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TheSudburyNeutrinoObservatory(SNO)haspreciselydeterminedthetotalactive(� x) 8B solarneutrino�ux
without assumptionsabouttheenergy dependenceof the� e survival probability. Themeasurementsweremade
with dissolvedNaCl in theheavy waterto enhancethesensitivity andsignaturefor neutral-currentinteractions.
The�ux is foundto be5:21� 0:27(stat) � 0:38(syst)� 106 cm� 2s� 1, in agreementwith previousmeasurements
andstandardsolarmodels.A globalanalysisof theseandothersolarandreactorneutrinoresultsyields� m2 =
7:1+1:2

� 0:6 � 10� 5 eV2 and � = 32:5+2:4
� 2:3 degrees. Maximal mixing is rejectedat the equivalentof 5.4 standard

deviations.

PACSnumbers:26.65.+t, 14.60.Pq,13.15.+g,95.85.Ry

The Sudbury NeutrinoObservatory (SNO) [1] detects8B
solarneutrinosthroughthereactions

� e + d ! p + p + e� (CC);
� x + d ! p + n + � x (NC);
� x + e� ! � x + e� (ES).

Only electronneutrinosproducecharged-currentinteractions
(CC), while the neutral-current(NC) and elastic scattering
(ES) reactionshave sensitivity to non-electron̄ avors. The
NC reactionmeasuresthetotal ¯ux of all active neutrino¯a-

vorsabove a thresholdof 2.2MeV.

SNO previously measuredthe NC rateby observingneu-
tron captureson deuterons,andfoundthata Standard-Model
descriptionwith an undistorted8B neutrino spectrumand
CC, ES, andNC ratesdue solely to � e interactionswas re-
jected[2, 3]. This Letter presentsmeasurementsof the CC,
NC, andESratesfrom SNO'sdissolvedsaltphase.

Theadditionof 2 tonnesof NaCl to thekilotonneof heavy
waterincreasedtheneutroncapturee� ciency andtheassoci-
atedCherenkov light. Thesolutionwasthoroughlymixedand
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a conductivity scanalongthe vertical axis showed the NaCl
concentrationto beuniformwithin 0.5%.

The datapresentedherewere recordedbetweenJuly 26,
2001 and October10, 2002, totaling 254.2 live days. The
numberof raw triggerswas435,721,068andthedatasetwas
reducedto 3055 events after data reductionsimilar to that
in [3] andanalysisselectionrequirements.Cherenkov event
backgroundsfrom � � 
 decayswerereducedwith an e� ec-
tive electronkinetic energy thresholdTe� � 5.5 MeV anda
�ducial volumewith radiusR®t � 550cm.

The neutrondetectione� ciency and responsewere cali-
bratedwith a 252Cf neutronsource.Theneutroncapturee� -
ciency is shown in Fig. 1(a). Thedetectione� ciency for NC
reactionsin theheavy waterwas0:399� 0:010(calibration)�
0:009 (�ducial volume)for Te� � 5:5 MeV andR®t� 550 cm,
an increaseof approximatelya factor of threefrom the pure
D2O phase.Calibrationof the detector's optical andenergy
responsehasbeenupdatedto includetimevariationof thewa-
ter transparency measurementsmadeat variouswavelengths
throughoutthe running period. A normalizationfor pho-
ton detectione� ciency basedon 16N calibrationdata[4] and
MonteCarlocalculationswasusedto settheabsoluteenergy
scale. 16N datatakenthroughoutthe runningperiodveri�ed
thegaindrift (approximately2%peryear)predictedby Monte
Carlo calculationsbasedon the optical measurements.The
energy responsefor electronsis characterizedby a Gaussian
functionwith resolution� T = � 0:145+0:392

p
Te+0:0353Te,

whereTe is the electronkinetic energy in MeV. The energy
scaleuncertaintyis 1:1%.

Neutroncaptureon 35Cl typically producesmultiple 
 rays
while theCC andESreactionsproducesingleelectrons.The
greaterisotropyof theCherenkov light from neutroncapture
events relative to CC and ES eventsallows good statistical
separationof the event types. This separationallows a pre-
cisemeasurementof the NC ¯ux to be madeindependentof
assumptionsabouttheCC andESenergy spectra.

