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Abstract—Solar neutrinos from the decay of 8B have been detected at the Sudbury Neutrino Observatory
via the charged-current (CC) and neutral-current (NC) reactions on deuterium and by the elastic scat-
tering (ES) of electrons. The CC reaction is sensitive exclusively to electron neutrinos, the NC reaction is
sensitive to all neutrino species, and the ES reaction also has a small sensitivity to muon and tau neutrinos.
These measurements provided strong evidence that neutrinos change flavor as they propagate from the
center of the Sun to the Earth at the 5.30 level. It will also be shown that a global solar neutrino analysis of
matter-enhanced neutrino oscillations of two active flavors strongly favors the large mixing angle solution.
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1. INTRODUCTION

For more than 30 years, solar neutrino experi-
ments [1—6] observed fewer neutrinos than what were
predicted by the detailed models of the Sun [7, 8].
Table 1 shows the observed solar neutrino fluxes for
these experiments. As observed, the experimental re-
sults are less than the theoretical expectations, even
though each experiment probes different aspects of
the solar neutrino energy spectrum, and have an en-
ergy dependence on the observed solar neutrino flux.
Figure 1 shows the energy spectra for the different re-
actions in the Sun which produce electron neutrinos.
One explanation of this neutrino flux deficit would
be the transformation of the Sun’s electron neutrinos
into another flavor while traveling to the Earth.

The Sudbury Neutrino Observatory (SNO) is

an imaging water Cerenkov detector that was con-
structed to resolve this solar neutrino anomaly. It can
make simultaneous measurements of the electron-
type neutrino (v, ) flux from the 8B decay in the Sun
and the flux of all active neutrino flavors through the
following three reactions:

Ve+d—p+p+e (CC),

Ve +d— p+n+uv, (NC),

vy +e — vy, +e (ES).
The charged-current (CC) reaction on the deuteron
is sensitive only to v,, and the neutral-current (NC)

reaction has equal sensitivity to all active neutrino
flavors (v;,x = e, u, 7). The elastic scattering (ES)
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reaction is sensitive to all active flavors, but with
a reduced sensitivity to v, and v,. Each of these
interactions is detected by the SNO detector when
one or more electrons produced during the reaction

emit Cerenkov light. The CC reaction produces an
electron with an energy highly correlated with that of
the neutrino and is sensitive to the energy spectrum of
v, and hence to deviations from the parent spectrum.
The NC reaction is detected after the neutron is ab-
sorbed by the deuterium, giving a 6.25-MeV photon.
The photon subsequently Compton scatters, impart-

ing enough energy to electrons to create Cerenkov
light.

A comparison of the solar neutrino flux inferred
from the reaction rates of these three interaction
channels under the assumption of no oscillations
can provide evidence for flavor-changing neutrino
oscillations. If v, from the Sun transform into another
active flavor, then the solar neutrino flux deduced from
the CC reaction rate, @CC(Ve), must be less than
those deduced from the ES or NC reaction rate, such
that ®“C(v,) < ®F5(v,) or ®CC (1) < ONC(1y).

The solar neutrino physics analysis program is de-
signed to exploit the unique NC capability of the SNO
detector. Since the result of this NC measurement
is a definitive statement on the oscillation of solar
neutrinos, the SNO experiment intends to make three
separate NC measurements of the total ®B neutrino
flux. The first NC measurement was made with a pure
D,O target; this phase is complete and the results

are presented in [9]. The measured ®°€ (1) is signif-

icantly smaller than ®N¢ (v); thus, it is inconsistent
with the null hypothesis of a pure v, constituent in the
solar neutrino flux. This indicates that v, emitted by
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Table 1. A summary of the solar neutrino observations at different solar neutrino detectors (The neutrino production
processes are shown in decreasing order of magnitude. The systematic and statistical uncertainties are added in

quadrature for each experiment.)

