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Measurementof the Total Active B Solar Neutrino Flux at the Sudbury Neutrino Observatory with
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The Sudlury NeutrinoObsenatory(SNO)haspreciselydeterminedhetotal active ( ,) 8B solarneutrino ux
without assumptionaboutthe enegy dependencef the . survival probability The measurementseremade
with dissohedNaClin the heary waterto enhancehe sensitvity andsignaturefor neutral-curreninteractions.
The ux isfoundtobe5:21 0:27(stat) 0:38(syst) 10°cm 2s !, in agreemenith previousmeasurements
andstandardsolarmodels.A global analysisof theseandothersolarandreactomeutrinoresultsyields m? =
71722 105 ev?and = 325'27 degrees. Maximal mixing is rejectedat the equivalentof 5.4 standard
deviations.

PACSnumbers:26.65+t, 14.60.Pg13.15+¢, 95.85.Ry

vorsabore athresholdof 2.2 MeV.

SNO previously measuredhe NC rate by observingneu-
tron captureon deuteronsandfound thata Standard-Model

The Sudlury Neutrino Obsenatory (SNO) [If] detects®B
solarneutrinogthroughthereactions

' .
e: ((le | P : r$++ € E(N:g descriptionwith an undistorted®B neutrino spectrumand
X - P X ’ CC, ES, andNC ratesdue solelyto . interactionswasre-
«tel «t+e (ES).

jected[l4, [f]. This Letter presentaneasurementsf the CC,

Only electronneutrinosproducechaged-curreninteractions
(CC), while the neutral-current(NC) and elastic scattering
(ES) reactionshave sensitvity to non-electron avors. The
NC reactionmeasureshetotal ux of all active neutrino a-

NC, andESratesfrom SNO's dissolhedsaltphase.

The additionof 2 tonnesof NaCl to thekilotonneof heary
waterincreasedhe neutroncapturee cieng/ andthe associ-
atedCherenkw light. Thesolutionwasthoroughlymixedand



a conductvity scanalongthe vertical axis shaved the NaCl
concentratiorto be uniform within 0.5%.

The data presentechere were recordedbetweenJduly 26,
2001 and October10, 2002, totaling 254.2 live days. The
numberof raw triggerswas435,721,06&ndthe datasetwas
reducedto 3055 events after datareductionsimilar to that
in [f] andanalysisselectionrequirements.Cherenke event
backgroundgrom decayswerereducedwith ane ec-
tive electronkinetic enegy thresholdT,  5.5MeV anda
ducial volumewith radiusRg: 550cm.

The neutrondetectione cieng andresponsewere cali-
bratedwith a 252Cf neutronsource.The neutroncapturee -
cieng is shavnin Fig. 1(a). Thedetectione cieng for NC
reactionsn theheary waterwas0:399 0:010(calibration)
0:009 ( ducial volume)for Te 55 MeV andRg; 550 cm,
anincreaseof approximatelya factor of threefrom the pure
D,0 phase. Calibrationof the detectors optical and enegy
responséasbeenupdatedo includetime variationof thewa-
ter transparenc measurementmadeat variouswavelengths
throughoutthe running period. A normalizationfor pho-
ton detectione cieng basedon 1N calibrationdata[/] and
Monte Carlo calculationsvasusedto setthe absoluteenegy
scale. '®N datatakenthroughoutthe running periodveri ed
thegaindrift (approximately2% peryear)predictecby Monte
Carlo calculationsbasedon the optical measurementsThe
enepgy responsdor electronss characteriz%dby a Gaussian
functionwith resolution 1 = 0:145+0:392" T.+0:0353T,,
whereT, is the electronkinetic enegy in MeV. The enegy
scaleuncertaintyis 1:1%.

