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Table 1: Nuclear reactions in the Sun (pp-chain)
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'Figure 6.4 Solar neutrino spectrum This figure shows the energy spec-
trum of neutrinos that is predicted by the standard solar model discussed
in Section 4.3. The neutrino fuxes from continuum sources are given in
the units of number per cm? per second per MeV at one astronomical unit
and the line fluxes are given in number per cm? per second. The spectra

from the pp chain are drawn with solid lines; the CNO spectra are drawn
with dotted lines.
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Solar modcl predxctlons of ¥B and p-p neutrinos agree with the experimentally determined
fluxes (including oscillations): ¢(pp)measured = (1.02 % 00.02 % 0. 01)(}5(pp)mmry and ¢ CB)easures =
(0.88 £ 0.04 * 0.23) $(®B)speory, 10~ experimental and theoretical uncertainties, respectively. We use
improved input data for nuclear fusion reactions, the equation of state, and the chemical composition of
the Sun. The solar composition is the dominant uncertainty in calculating the 8B and CNO neutrino
fluxes; the cross section for the 3He(*He, ¥)"Be reaction is the most important uncertainty for the

calculated "Be neutrino flux.
DOI: 10.1103/PhysRevLett.92.121301

This Letter is part of a series that spans more than 40
years [1]. The goals of this series are to provide increas-
ingly more precise theoretical calculations of the solar
neutrino fluxes and detection rates and to make increas-
ingly more comprehensive evaluations of the uncertain-
ties in the predictions. We describe here two steps forward
(improved accuracy of the equation of state of the solar
interior and some of the nuclear fusion data) and one step
backward (increased systematic uncertainties in the de-
termination of the surface composition of the Sun).

Using recent improvements in input data, we calculate
the best estimates, and especially the uncertainties, in the
solar model predictions of solar neutrino fluxes. We com-
pare the calculated neutrino fluxes with their measured
values. We stress the need for more accurate measure-
ments of the surface composition of the Sun and of
specific nuclear reaction rates.

Table I presents, in the second (third) column, labeled
BP04 (BP04+), our best solar model calculations for the
neutrino fluxes. The uncertainties are given in column 2.
BP04+ was calculated with new input data for the equa-
tion of state [4], nuclear physics [5,6], and solar compo-
sition [7]. BP04, our currently preferred model, is the
same as BP04+ -except that BPO4 does not include the
most recent analyses of the solar surface composition [7],
which conflict with helioseismological measurements.
The error estimates, which are the same for BP04,
BP04 +, and N (see Table I), include the recent compo-
sition analyses.

For the BP04 solar model, the base (mass) of the
convective zone is 0.715R, (0.024 M), the surface heavy
element to hydrogen ratio by mass, Z/X = 0.0229, the
surface helium abundance is 0.243, and 1.6% of the lu-
minosity is from CNO reactions. The central temperature,
helium abundance, and Z/X are, respectively, 15.72 X
10% K, 0.640, and 0.0583. All of these values are in the
acceptable range as determined by helioseismology. How-

ever, for BPO4+, the base of the convective zone (CZ) is

121301-1 0031 -9007/04/92(12)/121301(4)$22.50

PACS numbers: 26.65.+t, 14.60.Pq, 96.60.Jw

Rcz/Re = 0.726, which conflicts with the measured
value of 0.713 = 0.001 (or £0.003; see Ref. [8]). By
examining a series of models, we have determined that
the reason for the too-shallow CZ in the BPO4+ model is
the lower heavy element abundance, Z/X = 0.0176.
Therefore, we prefer BPO4. "

The measurements from different solar neutrmo ex=
periments [9] and the Kam1L.AND reactor data [10] can be
combined in a global analysis to obtain the best empirical
values for the p-p, 8B, and "Be solar neutrino fluxes. We
use the fluxes from the global analysis of Ref. [11], which
allows all the solar neutrino fluxes to be free parameters
subject only to the luminosity constraint (i.e., energy
conservation). Comparing the measured values with the
theoretical predictions, we find for BP04:

¢(pp)measured = (102 +0.02 = 0-01)¢(pp)theoryr (1)
$CB) measurea = (0.88 = 0.04 £ 023)$(Blipeorys  (2)
¢(7Be)measured = (Ogltg é; * 0'11)¢(7Be)theory~ (3)

In Egs. (1)~(3), the 1o experimental uncertainties are
given before the 1o theoretical uncertainties.

The measured and theoretical values for the fluxes
agree within their combined 1o uncertainties. The mea-
surement error of the 8B neutrino flux is smaller than the
uncertainty in the theoretical calculation, but the opposite
is true for the p-p and "Be neutrino fluxes.

Column 4 of Table I presents the fluxes calculated using
our previous best solar model, BPOO [2]. The BP04 best
estimate neutrino fluxes and their uncertainties have not
changed markedly from their BPOO values despite refine-
ments in input parameters. The only exception is the CNO
flux uncertainties that have almost doubled due to the
larger systematic uncertainty in the surface chemical
composition estimated in this Letter.