Experiment Measured flux SSMflux[7] Production process | References
Homestake 2.56 +£0.23 SNU 76713 SNU 8B, "Be, pp, pep (1]
SAGE 70.87%5 SNU 12879 SNU pp, pep, "Be, 8B (3]
Gallex 77.5775 SNU 12879 SNU pp, pep, "Be, °B (4]
GNO 65.87155 SNU 12879 SNU pp, pep, "Be, 5B (5]
Kamiokande (2.80 £0.38) x 105 ecm~=2 s~ [ 5.05(170:2%) x 10° cm=2s~! | *B [2]
Super-Kamiokande | 2.32%509 x 105 ecm=2s~! [5.05(1733%) x 106 cm=2s~! | *B [6]

the Sun are transformed into the other active neutrino
species (v, and v;) as they travel to the Earth. In
addition, the results of the day—night asymmetry of
the neutrino event rates are presented.

The second NC measurement will be made with
NaCl added to the D5O; this phase is under way and
is expected to be completed in the fall of 2003. The
advantages of this phase in measuring the total neu-
trino flux from the Sun will be briefly discussed. The
third NC measurement will involve the installation of
3He proportional counters into the DoO volume [10].
In this configuration, the detection of the CC and NC
signals are decoupled, and the covariance of the CC
and NC signals that appear in the first two detector
configurations is removed.

2. THE SNO DETECTOR

The SNO detector [11] is an imaging water

Cerenkov detector located in the International Nickel
Company’s Creighton mine in Sudbury, Canada.
The detector consists of a barrel-shaped cavity with
a height of 34 m and a diameter of 22 m at a
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Fig. 1. The standard solar neutrino energy spectra for

the different processes that produce ve in the Sun. The
spectra are taken from [7] and references therein.
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depth of 2092 m. Figure 2 shows a cross-sectional
view of the SNO detector. It contains 1000 t of
99.92% isotopically pure DoO contained inside a
12-m diameter acrylic sphere. The acrylic vessel (AV)
is constructed out of 122 ultraviolet transmitting
acrylic panels. A 17.8-m diameter stainless steel
structure supports 9456 20-cm inward-facing pho-
tomultiplier tubes (PMTs). This sphere is surrounded
by 7000 t of ultrapure HoO contained in the cavity.
The H2O shields the detector from high-energy ~
rays and neutrons originating from the PMTs and the
cavity wall.

Physics event triggers are created in the detector
when there are >18 PMTs exceeding a threshold
of ~0.25 photoelectrons within a coincidence time
window of 93 ns. All the PMT hits registered in a
~420-ns window after the start of the coincidence
time window are recorded; this time window allows
scattered and reflected Cerenkov photons to be in-
cluded in the event. The mean noise rate of the PMTs
is ~500 Hz, which gives ~2 noise PMT hits in the
420-ns window. The instantaneous trigger rate is
about 15—20 Hz, of which 6—8 Hz are physics trig-
gers. The remaining triggers are diagnostic triggers
for monitoring the well-being of the detector. The
trigger efficiency reaches 100% when the PMT mul-
tiplicity in the event window is > 23. For every event
trigger, the time and charge responses of each partic-
ipating PMT are recorded.

3. SOLAR NEUTRINO ANALYSIS
IN THE PURE D,O PHASE

The data reported in this paper were recorded from
November 2, 1999, to May 28, 2001, and give a live
time of 306.4 d, 128.5 d during the day and 177.9 d
during the night. The target media was pure D5O
throughout this period. In the following subsections,
the analysis steps are discussed in more detail.

Vol.67 No.6 2004
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Fig. 2. A cross-sectional view of the SNO detector. The outer geodesic structure is the PMT support structure which

surrounds the acrylic vessel.

3.1. Instrumental Background

The analysis began by removing the instrumental
backgrounds from the data set. Electrical pickup or
interference creates false PMT hits (Vy;is) and elec-
trical discharges in the PMTs or insulating materials
may produce false light. These events have charac-
teristic PMT time and charge distributions that are

different from Cerenkov light, and are removed using
cuts based on these distributions. Some instrumental
backgrounds are localized near the water piping at
the top of the detector. Veto PMTs were installed
in this region to enhance the rejection efficiency of
these non-Cerenkov events. Most of the observed
electronic channel charges in the interference events
are near the pedestal and are removed by a cut on the
mean charge of the fired PMTs. Some of these elec-
trical discharge or electronic interference background
events have different event-to-event time correlations
from physics events, and time correlation cuts are
used to remove these events.

