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Abstract. The Sudbury Neutrino Observatory (SNO) is a
large volume heavy water Cherenkov detector placed 2 km
underground in Northern Ontario. Its main purpose is the
detection of solar neutrinos, but it is also sensitive to atmo-
spheric and supernova neutrinos. In this paper we report
our first measurement of the solar electron-type neutrino flux
using the charged current interaction on deuterium, above
an electron energy threshold of 7.25 MeV. This measure-
ment, when compared with an electron scattering measure-
ment from Super Kamiokande, provides strong evidence for
oscillations in solar neutrinos. We also present an initial an-
gular distribution of through-going muons, which shows that
we can detect neutrino-induced muons from well above the
horizontal. This will give us good sensitivity to neutrino os-
cillations in the atmospheric sector. Lastly we discuss SNO’s
potential as a supernova neutrino detector.

1 Solar Neutrinos

1.1 Introduction

Solar neutrino experiments over the past 30 years (Cleve-
land 1998, Hirata 1990, Abdurashitov 1999, Hampel 1999,
Fukuda 2001, Altmann 2000) have measured fewer neutri-
nos than are predicted by models of the Sun (Bahcall 2000,
Brun 2001). One explanation for the deficit is the transfor-
mation of the Sun’s electron-type neutrinos into other active
flavours. The Sudbury Neutrino Observatory measures the
8B solar neutrinos through the reactions:

νe + d→ p+ p+ e− (CC)
νx + d→ p+ n+ νx (NC)
νx + e− → νx + e− (ES)

The charged current reaction (CC) is sensitive exclusively
to electron-type neutrinos, while the neutral current (NC) is
sensitive to all active neutrino flavours (x = e, µ, τ ). The
elastic scattering (ES) reaction is sensitive to all flavours as
well, but with reduced sensitivity toνµ andντ . By itself, the
ES reaction cannot provide a measure of the total8B flux or
its flavour content. Comparison of the8B flux deduced from
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the ES reaction assuming no neutrino oscillations (φES(νx)),
to that measured by the CC reaction (φCC(νe)) can provide
clear evidence of flavour transformation without reference
to solar model flux calculations. If neutrinos from the Sun
change into other active flavours, thenφCC(νe) < φES(νx).

We present the first results from SNO on the ES and CC
reactions. SNO’s measurement ofφES(νx) is consistent with
previous measurements described in Fukuda 2001. The mea-
surement ofφCC(νe), however, is significantly smaller and
is therefore inconsistent with the null hypothesis that all ob-
served solar neutrinos areνe. A measurement using the NC
reaction, which has equal sensitivity to all neutrino flavours,
will be reported in a future publication.

SNO (Boger 2000) is an imaging water Cherenkov detec-
tor located at a depth of 6010 m of water equivalent (m.w.e)
in the INCO, Ltd Creighton mine near Sudbury, Ontario. It
features 1000 metric tons of ultra-pure D2O contained in a
12 m diameter spherical acrylic vessel. This sphere is sur-
rounded by a shield of ultra-pure H2O contained in a 34 m
high barrel-shaped cavity of maximum diameter 22 m. A
stainless steel structure 17.8 m in diameter supports 9456 20-
cm photomultiplier tubes (PMTs) with light concentrators.
Approximately 55% of the light produced within 7 m of the
centre of the detector will strike a PMT.

1.2 Data Analysis

The data reported here were recorded between Nov. 2,
1999 and Jan. 15, 2001 and correspond to a live time of
240.95 days. Events are defined by a multiplicity trigger of
18 or more PMTs exceeding a threshold of∼ 0.25 photo-
electrons within a time window of 93 ns. The trigger reaches
100% efficiency at 23 PMTs. The total instantaneous trigger
rate is 15–18 Hz, of which 6–8 Hz is the data trigger. For
every event trigger, the time and charge responses of each
participating PMT are recorded.

