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The Sudbury Neutrino Observatory (SNO) used an arraiHef proportional counters to measure the rate
of neutral-current interactions in heavy water and prégidetermined the total activer() 8B solar neutrino
flux. This technique is independent of previous methods eyepl by SNO. The total flux is found to be
5.54*933 (staty 333 (syst)x 10P cmr?s7, in agreement with previous measurements and standandnsottels.

A global analysis of solar and reactor neutrino resultsdgelm? = 7.94'342 x 10 eV? andg = 33814
degrees. The uncertainty on the mixing angle has been rédrara SNO’s previous results.

PACS numbers: 26.65t, 14.60.Pq, 13.15g, 95.85.Ry

The Sudbury Neutrino Observatory [1] dete€B solar  neutral-current (NC) disintegration of the deuteron bytrieu
neutrinos through three reactions: charged-currentaoter nos, which has equal sensitivity to all active neutrino ftavo

tions (CC) on deuterons, in which only electron neutrinos |, its first phase of operation, SNO measured the NC rate
participate; neutrino-electron elastic scattering (B&)ich g gpserving neutron captures on deuterons and found that
are dominated by contributions from electron-neutring®l a 5" standard-Electro-Weak-Model description with an undis-
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torted 8B neutrino spectrum and CC, NC, and ES rates due

solely tove interactions was rejected as [2,13,14,[5]. The 800 T T T
second phase of SNO measured the rates and spectra after th 700§ — Best fit E
addition of~2 Mg of NaCl to the~1000 Mg of heavy water > 600 —NC E
(D20). This enhanced the neutron detectifiiceency and the = sk | |7 NEU}fon backgfougd
ability to statistically separate the NC and CC signals, r@Ad o S - o+ instrumental
sulted in significant improvement in the accuracy of the mea- £ 400? .
suredv,e andvy fluxes without any assumption about the en- 2 300 + E
ergy dependence of the neutrino flavor transformationl[6, 7] *' »qoF- E
In the present measurement, the NC signal neutrons were pre- 100; E
dominantly detected by an array &fle proportional coun- - . LT | | ]
ters (Neutral Current Detection, or NCD, array [8]) consist 0002 02 06 08 1 12 1
ing of 36 “strings” of counters that were deployed in the NCD Energy (MeV)