We describe improvements in the input data relative to
BPO0O. Quantities that are not discussed here are the same

© 2004 The American Physical Society 121301-1
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TABLE . Predicted solar neutrino fluxes from solar models. The table presents the predicted fluxes, in units of 10'%(pp),
10°("Be), 108(pep, 13N, 150), 10°(®B, "F), and 10*(hep) cm™2 s~ !. Columns 24 show BP04, BP04 +, and our previous best model
BPO0O0 [2]. Columns 5-7 present the calculated fluxes for solar models that differ from BP0O by an improvement in one set of input
data: nuclear fusion cross sections (column 5), equation of state for the solar interior (column 6), and surface chemical composition
for the Sun (column 7). Column 8 uses the same input data as for BP04 except for a recent report of the *N + p fusion cross section.
References to the improved input data are given in the text. We use OPAL radiative opacities calculated for each chemical
composition. The last two rows ignore neutrino oscillations and present for the chlorine and gallium solar neutrino experiments the
capture rates in SNU (1 SNU equals 10739 events per target atom per sec). Because of oscillations, the measured rates are smaller:
2.6 £ 0.2 and 69 * 4, respectively. We use the neutrino absorption cross sections and their uncertainties that are given in Ref. [3].

Source BP04 BPO4+ BPOO Nucl. EOS Comp. 4N
pp 5.94(1 = 0.01) 5.99 5.95 5.94 5.95 6.00 5.98
pep 1.40(1 = 0.02) 1.42 1.40 1.40 1.40 1.42 1.42
hep 7.88(1 = 0.16) 8.04 9.24 7.88 9.23 9.44 7.93
"Be 4.65 7 4.84 4.79 4.56 4.86
8B 5.26 (505 ) 5.77 5.08 4.62 5.74
BN 4.06 5.48 5.69 5.51 3.88 3.23
150 5.03(123%3) 3.54 4.80 5.01 4.82 336 2.54
17p 5911737 3.97 5.63 5.88 5.66 3.77 5.85
Cl 8.5*18 7.7 7.6 8.5 7.6 6.9 8.2
Ga 131+12 126 128 130 129 123 127

as for BPOO. Each class of improvement is represented by
a separate column, columns 5-7, in Table L

Column 5 contains the fluxes computed for a solar
model that is identical to BPOO except that we have
used improved values for direct measurements of the
"Be(p, y)®B cross section, Sy .v(’Be + p) = 20.6 %
0.8 eVb [5], and the calculated p-p, So(pp) =
3.94(1 + 0.004) X 102> MeV b, and hep, Sylhep) =
(8.6 = 1.3) X 10720 keVb, cross sections [6]. The re-
actions that produce the 8B and hep neutrinos are rare;
changes in their production cross sections affect, respec-
tively, only the ®B and hep fluxes. The 15% increase in the
calculated B neutrino flux, which is primarily due to a
more accurate cross section for ‘Be(p, ¥)®B, is the only
significant change in the best estimate fluxes.

The fluxes in column 6 were calculated using a refined
equation of state [4]. Solar neutrino calculations are in-
sensitive to the present level of uncertainties in the equa-
tion of state.

The most important changes in the astronomical data
since BPOO result from new analyses of the surface
chemical composition of the Sun. The input chemical
composition affects the radiative opacity and hence the
physical characteristics of the solar model, as well as, toa
lesser extent, the nuclear reaction rates. New values for C,
N, O, Ne, and Ar have been derived [7] using three-
dimensional rather than one-dimensional atmospheric
models, including hydrodynamical effects, and paying
particular attention to uncertainties in atomic data and
observational spectra The new abundance estimates, to-
gether with the previous best estimates for other solar
surface abundances [12], imply Z/X = 0.0176, much less
than the previous value of Z/X = 0.0229 [12]. Column 7

121301-2

gives the fluxes calculated for this new composition

mixture. The largest change in the neutrino fluxes for

the p-p chain is the 9% decrease in the predicted 3B

neutrino flux. The N and O fluxes are decreased by .
much more, ~35%, because they reflect directly the

inferred C and O abundances.

The CNO nuclear reaction rates are less well deter-
mined than the rates for the more important (in the Sun)
p-p reactions [13]. The rate for “N(p, )0 is poorly
known, but important for calculating CNO neutrino
fluxes. Extrapolating to the low energies relevant for solar
fusion introduces a large uncertainty. Column 8 gives the
neutrino fluxes calculated with input data identical to
BP04 except for the cross section factor So(*N + p) =
1.77 = 0.2 keV b that is about half the current best esti-
mate; this value assumes a particular R-matrix fit to the
experimental data [14]. The p-p cycle fluxes are changed
by only ~1%, but the >N and 'O neutrino fluxes are
reduced by 40%-50% relative to the BP0O4 predictions.
CNO nuclear reactions contribute 1.6% of the solar lumi-
nosity in the BP04 model and only 0.8% in the model
with a reduced So(**N + p).

Table II shows the individual contributions to the flux
uncertainties. Columns 2-5 present the fractional uncer-
tainties from the nuclear reactions whose measurement
errors are most important for calculating neutrino fluxes.
Unless stated otherwise, we have used throughout this
Letter the uncertainties estimated in Ref. [13] for nuclear
cross sections.