The efficiency and residual backgrounds of these
instrumental background requirements are studied

PHYSICS OF ATOMIC NUCLEI
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using a triggered 1N 6.13-MeV ~v-ray source [12]
and a triggered 8Li 13-MeV endpoint 3 source [13]
deployed in the D2O and HoO volumes. Further tests
of the Npjs dependence on the cuts are performed with
an isotropic light source at various wavelengths. The
efficiency on the physics data after the instrumen-
tal background cuts are applied, weighted over the
fiducial volume, is measured to be 0.99667) 0055 The
residual instrumental background rejection contami-
nation is less than 1%.

Further instrumental background rejection cuts
are applied to the data once the events are recon-
structed. These cuts test the hypothesis that each
event has the properties of single-electron Cerenkov
light. The reconstruction figure-of-merit cut tests for
the consistency between the time and angular ex-
pectations for an event fitted to the location of the
reconstructed vertex and that based on the properties

of the Cerenkov light and the detector response.
The Cerenkov characteristics of each event are

parametrized using the average opening angle be-
tween two hit PMTs (6;;), measured from the recon-
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Fig. 3. Separation of instrumental backgrounds and Cerenkov light events using the mean angle between PMT hits and the

fraction of hits in the prompt time window (ITR).

structed vertex, and the in-time ratio (ITR), which
is the ratio of the number of hit PMTs within an
asymmetric time window around the prompt light
peak to the number of calibrated PMTs in the event.
Figure 3 shows the correlations between 6;; and ITR
for instrumental backgrounds and neutrino candidate
events.

The residual instrumental background contami-
nation in the neutrino signal after the background
cuts is estimated using a bifurcated analysis. For
the same fiducial volume and energy thresholds, the
instrumental background contamination is estimated
to be less than 0.1% of the final neutrino candidate
data set.

3.2. Event Reconstruction and Calibration

After passing the instrumental background cuts,
all events with Ny > 30 are reconstructed. The
calibrated times and positions of the hit PMTs are
used to reconstruct the vertex position and direction
of the particle. Two different reconstruction algo-
rithms were used; an event-by-event comparison
shows good agreement between the data sets. The
analysis described in this paper used a maximum
likelihood technique which uses both the time and

PHYSICS OF ATOMIC NUCLEI

angular characteristics of Cerenkov light. Vertex
reconstruction accuracy and resolution for electrons
are measured using Compton electrons from the 1N
~-ray source, and their energy dependence is verified
by the 8Li 8 source. Compton-scattered electrons
from a 6.13-MeV ~ ray are preferentially scattered
in the forward direction relative to the incident ~-ray
direction. At these energies, the vertex reconstruction
resolution is 16 ¢cm and the angular resolution is
26.7°.

The calibration of the PMT time and charge
pedestals, slopes, offsets, charge vs. time depen-
dences, and second-order rate dependences are per-
formed using electronic pulsers and pulsed light
sources. Optical calibrations are obtained using
a near-isotropic source of pulsed laser light with
variable intensity [14, 15]. The laser light source is
deployed within the DO and H2O. Optical param-
eters of different optical media in the detector are
obtained [16]. The attenuation lengths in the DO
and HyO are found to be near the Rayleigh scattering
limit.

The absolute energy scale and uncertainties are
measured with the ®N source deployed in the same
regions as the laser source. The detector energy re-
sponse to the photopeak of this source provides a

Vol.67 No.6 2004
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Fig. 4. Comparison of the Monte Carlo predicted responses to different calibrated sources.

normalization to the PMT photon collection efficiency
used in the Monte Carlo and establishes the absolute
energy calibration. A long-term stability study of the
detector response to the N source shows a linear
drift of —1.3% per year; this drift correction is applied
to the event-by-event energy estimator.