D,0. Four additional strings filled withHe were insensitive
to the neutron signals and were used to study backgrounds|G. 1: NCD energy spectrum fit with a neutron calibrationcspe
Cherenkov light signals from CC, NC, and ES reactions wererum, neutron backgrounds, alpha background derived framts
still recorded by the photomultiplier tube (PMT) array, tiyb Carlo simulation, and low-energy instrumental backgrodistribu-
the rate of such NC events fro%hl(n,y)3H reactions was sig- Fions. Data are shown after data reduction up to 1.4 MeV aedith
nificantly suppressed due to neutron absorption in3de S above 0.4 MeV.
strings. This Letter presents measurements of the CC, NC,
and ES rates from SNO’s NCD phase. heavy water. The inferred NC neutron captufieceency for
The data presented here were recorded between Novemidée NCD array was 0.210.007 in good agreement with the
27, 2004 and November 28, 2006, totaling 385.17 live days9.210+ 0.003 given by a Monte Carlo simulation verified
The number of raw NCD triggers was 1,417,811 and the datagainst point-source data. The fraction of detected nestro
setwas reduced to 91,636 NCD events after data reduction déside the analysis energy range from 0.4-1.4 MeV, inclgdin
scribed in|[8]. Six strings filled witfHe were excluded from the éfects of data reduction, electronic thresholds afid e
the analysis due to various defects. The number of raw PMTiency, and digitizer livetime, was 0.862.004. The neutron
triggers was 146,431,347 with 2381 PMT events passing datdetection éiciency for the PMT array was 0.0486.0006.
reduction and analysis selection requirements similanase The energy spectrum of the reduced NCD data set is shown
in [5]. Background events arising frop+y decays were re- in Fig.[1. The distinctive neutron spectrum peaks at 764 keV.
duced by selecting events with reconstructed electfietive ~ This spectrum was fit with a neutron energy spectrum taken
kinetic energies 6.0 MeV and reconstructed vertices within from the 2*Na calibration. The alpha background distribu-
Rit < 550 cm. tion was derived from a Monte Carlo simulation of the pro-
Thermal neutron capture on tRéle in the proportional portional counters. The alpha background energy spectrum
counters results in the creation of a proton-triton paihvt has several components, U and Th progeny in the bulk of
total kinetic energy of 764 keV. Due to particles hitting the the nickel detector bodies adtPPo on the inner surfaces [8].
counter walls|[8], the detected ionization energy was betwe These sources resulted in approximately 16 alphas per day de
191 and 764 keV. The signals from each string were amplitected in the full neutron energy window for the entire NCD
fied logarithmically to provide dficient dynamic range be- array. The Monte Carlo simulation was verified using al-
fore they were digitized [8]. The detectors were constmicte pha data from the array above 1.2 MeV and from thie
from ultra-pure nickel produced by a chemical vapor deposistrings in the neutron energy region. Several uncertaintie
tion process to minimize internal radioactivity. were included in the alpha background distribution: depth
The neutron detectionfiiciency and response of the PMT profile and composition of alpha emitters in nickel, eleatro
and NCD arrays have been determined with a variety of neudrift time, space-charge model parameters, and ion mypbilit
tron calibration sources. Neutron point sourc&8qf and Low-energy instrumental background events were found on
241AmBe) were frequently deployed throughout the detectotwo strings that were excluded from the analysis. Distribu-
volume to measure the temporal stability and the deteciar gations of these events were used to fit for possible additional
of the NCD array. The NC neutron detectiofigiency was contamination in the data on the rest of the array.
studied by using an isotropic source of neutrons produced The optical and energy responses and position and direc-
by mixing ?*Na (t> = 14.959 hours), in the form of acti- tional reconstruction of the PMT array were updated to in-
vated NaCl, into the heavy water in October 2005 and Octobetlude light shadowing and reflection from the NCD array.
2006. Neutrons were produced by deuterium photodisintegraVith improvements to the calibration data analysis and in-
tion induced by the 2.754-Me¥*Na gammas. The largest creased high voltage on the PMT array, the introduction of
uncertainties on the neutron detectidfiency were asso- the NCD array did not significantly increase the position or
ciated with the knowledge of th&Na source strength and energy reconstruction uncertainties from previous phades
the ability to determine the uniformity of its mixing in the normalization for the photon detectiofiieiency based otfN



calibration datal[9] and Monte Carlo simulations was used tQI’ABLE I: Background events for the PMT and NCD arrays, respec

set the absolute energy scale. The er_lergy res_pons_e for ele[f%/'ely. The internal and external neutrons and by backgrounds
trons can be characterized by a Gaussian function withuesol 5.« constrained in the analysis. “Other backgrounds” deherres-

tion ot = —0.2955+ 0.5031T, + 0.0228T,, whereTeis the  trial vs, reactons, spontaneous fission, cosmogenics, CléQOand
electron kinetic energy in MeV. The energy scale uncemjaint (e,n) reactions. The last two entries are included in the syate

was 11%. uncertainty estimates for the PMT array.
214B§ckgrc2>38nds are summarized in Tae_l. Low levels of ggrce . PMT Events NCD Events

Bi and <“TI present in the heavy and light water, NCD B,0 radioactivity 76+ 1.2 287+ 4.7
counters, and cables can create free neutrons from deuteracD bulk’0120 4621 276133
photodisintegration and low-energy Cherenkov events fromAtmospheric//**N 247+ 46 136+27
B — v decays. Techniques to determine these backgrounds irPther backgrounds” g+01 23+03
the water are described in previous worls [3,[10,[11, 12]. InNCD “hotspots” 1718 644+64
addition, alphas from Ra progeny on the NCD tube surfaceé\'rCD .Cables 1=+10 80+5.2

