm from at least two
experiments

Daya-Bay

Super-K

Kamland

Icecube

LVD

Borexino

Server 

@ Brookhaven

ALERT

Neutrinos several hours before light

HALO



SUPER-KAMIOKANDE DETECTOR

SK is a cylindrical tank containing 50000 ton of light water surrounded
by photomultipliers, located underground in the Kamioka mine in Japan.



Accretion phase

Cooling phase

Simulation for Super-KamiokandeSN signal at 10 kpc,
based on a numerical Livermore model
[Totani, Sato, Dalhed& Wilson, ApJ496 (1998) 216]

Simulated Supernova Signal at Super-Kamiokande
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A REAPPRISAL OF AXION EMISSION WITH STATE OF 
ART SIMULATIONS

[Fischer, Chakraborty, Giannotti A.M. , Payez & Ringwald, 1605.08780 ] 
18  Msunprogenitor mass 

(spherically symmetric with Boltzmnann ntransport)

KSVZ hadronic axion model (g an =0)



IMPACT ON NEUTRINO SIGNAL

@ Super-Kamiokande

(~ GC)

(Betelgeuse)



ICECUBE NEUTRINO TELESCOPE AT SOUTH POLE



SN NU SIGNAL IN ICECUBE

High statistics reconstruction of the nu light curve. Possible to distinguish
the different post -bounce phases.

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro -ph.HE]]



MILLISECOND BOUNCE TIME RECONSTRUCTION

Onset of neutrino
emission

ICECUBE

[Halzen & Raffelt, arXiv:0908.2317]

External trigger for GW search

Possible also in Super-K 
[see Pagliaroli, Vissani, Coccia & Fulgione arXiv:0903.1191]



SHORT TIME VARIATIONS IN SN n SIGNAL

Convective motions lead to
large-amplitude oscillations of
the stalled shock with a
period of ~ 10 ms

Necessary high statistics and high time resolution
Icecube is ok!



NEXT -GENERATION DETECTORS

Mton scale water Cherenkov detectors

HYPER-
KAMIOKANDE

DUNE

40 kton Liquid Argon TPC

20 kton scintillator

JUNO 

(3000 events)

(6000 events)

(105 events)

Dark matter detectors

DARWIN
40 tons

(700 events)



0.4 Mton WATER CHERENKOV DETECTOR

Interactions # of events @ 10 kpc

ne+ p Ÿ n + e+ 2¦105

ne + O ŸX + e¤ 104

n + e-Ÿ n+ e- 103

(    )

Golden channel:

Inverse beta   
decay (IBD) of ne

HYPER- KAMIOKANDE



JUNO: 20 kton LIQUID SCINTILLATOR

Interactions # of events at 10 kpc

ne+ p Ÿ n + e+ 4.5¦103

ne + 12CŸ e++12B 250

ne + 12CŸ e-+12N 40

n+ 12CŸ n +12C* 1.5¦103

n+ e-Ÿn+ e-
300 

Golden channel:

Inverse beta  
decay (IBD) of 
ne

Better energy 
resolution than a 
water Cherenkov

JUNO



DUNE: 40 kton LIQUID ARGON TPC

Interactions # of events @ 10 kpc

ne + 40ArŸe- + 40K* 1¦104

ne + 40ArŸe+ + 40Cl* 400

n +40ArŸn+ 40Ar* 1.2¦104

n+ e-Ÿn+ e- 0.4¦103

Golden channel:

ne Ar CC

Complementary to previous 
techniques

DUNE



SN NU SIGNAL IN FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro -ph.HE]]



SN NU SIGNAL IN FUTURE DETECTORS

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro -ph.HE]]



SN NU SIGNAL IN DM DETECTORS
[Lang,McCabe, Reichard, Selvi & Tamborra, arXiv:1606.09243 [astro -ph.HE]]



ÅRobust feature of SN simulations

ÅPossibility to probe oscillation physics during early stages of a SN

ÅSN distance measurement (with a precision of ~5 %): N~ 1/d 2. Useful in
case of dust oscuration .

I.H.

N.H.

sin2q13 =    N=110

N=182

NEUTRONIZATION BURST

70 kton

ne,x e- ne,x e-

WC

[M.Kachelriess & R. Tomas, hep-ph/0412082] [I.Gil-Botella & A.Rubbia, hep-ph/0307244]

Lar TPC

1 Mton 



[Chakraborty, Mirizzi & 
Sigl, 1211.7069]



[A. Odrzywolek, M. Misiaszek, and M. Kutschera, astro-ph/0311012]

The detection of e+ is very difficult

(because of the threshold ETH = 7 MeV),

however é.

