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๏ Previous results

๏ 3-phase combined analysis
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Sudbury Neutrino Observatory (SNO)
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Heavy Water (D2O): 1000 ton

Support structure for 9500 PMTs (~54% coverage)

Acrylic vessel (AV): 12m diameter

Internal H2O shielding: 1700ton

External H2O shielding: 5300ton

Urylon liner: Radon seal

Creighton Mine, Sudbury, Canada
2039m depth
6000 mwe
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SNO program
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Overview of previous results
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

the ∆χ2-profiles for KamLAND (dashed) and solar experiments

(dotted) individually, as well as the combination of the two (solid).

rameters using the KamLAND and solar data. There is a

strong anti-correlation between the U and Th-decay chain

geo-neutrinos and an unconstrained fit of the individual con-

tributions does not give meaningful results. Fixing the Th/U

mass ratio to 3.9 from planetary data [18], we obtain a

combined U+Th best-fit value of (4.4± 1.6)×106 cm−2s−1

(73± 27 events), in agreement with the reference model.

The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at

the Earth’s center [19], assuming that the reactor produces a

spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to no-oscillation

expectation is plotted in Fig. 3 as a function of L0/E. The

spectrum indicates almost two cycles of the periodic feature

expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,

providing the most precise value of ∆m2
21 to date and im-

proving the precision of tan2 θ12 in combination with solar ν
data. The indication of an excess of low-energy anti-neutrinos

consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese

Ministry of Education, Culture, Sports, Science and Technol-

ogy, and under the United States Department of Energy Office

grant DEFG03-00ER41138 and other DOE grants to individ-

ual institutions. The reactor data are provided by courtesy of

the following electric associations in Japan: Hokkaido, To-

hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku

and Kyushu Electric Power Companies, Japan Atomic Power

Co. and Japan Nuclear Cycle Development Institute. The

Kamioka Mining and Smelting Company has provided ser-

vice for activities in the mine.
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FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of

L0/E. L0 is the effective baseline taken as a flux-weighted aver-

age (L0 = 180 km). The energy bins are equal probability bins of the

best-fit including all backgrounds (see Fig. 1). The histogram and

curve show the expectation accounting for the distances to the indi-

vidual reactors, time-dependent flux variations and efficiencies. The

error bars are statistical only and do not include, for example, corre-

lated systematic uncertainties in the energy scale.
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๏ Agreement with 
solar models

๏ Agreement with 
KamLAND

(oscillations confirmed)

5



31st International School of Nuclear Physics - Erice - September 2009

Upcoming analyses
๏ No more data, so whatʼs new?

๏ Refinement of the analysis

• Event reconstruction

• Better Monte Carlo Simulations

• Background cuts and estimations

๏ Analysis of combined phase I+II at 3.5MeV threshold

• Talk by Hallin

๏ Analysis of combined phases I+II+III
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๏ Combine the data sets from 3 SNO phases

๏ Advantages

๏ ~3 livetime years of data into a single data set (better 
statistics)

๏ Analysis improvements lead to better systematics

๏ Signals and error correlations are better handled by 
combining all data

๏ Cross information from a specific phase with others

๏ NCD phase enhanced NC measurement

Combined 3-phase analysis
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๏ NCD phase Pulse Shape Analysis (PSA) will be introduced as 
a constrain to NC

Combined 3-phase analysis
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• Event-by-event analysis of 
pulse shapes

• Digitisation of pulse shapes 
for particle identification
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3-phase analysis
๏ Difficulties

๏ “Traditional” effective energy unconstrained fit entangles 
neutrino physics with detector response 

๏ The energy response is considerably different between 
phases

๏ In particular between phase III and others

๏   Solution:

๏ Fit directly for the neutrino survival probability (Pee)

9
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Pee fit
๏  Standard SNO Signal Extraction with Energy, Isotropy, Radius and cos θsun 

๏ Free parameters

๏ Total 8B flux

๏ Day & Asymmetry Survival probability coefficients

๏ Background rates

๏ Detector systematics

๏  Will work directly on neutrino energy

๏ Common to all phases

๏ Break phase correlations

๏ Search directly for spectral distortion

Survival Probability
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Oscillation analysis
๏ Better understand the survival probability of solar neutrinos

• Scale of Pee

๏ 8B spectrum shape distortion

๏ Determine the mixing parameters generating the matter-
enhanced effect (MSW) Survival Probability
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๏ Previous SNO data 
consistent with a flat Pee
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Oscillation analysis (II)
๏ New questions introduced

๏ Is there a distortion from a flat Pee?

๏ Can we do better on the mixing parameters with a Pee 
curve?

๏ Is the effective 2ν parameterisation enough? By fixing 
θ13 are we artificially constraining θ12?

๏ Shall the residual discrepancy between experiments 
disappear by introducing θ13?

12
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Survival probability (Pee)

๏ 68% CL model spread of Pee

๏ With a common curve for all phases should yield a better 
result

Survival Probability
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this part of the calculation now includes energy-dependentν-d
radiative corrections for the CC reaction. Previously the CC

radiative correction was included as an energy-independent

factor.

In [12], salt phase “fluxes” (i.e., CC, NC and ES fluxes in-

ferred from rates) were added to the global χ2 analysis. The

present work has a new oscillation analysis using data from

the 391-day data set of the salt phase which have been ana-

lyzed and extracted as CC spectra and NC and ES integrated

fluxes, separately for day and night. This information is in-

cluded in the global χ2 analysis in lieu of just salt phase fluxes

inferred from rates. This allows CC spectral shape informa-

tion and day-night rate asymmetry information from the salt

phase to be included in the global oscillation analysis. CC-

NC separation is preserved in this analysis since the SNO un-

constrained signal extraction utilized information from event

isotropy β14 and angular correlation cos θ! distributions for

separating the salt NC and ES fluxes from the CC spectra.