The resulting Monte Carlo is then used to make
predictions for the energy response to different cali-
bration sources. The pT source generates 19.8-MeV
~ rays through the 3H(p, v)*He reaction [17] and is
used to check the linearity of the energy response
beyond the endpoint of the ®B neutrino energy spec-
trum. The 252Cf fission source provides an extended
distribution of 6.25-MeV ~ rays from d(n,)t. Fig-
ure 4 shows a comparison of the Monte Carlo pre-
dictions and the detector responses to these sources.
In addition, the neutron response and systematic un-
certainty were calibrated with a 2°2Cf source. The
deduced efficiency for neutron captures on deuterium
was (29.9 4 1.1) % for a uniform source of neutrons in
the D2O. The neutron detection efficiency within the
fiducial volume and above the energy threshold was
(14.38 £ 0.53) %.

The energy response estimator uses the same in-
put parameters as the Monte Carlo. It assigns an
effective kinetic energy T.j to each event based upon
its position, direction, and the number of Vs within
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the prompt (unscattered) photon peak. For an elec-
tron of total energy F., the derived energy response is
parametrized by a Gaussian:

R(Eejii, Ee) = m

" 1 <Een — B, ) 2
exp |—= | ———

P12 Uop(E)
where Egi = Toif + me, and the energy resolution is
given by

op(E.) = —0.0684 + 0.331/E, — m.
+0.0425(E, — m,) [MeV].

The systematic uncertainty on the energy calibration
is £1.2%. Other energy related systematic uncer-
tainties to the flux include the energy resolution and
the energy scale linearity.

)

3.3. Physics Backgrounds

Physics background events can come from the 3y
decays of 2%8TI and 2'“Bi, which are progeny of the
natural Th and U chains. These #~ radionuclei can
emit v rays with sufficient energy to generate free
neutrons in the D5 O, from photodisintegration (pd) of

the deuteron, and low-energy Cerenkov events. The
free neutron from this breakup is indistinguishable
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Fig. 5. Th (a) and U (b) backgrounds (equivalent equilibrium concentrations) in the D2O deduced by in situ and ex situ

techniques. The radiochemical assay results and the in situ Cerenkov signal determination of the backgrounds are shown on
the left-hand side. The right-hand side shows the time-integrated averages.

from the NC signal. However, this neutron back-
ground can be subtracted from the total neutron sig-
nal in the detector if the internal radioactivity level of
the detector is known. In this analysis, most of the

Cerenkov signals from the 8y decays are removed by
the energy threshold and radius cut imposed. Internal
radioactivity levels in the DoO and H5O are measured
by regular low level ex situ radioassays of Th and U
chain progeny. The light isotropy is used to provide an
in situ monitoring of these backgrounds. Both tech-
niques show that the Th and U radioactivity levels are
either at or below the target level of one disintegration
per day per ton of water. Figure 5 shows the Th and
U backgrounds as mass fractions in g(Th)/g(D20)
and g(U)/g(D,0). Results from the ex situ and in
situ methods are consistent. The pd backgrounds are
shown in Table 2.

Low-energy background Cerenkov events in the
signal region were studied using encapsulated sources
of Th and U placed in the detector volume and by
Monte Carlo calculations. Table 2 shows the number
of background Cerenkov events due to the activity in
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the D2O, AV, HO, and PMT array. Other sources
of free neutrons in the D5 O include cosmic rays and
atmospheric neutrinos.

3.4. Solar Neutrino Signal Extraction

The final data set contains 2928 events after the
fiducial and energy cuts. The extended maximum
likelihood method is used in extracting the CC, ES,
and neutron (i.e., NC 4 background) events from the
data set. Data distributions in Ty;, (R/Rav)?, and
cos 0 are simultaneously fit to the probability den-
sity functions generated from Monte Carlo simula-
tions assuming no flavor transformation and the B
spectrum from Ortiz et al. [18]. The quantity cos g
is the angle between the reconstructed direction of
the event and the instantaneous direction from the
Sun to the Earth (see Fig. 6). The extraction yields
1967.778,:5 CC events, 263.6735% ES events, and
576.51130 neutron events for Tu; > 5.00 MeV and

R < 550 cm, where the uncertainties are statistical.
The dominant sources of systematic uncertainty in