The data were partitioned into two sets, with approxi-
mately 70% used to establish the data analysis procedures
and 30% reserved for a blind test of statistical bias in the
analysis. The analysis procedures were frozen before the
blind data set was analyzed, and no statistically significant
differences in the data sets were found. We present here the
analysis of the combined data sets.
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Calibration of the PMT time and charge pedestals, slopes,
offsets, charge vs. time dependencies, and second order
rate dependencies are performed using electronic pulsers and
pulsed light sources. Optical calibration is obtained using a
diffuse source of pulsed laser light at 337, 365, 386, 420, 500
and 620 nm. The absolute energy scale and uncertainties are
established with a triggered16N source (predominantly 6.13-
MeV γ’s) deployed over two planar grids within the D2O and
a linear grid in the H2O. The resulting Monte Carlo predic-
tions of detector response are tested using a252Cf neutron
source, which provides an extended distribution of 6.25-MeV
γ rays from neutron capture, and a3H(p, γ)4He (Poon 2000)
source providing 19.8-MeVγ rays. The volume-weighted
mean response is approximately nine PMT hits per MeV of
electron energy.

The first step in the data reduction process is the elimina-
tion of instrumental backgrounds. Electrical pickup may pro-
duce false PMT hits, while electrical discharges in the PMTs
or insulating detector materials produce light. These back-
grounds have characteristics very different from Cherenkov
light, and are eliminated using cuts based only on the PMT
positions, the PMT time and charge data, event-to-event time
correlations, and veto PMTs. This step in the data reduc-
tion is verified by comparing results from two independent
background rejection analyses. For events passing the first
stage, the calibrated times and positions of the hit PMTs are
used to reconstruct the vertex position and the direction of
the particle. The reconstruction accuracy and resolution are
measured using Compton electrons from the16N source, and
the energy and source variation of reconstruction are checked
with a 8Li β source. Angular resolution is measured using
Compton electrons produced more than 150 cm from the16N
source. At these energies, the vertex resolution is 16 cm and
the angular resolution is 26.7 degrees.

An effective kinetic energy,Teff , is assigned to each event
passing the reconstruction stage.Teff is calculated using
prompt (unscattered) Cherenkov photons and the position
and direction of the event. The derived energy response of
the detector can be characterized by a Gaussian:

R(Eeff , Ee) =
1√

2πσE(Ee)
exp[−1

2
(
Eeff − Ee
σE(Ee)

)2]

whereEe is the total electron energy,Eeff = Teff +me, and
σE(Ee) = (−0.4620 + 0.5470

√
Ee + 0.008722Ee) MeV is

the energy resolution. The uncertainty on the energy scale
is found to be±1.4%, which results in a flux uncertainty
nearly 4 times larger. For validation, a second energy estima-
tor counts all PMTs hit in each event,Nhit, without position
and direction corrections.

Further instrumental background rejection is obtained us-
ing reconstruction figures of merit, PMT time residuals,
and the average angle between hit PMTs (〈θij〉), measured
from the reconstructed vertex. These cuts test the hypothe-
sis that each event has the characteristics of single electron
Cherenkov light. The effects of these and the rest of the in-
strumental background removal cuts on neutrino signals are

quantified using the8Li and 16N sources deployed through-
out the detector. The volume-weighted neutrino signal loss
is measured to be1.4+0.7

−0.6% and the residual instrumental
contamination for the data set within the D2O is < 0.2%.
Lastly, cosmic ray induced neutrons and spallation products
are removed using a 20 s coincidence window with the parent
muon.

In the remaining events above a threshold of
Teff≥6.75 MeV, there are contributions from CC events
in the D2O, ES events in the D2O and H2O, a residual
tail of neutron capture events, and high energyγ rays
from radioactivity in the outer detector. The data show a
clear signal within the D2O volume. A fiducial volume
cut is applied atR = 5.50 m to reduce backgrounds from
regions exterior to the D2O, and to minimize systematic
uncertainties associated with optics and reconstruction near
the acrylic vessel.

