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Abstract

The recent results of atmospheric and solar neutrino measurements in the first
(SK-I) and second (SK-II) phase of Super-Kamiokande were presented. The
neutrino oscillation analysis in atmospheric neutrino was discussed. The best-
fit parameters of (Am?, sin?26) = (2.5x10~2 eV?, 1.0) which was combined in
SK-I and SK-II were obtained with v,, < v, two-flavor oscillation model using
zenith angle analysis. Other hypotheses to explain the atmospheric neutrino
data were not well supported using L/E analysis method. The three-flavor
oscillation analysis was also applied. No significant enhancement due to matter
effect, which occurs when neutrinos propagate inside the Earth on the condition
of 613 #£0, cannot be seen. The results of solar neutrino data from SK-I and SK-
IT were presented. Super-Kamiokande can measure not only the solar neutrino
flux but also its energy spectrum and time variations such as day-night and
seasonal differences. The detail oscillation analysis using those information are
applied to SK-I data. Combining SK and SNO data, the obtained oscillation
parameters becomes so-called 'TLMA’ solution. And also three-flavor oscillation
analysis was applied to solar neutrino data, the upper limit for sin? 613 is 0.067
at 90%C.L..
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1 Status of Super-Kamiokande

Super-Kamiokande (SK) is a 50000 ton imaging water Cherenkov detector in
the Kamioka mine in Gifu Prefecture, Japan. Cherenkov light generated by
charged particles scattered by neutrinos in water are detected by 20-inch pho-
tomultiplier tube (PMT). The SK-I started from 1996 and ended to 2001, which
live time is 1489 days for atmospheric neutrino and 1496 days for solar neutrino
analysis, with 11146 PMTs. The SK-II has started since 2002 with 5182 PMTs,
which are covered by acrylic and FRP cases. SK-II phase will be finished 2005.
In the paper, the results of SK-II 627 days of data for atmospheric neutrinos
(FC/PC data, see the next section), 609 days for upward going muon data, and
622 days for solar neutrinos are presented. After full reconstruction, we will
start SK-IIT with 11146 PMTs from June of 2006.

2 Atmospheric neutrinos

2.1 Detection method

The atmospheric neutrinos are generated via the following process; when pri-
mary cosmic rays, such as proton and He, interact with nuclei in the atmosphere
of the earth, secondary particles, mostly pions and kaons are produced in the
hadronic shower. Atmospheric neutrinos are generated from decay of those
secondary particles. The zenith angle, path length and neutrino energies are
obtained in Super-Kamiokande atmospheric neutrino analysis, and neutrino os-
cillation analysis were done using them. The event sample observed in Super-
Kamiokande are categorized to three types, fully-contained (FC), partially-
contained (PC) and upward-going muons. FC and PC events are generated
inside the detector, and the former deposit all of their Cherenkov light in the
inner detector, while the latter have exiting tracks and some energy deposit in
the outer detector. Upward-going muons are the high energy muons, which are
generated in the surrounding rocks and intersect the detector. FC events are
divided by their number of Cherenkov rings (single-ring or multi-ring), particle
type (e-like or u-like) and visible energy (sub-GeV or multi-GeV), to infer their
original neutrino properties in detail. The events which visible energy is less
(greater) than 1.33 GeV are classified as sub-GeV (multi-GeV). Upward-going
muons are also divided into two types, (through-going or stopping), according
to that the entering muons penetrate or stop inside the detector.

2.2 Results and implication

2.2.1 Zenith angle analysis

The v,, < v, two-flavor oscillation analysis was carried out using all the atmo-
spheric neutrino data of FC, PC and upward-going muon events. The zenith
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angle distribution in each energy region is most powerful method for neutrino
oscillation analysis. Fig.1 shows the zenith angle distributions of each samples.
The expected distributions with the best fit case of v, < v, oscillations well
matched to the observed data.
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Figure 1: Zenith angle distributions of SK-I and SK-II combined data. Dots
with error bars correspond to data. The line along to data shows MC with best
fit, and the line away from the data shows MC with no oscillation, respectively.