Vol.67 No.6 2004
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Table 2. Neutron and Cerenkov background events

Background source Events
D50 pd 4475
H2O + AV pd 27+8
Atmovspheric v and 4+1
sub-Cerenkov threshold p
Fission <1
2H(a, @) pn 20+04
70(a, m) <1
Terrestrial and reactor 7 113
External neutrons <1
Total neutron background 78 £ 12
D,0 Cerenkov 2018
H,O Cerenkov 3J_r§
AV Cerenkov (e
PMT Cerenkov 1673
Total Cerenkov background 45118

this signal extraction are the energy scale uncertainty
and reconstruction accuracy (see Table 3 for the com-
plete list of the systematic uncertainties).

The 8B neutrino flux can be determined from nor-
malizing the observed integrated event rate above

the energy threshold. Assuming the ®B spectrum
from [18], the flux deduced from the CC, ES, and NC
reactions are

PsNo(ve) = 1767505 (stat.) Fogg (syst.)

x 100 cm_Qs_l,

Do () = 230103 (stat.) 013 (syst)

x 108 Cm_Qs_l,

DSNo(ve) = 5097073 (stat.) F0 78 (syst.)
x 10% em~2s7 L.

The CC and ES results reported here are consistent
with earlier results [20]. The excess of the NC flux over
the CC and ES fluxes implies that flavor transforma-
tions occur.

A simple change of variables resolves the data di-
rectly into electron (®.) and nonelectron (®,,) com-
ponents,

P, = 1.7670 02 (stat.) 009 (syst.),

P, = 3.41f8:ig(stat.)fgzig(syst.),
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Table 3. Systematic uncertainties (in percent) on the
fluxes [the experimental uncertainty for ES (not shown) is

—4.8, +5.0%; *denotes CC vs. NC anticorrelation]

Error source CCerror | NS error | 2w 'Ur'lcer—
tainties

Energy scale* —-4.2,4+4.3|-6.2,+6.1|—10.4,+10.3
Energy resolution* |—0.9, 4+0.0|—0.0,+4.4| —0.0,+6.8
Energy +0.1 +0.4 +0.6
nonlinearity*
Vertex resolution* +0.0 +0.1 +0.2
Vertex accuracy |—2.8,42.9] +1.8 +1.4
Angular resolution| £0.2 +0.3 +0.3
Internal source pd*| +0.0 |—1.5,+1.6] —2.0,+2.2
External sourcepd| =£0.1 +1.0 +1.4
D,0 Cerenkov*  [—0.1,40.2|-2.6, +1.2| —3.7,+1.7
H50 Cerenkov +0.0 |-0.2,+0.4| —0.2,+0.6
AV Cerenkov +0.0 |-0.2,+0.2| —0.3,+0.3
PMT Cerenkov* +0.1  |-2.1,+1.6] —3.0,+2.2
Neutron capture +0.0 |—4.0,43.6/ —5.8,+5.2
Cut acceptance —-0.2,40.4|-0.2,4+0.4| —0.2,40.4
Experimental —5.2,4+5.2|-8.5,+9.1|-13.2,+14.1
uncertainties
Cross section [19] +1.8 +1.3 +1.4

Vol.67 No.6 2004

assuming the standard ®B shape. Combining the sta-
tistical and systematic uncertainties in quadrature,
®,,, is 3.4175:8¢ which is 5.30 above zero, providing
strong evidence for flavor transformation consistent
with neutrino oscillations [21, 22]. Figure 7 shows
the flux of v, versus the flux of v, deduced from
the SNO data. The three bands represent the +1o
measurements of the CC, ES, and NC rates. The
error ellipses represent the 68, 95, and 99% joint
probability contours for ®, and ®,,..