Possible backgrounds from radioactivity in the D2O and
H2O are measured by regular low level radio-assays of U and
Th decay chain products in these regions. The Cherenkov
light character of D2O and H2O radioactivity backgrounds
is usedin situ to monitor backgrounds between radio-assays.
Low energy radioactivity backgrounds are removed by the
high threshold imposed, as are most neutron capture events.
Monte Carlo calculations predict that the H2O shield effec-
tively reduces contributions of low energy (< 4 MeV) γ rays
from the PMT array, and these predictions are verified by de-
ploying an encapsulated Th source in the vicinity of the PMT
support sphere. High energyγ rays from the cavity are also
attenuated by the H2O shield. A limit on their leakage into
the fiducial volume is estimated by deploying the16N source
near the edge of the detector’s active volume. The total con-
tribution from all radioactivity in the detector is found to be
<0.2% for low energy backgrounds and<0.8% for high en-
ergy backgrounds.

The final data set contains 1169 events after the fiducial
volume and kinetic energy threshold cuts. Figure1 (a) dis-
plays the distribution ofcos θ�, the angle between the re-
constructed direction of the event and the instantaneous di-
rection from the Sun to the Earth. The forward peak in this
distribution arises from the kinematics of the ES reaction,
while CC electrons are expected to have a distribution which
is (1 − 0.340 cos θ�) (Beacom and Vogel 1999), before ac-
counting for detector response.

The data are resolved into contributions from CC, ES,
and neutron events above threshold using probability density
functions (pdfs) inTeff , cos θ�, and(R/RAV)3, generated
from Monte Carlo simulations assuming no flavour trans-
formation and the shape of the standard8B spectrum (Or-
tiz 2000) (hep neutrinos are not included in the fit). The
extended maximum likelihood method used in the signal
extraction yields 975.4±39.7 CC events, 106.1±15.2 ES
events, and 87.5±24.7 neutron events for the fiducial vol-
ume and the threshold chosen, where the uncertainties given
are statistical only. The dominant sources of systematic un-
certainty in this signal extraction are the energy scale un-
certainty and reconstruction accuracy, as shown in Table1.
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Fig. 1. Distributions of (a)cos θ�, and (b) extracted kinetic energy
spectrum for CC events withR ≤5.50 m andTeff≥6.75 MeV. The
Monte Carlo simulations for an undistorted8B spectrum are shown
as histograms. The ratio of the data to the expected kinetic en-
ergy distribution with correlated systematic errors is shown in (c).
The uncertainties in the8B spectrum (Ortiz 2000) have not been
included.

The CC and ES signal decomposition gives consistent re-
sults when used with theNhit energy estimator, as well as
with different choices of the analysis threshold and the fidu-
cial volume up to 6.20 m with backgrounds characterized by
pdfs.

The CC spectrum can be extracted from the data by remov-
ing the constraint on the shape of the CC pdf and repeating
the signal extraction.

1.3 Results

Figure1 (b) shows the kinetic energy spectrum with statis-
tical error bars, with the8B spectrum of Ortiz 2000 scaled
to the data. The ratio of the data to the prediction (Bah-
call 2000) is shown in Figure1 (c). The bands represent the
1σ uncertainties derived from the most significant energy-
dependent systematic errors. There is no evidence for a de-
viation of the spectral shape from the predicted shape under
the non-oscillation hypothesis.

Normalized to the integrated rates above the kinetic en-
ergy threshold ofTeff = 6.75 MeV, the measured8B neutrino
fluxes assuming the standard spectrum shape (Ortiz 2000)