The measured rate of the >He->He reaction, which after
the inception of this series [1] changed by a factor of 4,
and the measured rate of the "Be + p reaction, which for
most of this series has been the dominant uncertainty in

121301-2
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J.Bancarr, M.C .Gonvzated - Saeciha
C. Pesia- Caray, ‘04

Experiment Observable (# Data) ' Measured/SM Reference
Chlorine Average Rate (1) "1CCI=0.30 + 0.03 8] ;
SAGE+GALLEX/GNO!  Average Rate (1) [3, 4, 5]
Super-Kamiokande Zenith Spectrum (44) » =0.406 +0.013 ; [10]
SNO (pure D,O phase)  Day-night Spectrum (34) ) CC]O 31+003 (13, 14]

[ES]=0.47 % 0.05 [13, 14]

[NC)=1.01 £ 0.13 (13, 14]
SNO (salt phase) Average Rates (3) [CC]=0.28 £0.02 [12]

[ES]=0.38 £ 0.05 [12]

. [NC]=0.90 = 0.08 [12]
KamLAND Spectrum (10) [CC]=0.69 4 0.06 [6]
CHOOZ Spectrum (14) [CC] = 1.01 £0.04 [7]
K2K Spectrum (6) [CC)(vy) = 070233 [29]
Atmospheric Zenith Angle Distributions (55) [0.5-1.0] [30]

t SAGE rate: 66.9 4 3.9 3.6 SNU [3]; GALLEX/GNO rate: 69.3+ 4.1+ 3.6 SNU [4, 5].

Table 1: Experimental data. We summarize the solar, reactor, accelerator, and
atmospheric data used in our global analyses. Only experimental errors are included in
the column labelled Result/SM. Here the notation SM corresponds to predictions of the
Bahcall-Pinsonneault standard solar model (BP04) of ref. [31] and the standard model of
electroweak interactions [32] (with no neutrino oscillations). The new average gallium rate
is 68.1+3.75 SNU (see ref. [2]). The SNO rates (pure D3O phase) in the column labelled
Result/SM are obtained from the published SNO spectral data by assuming that the shape
of the ®B neutrino spectrum is not affected by physics beyond the standard electroweak
model. However, in our global analyses, we allow for spectral distortion. The SNO rates
(salt phase) are not constrained to the 8B shape [12]. The K2K and atmospheric data are
used only in the analysis of 813, which is discussed in Appendix A.
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i=39.6 % ; T1/2=11.43 days
threshold energy: 233 keV

-Expectation:

130 + %, SNU (16)  mcrotes

{1 SNU = solar neutrino unit = 10°* captures per target snclous per second]

% from PP -V (inclpep) ( 72.5 SNU)
% from "Be (34.2 SNU)

9% from CNO - v (9 SNU); 11 % from OB ( 14 SNU)

100 tons of aqueous Gallium chloride
solution (= 30.3 t Gallium);




Water Cherenkov detector

. 1000 m underground
. 50,000 ton (22,500 ton fid.)
. inner-detector(ID): 11,146 20 inch PMTs(SK-I)

. outer-detector(OD): 1,885 8 inch PMTs
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Solar neutrinos from the decay of 8B ha,ve been detected at the Sudbury Neutrino Observatory
(SNO) via the charged current (CC) reaction on deuterium and by the elastic scattering (ES)
of electrons. The CC reaction is sensitive excluswely to v.'s, while the ES reaction also has a
small sensmvxty to v.'s and v;’s. The flux of v.’s from 8B decay measured by the CC reaction
rate is ¢°C(v.) = 1.75 £ 0.07 (stat.)*312 (sys.) £ 0.05 (theor ) x 10% cm~?s™!. Assuming no flavor

tranformation, the flux inferred from the ES reaction rate is ¢=° (1) = 2.3940.34 (stat.)+%: :

10% cm™?s~!. Comparison of ¢°(v.) to the Super-Kamiokande Collaboration’s precision value
of ¢¥5(v;) yields a 3.3¢ difference, providing evidence that there is a non-electron flavor active .
neutrino component in the solar lux. The total flux of active 3B neutrinos is thus determined to be

5.44 4 0.99 x 10° cm~2s™!, in close agreement with the predictions of solar models.
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FIG. 2. Distributions of (a) cos8g, and (b) Extracted ki-
netic energy spectrum for CC events with B <5.50 m and
Ter>6.75 MeV. The Monte Carlo simulations for an undis-
torted ®B spectrum are shown as histograms. The ratio of
the data to the expected kinetic energy distribution with cor-
related systematic errors is shown in (c).

sources of systematic. uncertainty in this signal extrac-
tion are the energy scale uncertainty and reconstruction

accuracy, as shown in Table II. The CC and ES signal de-

composition gives consistent results when used with the
Nyt energy estimator, as well as with different choices
of the analysis threshold and the fiducial volume up to
6.20 m with backgrounds characterized by pdfs.

The CC spectrum can be extracted from the data by
removing the constraint on the shape of the CC pdf and
repeating the signal extraction. Figure 2 (b) shows the ki-
netic energy spectrum with statistical error bars with the
predicted standard 8B spectrum [7] superimposed. The
ratio of the data to the prediction is shown in Figure 2
(c). The bands represent the lo uncertainties derived
from the most significant energy-dependent systematic
errors. There is no evidence for a deviation of the spectral
shape from the predicted shape under the non-oscillation

SNO

TABLE II. Systematic error on fluxes.

Error source CC error ES error

(percent) (per cent)
Energy scale -5.2, +6.1 -3.5 ,+5.4
Energy resolution - 205 +0.3
Energy scale non-linearity +0.5 +0.4
Vertex accuracy +3.1 +3.3
Vertex resolution +0.7 +04
Angular resolution +0.5 +2.2
High energy 7’s -0.8, +0.0 -1.9, +0.0
Low energy background  -0.2, +0.0 -0.2, +0.0
Instrumental background -0.2, 4-0.0 -0.6, 4+0.0
Trigger efficiency 0.0 0.0
Live time +0.1 +0.1
Cut acceptance -0.6, +0.7 -0.6, +0.7
Earth orbit eccentricity -40.2 +0.2
170,120 - 0.0 0.0
Experimental uncertainty -6.2, +7.0 -5.7, +6.8
Cross section : 3.0 0.5
Solar Model -16, 420 -16, 420
hypothesis.