Neutroncaptureon *°Cl typically producesnultiple rays
while the CC andESreactiongroducesingleelectrons.The
greaterisotropyof the Cherenke light from neutroncapture
eventsrelative to CC and ES eventsallows good statistical
separatiorof the eventtypes. This separatiorallows a pre-
cisemeasurementf the NC "ux to be madeindependenbf
assumptiongaboutthe CC andES enepy spectra.

The dggreeof the Cherenke light isotropyis re ectedin
thepatternof photomultipier-tube(PMT) hits. Eventisotropy
wascharacterizedby parameters, the averagevalue of the
Legendrepolynomial P, of the cosineof the anglebetween
PMT hits [[]]. The combination ; + 4 4 14 Wasselected
asthemeasuref eventisotropyto optimizethe separatiorof
NC and CC events. Systematicuncertaintyon 14 distribu-
tions generatedy Monte Carlo for signaleventswas evalu-
atedby comparing'®N calibrationdatato Monte Carlo cal-
culations[f]] for eventsthroughoutthe ducial volume and
running period. The uncertaintyon the meanvalue of 14
is 0:87%. Comparison®f 14 distributionsfrom ®N events
and neutronevents from 252Cf to Monte Carlo calculations
areshown in Fig.[l(b). The Monte Carlo calculationsof 14
have also beenveri ed with 19.8-MeV -ray eventsfrom a
3H(p, )*He source[ll], high-enegy electronevents (domi-
natedby CC and ES interactions)from the pure D,O phase
of the experiment,neutroneventsfollowing muons,andwith
low-enepy calibrationsources.

Backgroundsresummarizedn Tablell Low levels of the
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FIG. 1: (a) Neutroncapturee cieng versussourceradial position

for the pure D,O phase(captureon D) and salt phase(captureon

Cl or D) deducedrom a 25Cf sourcewith ®ts to ananalyticfunc-

tion (salt)andto aneutrondi usionmodel(D,0). (b) Eventisotropy

from dataandMonte Carlocalculationsof a 25%Cf sourceandan®N
-ray source.

U and Th progety 2“Bi and?%8T| can createfree neutrons
from deuterorphotodisintgrationandlow-enegy Cherenke
eventsfrom decays.Ex-situassaysandin-situ analysis
techniquesvereemployedto determinethe averagelevels of
uraniumandthoriumduring the experimenti, i, I, [lL0]. Re-
sultsfrom thesemethodsare consistent.For the 232Th chain,
the weightedmeanof the ex-situ MnOy andthe in-situ mea-
surementvasused. The 238U chainactiity is dominatedoy
Rn ingress,which is highly time-variable. The in-situ de-
terminationwasusedto estimatethis backgroundpecausét
providesthe appropriatdime weighting. The averagerate of
backgroundheutronproductionfrom actwity in the D,O re-
gionis 0:72323 neutrongerday.

Backgroundsrom atmosphericeutrinointeractionsand
238y ssion were estimatedwith the aid of the code NU-
ANCE [[L1] andfrom eventmultipliciti es.

24Na(which originatesfrom neutronactivationof 2Na)can
alsoemit rayswhich photodisintgratethe deuteron Resid-



TABLE I: Backgroundevents.Theinternalneutronand -ray back-
groundsareconstrainedh theanalysis. Theexternal-sourc@eutrons
arereportedfrom the®t. Thelasttwo Tableentriesareincludedin
the systematiaincertaintyestimates.

Source Events
Deuteronphotodisintgration 7317950
2H(; )pn 28 07
1718Q( ,n) 14 09
Fission,atmospheric (NC +

sub-CherenkethresholdCC) 230 72
TerrestrialandreactorA's 23 08
Neutronsfrom rock 1
24Naactivation 84 23
nfromCNO 's 03 03
Total internalneutronbackground 1113233
Internal (®ssion,atmospheric) 52 13
16N decays < 2:5(68%CL)
External-sourceeutrongfrom ®t) 84535
Cherenke eventsfrom decays < 14:7 (68%CL)
“AV events” <54 (68%CL)

ualactivationaftercalibrationsand?*Na productionin thewa-
ter circulationsystemandin theheary waterin the “neck” of
the vesseleredeterminecandareincludedin Tablell SNO
is slightly sensitveto solarCNO neutrinosfrom the electron-
capturedecayof 10 and*’F.