Table 1. Systematic error on fluxes.
Error source CC error ES error

(percent) (per cent)
Energy scale -5.2, +6.1 -3.5 ,+5.4
Energy resolution ±0.5 ±0.3
Energy scale non-linearity ±0.5 ±0.4
Vertex accuracy ±3.1 ±3.3
Vertex resolution ±0.7 ±0.4
Angular resolution ±0.5 ±2.2
High energyγ’s -0.8, +0.0 -1.9, +0.0
Low energy background -0.2, +0.0 -0.2, +0.0
Instrumental background -0.2, +0.0 -0.6, +0.0
Trigger efficiency 0.0 0.0
Live time ±0.1 ±0.1
Cut acceptance -0.6, +0.7 -0.6, +0.7
Earth orbit eccentricity ±0.1 ±0.1
17O, 18O 0.0 0.0
Experimental uncertainty -6.2, +7.0 -5.7, +6.8
Cross section 3.0 0.5
Solar Model -16, +20 -16, +20

are:

φCC
SNO(νe) = 1.75± 0.07 (stat.)+0.12

−0.11 (sys.)± 0.05 (theor.)

×106 cm−2s−1

φES
SNO(νx) = 2.39± 0.34(stat.)+0.16

−0.14 (sys.)× 106 cm−2s−1

where the theoretical uncertainty is the CC cross section un-
certainty (Nakamura 2001). Radiative corrections have not
been applied to the CC cross section, but they are expected
to decrease the measuredφCC(νe) flux (Towner 1998) by up
to a few percent. The difference between the8B flux de-
duced from the ES rate and that deduced from the CC rate in
SNO is0.64± 0.40× 106 cm−2s−1, or 1.6σ. SNO’s ES rate
measurement is consistent with the precision measurement
by the Super-Kamiokande Collaboration of the8B flux using
the same ES reaction (Fukuda 2001):

φES
SK(νx) = 2.32± 0.03 (stat.)+0.08

−0.07 (sys.)× 106 cm−2s−1.

The difference between the fluxφES(νx) measured by Super-
Kamiokande via the ES reaction and theφCC(νe) flux mea-
sured by SNO via the CC reaction is0.57 ± 0.17 × 106

cm−2s−1, or 3.3σ, assuming that the systematic errors are
normally distributed. The probability that a downward fluc-
tuation of the Super-Kamiokande result would produce a
SNO result≥ 3.3σ is 0.04%. For reference, the ratio of the
SNO CC8B flux to that of the BPB01 solar model (Bahcall
2000) is 0.347±0.029, where all uncertainties are added in
quadrature.

1.4 Implications

If oscillation solely to a sterile neutrino is occurring, the SNO
CC-derived8B flux above a threshold of 6.75 MeV will be
consistent with the integrated Super-Kamiokande ES-derived
8B flux above a threshold of 8.5 MeV (Fogli 1999). Adjust-
ing the ES threshold (Fukuda 2001) this derived flux differ-
ence is0.53±0.17×106 cm−2s−1, or 3.1σ. The probability
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of a downward fluctuation≥ 3.1σ is 0.13%. These data are
therefore evidence of a non-electron active flavour compo-
nent in the solar neutrino flux. These data are also inconsis-
tent with the “Just-So2” parameters for neutrino oscillation
(Bahcall 2001).

Figure2 displays the inferred flux of non-electron flavour
active neutrinos (φ(νµτ )) against the flux of electron neu-
trinos. The two data bands represent the one standard de-
viation measurements of the SNO CC rate and the Super-
Kamiokande ES rate. The error ellipses represent the 68%,
95%, and 99% joint probability contours forφ(νe) and
φ(νµτ ). The best fit toφ(νµτ ) is:

φ(νµτ ) = 3.69± 1.13× 106 cm−2s−1.

φ(νe) (106 cm-2s-1)

φ(
ν µτ

) 
(1

06  c
m

-2
s-1

)

φ(νe) (relative to BPB01)

φ(
ν µτ

) 
(r

el
at

iv
e 

to
 B

PB
01

)

φES
�  = φ(νe) + 0.154 φ(νµτ)φSK

φCC
�φES

� φSNOφSK

φx

φx

φSK+SNO

φSSM

0 1 2 3 4 5 6

0

2

4

6

8

0 0.2 0.4 0.6 0.8 1 1.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Fig. 2. Flux of 8B solar neutrinos which areµ or τ flavour vs.
the flux of electron neutrinos as deduced from the SNO and Super-
Kamiokande data. The diagonal bands show the total8B flux φ(νx)
as predicted by BPB01 (dashed lines) and that derived from the
SNO and Super-Kamiokande measurements (solid lines). The in-
tercepts of these bands with the axes represent the±1σ errors.