The degreeof the Cherenkov light isotropyis re¯ectedin
thepatternof photomultiplier-tube(PMT)hits. Eventisotropy
wascharacterizedby parameters� l , theaveragevalueof the
Legendrepolynomial Pl of the cosineof the anglebetween
PMT hits [5]. Thecombination� 1 + 4� 4 � � 14 wasselected
asthemeasureof event isotropyto optimizetheseparationof
NC andCC events. Systematicuncertaintyon � 14 distribu-
tions generatedby Monte Carlo for signaleventswasevalu-
atedby comparing16N calibrationdatato Monte Carlo cal-
culations[6] for events throughoutthe �ducial volume and
running period. The uncertaintyon the meanvalue of � 14

is 0:87%. Comparisonsof � 14 distributionsfrom 16N events
and neutronevents from 252Cf to Monte Carlo calculations
areshown in Fig. 1(b). TheMonteCarlocalculationsof � 14

have also beenveri�ed with 19.8-MeV 
 -ray eventsfrom a
3H(p,
 )4He source[7], high-energy electronevents (domi-
natedby CC andES interactions)from the pureD2O phase
of theexperiment,neutroneventsfollowing muons,andwith
low-energy calibrationsources.

Backgroundsaresummarizedin TableI. Low levelsof the

Cf Source Radial Position (cm)252
0 100 200 300 400 500 600

E
ffi

ci
en

cy
 (

%
)

0

10

20

30

40

50

60

70

80

90

100

Salt phase

O phase2D

(a)

14bIsotropy Parameter   
0 0.2 0.4 0.6 0.8

E
ve

nt
s/

bi
n 

(a
rb

itr
ar

y 
un

its
)

0

0.2

0.4

0.6

0.8

1
Cf Data252

Cf Monte Carlo252

N Data16

N Monte Carlo16

(b)

FIG. 1: (a) Neutroncapturee� ciency versussourceradial position
for the pureD2O phase(captureon D) and salt phase(captureon
Cl or D) deducedfrom a 252Cf source,with ®ts to ananalyticfunc-
tion (salt)andto aneutrondi� usionmodel(D2O). (b) Eventisotropy
from dataandMonteCarlocalculationsof a 252Cf sourceandan16N

 -ray source.

U andTh progeny 214Bi and 208Tl can createfree neutrons
from deuteronphotodisintegrationandlow-energy Cherenkov
eventsfrom � � 
 decays.Ex-situassaysandin-situ analysis
techniqueswereemployedto determinetheaveragelevelsof
uraniumandthoriumduringtheexperiment[3, 8, 9, 10]. Re-
sultsfrom thesemethodsareconsistent.For the 232Th chain,
the weightedmeanof the ex-situMnOx andthe in-situ mea-
surementwasused.The 238U chainactivity is dominatedby
Rn ingress,which is highly time-variable. The in-situ de-
terminationwasusedto estimatethis background,becauseit
providestheappropriatetime weighting. Theaveragerateof
backgroundneutronproductionfrom activity in the D2O re-
gion is 0:72+0:24

� 0:23 neutronsperday.
Backgroundsfrom atmosphericneutrino interactionsand

238U �ssion were estimatedwith the aid of the code NU-
ANCE [11] andfrom eventmultipliciti es.

24Na(whichoriginatesfrom neutronactivationof 23Na)can
alsoemit 
 rayswhichphotodisintegratethedeuteron.Resid-
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TABLE I: Backgroundevents.Theinternalneutronand
 -ray back-
groundsareconstrainedin theanalysis.Theexternal-sourceneutrons
arereportedfrom the®t. The last two Tableentriesareincludedin
thesystematicuncertaintyestimates.

Source Events
Deuteronphotodisintegration 73:1+24:0

� 23:5
2H(�; � )pn 2:8 � 0:7
17;18O(� ,n) 1:4 � 0:9
Fission,atmospheric� (NC +

sub-Cherenkov thresholdCC) 23:0 � 7:2
TerrestrialandreactorÅ� 's 2:3 � 0:8
Neutronsfrom rock � 1
24Na activation 8:4 � 2:3
n from CNO� 's 0:3 � 0:3
Total internalneutronbackground 111:3+25:3

� 24:9
Internal
 (®ssion,atmospheric� ) 5:2 � 1:3
16N decays < 2:5 (68%CL)
External-sourceneutrons(from ®t) 84:5+34:5

� 33:6
Cherenkov eventsfrom � � 
 decays < 14:7 (68%CL)
“AV events” < 5:4 (68%CL)

ualactivationaftercalibrationsand24Naproductionin thewa-
ter circulationsystemandin theheavy waterin the“neck” of
thevesselweredeterminedandareincludedin TableI. SNO
is slightly sensitiveto solarCNOneutrinosfrom theelectron-
capturedecayof 15O and17F.