Neutronsand raysproducedat the acrylic vesselandin
thelight watercanpropagatento the ducial volume.Radon
progery depositedon the surfacesof the vesselduring con-
struction can initiate ( ,n) reactionson *3C, 1’0, and 20,
andexternal rayscanphotodisintgratedeuterium.Theen-
hancedheutrorcapturee cieng of saltmakegheseexternal-
sourceneutronsreadily apparentand an additionaldistribu-
tion functionwasincludedin theanalysigto extractthis com-
ponent(Tablel). Previous measurement, [, [1.2] with pure
D,0 werelesssensitize to this backgroundsource anda pre-
liminary evaluationindicateshe numberof thesebackground
eventswaswithin the systematiaincertaintieseported.

Thebackground$érom Cherenke eventsinsideandoutside
the ducial volume were estimatedusing calibrationsource
data, measuredactivity, Monte Carlo calculations,and con-
trolled injectionsof Rninto the detector Thesebackgrounds
were nearly nagligible aborse the analysisenegy threshold
and within the ducial volume, and are includedas an un-
certaintyonthe ux measurements.

A classof backgroundeventsidenti ed andremaoved from
theanalysisin the pureD,0 phase(*AV events”) reconstruct
nearthe acrylic vesseland were characterizedy a nearly
isotropiclight distribution. Analysesof the pureD,0 andsalt
datasetslimit this backgroundo 5.4 events(68%CL) for the
presendata.

To minimize the possibility of introducingbiases,a blind
analysisprocedurewas used. The dataset usedduring the
developmentof the analysisproceduresandthe de nition of
parametersxcludedanunknawn fraction(< 30%)of the nal
dataset,includedan unknovn admixtureof muon-folloving

TABLE II: Systematiauncertaintie®n ux esfor the spectralshape
unconstrainednalysisof the saltdataset.y denoteCC vs NC anti-
correlation.

Source NC uncert. CCuncert. ESuncert.
(%) (%) (%)
Enegy scale -3.7+3.6 -1.0+1.1 1:8
Enegy resolution 1:2 0:1 0:3
Enegy 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
Radialenegy bias 24+19 07 1.3+1.2
VertexZ accuracyy 0.2,+0.3 0:1 0:1
Internalbackgroum neutrons 1.9+1.8 0:0 0:0
Internalbackgroun ‘s 01 0:1 0:0
Neutroncapture 2.5+2.7 0:0 0:0
Cherenkowackground 1.1+0.0 1.1+0.0 0:0
AV events® 0.4,+0.0 0.4+0.0 0:0
Totalexperimentalincertainty 7.3+7.2 4.6+3.8 4.3+4.5
Crosssection13] 1:1 1:2 0:5

neutronevents, andincludedan unknovn NC cross-section
scalingfactor. After xing all analysigproceduresindparam-
eters,the blindnessconstraintsvereremoved. The analysis
wasthenperformedon the “open’ dataset, statisticallysepa-
rating eventsinto CC, NC, ES, and external-sourceneutrons
usingan extendedmaximumlikelihood analysishasednthe
distributions of isotropy cosineof the event direction rela-
tiveto thevectorfrom the Sun(cos ), andradiuswithin the
detector This analysisdi ersfrom the analysisof the pure
D,0 data[l4, i, [.7] sincethe spectraldistributionsof the ES
and CC eventsare not constrainedo the B shape,but are
extractedfrom the data. The extendedmaximumlikelihood
analysisyielded 13396*838 CC, 1703239 ES, 13442%6%8