3.5. Day—Night Analysis

The measured night and day fluxes & and ®p
were used to form the asymmetry ratio for each
reaction: A =2(®y — ®p)/(Py + Pp), where the
active-only neutrino models predict A # 0. Note that
the ES reaction has additional contributions from
v,r leading to a reduction in its sensitivity to v,
asymmetries. The day and night energy spectra are
shown in Fig. 8 and the results of the signal extraction
are shown in Table 4. SNO’s day and night energy
spectra were used to produce MSW exclusion plots
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Fig. 8. (a) Energy spectra for day and night. All signals
and backgrounds contribute. The final bin extends from
13.0 to 20.0 MeV. (b) Difference, night — day, between
the spectra. The day rate was 9.23 £ 0.27 events/d, and
the night rate was 9.79 4 0.24 events/d.

Fig. 6. (a) Distribution of cosfg for R < 550 cm and
T.i > 5 MeV. (b) Distribution of the volume-weighted
radial variable (R/Rav)?. (c) Kinetic energy for R <
550 cm. Also shown are the Monte Carlo predictions for
CC, ES, and NC + bkgd neutron events scaled to the

fitted results and the calculated spectrum of Cerenkov and limits on neutrino-flavor-mixing parameters.

background (Bkgd) events. The dashed lines represent MSW oscillation models be‘twee.l'l. two active flavors
the summed components, and the bands show the 1o were fitted to the data. For simplicity, only the energy
uncertainties. spectra was used in the fit, and the radial and angular
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Fig. 10. Monte Carlo simulation of the mean pair angle
(6;5) for CC and NC events in the salt phase of SNO.

information were omitted. This procedure preserves
most of the ability to discriminate between oscillation
solutions. A model was constructed for the expected
number of counts in each energy bin by combining
the neutrino spectrum, the survival probability, and
the cross section with the SNO’s response functions.

There are three free parameters in the fit: the total
8B flux ®g, the difference Am? between the squared
masses of the two neutrino mass eigenstates, and
the mixing angle 6. The flux of higher energy neu-
trinos from the solar hep reaction was fixed at 9.3 x
103 em~2s7L. Figure 9a shows the allowed mixing
parameter regions using only SNO data with no ad-
ditional experimental constraints or inputs from solar
models. By including flux information from the CI
and Ga experiments and the day and night spec-
tra from the SK experiment, along with solar model
predictions for the pp, pep, and "Be neutrino fluxes,
the contours shown in Fig. 96 were produced. This
global analysis strongly favors the large mixing angle
(LMA) region and tan? 6 < 1. Recent results from
KamLAND, which observes antineutrino oscillations
from reactors, have confirmed these oscillation pa-
rameters [23].

4. SALT PHASE ANALYSIS PREVIEW

The second phase of the experiment started in
June 2001, when 2 t of purified NaCl were added to
the D2O to enhance sensitivity to the detection of the
NC reaction. The Cl has a large cross section for the
capture of neutrons from the NC reaction and there
are a number of v produced after the capture, whose
total energy is about 8.6 MeV.

PHYSICS OF ATOMIC NUCLEI
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Fig. 11. Energy spectra for the salt phase of SNO com-
pared to the pure D2O phase. Note that extra neutron
events have been added by the blindness process for the
salt analysis.

[t makes possible a separate measurement of CC
and NC reactions through the use of pattern recog-
nition of the two reactions. The NC events involving
capture on Cl are much more isotropic (because of
the emission of multiple low-energy - rays) than the
events from the CC reaction that produce a single

electron with a characteristic Cerenkov cone of light.
Figure 10 shows a Monte Carlo simulation of CC and
NC events and shows the capability to separate CC
and NC events. This variable will be used in addition
to the previous variables, T., (R/Ray)3, and cos 6,
to increase the separation power between CC and NC
events. In addition, an independent measure of the
NC flux will enable a better definition of the spectral
shape for the CC reaction for spectral distortion.