Using the integrated rates above the kinetic energy
threshold Tog = 6.75 MeV, the measured B neutrino
fluxes assuming no oscillations are:

¥ 6550 (ve) = 1.75 £ 0.07 (stat.)*312 (sys.) +0.05 (the@ )

x10% cm 2571

sNo(vx) = 2.39 + 0.34(stat.

1016 (sys.) x 108 cm™2s~?
where the theoretical uncertainty is the CC cross section
uncertainty {10]. Radiative corrections have not been
applied to the CC cross section, but they are expected
to decrease the measured ¢“C(ve) flux [14] by up to a
few percent. The differénce between the B flux deduced
from the ES rate and that deduced from the CC rate in
SNO is 0.64 + 0.40 x 10° cm™2s™1, or 1.60. SNO’s ES
rate measurement is consistent w1th the precxsmn mea-
surement by the ﬁSuper-Ka.Imoka ollaboraf,lon of the

8B flux using the same ES reaction [5]:

(45 (v) = 2.32.5:0.03 (stat.) 1238 (sys) x 10° cm™%71.)

he difference between the flux ¢®5(v;) measured by
Super-Kamiokande via the ES reaction and the ¢“(v,)
ux measured by SNO via the CC reaction is 0.57 &
.17 x 10% cm~2s7!, or 3.30 [8]. The probability that the
SNO measurement is not a downward fluctuation from
he Super-Kamiokande measurement is 99.96%. For ref-
erence, the ratio of the SNO CC 8B flux to that of the
BP2001 solar model [7] is 0.347-£0.029, where all uncer-
tainties are added in quadrature.

If oscillation with maximal mixing to a sterile neu-
trino is occurring, the SNO CC-derived 3B flux above
a threshold of 6.75 MeV will be consistent with the in-
tegrated Super-Kamiokande ES-derived 8B flux above a



threshold of 8.5 MeV [20]. Correcting for the ES thresh-
old [5] this derived flux difference is 0.53 % 0.17 x 10°
cm™2s7!, or 3.1¢0. The probability that this difference is
not a downward fluctuation is 99.87%. These data are
therefore evidence of a non-electron active flavor com-
ponent in the solar neutrino flux. These data are also
inconsistent with the “Just-So2?” parameters for neutrino
oscillation [15].

Figure 3 displays the inferred flux of non-electron fla-

vor active neutrinos (¢(v,-)) against the flux of electron

neutrinos. The two data bands represent the one stan-
dard deviation measurements of the SNO CC rate and
the Super-Kamiokande ES rate. The error ellipses rep-
resent the 68%, 95%, and 99% joint probability contours
for ¢(ve) and (q&(u,“.)) The best ﬁt to q&(uw) is:

f”?ﬁf(;,”) ~360+1.13 x 10 cm™2s71,
«

-
q)i +SNO

@, (106 cm'2s'l)

FIG. 3. Flux of ®B solar neutrinos which are y or r flavor
vs.. the flux of electron neutrinos as deduced from the SNO
and Super-Kamiokande data. The diagonal bands show the
total *B flux ¢(v,) as predicted by BP2001 (dashed lines) and
that derived from the SNO and Super-Kamiokande measure-
ments (solid lines). The intercepts of these bands with the
axes represent the +1¢ errors.

The total flux of active 8B neutrinos is determined to

be:
( #(vz) = 5.44 +0.99 x 10% cm~25~1. )

This result is displayed as a diagonal band in Fig. 3, and
is in excellent agreement with predictions of standard
solar models {7,9]. :

The evidence for electron neutrino flavor change im-
plies a mass squared difference between v, and v, or v,

: 2
and Amg,

that is less than 10™3 eV? as shown by previous analy-
ses [16,15]. This result can also be combined with present
limits on electron neutrino mass [17] of less than 2.8 eV
(assuming neutrino oscillations {19]), to limit
the sum of the masses of v, v, and v, to be between
0.05 and 8.4 eV. This corresponds to a constraint of 0.001
<, < 0:18 for the neutrino mass contribution to the
critical density of the Universe [18].

In summary, the results presented here are the ‘first
direct indication of a non-electron flavor component in
the solar neutrino flux, and enable the first determination
of the total flux of ¥B neutrinos generated by the Sun.
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TABLE II: Systematic uncertainties on fluxes.
mental uncertainty for ES (not shown) is -4.8,45.0 percent.

+ denotes CC vs NC anti-correlation.

The experi-

160
140
120
100
80
60F
40
20
0

Events per 0.05 wide bin

/“

-1.

