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Hydrogen burning

p-p cycle

CNO cycle
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Neutrinos from SN 1987a
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Core-Collapse Supernova Explosion
Massive stars collapse ejecting the outer mantle by means of shock-wave driven explosions.

neutrino 
cooling 

by diffusion

Implosion 
(Collapse)

Explosion

Neutrinos carry 99% of the 
released energy (~ 10    erg).53

Neutrino energies: ~ 10 MeV.
Neutrino emission time: ~ 10 s.



General Features of Neutrino Signal

General features of the neutrino signal well described by 1D hydro simulations.

Figure: 1D spherically symmetric SN simulation (M=27 M    ), Garching group. sun
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Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt !e burst. (2) Accretion phase with
significant flavor di!erences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor di!erences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves !̄e) or complete flavor swap
(curves !̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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Are We Ready For the Next SN Explosion?

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 

Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis.
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Fundamental to combine the SN signal seen in detectors employing different technologies.



Next Generation Large Scale Detectors

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 
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Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis. 
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Super Kamiokande
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Super Kamiokande

electron muon
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Super Kamiokande

sun in neutrino „light“
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– 3 –

iment, which was planned to detect neutrinos absorbed by 7Li, was abandoned after the
initial chlorine results showed that the solar neutrino flux was low. These three experiments
introduced the technology of organic scintillators into the arena of solar neutrino research, a
technique that will only finally be used in 2001 when the BOREXINO detector will begin to
detect low energy solar neutrinos. Also during this period, John investigated the properties
of neutrino electron scattering and showed that the forward peaking from 8B neutrinos is
large, a feature that was incorporated two and half decades later in the Kamiokande (and
later SuperKamiokande) water Cherenkov detectors.

Ray Davis shows John Bahcall the tank containing 100,000 gallons of
perchloroethylene. The picture was taken in the Homestake mine shortly
before the experiment began operating.

The first results from the chlorine experiment were published in 1968, again in a back-
to-back comparison (in PRL) between measurements and standard predictions. The initial
results have been remarkably robust; the conflict between chlorine measurements and stan-
dard solar model predictions has lasted over three decades. The main improvement has
been in the slow reduction of the uncertainties in both the experiment and the theory. The
e±ciency of the Homestake chlorine experiment was tested by recovering carrier solutions,
by producing 37Ar in the tank with neutron sources, and by recovering 36Cl inserted in a
tank of perchloroethylene. The solar model was verified by comparison with precise helio-
seismological measurements.

37Cl + ⌫ ! 37Ar

threshold 0.814 MeV
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Cosmic"ray"

Long"enough"
to"oscillate"

What*will*happen*if*the*νµ*deficit*is*due*to*neutrino*oscilla7ons*

Not"long"enough"
to"oscillate#
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Super Kamiokande

Angular distributions for e-like (left) and m-like (right) events, for sub-GeV (top) and multi-GeV 
(bottom) samples. The bars show the MC no-oscillation prediction with statistical errors, and the line 
shows the oscillation prediction for the best-fit parameters, sin2 2q = 1.0 and Dm2 = 3.5 × 10-3 eV2. 
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Evidence*for*neutrino*oscilla7ons*(SuperIKamiokande*@Neutrino*’98)

Super[Kamiokande&concluded&that&the&
observed&zenith&angle&dependent&
deficit&(and&the&other&suppor;ng&data)&
gave&evidence&for&neutrino&oscilla;ons.&

���

Y.&Fukuda&et&al.,&PRL&81&(1998)&1562�
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Sudbury Neutrino Observatory (SNO)

1000 tonnes of heavy 
water: D2O

$ 300 million on
Loan for $1.00

Ultra-pure
Water: H2O.

12 m Diameter 
Acrylic Container

9500 light sensors

Urylon Liner and
Radon Seal

34 m
or

~ Ten
Stories
High!

2 km 
below 

the 
ground

NEUTRINO



SNO: One million pieces transported down in the 
3 m x 3 m x 4 m mine cage and re-assembled under 
ultra-clean conditions. Every worker takes a shower
and wears clean, lint-free clothing. 

70,000 
showers 
during the 
course of the 
SNO project



Water systems were developed to provide low radioactivity light water and 
heavy water: 1 billion times better than tap water. Less than one radioactive 

decay per day per ton of water!! 