Silicon burning: SN self-alert

Betelgeuse

d= 0.2kpc

For Betelgeuse (d=0.2kpc) will be ~104

e+ in NH (~2.5³103 in IH, PH=0)

é. Adding gadolinium [J.F.Beacom, and M.R.Vagins, ñGADZOOKS! Antineutrino Spectroscopy with

Large Water Cerenkov Detectorsò,hep-ph/0309300], it would be possible to detect the

associated neutron, but only for very close stars (d ᴇ 2 kpc) because of the high

neutron background (~2500 ev/day).

Possibility to ñforeseeò the SN collapse (for close by Supernovae)

Detection reaction: nep n e+

0.4 Mton Cherenkov

During the last stage of a pre-supernova star, while the Silicon core ignites, nôs

are produced copiously by e+ e- nn.



NEUTRINOS FROM 
ALL COSMIC SUPERNAVAE



Local Group of Galaxies

Current best neutrino detectors
sensitive out to few 100 kpc

With megatonne class (30 x SK)
60 events from Andromeda



Current best neutrino detectors
sensitive out to few 100 kpc

With megatonne class (30 x SK)
60 events from Andromeda

OBSERVED SUPERNOVAE IN THE LOCAL UNIVERSE

[Kistler, Yuksel, Ando, Beacom & Suzuki, 0810.1959]



Detection of Neutrinos from Supernovae in Nearby Galaxies
[S. Ando, J. Beacom, and Y. Yuksel, astro-ph/0503321]

Mton Cherenkov
Cumulative SN rate

Reconstruction of SN neutrino spectrum by the patient accumulation of ~1
neutrino per supernova from galaxies within 10 Mpc, in which one expects
at least 1(2) SN per year .



NEUTRINO EVENTS RATE FROM EXTRAGALACTIC SNe

[Kistler et al., 0810:1959]



22 Jan. 2014



A galactic SN explosion is a spectacular event which will produce an

enormous number of detectable n, but it is a rare event (~ 3/century) é



.... Conversly, there is a guaranteed nbackground produced by all the
past Supernovae in the Universe, but leading to much less detectable
events .

THE DIFFUSE SUPERNOVA NEUTRINO BACKGROUND (DSNB)

n n

n
n

n n

n

WHAT CAN WE LEARN FROM DSNB?

é not all at the same 
time, however!

(degeneracy of 
effects)

In principle, we can extract information on:

ÅStar formation rate
ÅNeutrino masses and mixing parameters
ÅSN neutrino energies



Below ~15ï20 MeV, bkgd dominated

by spallation products (made by

atmosphericm) and by reactorne.

For EnÍ[20-30] MeV, the bkg of low-

energy atmospheric ne is relatively

small.

But, in this window, there is a large

background due to ñinvisibleòm (i.e.

below Cherenkov emission threshold)

decay products, induced by low energy

atmosphericnmandnm.

[Beacom and Vagins, Phys. Rev. Lett., 
93:171101, 2004]

BACKGROUND IN SK FOR DSNB SIGNAL

DSNB signal should manifest as distortion of the bkg spectra.

No distortion            flux limit



DSNB signal should manifest as 

distortion of the bkg spectra.

No distortion            flux limit

-2  -13 cm  s
e

J
n
¢

Super - Kamiokande collaboration recently investigated the DSNB flux using
2853 days of data [Bays et al., arXiV :1111:5031] . It fixed an upper bound on
DSNB signal:



SN NEUTRINO EMISSION LIMIT FROM DSNB
[Bays et al., arXiV:1111.5031, see also Vissani & Pagliaroli, 1102.0447] 

The SK limit is close to the most recent  theoretical predictions

é but
Super- K is background limited.



DSNB SIGNAL
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DSNB FLUX

[Lunardini & Tamborra., arXiV:1205.6292] 
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But, in this window, there is a large

background due to ñinvisibleòm (i.e.
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BACKGROUND IN SK FOR DSNB SIGNAL



SK flux limit vs. DSNB flux predictions

Getting very close to someé but

Super-K is background limited.





Slide from Mark Vagins



ne can be identified by delayed coincidence.

ne

e+

2.2 MeV g-ray
p

n

Possibility 1: 10% or less

n+Gd Ÿ~8MeV g

DT = ~30 msec

Possibility 2: 90% or more

g

g

Positron and gamma ray 

vertices are within ~50cm.

n+pŸd + g

p

Gd

Neutron tagging in Gd-enriched WC Detector

[reaction schematic by M. Nakahata]



[Beacom and Vagins, Phys. Rev. Lett., 
93:171101, 2004]









Below ~15ï20 MeV, bkgd dominated

by spallation products (made by

atmosphericm) and by reactorne.