The addition of NaCl raises the neutron detec-
tion efficiency for neutrons produced uniformly in the
D,O to about 40% when both capture efficiency and
threshold are included. This is about 3 times the
capture efficiency in pure D2O. A preliminary energy
spectrum for the salt phase compared to the pure DoO
phase is shown in Fig. 11. During the analysis of
this phase, a blindness condition was imposed, where
an unknown number of neutron events produced by
muons interacting in the detector were added to the
data set. Hence, the CC and NC ratio cannot be
extracted from the data presented in this figure until
the blindness criteria has been removed. However, the
increased energy and efficiency for events associated

Vol.67 No.6 2004
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Table 4. The results of the signal extraction, assuming an undistorted 8B spectrum

Signal &p,106ecm—2571 by, 108 cm—2st A, %
cC 1.62 £ 0.08 4 0.08 1.87£0.07£0.10 +0.14 4+ 6.3715
ES 2.64+0.37+£0.12 2.22+0.30 +0.12 —17.4+19.5737
NC 5.69 %+ 0.66 + 0.44 4.6340.57 +0.44 —20.4+16.9733

with the capture on Cl can be observed, along with the
increased isotropy compared to the data for the pure
D, O phase.

5. CONCLUSIONS

In conclusion, the results presented here give evi-
dence that there is an active nonelectron flavor neu-
trino component in the solar neutrino flux. This is
the first experimental determination of the total flux
of active 8B solar neutrinos, which is in good agree-
ment with the solar model predictions. The analysis
presented in this paper also showed the first direct
measurement of the day—night asymmetries in the
v flux and the total neutrino flux. When combining
the SNO results with those of other experiments in
a global 2-v flavor analysis of the MSW oscillation
parameters, it was shown that the LMA solution is
strongly favored.

The second phase of SNO began with the addition
of NaCl to enhance the NC detection capability on
May 28, 2001. The third phase of SNO will enable
an extraction of the NC flux from an array of 3He
filled neutron detectors (NCDs) placed in the D,O.
These will detect neutrons from the NC reaction and
the DoO will detect neutrinos by the CC and ES
reactions. This phase will provide a good opportunity
to extract a spectral shape from the CC reaction,
as well as provide a normalization for the neutron-
capture contribution that remains.
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Abstract—We explore the impact of the data from the KamLAND experiment in constraining neutrino
mass and mixing angles involved in solar neutrino oscillations. In particular, we discuss the precision
with which we can determine the mass squared difference Amé and the mixing angle 6 from combined

solar and KamLAND data. We show that the precision with which Am2 can be determined improves
drastically with the KamLAND data, but the sensitivity of KamLAND to the mixing angle is not as good.
We study the effect of enhanced statistics in KamLAND as well as reduced systematics in improving the
precision. We also show the effect of the SNO salt data in improving the precision. Finally, we discuss how
a dedicated reactor experiment with a baseline of 70 km can improve the 6 sensitivity by a large amount.

© 2004 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

Two very important results in the field of neutrino
oscillations were announced in 2002. The first data
from the neutral current (NC) events from the Sud-
bury Neutrino Observatory (SNO) experiment were
announced in April 2002 [1]. Comparison of the NC
event rates with the charged current (CC) event rates
established the presence of a v, /v, component in the
solar v, flux, reinforcing the fact that neutrino oscil-
lation is responsible for the solar neutrino shortfall
observed in the Homestake, SAGE, GALLEX/GNO,
Kamiokande, and Super-Kamiokande experiments.
The global analysis of solar neutrino data picked up
the large mixing angle (LMA) MSW as the pre-
ferred solution [2]. The smoking-gun evidence came
in December 2002 when the KamLAND experiment
reported a distortion in the reactor antineutrino spec-
trum corresponding to the LMA parameters [3]. The
induction of the KamLAND data into the global oscil -
lation analysis resulted in splitting the allowed LMA
zone into two parts (at 99% C.L.)—low-LMA lying
around Am2 =7.2x 107> eV? sin?f = 0.3 and
high-LMA with Am2 = 1.5 x 107% eV?, sin® 0, =
0.3, respectively. The low-LMA solution was pre-
ferred statistically by the data [4]. The recently an-
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nounced SNO data from the salt phase [5] has fur-
ther disfavored high-LMA and it now appears at
>99.13% C.L. [6]. Thus, the SNO and KamLAND
results have heralded the birth of the precision era
in the measurement of a solar neutrino oscillation
parameter. In this article, we take a closer look at the
precision with which we know the solar neutrino os-
cillation parameters at present and critically examine
how precisely they can be measured with future data.