—
(=]
S’

Illllllllllllll

ITT

1 e

"‘-1\.. --l-+

NC + bkegd neutrons

llllllll

M

o
]
g
(%)
=
o

Source CC Uncert. NC Uncert. ¢, Uncert.
(percent) {percent) {percent)
Energy scale -4.2,+4.3 -6.2,46.1 -10.4,410.3
Energy resolution t -0.9,+0.0 -0.0,+4.4 -0.0,+6.8
Energy non-linearity { +0.1 +0.4 +0.6
Vertex resolution } 0.0 +0.1 +0.2
Vertex accuracy -2.8,42.9 +1.8 +*1.4
Angular resolution -0.2,+0.2 -0.3,+0.3 -0.3,40.3
Internal source pd t +0.0 -1.5,4+1.6 -2.0,+2.2
External source pd +0.1 -1.0,41.0 +1.4
D,0Q Cherenkov { -0.1,+0.2 -2.6,+1.2 -3.7,41.7
H,O Cherenkov +0.0 -0.2,40.4 -0.2,+0.6
AV Cherenkov +0.0 -0.2,4-0.2 -0.3,40.3
PMT Cherenkov t +0.1 -2.1,+1.6 -3.0,+2.2
Neutron capture +0.0 -4.0,4+3.6 -5.8,+5.2
Cut acceptance -0.2,40.4 -0.2,404 -0.2,40.4
Experimental uncertainty -5.2,+5.2 -8.5,49.1 -13.2,414.1
Cross section [7] +1.8 *1.3 +1.4

2928 events in the energy region selected for analysis, §
to 20 MeV. Fig. 2(a) shows the distribution of selected
events in the cosine of the angle between the Cherenkov
event direction and the direction from the sun (cosfg)
for the analysis threshold of Teg> 5 MeV and fiducial
volume selection of R < 550 cm, where R is the recon-
structed event radius. Fig. 2(b) shows the distribution of
events in the volume-weighted radial variable (R/Ray)3,
where Ray = 600 cm is the radius of the acrylic ves-
sel. Figure 2(c) shows the kinetic energy spectrum of the
selected events.

" In order to test the null hypothesis, the assumptlon
that there are only electron neutrinos in the solar neu-
trino flux, the data are resolved into contributions from
CC, ES, and NC events above threshold using pdfs in Teg,
cosfg, and (R/Rav)3, derived from Monte Carlo calcu-
lations generated assuming no flavor transformation and
the standard 3B spectral shape [6]. Background event

pdfs are included in the analysis with fixed amplitudes -

determined by the background calibration. The extended
maximum likelihood method used in the signal decompo-
sition yields 1967.713 3 CC events, 263.67283 ES events,
and 576.51’%23 NC events [12], where only statistical un-
certainties are given. Systematic uncertainties on fluxes
derived by repeating the signal decomposition with per-
turbed pdfs (constrained by calibration data) are shown
in Table II.

Normalized to the integrated rates above the kinetic
energy threshold of T.g> 5 MeV, the flux of 8B neutri-
nos measured with each reaction in SNO, assuming the
standard spectrum shape [6] is (all fluxes are presented
in units of 10° cm=2s71):

= 1.76fg:gg(stat.)fg:gg (syst.)
= 2.397523(stat.) T012 (syst.)

= 5.00%34(stat.) 290 (syst.)..

Electron neutrino cross sections are used to calculate all
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F1G. 2: (a) Distribution of cosfg for R < 550 cm. (b) Dis-
tribution 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 fit results, and the calculated spectrum
of Cherenkov background (Bkgd) events. The dashed lines
represent the summed components, and the bands show *1o

uncertainties. All distributions are for events with Teg>5
MeV.



’ﬁS measuremenf OT fﬁ

fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teg>6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (¢e) and non-electron (¢,,) compo-
nents [13],

(syst.)
Pur (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, ¢,
is 3.4173:5%, which is 5.30 above zero, providing strong
evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. {Adding the Super—Kamlokande !
5B flux [10] ¢88 = 232 %
i 0.03(stat. )+g 37 (syst.) as an additional constraint, w%
| find ¢, = 3.4570-%5, which is 5.5¢0 above zero, XF‘;EX-
'-ure-3-shoWs the HUX Of non-electron Havor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for ¢, and ¢,,.

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cosfg and (R/Rav)? information.
The total flux of active B neutrinos measured with the

NC reaction is -

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, ¢ssm = 5.0575 1.

In summary, the results presented here are the first di-
rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the i;ypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.

This research was supported by: Canada: NSERC, In-
dustry Canada, NRC, Northern Ontario Heritage Fund
Corporation, Inco, AECL, Ontario Power Generation;
US: Dept. of Energy; UK: PPARC. We thank the SNO
technical staff for their strong contributions.
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KamLAND has been used to measure the flux of 7.’s from distant nuclear reactors. In an exposure
of 162 ton-yr (145.1 days) the ratio of the number of observed inverse S-decay events to the expected
number of events without disappearance is 0.611 £ 0.085(stat) & 0.041(syst) for 7. energies > 3.4
MeV. The deficit of events is inconsistent with the expected rate for standard 7. propagation at
the 99.95% confidence level. In the context of two-flavor neutrino oscillations with CPT invariance,
these results exclude all oscillation solutions but the ‘Large Mixing Angle’ solution to the solar

neutrino problem using reactor U, sources.

PACS numbers: 14.60.Pq, 26.65.-+t, 28.50.Hw, 91.65.Dt

The primary goal of the Kamioka Liquid scintillator
Anti-Neutrino Detector (KamLAND) experiment [1] is
a search for the oscillation of 7,.’s emitted from distant
power reactors. The long baseline, typically 180 km, en-
ables KamLAND to address the oscillation solution of the
‘solar neutrino problem’ using reactor anti-neutrinos un-
der laboratory conditions. The inverse S-decay reaction,
De +p — e +n, is utilized to detect ,’s with energies
above 1.8 MeV in liquid scintillator (LS) [2]. The de-
tection of the e¥ and the 2.2 MeV ~-ray from neutron
capture on a proton in delayed coincidence is a powerful
tool for reducing background. This letter presents the
first results from an analysis of 162 ton-yr of the reactor
U data.

