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Measurement of Day and Night Neutrino Energy Spectra at SNO and Constraints
on Neutrino Mixing Parameters
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The Sudbury Neutrino Observatory (SNO) has measured day and night solar neutrino energy spectra
and rates. For charged current events, assuming an undistorted 3B spectrum, the night minus day rate is
14.0% = 6.3%f}:i% of the average rate. If the total flux of active neutrinos is additionally constrained

to have no asymmetry, the », asymmetry is found to be 7.0% * 4.9%"13%. A global solar neutrino

011302-1 0031-9007/02/89(1)/011302(5)$20.00  © 2002 The American Physical Society 011302-1



VOLUME 89, NUMBER 1

PHYSICAL REVIEW LETTERS

1 Jury 2002

analysis in terms of matter-enhanced oscillations of two active flavors strongly favors the large mixing

angle solution.

DOI: 10.1103/PhysRevLett.89.011302

The Sudbury Neutrino Observatory (SNO) has provided
strong evidence that neutrinos change flavor as they propa-
gate from the core of the Sun [1,2], independently of solar
model flux predictions. This flavor conversion can be ex-
plained by neutrino oscillation models based on flavor mix-
ing. For some values of the mixing parameters, spectral
distortions and a measurable dependence on solar zenith
angle are expected [3—5]. The latter might be caused by
interaction with the matter of the Earth (the MSW effect)
and would depend not only on oscillation parameters and
neutrino energy, but also on the path length and e~ density
through the Earth. This Letter presents SNO’s first mea-
surements of day and night neutrino energy spectra, and
constraints on allowed neutrino mixing parameters.

The data reported here were recorded between 2 Novem-
ber 1999 and 28 May 2001 UTC. The total live times for
day and night are 128.5 and 177.9 days, respectively. The

. . . AU\,
time-averaged inverse-square distance to the Sun ((——)*)
was 1.0002 (day) and 1.0117 (night). During the devel-
opment of this analysis, the data were partitioned into two
sets of approximately equal live time (split at 1 July 2000),
each having substantial day and night components. Analy-
sis procedures were refined during the analysis of Set 1 and
fixed before Set 2 was analyzed. The latter thus served as
an unbiased test. Unless otherwise stated, the analysis pre-
sented in this paper is for the combined data set.

The data reduction in [1] was used here. For each event,
the number, pattern, and timing of the hit photomultiplier
tubes (PMTs) were used to reconstruct effective recoil
electron kinetic energy Tefr, radial position R, and scatter-
ing angle 6o with respect to the Sun-Earth direction. The
charged current (CC), elastic scattering (ES), and neutral
current (NC) reactions each have characteristic probability
density functions (pdfs) of Terr, R, and fo. A maximum
likelihood fit of the pdfs to the data determined the flux
from each of these reactions.

The measured night and day fluxes ¢y and ¢p were
used to form the asymmetry ratio for each reaction: A =
2(¢n — &p)/(dn + Pp). The CC interaction is sensi-
tive only to v.. The NC interaction is equally sensitive to
all active neutrino flavors, so active-only neutrino models
predict Anc = 0[6]. The same models allow Acc # 0.
The ES reaction has additional contributions from v, .
leading to a reduction in its sensitivity to v, asymmetries.

SNO used calibration sources [7] to constrain variations
in detector response [8] that can lead to day-night asymme-
tries. A '°N source [9], which produces 6.1-MeV gamma
rays, revealed a 1.3% per year drift in the energy scale.
Because of seasonal variation in day and night live time,
this drift can create an artificial asymmetry. The analysis
corrected for this drift and a systematic uncertainty was
assigned using worst-case drift models. Gamma rays from
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PACS numbers: 26.65.+t, 14.60.Pq, 95.85.Ry

the '°N source were also used to constrain directional de-
pendences in SNO’s response.

A set of signals that are continuously present in the de-
tector was used to probe possible diurnal variations in de-
tector response. The detector was triggered at 5 Hz with
a pulser, verifying live-time accounting. Muons provide
an almost constant signal and, through interactions with
D, 0, produce secondary neutrons. After applying a cut to
remove bursts with high neutron multiplicity, these muon-
induced neutrons were used to limit temporal variations
in detector response. A more sensitive study focused on
a solitary point of high background radioactivity, or “hot
spot,” on the upper hemisphere of the SNO acrylic vessel,
apparently introduced during construction. Its event rate
was stable and sufficient to make an excellent test of diur-
nal variations. It also provides a sensitive test for changes
in reconstruction. A limit of 3.5% on the hot spot rate
asymmetry was determined, which because of its steeply
falling energy spectrum constrained the day and night en-
ergy scales to be the same within 0.3%. An east/west divi-
sion of the neutrino data based on the Sun’s position should
show no rate variations from matter effects. As expected,
the CC rates for east and west data were consistent. The
rate asymmetries for each test are shown in Fig. 1.