The total flux of active8B neutrinos is determined to be:

φ(νx) = 5.44± 0.99× 106 cm−2s−1.

This result is displayed as a diagonal band in Fig.2, and is in
excellent agreement with predictions of standard solar mod-
els (Bahcall 2000, Brun 2001).

In summary, the results presented here are the first direct
indication of a non-electron flavour component in the solar
neutrino flux, and enable the first determination of the total
flux of 8B neutrinos generated by the Sun.

2 Through-Going Muons

Muon events in SNO come from two sources. Some very
high energy atmospheric muons (>4 TeV) have sufficient en-
ergy to reach SNO if travelling almost vertically downward;
the rate detected is about 3 per hour. Atmospheric muon neu-
trinos can interact with the rock around SNO. They produce
penetrating muons which travel up to about 10 km.w.e. and

can be detected by SNO. We expect and find the rate of detec-
tion of distinguishable neutrino-induced muons to be about
120/y. This rate is tiny compared with the downward muon
rate, but SNO’s angular resolution is sufficient to obtain a
clean separation of the two sources atcos θ ≈ 0.4. The mean
minimum through-going muon energy is 2.9 GeV.

2.1 Downward Muons

The overburden of rock above the SNO detector is essen-
tially flat and uniform; the centre of SNO is at a depth of
6010 m.w.e. Downward muon rates deep underground have
been investigated many times, most recently by the Fréjus
(Berger et al.1989), MACRO (Ambrosio et al.1995) and
LVD (Aglietta et al.1999) experiments. Our depth is about
1.5 times larger but our analysis in terms of the surface muon
flux is largely in agreement with these previous works.
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Fig. 3. Depth-intensity relationship for SNO data. The fit shown
has the parametersα = 2 andx0 = 1130 ± 30 hg/cm2. Fits are
also shown from Fŕejus, MACRO and LVD.

2.2 Neutrino-Induced Muons

Existing data on atmospheric neutrinos, of which neutrino-
induced muons are a part, principally from Super-
Kamiokande (SK) (Fukuda et al. 1999), point to aνµ →
ντ oscillation with a mass difference squared of∆m2 ≈
0.003 eV2 and a mixing angleθ ≈ 45 deg. One signal for
this oscillation is the angular distribution of neutrino-induced
muons. The geometry of the earth and putative neutrino
properties dictate that neutrinos with these parameters com-
ing from above the horizon do not oscillate, but those coming
from below the horizon do oscillate. This leads to a distortion
of the angular distribution, with the signal from below the
horizon reduced by almost a factor two. Thus SNO’s unique
contribution to this area of neutrino oscillation physics is
to detect both oscillated and unoscillated neutrino-induced
through going muons at the same time. Those seen com-
ing from above the horizon provide a good test of the flux
models, unhampered by oscillation effects. In effect we can
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make a self-normalizing measurement of the high energy at-
mospheric neutrino flux with a baseline of between 20 and
13,000 km. Without oscillations, the angular distribution is
expected to be almost symmetrical above and below the hor-
izontal. The only other effect which can disturb this symme-
try is that of the geomagnetic field. However at SNO’s high
magnetic latitude (Tserkovnyak 2001) it can be shown that
the primaries which give rise to through-going muons with
E > 2.9 GeV experience very little distortion.