For EnÍ[20-30] MeV, the bkg of low-

energy atmospheric ne is relatively

small.

But, in this window, there is a large

background due to ñinvisibleòm (i.e.

below Cherenkov emission threshold)

decay products, induced by low energy

atmosphericnmandnm.

A 2-3ssignal could emerge after

an exposure of 4 years in a 0.4

Mton detector

Adding Gd [J.F.Beacom, and M.R.Vagins, hep-ph/0309300],

spallation ~eliminated, invisible m reduced by ~5.

The analysis threshold lowered. In the window

EposÍ[10,20] MeV, after 1 year, the DSNB signal

detectable at 6slevel

Mton Cherenkov[G.L.Fogli, E.Lisi, A.M., and D.Montanino, hep-ph/0412046]



DSNB IN LARGE FUTURE DETECTORS 

[A.M., Tamborra, Janka, Saviano, Scholberg et al., arXiv:1508.00785 [astro -ph.HE]]



CONSTRAINT OF NU INVISIBLE DECAY FROM DSNB

'n n f­ +

Nu decay in Majoron

DSNB can probe lifetimes of cosmological 
interest 

01/i

i

E
H

m

t
¢

DSNB spectrum larger, comparable or 
smaller than the standard one

[Fogli, Lisi, A.M., Montanino, hep -ph/0401227]



SN NEUTRINO 
FLAVOR CONVERSIONS
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TYPICAL PROBLEMS IN SUPERNOVA NEUTRINOS

|

iy exp( )iHt-ñ fy| || |

Production  (flavor) Propagation  (mass,mixing) Detection (flavor)

- Decays

- Matter effects: shock  
wave,turbulences , Earth 
crossing, é

- Dense neutrino bkg
- New interactions

- ééé

Theory

- CC & NC interactions

- Different detectors

- Energy spectra

- Angular spectra

- Time spectra

- Simulations of SN explosion 

- Initial energy spectra

- Initial time spectra

Phenomenology

http://www.solarviews.com/cap/earth/earthx.htm
http://www.solarviews.com/cap/earth/earthx.htm


SN nFLAVOR TRANSITIONS

The flavor evolution in matter is described by the non-linear MSW
equations:

In the standard 3nframework

Kinematical  mass - mixing term

Dynamical MSW term (in matter)

( )vac e

d
i H H H
dx

n nn ny y= + +

( )2 (1 cos )  F pq q qH G dqnn q r r= - -ñ

2 ?  

2
vac

U M U
H

E
=

2 diag( ,0,0)e F eH G N=

Neutrino - neutrino interactions term 
(non- linear)



VACUUM OSCILLATIONS
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Two flavor mixing

Each mass eigenstates propagates as eipz with 

Bruno Pontecorvo (1967)

1 2-ip
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Mixing parameters: U = U (q12, q13, q23, d)as for CKM matrix

Mass-gap parameters: M2 =     - ,  +          ,  ÑDm2dm2

2
dm2

2

ñsolarò ñatmosphericò 

normal hierarchy

inverted hierarchy

+dm2/2

-dm2/2

+Dm2

-Dm2

+dm2/2

-dm2/2

n1 n1
n2 n2

n3

n3

3nFRAMEWORK
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c12= cos q12, etc., dCP phase 



STATUS OF NEUTRINO OSCILLATIONS



GLOBAL OSCILLATION ANALYSIS (2017)

[Capozzi et al., arXiv:1703.0447]



MATTER POTENTIAL

[Wolfenstein, PRD 17, 2369 (1978)]

When neutrinos propagate in a medium they will experience a shift of their energy,

similar to photon refraction, due to their coherent interaction with the medium

constituents

WÑ Z0

ne eÑ

eÑ
ne

ne,m,t
ne,m,t

f f 

Charged current Neutral current

The difference of the interaction energy of different flavors gives an effective

potential for electron (anti)neutrinos

( ) 2 F eV x G N=
net electron density



MIKHEYEV-SMIRNOV-WOLFENSTEIN (MSW)  EFFECT
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Matter dominance 

Resonance 

ADIABATIC EVOLUTION
nmasseingenstatesremains the samefor all
the propagation

Resonant flavor conversions

Resonances in matter occur either for nor for anti-n