Backgrounds were subtracted separately for day and
night as part of the signal extraction. The results were nor-
malized for an Earth-Sun distance of 1 AU, yielding the
results in Table I. Day and night fluxes are given sepa-
rately for data Sets 1 and 2, and for the combined data.
A x? consistency test of the six measured fluxes between
Sets 1 and 2 yielded a chance probability of 8%. A similar
test done directly on the three asymmetry parameters gave
a chance probability of 2%. No systematic has been iden-
tified, in either signal or background regions, that would
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FIG. 1. Various event classes used to determine systematic dif-

ferences between day and night measurements. Also shown are
measured asymmetries on the CC flux, and on the electron neu-
trino flux derived from the CC, ES, and NC rates when the total
neutrino flux is constrained to have zero asymmetry.
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TABLE L

The results of signal extraction, assuming an undistorted 8B spectrum. The systematic uncertainties (combined set)

include a component that cancels in the formation of the A. Except for the dimensionless A, the units are 10° cm™2 s™!. Flux
values have been rounded, but the asymmetries were calculated with full precision.

Set 1 Set 2 Combined
Signal ép dn ép by ép bn A (%)
CC 1.53 £ 0.12 1.95 £ 0.10 1.69 = 0.12 1.77 £ 0.11 1.62 = 0.08 = 0.08 1.87 £ 0.07 £ 0.10 +14.0 £ 63713
ES 291 = 0.52 1.59 = 0.38 2.35 = 0.51 2.88 + 0.47 2.64 = 037 £0.12 2.22 £0.30 £0.12 —17.4 = 19.572%
NC 7.09 £ 0.97 395 = 0.75 4.56 = 0.89 5.33 £0.84 5.69 = 0.66 £ 0.44 4.63 = 0.57 = 0.44 —20.4 = 16.973¢

suggest that the differences between Set 1 and Set 2 are
other than a statistical fluctuation. For the combined analy-
sis, Acc is +2.20 from zero, while Ags and Anc
are —0.90 and —1.20 from zero, respectively. Note that
Acc and Anc are strongly statistically anticorrelated
(p = —0.518), while Acc and Agg (p = —0.161) and
Agg and Anc (p = —0.106) are moderatedly anticor-
related. Table II gives the systematic uncertainties on the
asymmetry parameters. The day and night energy spectra
for all accepted events are shown in Fig. 2.

Table III (a) shows the results for ‘A, derived from the
CC day and night rate measurements, i.e., A, = Acc.
The day and night flavor contents were then extracted by
changing variables to ¢cc = ¢., dne = Pt = P T
dur, and Ppgs = P, + €., where € = 1/6.48 is the
ratio of the average ES cross sections above 5 MeV for
vur and v,. Table III (b) shows the asymmetries of ¢,
and ¢y with this additional constraint from the ES rate
measurements. This analysis allowed for an asymme-
try in the total flux of 8B neutrinos (nonzero Aq),
with the measurements of A, and Ay having a strong
anticorrelation. Figure 3 shows the A, vs Ay joint
probability contours. Forcing A, = 0, as predicted by
active-only models, yielded the result in Table III (c) of
A, =170% * 4.9% (stat)=]3% (syst).

The Super-Kamiokande (SK) collaboration measured
Ags(SK) = 3.3% * 2.2% (stat) " {3% (syst) [10]. The
ES measurement includes a neutral current component,

TABLE II.  Effect of systematic uncertainties on ‘A (%). For
presentation, uncertainties have been symmetrized and rounded.