Unique Signatures in SNO (D2O)

Electron Neutrinos (CC)
Qe+d o e-+p+p
Ethresh = 1.4 MeV

Elastic Scattering from Electrons
Qx+e-o Qx+e-

Qx, but enhanced for Qe x 6
10 times lower count rate
Points away from the Sun

Equal Sensitivity All Types (NC)
Qx+d o Qx+n+p
Ethresh = 2.2 MeV 3 ways to

detect neutrons

(1 in 6400 molecules in ordinary water are D2O. We used >99.75% D2O) 



WE OBSERVED NEUTRINOS FROM THE SUN 
WITH ALMOST NO RADIOACTIVE BACKGROUND

ELECTRON  NEUTRINOS

ALL NEUTRINO TYPES

SUMMED DATA

After Calibration:
ELECTRON
NEUTRINOS
AT EARTH ARE
ONLY 1/3
OF ALL
NEUTRINOS

Electron kinetic energy (MeV)

Data from Pure Heavy Water Phase in 2002



SOLAR
MODEL

ELECTRON
NEUTRINOS

ALL NEUTRINO
TYPES

A CLEAR DEMONSTRATION THAT NEUTRINOS CHANGE THEIR TYPE:
2/3 OF THE ELECTRON NEUTRINOS HAVE CHANGED TO MU, TAU
NEUTRINOS ON THE WAY FROM THE SOLAR CORE TO EARTH. THIS 
REQUIRES THAT THEY HAVE A FINITE MASS.

LESS THAN ONE
CHANCE IN 10 
MILLION 
FOR “NO 
CHANGE IN
NEUTRINO 
TYPE” (5.3 V)

Excellent
Agreement
With the
Solar Model
Calculations



SNO Energy Calibrations

E’s from 8Li  
J’s  from 16N and t(p,J)4He 252Cf neutrons

6.13 MeV
19.8 MeV

Detailed 
Detector 
Mapping 

with 
LaserBall, 
16N, 252Cf, 
238U, 232Th

Radioactivity: Rn and 
encapsulated U and Th 



Measuring U/Th Content
Ex-situ

¾ Ion exchange (224Ra, 226Ra)
¾ Membrane Degassing (222Rn)

count daughter product decays

In-situ
¾ Low energy data analysis
¾ Separate U and Th Chains

Using Event isotropy

U Chain Th Chain

Numbers of background neutrons 
from gamma rays breaking apart 
deuterium are measured to be > 4 
times smaller than the signal.

Isotropy



Bahcall et al.

, SNO

Including other solar neutrino measurements

1968 on1992 on
1989 on

2001 on
Kamiokande



Solar Neutrino Problem
Year 2000 Experimental sensitivity: primarily or 
exclusively electron neutrinos

pp Q

7Be, 8B Q
8B Q

Theory



Solar Neutrino Problem
Resolved

Theory

Qeonly

all Qx



Combining SNO with other solar measurements

The analysis concludes that the electron neutrinos are converted to a pure 
Mass 2 state by interaction with the dense electrons in the sun via the 
Mikheyev-Smirnov-Wolfenstein (MSW) effect. This interaction determines 
that Mass 2 is greater than Mass 1 as well as determining 'm12

2 and the 
mixing parameter T�� �

Solar Fluxes: Bahcall et al Experiment vs Solar Models
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N E U T R I N O  O S C I L L AT I O N S
• Neutrinos produced in weak 

decays are linear combinations 
of mass/energy eigenstates

• Time evolution: flavour content “oscillates” in L(distance)/E(neutrino)

• Amplitudes determined by mixing matrix Uij 

• Wavelengths determined by mass2 differences Δm2ij

in vacuum

additional effects 
in the presence 
of matter

in vacuo

2



M I X I N G  O F  T H R E E  N E U T R I N O S

• Three rotation angles (θ12, θ13, θ23) 

• θ12: solar and reactor experiments 

• θ13: reactor and long-baseline experiments 

• One complex phase δCP 
• additional phases if neutrinos are “Majorana” 

• CP-odd: changes sign for antineutrino oscillations 
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KamLAND
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The plot depicts all the currently 
available data for electron 
neutrino oscillations, which 
places the mass-square around 
8×10-5 eV2, and θ at about 33.9° 
(i.e. the mixing is with high 
confidence not maximal).
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