KamLAND is located at the site of the earlier
Kamiokande [3], with an average rock overburden of

2,700 m.w.e. resulting in 0.34 Hz of cosmic-ray muons
in the detector volume. As shown in Fig. 1, the neutrino
detector/target is 1 kton of ultra-pure LS contained in
a 13-m-diameter spherical balloon made of 135-um-thick
transparent nylon/EVOH (Ethylene vinyl alcohol copoly-
mer) composite film. The balloon is supported and con-
strained by a network of kevlar ropes. The LS is 80%
dodecane, 20% pseudocumene (1,2,4-Trimethylbenzene),
and 1.52 g/liter of PPO (2,5-Diphenyloxazole) as a fluor.
A buffer of dodecane and isoparaffin oils between the bal-
loon and an 18-m-diameter spherical stainless-steel con-
tainment vessel shields the LS from external radiation.
During the filling procedure a water extraction and ni-
trogen bubbling method [4], optimized for KamLAND,
was used to purify the LS and buffer oil; PPO prepurifi-
cation was especially important.
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Contribution of each reactors

Reactor (km) (ev/kt/yr)

Shiga 88 80.0

Tsuruga 138 90.7

Fugen 138 10.0

Mihama 146 89.4
Kashiwazaki 160  372.4 79%
Ohi 179  164.8

Takahama 192 106.4

Hamaoka 214 90.2

Tokai | 295 14.6
Fukushima2 345 42.8
Fukushimal 349 44.6

Shimane 401 9.2

Onagawa 431 8.4

Ikata 561 7.3

Genkai 795 7.0

Tomari 783 2.0

Sendai 830 3.0

Wolsong 709 6.2

Ulchin 712 8.6

Kori 735 6.3 2.4%
Yonggwang 987 6.7 |

Sum Rate (Max Power) 1171 => 1113 (- 5?/)

235(y/239p,, /238y 241py = 60.5/27.2/7.7/4.6 => 45.0/38.8/8.3/7.9
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FIG. 5: Upper panel: Expected reactor 7, energy spectrum
with contributions of Dgeo (model Ia of [6]) and accidental
backround. Lower panel: Energy spectrum of the observed
prompt events (solid circles with error bars), along with the
expected no oscillation spectrum (upper histogram, with Jgeo
and accidentals shown) and best fit (lower histogram) includ-
ing neutrino oscillations. The shadéd band indicates the sys-
tematic error in the best-fit spectrum. The vertical dashed
line corresponds to the analysis threshold at 2.6 MeV.

the present sample before the energy cuts are applied
is shown in Fig. 3. A clear cluster of events from the
2.2 MeV capture v’s is observed. One event with delayed
energy around 5 MeV is consistent with a thermal neu-
tron capture v on 12C. The space-time correlation of the
prompt and delayed events is in good agreement with ex-
pectations, and the observed mean neutron capture time
is 188 £ 23 usec. After applying the prompt and delayed
energy cuts, 54 events remain as the final sample. The
ratio of the number of observed reactor . events to that
expected in the absence of neutrino oscillations is

Npc ‘\
—————— = =0.611 £ 0.085(stat) & 0.041(syst).
Nea:pected ( ) ( y‘)/

The probability that the KamLAND result is consistent
with the no disappearance hypothesis is less than 0.05%.
Fig. 4 shows the ratio of measured to expected flux for
KamLAND as well as previous reactor experiments as a
function of the average distance from the source.

The observed prompt energy spectrum is shown in
Fig. 5. The expected positron spectrum with no oscilla-
tions and the best fit with two-flavor neutrino oscillations
above the 2.6 MeV threshold are shown. A clear deficit
of events is observed. The measured spectrum is consis-
tent (93% confidence) with a distorted spectrum shape as
expected from neutrino oscillations, but a renormalized

5

no-oscillation shape is also consistent at 53% confidence.

The neutrino oscillation parameter region for two-
neutrino mixing is shown in Fig. 6. The dark shaded
area is the LMA region at 95% C.L. derived from [13]. -
The shaded region outside the solid line is excluded at
95% C.L. from the rate analysis with

&= (0.611 — R(sin® 20, Am?)')2 '
- 0.0852 + 0.0412

Here, R(sin? 20, Am?) is the expected ratio with the os-

cillation parameters. '
The spectrum of the final event sample is then ana-

lyzed with a maximum likelihood method to obtain the

optimum set of oscillation parameters with the following

x? definition:

X2 = x?ate(sinz 20, Amz, NBG1~2; a1~4)

—2log Lsh,.,pe(sin2 28, Am?, Npg1~2, Q1~d)

+X%G(NBG1~2) + Xgistortion (a1~4)7

where Lgpape is the likelihood function of the spectrum in-
cluding deformations from various parameters. Npgi~2
are the number of °Li and ®He backgrounds and a4
are the parameters for the shape deformation coming
from energy scale, resolution, 7. spectrum and fiducial
volume. These parameters are varied to minimize the
x? at each pair of oscillation parameters with a bound
from X%G(NBGI'\'?) and Xgistortion(a1~4)' The best fit
to the KamLAND data in the physical region yields
sin? 20 = 1.0 and Am? = 6.9 x 105 eV while the global
minimum occurs slightly outside of the physical region at .
sin® 20 = 1.01 with the same Am2. These numbers can
be compared to the best fit LMA values of sin? 26 = 0.833
and Am? = 5.5 x 10~% eV? from [13]. The 95% C.L.
allowed regions from the spectrum shape analysis are
shown in Fig. 6. The allowed regions displayed for Kam-
LAND correspond to 0 < 6 < § consistent with the solar
LMA solution, but for KamLAND the allowed regions in
Z < 6 < % are identical [14].