. 718 : X . otal internal neutron background .B&% 1446° 755

can inducé’'80(a,n) interactions. The background contribu- External-Source neutrons 0 107 2093 906

tions from the NCD arra i ini :

y were determined by C(_)mblnlng theGherenkov events frofy decays B3 =
analyses of the alpha energy spectrum and the time-cardelat |avB <0.3(68% CL) _
alpha events in the decay chains. The results from these stud
ies agreed with those from radioassays of the materials prio

to _the construction of th_e NCD array. In additiossitu anal- PMTs, as well as the numbers of background events of various
ysis of the Cherenkov light found three detectable “hotspot types. A Markov-chain Monte Carlo (MCMC) method with
of elevated radioactivity on tw%strlngs. Evalua;uo?shcélth the Metropolis-Hastings algorithrh [14,/15] was employed to
Isotopic composition were made upon removal of the NCDmake the fit, which also allowed nuisance parameters (system
array aft.er the end of data taking. Results from iitu atics) weighted by external constraints to vary in the fite Th
ar_1d ex-situmethods showed the neutron background uncerycp event energy spectrum was fit with an alpha background
tainty from the hotspots to be less than 0.7% of the NC S'gnaldistribution, a neutron calibration spectrum, expectagt

Neuztsrgn backgrounds from atmospheric neutrino interastio 5y rounds, and two instrumental background event distri
and=*U fission were estimated with NUANCE [13] and from , ;1ions The PMT events were fit in reconstructed energy, the

event multiplicities. cosine of the event direction relative to the vector fromshe
Previous results [6, 7] reported the presence of external(-cosee) and the reconstructed radial position.
source neutrons from the acrylic vessel and light waterhAlp e gpeciral distributions of the ES and CC events were not
radioactivity measurements of the acrylic vessel neck ®ith . strained to thés shape, but were extracted from the data.
counters before and after the NCD phase showed values COii g the data yielded the following number of events: 983
sistent with those from the previous phase within uncertainyc (NCD array), 26724 NC (PMT array), 1867°%. CC, and
1 722 L 1

; P 1101
ties. Thus, the external-source neutron contribution ftbhen 171%421 ES, with 185%3 and 77&3 neutron background events

vessel was taken to be the same as for the previous phase. Tigeihe NCD and PMT arrays respectively. Additionally, the
contributions from the light water were determined from the; | NCD array background fits including alphas and the two

14p; 20 i
measured'“Bi and**°T| concentrations. __instrumental components yielded 612701 events.
Backgrounds from Cherenkov events inside and outside the Assuming thé®B neutrino spectrum from [17], the equiv-

fiducial volume were estimated using calibration sourca,dat 4jent neutrino fluxes derived from the fitted CC. ES. and NC
measured activities, Monte Carlo calculations, and cdetio o\ ents are (in units of fem2s1) [18,[19]:
injections of Rn into the detector. These backgrounds were

found to be small above the analysis energy threshold and PRl = 16730%(staty 99k(syst)
within th_e fiducial volume, and were includeql asan addi.ﬁ.ona ¢SO = 1.77024(staty 0% (syst)
uncertainty on the flux measurements. Previous phases-ident SNO _ 54+0:33 0.36

fied isotropic acrylic vessel background (IAVB) events, gbhi dnc = 5540031 (Stat)o3s (sysh)

gan be(;imit_ed :co O'ﬁ’_ rerrr:aining IAVB events (68% CL) after and the ratio of théB neutrino flux measured with the CC
ata reduction for this phase. and NC reactions is

A blind analysis procedure was used to minimize the pos-

sibility of introducing biases. The data set used during the P
development of the analysis procedures excluded a hidden N0 = 0.301 0.033 (total)

fraction of the final data set and included an admixture of
neutron events from muon interactions. The blindness confhe contributions to the systematic uncertainties on the de
straints were removed after all analysis procedures, paramived fluxes are shown in Tatdlg Il.

eters, and backgrounds were finalized. A simultaneous fit Two independent analysis methods were used as checks of
was made for the number of NC events detected by thé¢he MCMC method. Both used maximum likelihood fits but
NCDs, the numbers of NC, CC and ES events detected by tHeandled the systematicsfiirently. A comparison of results
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TABLE II: Sources of systematic uncertainties on NC, CC, &3l %10 §(a) 68% CL 3
fluxes. The total error dliers from the individual errors added in 0% 95% CL =
quadrature due to correlations. 2105i 99.73% CL E
Nuisance Parameter NC uncert. CC uncert. ES uncert. 106? E