Systematic 8 Acc 8 Ags 6 Anc
Long-term energy scale drift 04 0.5 0.2
Diurnal energy scale variation 1.2 0.7 1.6
Directional energy scale variation 0.2 14 0.3
Diurnal energy resolution variation 0.1 0.1 0.3
Directional energy resolution variation 0.0 0.1 0.0
Diurnal vertex shift variation 0.5 0.6 0.7
Directional vertex shift variation 0.0 1.1 0.1
Diurnal vertex resolution variation 0.2 0.7 0.5
Directional angular reconstruction variation 0.0 0.1 0.1
PMT pB-y background 0.0 0.2 0.5
AV + H,O B-vy background 0.0 0.6 0.2
D,O B-v, neutrons background 0.1 04 1.2
External neutrons background 0.0 0.2 04
Cut acceptance 0.0 0.2 04
Total 1.5 24 24
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which reduces the asymmetry for this reaction relative to
A, [11]. Ags(SK) may be converted to an equivalent
electron flavor asymmetry using the total neutrino flux
measured by SNO, yielding A, (SK) [Table III (d)]. This
value is in good agreement with SNO’s direct measure-
ment of A,, as seen in Fig. 3.

SNO’s day and night energy spectra (Fig. 2) have also
been used to produce MSW exclusion plots and limits on
neutrino flavor mixing parameters. MSW oscillation mod-
els [12] between two active flavors were fit to the data. For
simplicity, only the energy spectra were used in the fit, and
the radial R and direction cosf, information was 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 com-
bining the neutrino spectrum [13], the survival probability,
and the cross sections [14] with SNO’s response functions
[8]. For this analysis, the dominant systematics are those
for the combined fluxes, as detailed in Refs. [1,8], and not
the diurnal systematics of Table II.

There are three free parameters in the fit: the total
8B flux ¢p, the difference Am? between the squared
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FIG. 2. (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/day, and the night rate
was 9.79 = 0.24 events/day.
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FIG. 3. Joint probability contours for A, and A,. The

points indicate the results when A, is allowed to float and
when it is constrained to zero. The diagonal band indicates the
68% joint contour for the Super-K Ags measurement.

masses of the two neutrino mass eigenstates, and the
mixing angle #. The flux of higher energy neutrinos from
the solar hep reaction was fixed at 9.3 X 103 cm™2 57!
[15]. Contours were generated in Am? and tan’f
for Ay*(C.L.) = 4.61(90%),5.99(95%),9.21(99%), and
11.83 (99.73%).  Figure 4(a) shows allowed mixing
parameter regions using only SNO data with no additional
experimental constraints or inputs from solar models.
By including flux information from the Cl [16] and Ga
experiments [17-21], the day and night spectra from the
SK experiment [10], along with solar model predictions
for the more robust pp, pep, and 'Be neutrino fluxes

TABLE IIIl. Measurement of the ¢, and ¢, asymmetry for
various constraints. All analyses assume an undistorted ®B
spectrum.

Constraints Asymmetry (%)

Ace = 140+63713
Axc = —20.4 + 169734
(see text for correlations)

(a) No additional constraint

A, =128 + 62713
A = —242+16.173%
Correlation = —0.602

(b) dgs = a- €. + €y

(©) ¢gs = 1- €)p. + €t
A =0 A, =70 =*49%13

A.(SK)=53*37"7)
(derived from SK Agg
and SNO total ®B flux)

(d) s = (1 - E)¢e + €dio
-Amt =0
Ars(SK) = 33% = 22%139%
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[15], the contours shown in Fig. 4(b) were produced.
This global analysis strongly favors the large mixing
angle (LMA) region (see Table IV), and tan’6 values <I.
While the absolute chi-squared per degree of freedom is
not particularly large for the LOW solution, the difference
between chi-squared values still reflects the extent to
which one region of MSW parameter space is favored
compared to another. Repeating the global analysis using
the total SNO energy spectrum instead of separate day
and night spectra gives nearly identical results.

In summary, SNO has measured the day-night asym-
metries of the CC, NC, and ES reaction rates. From these
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FIG. 4 (color). Allowed regions of the MSW plane determined
by a x? fit to (a) SNO day and night energy spectra and (b) with
additional experimental and solar model data. The star indicates
the best fit. See text for details.
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TABLE IV. Best-fit points in the MSW plane for global MSW
analysis using all solar neutrino data. ¢ is the best-fit 8B flux
for each point, and has units of 10® cm™2 s™!. Am? has units
of eV2. A, is the predicted asymmetry for each point.

Region y2. /dof ¢s A (%) Am? tan20 C.L.(%)

50X 1070  0.34
1.3%x1077 0.55 99.5

LMA  57.0/72 5.86 6.4
LOW  67.7/72 495 59

results, the first direct measurements of the day-night
asymmetries in the v, flux and the total v flux from
the Sun have been deduced. A global fit to SNO’s day
and night energy spectra and data from other solar neu-
trino experiments strongly favors the LMA solution in a
two-flavor MSW neutrino oscillation analysis.
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