Neutronsand
 raysproducedat the acrylic vesselandin
thelight watercanpropagateinto the�ducial volume.Radon
progeny depositedon the surfacesof the vesselduring con-
struction can initiate (� ,n) reactionson 13C, 17O, and 18O,
andexternal
 rayscanphotodisintegratedeuterium.Theen-
hancedneutroncapturee� ciency of saltmakestheseexternal-
sourceneutronsreadilyapparent,andan additionaldistribu-
tion functionwasincludedin theanalysisto extractthis com-
ponent(TableI). Previousmeasurements[2, 3, 12] with pure
D2O werelesssensitive to this backgroundsource,anda pre-
liminary evaluationindicatesthenumberof thesebackground
eventswaswithin thesystematicuncertaintiesreported.

Thebackgroundsfrom Cherenkov eventsinsideandoutside
the �ducial volume were estimatedusingcalibrationsource
data,measuredactivity, Monte Carlo calculations,andcon-
trolled injectionsof Rn into thedetector. Thesebackgrounds
were nearly negligible above the analysisenergy threshold
and within the �ducial volume, and are includedas an un-
certaintyon the¯ux measurements.

A classof backgroundeventsidenti�ed andremovedfrom
theanalysisin thepureD2O phase(“AV events”) reconstruct
near the acrylic vesseland were characterizedby a nearly
isotropiclight distribution. Analysesof thepureD2O andsalt
datasetslimit thisbackgroundto 5.4events(68%CL) for the
presentdata.

To minimize the possibility of introducingbiases,a blind
analysisprocedurewas used. The dataset usedduring the
developmentof the analysisproceduresandthe de�nition of
parametersexcludedanunknownfraction(< 30%)of the�nal
dataset,includedanunknown admixtureof muon-following

TABLE II: Systematicuncertaintieson �ux esfor thespectralshape
unconstrainedanalysisof thesaltdataset.y denotesCCvsNC anti-
correlation.

Source NC uncert. CCuncert. ESuncert.
(%) (%) (%)

Energy scale -3.7,+3.6 -1.0,+1.1 � 1:8
Energy resolution � 1:2 � 0:1 � 0:3
Energy non-linearity � 0:0 -0.0,+0.1 � 0:0
Radialaccuracy -3.0,+3.5 -2.6,+2.5 -2.6,+2.9
Vertexresolution � 0:2 � 0:0 � 0:2
Angularresolution � 0:2 � 0:2 � 2:4
Isotropymeany -3.4,+3.1 -3.4,+2.6 -0.9,+1.1
Isotropyresolution � 0:6 � 0:4 � 0:2
Radialenergy bias -2.4,+1.9 � 0:7 -1.3,+1.2
VertexZ accuracyy -0.2,+0.3 � 0:1 � 0:1
Internalbackgroundneutrons -1.9,+1.8 � 0:0 � 0:0
Internalbackground
 's � 0:1 � 0:1 � 0:0
Neutroncapture -2.5,+2.7 � 0:0 � 0:0
Cherenkovbackgrounds -1.1,+0.0 -1.1,+0.0 � 0:0
ªAV eventsº -0.4,+0.0 -0.4,+0.0 � 0:0
Totalexperimentaluncertainty -7.3,+7.2 -4.6,+3.8 -4.3,+4.5
Crosssection[13] � 1:1 � 1:2 � 0:5

neutronevents,and includedan unknown NC cross-section
scalingfactor. After �xing all analysisproceduresandparam-
eters,the blindnessconstraintswereremoved. The analysis
wasthenperformedon the`open' dataset,statisticallysepa-
rating eventsinto CC, NC, ES,andexternal-sourceneutrons
usinganextendedmaximumlikelihoodanalysisbasedon the
distributionsof isotropy, cosineof the event direction rela-
tive to thevectorfrom theSun(cos� � ), andradiuswithin the
detector. This analysisdi� ersfrom the analysisof the pure
D2O data[2, 3, 12] sincethe spectraldistributionsof the ES
andCC eventsare not constrainedto the 8B shape,but are
extractedfrom the data. The extendedmaximumlikelihood
analysisyielded 1339:6+63:8

� 61:5 CC, 170:3+23:9
� 20:1 ES, 1344:2+69:8

� 69:0
NC, and 84:5+34:5

� 33:6 external-sourceneutronevents. The sys-
tematicuncertaintieson derived¯uxesareshown in Table II .
The isotropy, cos� � , andkinetic energy distributions for the
selectedeventsareshown in Fig. 2, with statisticaluncertain-
ties only. A completespectralanalysisincluding the treat-
mentof di� erentialsystematicuncertaintieswill bepresented
in a future report. The volume-weightedradial distributions
[� = (R®t=600cm)3] areshown in Fig. 3.