(%) (%) (%)
PMT energy scale +0.6 27 +3.6 107F -
PMT energy resolution +0.1 +0.1 +0.3 85 o ) ]
PMT radial scaling 0.1 £2.7 £2.7 10} 53 102 10% 1
PMT angular resolution +0.0 +0.2 +2.2 tarr®
PMT radial energy dep. +0.0 +0.9 +0.9 0 15><103“
Background neutrons +2.3 +0.6 +0.7 c<>\ (b) i ©
Neutron capture +3.3 +0.4 +05 Q
CherenkoyAV backgrounds +0.0 +0.3 +0.3 e 0.1 1 [ ]
NCD instrumentals +16 +0.2 +0.2 < I
NCD energy scale +05 +0.1 +0.1 I
NCD energy resolution +2.7 +0.3 +0.3 0.05 1 L ]
NCD alpha systematics +2.7 +0.3 +0.4 '
PMT data cleaning +0.0 +0.3 +0.3 . ‘ ‘ " . ‘ ‘ "
Total experimental uncertainty:6.5 +4.0 +4.9 0.2 04 0'?anz%'8 0.2 04 0'?anz%'8
Cross section [16] +1.1 +1.2 +0.5

FIG. 2: Neutrino-oscillation contours. (a) SNO only;,® & salt
day and night spectra, NCD phase fluxes. The best-fit poitfs=

; : 57x107° eV?, tart 6 = 0.447, fz = 0.900, withy?/d.0.f=73.7772.
from these three analysis methods after the blindness con b) Solar Global: SNO, SK, CI. Ga, Borexino. (¢) Solar Global

tions had been removed revealed two issues. A 1Q%rdi . - AND The best-fit pOINt ISAMP = 7.94 x 10°5 eV, tarf§ =
ence between the NC flux uncertainties was found, and subsg447 f, = 0.873.

guent investigation revealed incorrect input parametetad

methods. After the inputs were corrected, the errors agreed

and there was no change in the fitted central values. However,

the ES flux from the MCMC fit was Ocb lower than from  the SSM[2]7] value was a free parameter, while the toégl
the other two analyses. Thisfitirence was found to be from flux was fixed at B3x 10° cm2 s [24].

the use of an inappropriate algorithm to fit the peak of the ES |n summary, we have precisely measured the total flux of
posterior distributions. After a better algorithm was el  active®B neutrinos from the sun independently from our pre-
mented, the ES flux agreed with the results from the other twgious methods. The flux is in agreement with standard solar
analyses. model calculations. This Letter presents analysis leatting

The ES flux presented here is & Bwer than that found by  a reduction in the uncertainty @fover our previous results.
Super-Kamiokande-| [20] consistent with a downward statis Further improvements are expected with the addition of the
tical fluctuation in the ES signal, as evidenced in the shbrtf |atest data from other experiments|[29, 30].

gf signals near cof, = 1 in two isolated energy bins. The  Thjs research was supported by: Canada: NSERC, Indus-
“B spectral shape [17] used herdfeis from thatl[21] used ry canada, NRC, Northern Ontario Heritage Fund, Vale Inco,
in previous SNO results. The CC, ES and NC flux results inAEc|, Ontario Power Generation, HPCVL, CFl, CRC, West-
this Letter are in agreemery € 32.8% [22]) with the NC flux grid; US: Dept. of Energy, NERSC PDSF; UK: STFC (for-
result of the RO phasel[3] and with the fluxes from the salt merly PPARC); Portugal: FCT. We thank the SNO technical

phasel[7]. _ _ _ staf for their strong contributions.
The fluxes presented here, combined with day and night en-

ergy spectra from the pure,D and salt phases|[4, 7], place

constraints on neutrino flavor mixing parameters. Two-flavo

active neutrino oscillation models are used to predict tGe C

NC, and ES rates in SNO_[23]. A combingd fit to SNO [1] SNO Collaboration, Nucl. Instr. and MetA449, 172 (2000).
D20, salt, and NCD-phase daia [24] yields the allowed re- [2] SNO Collaboration, Phys. Rev. Le&7, 071301 (2001).
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anti-neutrino results [26], the allowed regions are shown i {% gmg gg::gggg:g: ﬁﬂﬁ Egé7"ze%25'50510821?20010(52)004)'
Fig.[2(b and c). The best-fit point to the solar global plus g7 ;= Amshauglet al, Nucl. Instr. and MethA579, 1054 (2007).
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