2. OSCILLATION PARAMETERS
FROM SOLAR NEUTRINO DATA

In Fig. 1, we show the impact of the SNO NC data
from the pure D2O phase and the salt phase as well
as combine the information from both phases on the
oscillation parameters Am? (= Am3;) and sin? 6 (=

sin? f15) from a two-flavor analysis. We include the
total rates from the radiochemical experiments ClI
and Ga (GALLEX, SAGE, and GNO combined) [7]
and the 1496-day 44-bin SK Zenith angle spec-
trum data [8]. For the pure DO phase, we use the
CC + ES (electron scattering) + NC spectrum data,
whereas for the salt phase we use the published CC,
ES, and NC rates [6]. The details of the analysis pro-
cedure can be found in [9]. Also shown superimposed
on these curves are the isorates of the CC/NC ratio.
We find the following:

The upper limit on Am2 tightens with increased
statistics when the salt data is added to the data from
the pure D2O phase.

The upper limit on sin? f, tightens. For 8B neutri-
nos undergoing adiabatic MSW transition in the sun,
Rcc/Rnc ~ sin? 6. The SNO salt data correspond

1063-7788/04/6706-1076$26.00 © 2004 MAIK “Nauka/Interperiodica”
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Fig. 1. The 90, 95, 99, and 99.73% C.L. allowed regions in the Am3,—sin® #;2 plane from global x? analysis of the data from
solar neutrino experiments. We use Ax? values to plot the C.L. contours corresponding to a two-parameter fit. Also shown are

the lines of constant CC/NC event rate ratio Reeyne-

to a lower value of the CC/NC ratio, which results in
a shift of sin? A, towards smaller values.

3. IMPACT OF KamLAND DATA
ON OSCILLATION PARAMETERS

The KamLAND detector measures the reactor an-
tineutrino spectrum from Japanese commercial nu-
clear reactors situated at a distance of 80—800 km. In
this section, we present our results of a global two-
generation x? analysis of solar + KamLAND spec-
trum data. For details, we refer to our analysis in
(4, 10].

Figure 2 shows the allowed regions obtained from
global solar and 162 t yr KamLAND spectrum data.
As is seen from the leftmost panel of Fig. 2, the
inclusion of the KamLAND data breaks the allowed
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LMA region into two parts at 99% C.L. The low-
LMA region is centered around a best-fit AmZ of
7.2 x 107° eV? and the high-LMA region is centered
around 1.5 x 10™% eV2. At 30, the two regions merge.
The low-LMA region is statistically preferred over the
high-LMA region. With the addition of the SNO salt
data, the high-LMA solution becomes disfavored at
99.13% C.L. In Table 1, we show the allowed ranges
of Am2, and sin? 6, from solar and combined solar +
KamLAND analysis. We find that Am3, is further
constrained with the addition of the KamLAND data,
but sin? ;5 is not constrained any further.

4. CLOSER LOOK AT KamLAND
SENSITIVITY

In Table 2, we take a closer look at the sensitivity of
the KamLAND experiment to the parameters Am?3,
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Fig. 2. The 90, 95, 99, and 99.73% C.L. allowed regions in the Am32;—sin? 612 plane from a global x? analysis of solar and
KamLAND data. We use the Ax? values corresponding to a two-parameter fit to plot the C.L. contours.

and sin® 65 with the current as well as simulated
future data and examine how far the sensitivity can
improve with the future data. We define the percent
spread in oscillation parameters (prm) as

Py, — prm

min % 100% (1)
prmmax + prmmin

and determine this quantity for the current solar and
KamLAND data as well as increase the KamLAND
statistics. The current systematic error in KamLAND

is 6.42% and the largest contribution comes from
the uncertainty in fiducial volume. This is expected
to improve with the calibration of the fiducial volume,
and we use a 5% systematic error for 1 kt yr sim-

ulated KamLAND data and 3% systematic error for
3 kt yr simulated KamLAND data. The table reveals
the tremendous sensitivity of KamLAND to Am3;.
The addition of the present KamLAND data improves
the spread in Am3; to 30% from 68% obtained with
only solar data. With 