3 Through-Going Muon Analysis

We present here the analysis of 149 live days during the time
from November 1999 to June 2000. To reconstruct muon po-
sition and direction from PMT times and charges required a
model of Cherenkov light generation and an event fitter (Tagg
2001). The r.m.s. angular error of the fitter was 2.1◦, and the
r.m.s. position error was 0.1 m. Events near the edge of
the detector exhibited poor reconstruction (due to short con-
tained track lengths) and so a cut on the impact parameter
(radius of closest approach) was made, accepting all events
that reconstructed within∼7.5 m of the centre of the detec-
tor. The fiducial area, 175.5 m2 was defined with an error of
2.65%. The final muon sample after these cuts consisted of
7579 events.

4 Results

4.1 Downward Muons

To calculate the intensity of muons underground requires (a)
the intensity of muons at the surface, as a function of energy
and angle, and (b) the survival probability as a function of
slant depth of rock traversed. The nominal intensity at the
surface in units of (cm2·s·sr·GeV)−1 is as follows (Gaisser
2000).

dIµ0(Eµ0, cos θ)
dEµ0

= 0.14 · (Eµ0/GeV)−γµ

·

(
1

1 + 1.1Eµ0 cos θ

115 GeV

+
0.054

1 + 1.1Eµ0 cos θ

850 GeV

+Rc

)
(1)

The spectral index of muonsγµ is expected to be close
to that of the primary cosmic-rays,γ(≈ 2.7). The ratio of
prompt muons to pion and kaon decay muons, is handled
approximately as a constant,Rc. The muons were tracked
through rock using propagation codes MUSIC (Antonioli et
al.1999) and PROPMU (Lipari 1993).

Using knowledge of the surface intensity, we can convert
our measured angular distribution into a depth-intensity plot
in standard rock (CaCO3, 2650 kg/m3) for comparison with
other experiments at different depths. The data are shown in
fig.3, along with a fit to the usual empirical form:

Iµ(vert) = Av ·
(x0

x

)α
exp

(
− x

x0

)
(2)

A value ofγµ can be quoted if we assumeRc = 0. Theo-
retical estimates forRc are in the range10−5−10−4 (Bugaev
et al.1998) and below our current sensitivity.

γµ = 2.80± 0.04(stat)± 0.08(sys)

The systematic errors arise from the observation of a small
azimuthal asymmetry which is not correlated with our cur-
rent understanding of the local geology. The value ofγµ is
consistent with previous results (Ambrosio et al. 1995, Agli-
etta et al.1999). There is a very strong correlation between
the values ofγµ andRc obtained in a free fit to both param-
eters, but we can give a limit forRc if we set an upper limit
onγµ:

Rc < 0.005; γµ < 2.9

The confidence level onRc is 68%, considering only the
statistical error.
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with MUSIC, (ii) neutrino-induced muons (cos θ < 0.4) with the
Bartol neutrino flux, propagation in rock calculated with MUSIC,
with (continuous line) and without (dashed line) oscillations. The
overall neutrino flux is fitted to the data; the values ofχ2/d.f. are
6.29/6 for the no oscillation case and 3.90/6 for the preferred SK
νµ → ντ oscillation parameters.

4.2 Horizontal and Upward Muons

Two theoretical calculations of neutrino-induced muons are
shown in fig.4. In both we use the Bartol neutrino flux
(Agrawal et al.1996), but allow the overall normalization to
float. Propagation of muons in rock is calculated as before.
There are two lines, one with and one without neutrino os-
cillations. In the oscillation case, we takesin2 2θ = 1 and
∆m2 = 0.003 eV2. The overall neutrino flux is fitted to the
data; the values ofχ2/d.f. are 6.29/6 for the no oscillation
case and 3.90/6 for the preferred SKνµ → ντ oscillation pa-
rameters. This result marginally favours the SK oscillation
parameters. However a much more significant result is that
the previously unobserved signal above the horizon is as an-
ticipated (Tagg 2001). Based on 150 days of data, we predict
that a statistically meaningful, self-normalizing neutrino os-
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cillation measurement can be made with SNO in the coming
year.