The �tted numbers of events give the equivalent 8B
¯uxes[ 14, 15] (in unitsof 106 cm� 2s� 1):

� SNO
CC = 1:59+0:08

� 0:07(stat)+0:06
� 0:08(syst)

� SNO
ES = 2:21+0:31

� 0:26(stat) � 0:10 (syst)

� SNO
NC = 5:21� 0:27 (stat) � 0:38 (syst),

and the ratio of the 8B ¯ux measuredwith the CC andNC
reactionsis

� SNO
CC

� SNO
NC

= 0:306� 0:026(stat) � 0:024(syst):

Addingtheconstraintof anundistorted8B energy spectrum
to the analysisyields, for comparisonwith earlierresults(in
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unitsof 106 cm� 2s� 1):

� SNO
CC = 1:70� 0:07(stat)+0:09

� 0:10(syst)

� SNO
ES = 2:13+0:29

� 0:28(stat)+0:15
� 0:08(syst)

� SNO
NC = 4:90� 0:24 (stat)+0:29

� 0:27(syst);

consistent with the previous SNO measurements[2, 3,
16]. The di� erencebetweenthe CC results above (with
and without constraint on the spectral shape) is 0:11 �
0:05 (stat)+0:06

� 0:09(syst)� 106 cm� 2s� 1.

The shape-unconstrained̄uxes presentedherecombined
with day and night energy spectra from the pure D2O
phase[12] placeconstraintson allowed neutrino¯avor mix-
ing parameters.Two-¯avor active neutrinooscillationmodels
predict the CC, NC and ES ratesin SNO [17]. New anal-
ysiselementsincludedSuper-Kamiokande(SK) zenithspec-
tra[18], updatedGaexperiments[19, 20], improvedtreatment
of 8B spectralsystematicuncertainties,andCl andGacross-
sectioncorrelations[21]. This improved oscillationanalysis
appliedto thepureD2O datareproducesotherresults[21, 22].
A combined� 2 �t to SNOD2O andsaltdata[23] aloneyields
the allowed regions in � m2 and tan2 � shown in Fig. 4. In
a global analysisof all solar neutrinodata, the allowed re-
gions in parameterspaceshrink considerablyand the LMA
region is selected,as shown in Fig. 5(a). A global analy-
sisincludingtheKamLAND reactoranti-neutrinoresults[24]
shrinks the allowed region further, with a best-�t point of
� m2 = 7:1+1:2

� 0:6 � 10� 5 eV2 and� = 32:5+2:4
� 2:3 degrees,where

the errors re¯ect 1 � constraintson the 2-dimensionalre-
gion [Fig. 5(b)]. With the new SNO measurementsthe al-
lowed LMA region is constrainedto only the lower bandat
> 99%CL. Thebest-�t pointwith onedimensionalprojection
of theuncertaintiesin theindividualparameters(marginalized
uncertainties)is � m2 = 7:1+1:0

� 0:3 � 10� 5 eV2 and� = 32:5+1:7
� 1:6

degrees.This disfavorsmaximalmixing at a level equivalent
to 5.4 � . In our analyses,the ratio fB of the total 8B ¯ux to
theSSM[25] valuewasa freeparameter, while the total hep
¯ux was�x edat 9:3 � 10 3 cm� 2 s� 1.

In summary, we have preciselymeasuredthe total ¯ux of
active 8B neutrinosfrom the Sunwithout assumptionsabout
theenergy dependenceof theelectronneutrinosurvival prob-
ability. The ¯ux is in agreementwith standardsolarmodel
calculations.Theseresultscombinedwith globalsolarandre-
actorneutrinoresultsrejectthehypothesisof maximalmixing
ata con�dencelevel equivalentto 5.4� .

Thisresearchwassupportedby: Canada:NSERC,Industry
Canada,NRC,NorthernOntarioHeritageFund,Inco,AECL,
OntarioPower Generation,HPCVL, CFI; US: Dept. of En-
ergy; UK: PPARC. WethanktheSNOtechnicalsta� for their
strongcontributions.
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