SNO’s unconstrained signal extraction produced two

19×19 statistical covariance matrices (one for day and one for

night) for 17 spectral bins of the CC spectrum, starting from

5.5 MeV kinetic energy up to 13.5 MeV, in 0.5 MeV steps,

with one extra bin integrating from 13.5–20.0 MeV, plus the

NC and ES fluxes. These statistical covariance matrices are

required in the calculation of χ2 and are available in Appendix

A. Day and night data are statistically independent from each

other and the results with no constraint on ANC were used.

Systematic uncertainties also have bin-to-bin correlations

and unlike the statistical correlations from SNO’s signal ex-

traction may also include correlations that extend across day

and night spectra. Experimental spectral shape systematic un-

certainties were described in Section X and were included in

this oscillation analysis. The uncertainty in the shape of the
8B neutrino spectrum has also been included in this χ2 analy-

sis. The 8B spectrum used in our model is the one from [38];

however, the more generous uncertainties from [63] were em-

ployed in the systematics calculation in our χ2 analysis.

Day-night systematics, though small, were also included

in the global χ2 analysis. The significant day-night system-

atics are diurnal energy scale, long-term energy scale varia-

tion, diurnal vertex shift, diurnal isotropy variation, long-term

isotropy variation, and internal neutron background asymme-

try. Other day-night systematics discussed in this paper are

smaller in magnitude and were averaged together in theχ2 cal-

culation. Note that some directional systematics have a non-

negligible effect on the day-night asymmetry of ES events;

however, the impact of the day-night asymmetry of ES events

in SNO on the oscillation analysis is not that significant so

combining these systematics is also reasonable. The tech-

nique for including systematic uncertainties and bin-to-bin

correlations in the χ2 analysis is the conventional one, as in

[64]. Thus χ2
SNO−II

from SNO’s 391-day data set is defined as:

χ2
SNO−II =

38
∑

i, j=1

(Ydata
i −Ymodel

i )[σ2
i j(tot)]−1(Ydata

j −Y
model
j ), (19)

where Ydata
i

is the SNO experimental value in one of the 17 CC

spectral bins, or the NC or ES flux, day or night, and Ymodel
i

is

the model predicted value for bin i based on the neutrino os-

cillation hypothesis and the set of parameters being evaluated.

The error matrix for the calculationσ2
i j

(tot), is composed of

statistical and systematic components:

σ2
i j(tot) = σ2

i j(stat) + σ2
i j(syst), (20)

with σ2
i j

(stat) containing the elements from the statistical co-

variance matrices from SNO’s unconstrained signal extraction

and σ2
i j

(syst) containing contributions from systematic uncer-

tainties. The spectral systematics error matrix is formed from

the partial derivatives that relate the rate Ymodel in the ith bin to

the uncertainty in each one of the K spectral systematics S k:

σ2
i j(syst) =

K
∑

k=1

∂Yi
∂S k

∂Yj

∂S k
(∆S k)

2, (21)

where ∆S k is the uncertainty estimated for spectral systematic

S k. Note that all systematic uncertainties have an effect on

the extracted CC spectra, and possibly an energy-dependent

effect; thus, all systematics are spectral systematics. In this

standard χ2 treatment, bin-to-bin correlations are included for

the systematics; however, possible correlations among the var-

ious systematic uncertainties were neglected.
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FIG. 34: SNO-only neutrino oscillation analysis, including pure D2O

phase day and night spectra, and salt extracted CC spectra, NC and

ES fluxes, day and night. The 8B flux was free in the fit; hep solar

neutrinos were fixed at 9.3 × 103 cm−2 s−1. The star is plotted at the

best-fit parameters from the χ2 analysis, listed in Table XXVIII.

Figure 34 shows the allowed regions for neutrino oscillation

parameters when only SNO data (SNO-I and SNO-II) are an-

alyzed. The inclusion of CC spectral data, improved measure-

ment of the NC flux from the larger data set, and the addition

of separate day and night results compared with [12] produce

slightly smaller allowed ranges of parameters. The best-fit

parameters from a SNO-only analysis are: ∆m2 = 5.0 × 10−5

eV2, tan2 θ = 0.45, fB = 5.11×106 cm−2 s−1, which is the total

active 8B solar neutrino flux, a free parameter during χ2 min-

imization. The best-fit χ2 is 68.9 for 69 degrees of freedom in

the SNO-only oscillation analysis.

SNO salt phase

PRC 72, 055502 (2005)

Best-fit 
model night

Best-fit 
model day
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3ν analysis (θ13)
๏ New precision results could push 

θ12 further away from KamLAND 
best fit

๏ Hint of non-zero θ13

๏ KamLAND moves towards 
lower values of θ12

๏ SNO moves towards larger 
θ12

๏ A 3ν oscillation analysis will be performed on SNO-only data

๏ A 3ν global analysis will also be performed

14
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Expected results
๏ SNO already provides a good constrain on θ12

๏ With the combination of 3 phases we expect to improve 
it

๏ Perform a 3ν analysis

๏ Any limit on θ13 will be propagated into a global 
analysis

๏ Search of a spectral distortion in Pee

๏ Obtain an improved measurement of 8B flux

15
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Summary
๏ SNO data taking is over but the analysis continues strong

๏ 3-phase combined analysis output will be 8B flux and 
energy-dependent survival probability

๏ Moving from search physics to precision physics

๏ A 3ν analysis will be carried out

๏ Can we get a better result by using Pee as input?

๏ How significant  could be a limit on θ13 ?

๏ Interesting results are coming soon...
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