5 Neutrinos from Supernovæ

A type II supernova is a prodigious source of neutrinos. The
gravitational collapse of an∼ 1.4 M� stellar core releases
approximately3 × 1053 ergs of gravitational binding en-
ergy. A full 99% of this energy leaves the proto-neutron star
as neutrinos, in a few tens of seconds, roughly evenly dis-
tributed across the three flavours and particle/antiparticle.

The average energy of supernova neutrinos is of order 15
MeV. Coupled with distance scales of a few kpc, the obser-
vation of supernova neutrinos would allow a brief peek at
anL/E neutrino oscillation regime not accessible in terres-
trial experiments. Neutrino oscillations within the supernova
are also interesting to explore with data for multiple neutrino
types. Two possibilities exist for a sharp timing signal which
would facilitate the extraction of neutrino mass information
from the neutrino arrival time spectrum. The first is the ms-
scale risetime in neutrino luminosity and the second possibil-
ity is the sharp flux cutoff that would accompany the forma-
tion of a black hole. Beacom et al.(Beacom et al.2000) argue
that black hole formation during the period of high neutrino
flux is a reasonably probable outcome with tremendous ad-
vantages to the direct measurement of neutrino masses. Al-
though supernovae occur at a rate of∼1/sec in the universe
at large, the estimated supernova rate in our galaxy seems to
range from an optimistic 1/10 years to a more conservative
1/30-50 years (Beacom et al.2000, Burrows 2000).

The potential of supernova neutrino physics was well
demonstrated by the flurry of physics results which followed
SN1987A (Trimble 1988). Three detectors, Kamiokande-
II (Hirata et al.1987), IMB (Bionta et al.1987), and Bak-
san (Alexeyev et al.1987) observed a total of 24 neutrino
events from the explosion of an∼ 20 M� blue supergiant in
the LMC. Based on these relatively meager statistics it was
possible to set several limits (Klapdor-Kleingrothaus and Zu-
ber 1997), of unprecedented precision, particularly on prop-
erties of theνe.

Neutrinos give us a window into the interior of a supernova
and the physics of stellar core collapse. Through measure-

ments of the neutrino energy, luminosity and flavour evolu-
tion during the course of a supernova it is possible to extract
information about the explosion mechanism, proto-neutron
star cooling, and black hole formation. Such observations
could then be compared with the predictions of current mod-
els of these processes. The SNO collaboration’s efforts to
date to simulate a supernova signal in the detector (Heise
2001) have been focused on the 1992 model of Burrows et
al. (Burrows et al.1992). Figure5 shows the neutrino lumi-
nosity as a function of neutrino species and time that is used
as input to the SNO supernova Monte Carlo. Although this is
only one of many models of supernova dynamics it contains
the robust and generic features expected to be present in a
supernova neutrino signal. As such it is useful to illustrate
the potential sensitivity of SNO to features that would permit
a detailed test of supernova models.

The time regime may be divided into three regions, a col-
lapse phase, prior to core bounce at 0 seconds; an accretion
phase, from 0 to 0.45 seconds in this model; and a cooling
phase, for times following the explosion at 0.45 seconds. In
the collapse phase neutronization produces a sharp burst of
νe’s. Core bounce is accompanied by an abruptνe and “νµ”
turn-on in the high temperature wake of the launched shock
wave. Throughout the accretion phase there is gradual spec-
tral hardening of all the neutrino species as the infalling stel-
lar matter heats the early proto-neutron star. The average
neutrino energies of the different species are determined by
the neutrinosphere radius, for that species, with the smaller
radii being hotter. Following a sudden spectral hardening that
occurs at the point of explosion, where the flow of infalling
matter is reversed, the trend throughout the cooling phase is
one of slow spectral softening.

As discussed in the following section it is the deuterium
in the heavy water and the arising distinct event signatures
that give SNO the capability to distinguish between various
neutrino species in the supernova neutrino signal.