Another spectrum shape analysis is performed with
a lower prompt energy threshold of 0.9 MeV in order
to check the stability of the above result and study the
sensitivity to Dgeo. With this threshold, the total back-
ground is estimated to be 2.91 % 1.12 events, most of
which come from accidental and spallation events. The
systematic error is 6.0%, which is smaller than that for
the final event sample due to the absence of an energy
threshold effect. When the maximum likelihood is cal-
culated, the Jge, fluxes from 23U and 232Th are treated
as free parameters. The best fit in this analysis yields
sin? 20 = 0.91 and Am? = 6.9 x 10~%eVZ2. These results
and the allowed region of the oscillation parameters are
in good agreement with the results obtained above. The
numbers of Jge, events for the best fit are 4 for 2*3U and 5
for 232Th, which corresponds to ~40 TW radiogenic heat
generation according to model Ia in [6]. However, for the
same model Dge, production powers from 0 to 110 TW
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The Sudbury Neutrino Observatory (SNO) has precisely determined the total active (v,) *B solar neutrino flux
without assumptions about the energy dependence of the v, survival probability. The measurements were made
with dissolved NaCl in the heavy water to enhance the sensitivity and signature for neutral-current interactions.
The flux is found to be 5.21 +0.27 (stat) £0.38 (syst) x 105 cm™?s™!, in agreement with previous measurements
and standard solar models. A global analysis of these and other solar and reactor neutrino results yields Am? =
71355 x 107 eV? and @ = 32.5*3% degrees. Maximal mixing is rejected at the equivalent of 5.4 standard
deviations.

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

The Sudbury Neutrino Observatory (SNO) [1] detects ®B vors above a threshold of 2.2 MeV.

solar neutrinos through the reactions SNO previously measured the NC rate by observing neu-

tron captures on deuterons, and found that a Standard-Model

Ve:i : p Ip ++e E;g))’ description with an undistorted ®B neutrino spectrum and
Vx T PTRTY: ’ CC, ES, and NC rates due solely to v, interactions was re-
Vite — vyte (ES).

jected [2, 3]. This Letter presents measurements of the CC,
Only electron neutrinos produce charged-current interactions ~ INC, and ES rates from SNO’s dissolved salt phase.
(CC), while the neutral-current (NC) and elastic scattering The addition of 2 tonnes of NaCl to the kilotonne of heavy
(ES) reactions have sensitivity to non-electron flavors. The water increased the neutron capture efficiency and the associ-
NC reaction measures the total flux of all active neutrino fla- ated Cherenkov light. The solution was thoroughly mixed and
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0.45, 0.50, 0.60, 0.70, 0.80, 0.90.
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The Sudbury Neutrino Observatory (SNO) has precisely determined the total active (v,) B solar neutrino flux -
without assumptions about the energy dependence of the v, survival probability. The measurements were made
with dissolved NaCl in the heavy water to enhance the sensitivity and signature for neutral-current interactions.
The flux is found to be 5.21 £ 0.27 (stat) +0.38 (syst) x 10° cm~2s™!, in agreement with previous measurements
and standard solar models. A global analysis of these and other solar and reactor neutrino results yields Am® =
7.1#12 x 107 eV? and 6 = 32.5}3% degrees. Maximal mixing is rejected at the equivalent of 5.4 standard
deviations. '

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

The Sudbury Neutrino Ubservatory (SNO) [1] detects 8B
solar neutrinos through the reactions

vors above a threshold of 2.2 MeV.

SNO previvusly measured the NC rate by observing neu-
tron captures on deuterons, and found that a Standard-Model
description with an undistorted 8B neutrino spectrum and
CC, ES, and NC rates due solely to v, interactions was re-
jected [2, 3]. This Letter presents measurements of the CC,

(CCj,
(NC),
(ES).

Vetd — p+p +e
vit+d = p+n+vy
Vyte — vete

Only electron neutrinos produce charged-current interactions
(CC), while the neutral-current (NC) and elastic scattering
(ES) reactions have sensitivity to non-electron flavors. The
NC reaction measures the total flux of all active neutrino fla-

NC, and ES rates from SNO’s dissolved salt phase.

The addition of 2 tonnes of NaCl to the kilotonne of heavy
water increased the neutron capture efficiency and the associ-
ated Cherenkov light. The solution was thoroughly mixed and



TABLE I: Background events. The internal neutron and y-ray back-
grounds are constrained in the analysis. The external-source neutrons
are reported from the fit. The last two Table entries are included in
the systematic uncertainty estimates.

Source Events
Deuteron photodisintegration 7315555 .
*H(e, @)pn 28+07
7.8 0(a,n) 1.4+0.9
Fission, atmospheric v (NC +
sub-Cherenkov threshold CC) 23.0+£72

Terrestrial and reactor ¥'s 23x0.8
Neutrons from rock <1
24Na activation 84+23

" n from CNO v's 03+£03
Total internal neutron background 111.3*27
Internal v (fission, atmospheric v) 52%13
16N decays <2.5(68% CL)
External-source neutrons (from fit) 84.57302
Cherenkov events from 8 — y decays < 14.7 (68% CL)
“AV events” <5.4(68% CL)

ual activation after calibrations and **Na production in the wa-
ter circulation system and in the heavy water in the “neck” of
the vessel were determined and are included in Table I. SNO
is slightly sensitive to solar CNO neutrinos from the electron-
capture decay of >0 and !F.