615 201 69:0
NC, and 84:5*332 external-sourceneutronevents. The sys-
tematicuncertaintieon derived uxesareshavn in Table 0l
Theisotropy cos , andkinetic enegy distributions for the
selectecbventsareshavnin Fig. [l with statisticaluncertain-
ties only. A completespectralanalysisincluding the treat-
mentof di  erentialsystematiaincertaintiewill bepresented
in a future report. The volume-weightedadial distributions
[ = (Re600cm)’] areshavn in Fig. A
The tted numbersof events give the equivalent 8B
“uxes[ .4, 14 (in unitsof 10° cm 2s 1):

SNO = 1:507008(5taty 008 (syst)
SNO = 2:21%0%%(stat)  0:10(syst)
SN0 = 521 0:227(stat) 0:38(syst),

andthe ratio of the 8B "ux measuredvith the CC and NC
reactionds

SNO

CC _ n . .
ong = 0:306  0:026(stat) 0:024(syst)

NC

Addingtheconstrainof anundistortedB enegy spectrum
to the analysisyields, for comparisorwith earlierresults(in



unitsof 10° cm ?s 1):

9o = 1:70  0:07(statfSa(syst)
280 = 2:13702%(stat) .oa(Syst)
R0 = 4:90 0:24 (stat) 23(syst)

SNO

consistentwith the previous SNO measurementd, [,
16]. The di erencebetweenthe CC resultsabore (with
and without constraint on the spectral shape)is 0:11
0:05 (stat) Joa(syst) 10°cm s L.

The shape-unconstrainedixes presentechere combined
with day and night enegy spectrafrom the pure DO
phas€[lLf] placeconstraintson allowed neutrino avor mix-
ing parametersTwo- avor active neutrinooscillationmodels
predictthe CC, NC and ES ratesin SNO [[LI]. New anal-
ysis elementdncludedSuperKamiokande(SK) zenithspec-
tra[[Lf], updatedsaexperimentdlLy, 0], improvedtreatment
of 8B spectralsystematiauncertaintiesandCl and Gacross-
sectioncorrelationg21]. This improved oscillationanalysis
appliedto the pureD,0 datareproducestherresults[2, 21].
A combined ? t to SNOD,O andsaltdata[2%] aloneyields
the allowed regionsin  n? andtar? shavn in Fig. B In
a global analysisof all solar neutrinodata, the allowed re-
gionsin parameteispaceshrink considerablyand the LMA
region is selected,as showvn in Fig. B(a). A global analy-
sisincludingtheKamLAND reactoranti-neutrinaresultg]l24]
shrinks the allowed region further, with a best-t point of

n? = 7.1°72 10°eV?and = 32524 degrees,where
the errorsre ectl  constraintson the 2-dimensionalre-
gion [Fig. B(b)]. With the nenv SNO measurementthe al-
lowed LMA region is constrainedo only the lower bandat
> 99%CL. Thebest- t pointwith onedimensionaprojection
of theuncertaintiesn theindividualparameterémaginalized
uncertaintiesjs nm? = 7:1°23 10°eV?and = 3257
degrees.This disfavors maximalmixing at a level equivalent
to 5.4 . In our analysestheratio fg of the total B "ux to
the SSM[2f] valuewasa free parameterwhile the total hep
“uxwas x edat9:3 103cm?sl

In summary we have preciselymeasuredhe total ux of
active 8B neutrinosfrom the Sunwithout assumptiongbout
theenepgy dependencef theelectronneutrinosurvival prob-
ability. The ux is in agreementvith standardsolar model
calculations Theseresultscombinedwith globalsolarandre-
actorneutrinoresultsrejectthe hypothesi®f maximalmixing
atacon dencelevel equivalentto 5.4

Thisresearctlwassupportedy: CanadaNSERC,Industry
CanadaNRC, NorthernOntarioHeritageFund,Inco, AECL,
Ontario Pover Generation HPCVL, CFI; US: Dept. of En-
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strongcontributions.
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