6 SNO as a Supernova Detector

Sensitivity to galactic supernova is achieved by the simple
trigger condition of 50 events, above an approximately 4
MeV threshold, within a 2 second window. Some on-line
processing of the data stream is required to deal with an oc-
casional instrumental event burst and to remain “live” to su-
pernovae through most detector calibration procedures. The
SNO front-end electronics has the capability to accept burst
data rates approaching 2 MHz for short times, and has the
capacity to buffer approximately106 typical neutrino events
for later readout.

Figure6 shows the cross-sections as a function of neutrino
energy for the charged current (CC), neutral current (NC),
and elastic scattering (ES) reactions in heavy and light water.
The combination of the NC and CC reactions on deuterium
roughly matches theνe CC cross-section on protons in the
light water resulting in the statistics for a supernova being
divided approximately equally between the two water vol-
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Fig. 6. Supernova neutrino cross-sections relevant to the SNO de-
tector.

umes. The advantage of the heavy water is in the possibility
to distinguish between theνe CC reaction, with a single ener-
getic electron; theνe CC reaction, with an energetic positron
and two neutron captures; and the combined NC reactions,
with no electron and a single neutron capture signal.

Neutron detection in SNO is as essential to the analysis
of a supernova neutrino burst as it is to solar neutrino data
(Boger et al.2000). In its first running phase, with pureD2O,
neutrons are detectable by capture on deuterium to form tri-
tium accompanied by a 6.3 MeV gamma-ray. The capture
efficiency is only 24% and the capture is indistinguishable
from CC events, on an event-by-event basis, except to the ex-
tent that the signal is seen at lower energies than the typical
supernova neutrino CC events. The neutron capture life-time
in pureD2O is 40 ms. In order to enhance the neutron detec-
tion efficiency35Cl will be added to theD2O in the form of
NaCl for the second “salt” running phase. This will raise the
neutron capture efficiency to approximately 83% and shorten
the neutron capture life-time to 4 ms.36Cl de-excites via
an 8.6 MeV total energy gamma-ray cascade which is sta-
tistically distinguishable from CC (single energetic particle
Cherenkov) events by angular isotropy measures. As a third
and longer term running configuration the salt added in the
second phase will be removed and SNO will install∼ 700 m
of 3He proportional counters on a 1 m by 1 m grid through-
out theD2O volume. Neutron capture on3He will provide
positive NC identification on an event-by-event basis with a
capture efficiency of 37%. An additional 18% will still cap-
ture onD2O with a combined neutron capture life-time of 16
ms. For a supernova at 10 kpc the Monte Carlo program with
realistic thresholds and efficiencies gives 635, 809, and 681
detected events in pureD2O, with added salt, and with the
3He “Neutral Current Detectors” (NCD) respectively.

For a supernova at 10 kpc we expect, in the “salt” phase,
to detect about 230 CC reactions on deuterium. Of these
80 will be from νe and 150 fromν̄e reactions (with two
detectable neutrons as well as a positron). We also expect
230 NC events, 3/4 fromνµ andντ , plus a dozen ES events.
For the ES channels the energy information is comparatively

poor but timing and directional information are good. Even
the small number of ES events, for a 10 kpc supernova, will
be adequate to determine the stellar coordinates of the su-
pernova with an approximate25◦ resolution. In the case of
the neutral current channels the timing information is slightly
degraded by the neutron capture times and no useful energy
or directional information is possible from the data. The
charged current channels provide good energy and timing in-
formation. However the angular asymmetries of the electron
with respect to the neutrino direction are weak, energy de-
pendent, and change sign (Vogel and Beacom 1999) in going
from light to heavy water (i.e. as a function of radius). The
net effect is that they sum to an approximately isotropic dis-
tribution from which it is challenging, if not impossible, to
extract directional or “pointing” information even with so-
phisticated effort.

The SNO supernova trigger has been active since May
1999; a 91% livetime has been achieved over the period for
which data has been analyzed (99/11-01/01). The sensitivity
extends beyond the far edge of our galaxy. The trigger is now
nearing completely automated operation.
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