Neutrons and y rays produced at the acrylic vessel and in
the light water can propagate into the fiducial volume. Radon
* progeny deposited on the surfaces of the vessel during con-
struction can initiate (a,n) reactions on 3C, 170, and 80,
and external y rays can photodisintegrate deuterium. The en-
hanced neutron capture efficiency of salt makes these external-
source neutrons readily apparent, and an additional distribu-

tion function was included in the analysis to extract this com- .

ponent (Table I). Previous measurements {2, 3, 12] with pure
D, 0 were less sensitive to this background source, and a pre-
liminary evaluation indicates the number of these background
events was within the systematic uncertainties reported.

The backgrounds from Cherenkov events inside and outside
the fiducial volume were estimated using calibration source
data, measured activity, Monte Carlo calculations, and con-
trolled injections of Rn into the detector. These backgrounds
were nearly negligible above the analysis energy threshold
and within the fiducial volume, and are included as an un-
certainty on the flux measurements.-

A class of background events identified and removed from
the analysis in the pure D, O phase (“AV events”) reconstruct
near the acrylic vessel and were characterized by a nearly
isotropic light distribution. Analyses of the pure D,0O and salt
data sets limit this background to 5.4 events.(68% CL}) for the
present data.

To minimize the possibility of introducing biases, a blind
analysis procedure was used. The data set used during the
development of the analysis procedures and the definition of
parameters excluded an unknown fraction (< 30%) of the final
data set, included an unknown admixture of muon-following

,NC} and 84. 5+34

LI

TABLE 1I: Systematic uncertainties on fluxes for the spectral shape

unconstrained analysis of the salt data set. T denotes CC vs NC anti-
correlation.

Source NC uncest. CC uncert. ES uncert.
(%) (%) (%)
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
Radial accuracy -3.0,+3.5 -2.6,+2.5 -2.6,42.9
Vertex resolution +0.2 +0.0 0.2
Angular resolution +0.2 +0.2 +24
Isotropy mean } -3.4,43.1 -3.4,+2.6 -0.9,+1.1
Isotropy resolution +0.6 +0.4 0.2
Radial energy bias -24,+1.9 +0.7 -13,+1.2
Vertex Z accuracy T -0.2,+0.3 0.1 +0.1
Internal background neutrons -1.9,+1.8 +0.0 00
Internal background y’s +0.1 +0.1 +0.0- °
Neutron capture -2.5,42.7 +0.0 +0.0
Cherenkov backgrounds -1.1,+0.0 -1.1,+0.0 +0.0
“AV events” -0.4,+0.0 -0.4,+0.0 +0.0
Total experimental uncertainty -7.3,472 -4.6,+38 -4.3,+4.5
Cross section {13} +1.1 *1.2 +0.5

neutron events, and included an unknown NC cross-section
scaling factor. After fixing all analysis procedures and param-
eters, the blindness constraints were removed. The analysis
was then performed on the ‘open’ data set, statistically sepa-
rating events into CC, NC, ES, and external-source neutrons
using an extended maximum likelihood analysis based on the
distributions of isotropy, cosine of the event direction rela-
tive to the vector from the Sun (cos ), and radius within the
detector. This analysis differs from the analysis of the pure
D,0 data [2, 3, 12] since the spectral distributions of the ES
and CC events are not constrained to the 3B shape, but are
extracted from the data. The extended maximum likelihood

e saiim

analysis yielded @ @ﬁb 3*3(3)? @@:421 2‘*233

éxternal-source neatron events. 1he sys-
tematic uncertamtles on derived fluxes are shown in Table IL
The isotropy, cos 8y, and kinetic energy distributions for the
selected events are shown in Fig. 2, with statistical uncertain-

ties only. A complete spectral analysis including the treat-

-ment of differential systematic uncertainties will be presented -

in a future report. The volume-weighted radial distributions
[o = (R /600 cm)?] are shown in Fig. 3.

The fitted numbers of events give the equivalent ®B
fluxes [14, 15] (in units of 106 cm—ZS-l)z '

1.597098(stat)* 00 (syst)
= 22173k (stat) +0.10 (syst)
521+ 027 (stat) = 0.38 (syst)

and the ratio of the 8B flux measured with the CC and NC
reactions is

I

= 0.306 + 0.026 (stat) = 0.024 (syst).

Adding the constraint of an urdistorted ®B energy spectrum
to the analysis yields, for comparison with earlier results (in
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Figure 1: Global solutions including all available solar neutrino data. The input
data include the total rates from the Chlorine [2], Gallium (averaged) [3, 5, 4], Super-
Kamiokande [6], and SNO [1] experiments, as well as the recoil electron energy spectrum
measured by Super-Kamiokande during the day and separately the energy spectrum mea-
sured at night. The C.L. contours shown in the figure are 90%, 95%, 99%, and 99.73% (30).
The allowed regions are cutoff below 10=3eV2 by the Chooz teactor measurements [22].

The local best-fit points are marked by dark circles. The theoretical errors for the BP2000
nentrina fluxes are included in the analvsis. |