A x? value between data and expectation was calculated for each set of
oscillation parameters. The expected distribution was modified so as to fit the
data within the allowable range by the systematic errors, with a constraint to
the x2 value. Fig.2 shows the allowed region of neutrino oscillation parameters
in SK-1 and SK-2 combined. The x? value becomes minimum at (Am?, sin? 26)
= (2.5%x1073 eV?,1.0), and parameter region of 0.93< sin?26 and 2.1< Am?
< 3.0 x 1073 eV? were allowed at 90 % C.L..
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Figure 2: Allowed region of neutrino oscillation parameters in zenith angle
analysis of FC, PC and upward going muon in SK-1 and SK-2 combined.

2.2.2 L/E analysis

'L/E’ (L measn path length and E is neutrino energy) is another powerful
tool of neutrino oscillation analysis, since the survival probability in neutrino
oscillation is

1.27Am?2(eV?)L(km)
E(GeV) ) (1)

P(v, — v,) = 1 —sin? 20 sin?(

If neutrino oscillation is happen, the L/E distribution is expected to appear a
clear dip. Therefore, the point of the analysis is seeing this kind of dip and how
large it. This analysis is strong constraint on Am?, and possible to check some
exotic hypothesis. The left plot in fig. 3 shows the L/E distribution for SK-1
and SK-2 combined data. The data has clear dip around order of 10?. There
are some models which explain the dip, therefore, the x? differences with vy &
v, oscillation was calculated in order to validate their reliability. Among three
models, neutrino oscillation is most confident. The neutrino decay is 4.40 away
from neutrino oscillation, and the decoherence is 4.80 away.

The right plot in fig.3 shows the allowed region by L/E analysis in SK-1 and
SK-2 combined. The parameter region at 90%C.L. are 0.92< sin? 20 and 2.0<
Am? < 2.9 x 1073 eV2,
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Figure 3: (Left) The ratio between data and prediction as a function of L/E
for SK-1 and SK2 combined data. The lines show expectation of several mod-
els, neutrino oscillation, neutrino decay and decoherence. (Right) The allowed

neutrino oscillation parameter region using L/E analysis.

Data/Prediction (null oscillation)
o O O O — ok ok
oM PO®=MEooN

-

2.2.3 3 flavor analysis

Though we consider complete neutrino oscillation analysis, the oscillation prob-
abilities can be much simply expressed by Am2; (one mass scale dominance),
63 and 613, if we assume |Am3s| > || Deltam?,| and CP-violation phase is
1, 2)

Zero. The three-flavor oscillations in the multi-GeV energy range around

1-10 GeV can be drastically changed by matter effect 5) even if 013 is small.
The Earth matter effect can resonantly enhance oscillations concerned with
electron neutrino, while oscillations for anti-neutrino is suppressed. This effect
is expected to be appeared as the marginal excess of upward-going v.-rich sam-
ple.

As a result of the global scan to the zenith angle distribution on the oscil-
lation parameter grid, the allowed region in each parameters are shown in
fig.4. The minimum x? value is obtained at the grid point of (Am?, sin? 03,
sin? §13)= (2.5x10~2 V2, 0.5, 0.0) for normal hierarchy, and (2.5x10~% eV?2,
0.525, 0.00625) for inverted hierarchy, which is consistent with v, < v, two-
flavor oscillation.
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Figure 4: Allowed region for 8 flavor neutrino oscillation analysis using zenith
angle distribution in atmospheric samples. Upper shows the mnormal hierarchy
and lower shows the inverted hierarchy case.

3 Solar neutrinos

3.1 Detection method

In Super-Kamiokande, recoil electrons generated by the following elastic scat-
tering process;
vte—vte (2)

were measured. This reaction is preserved the direction of the original neutri-
nos, so the peak of solar neutrino’s direction is clearly found. And the detector
can measure not only the solar neutrino flux but its energy spectrum and flux
time variation. (day/night or seasonal differences) The energy of recoil elec-

trons are very precisely calibrated 3), it can achieve the very precise neutrino
oscillation analysis.

3.2 Results
3.2.1 Solar neutrino flux

The results of observed solar neutrino flux are as follows;
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e SK-I (energy threshold is 5.0MeV),
2.35 4 0.02(stat.) + 0.08(sys.) [x10%/em?/sed]

e SK-II (energy threshold is 7.0MeV),
2.36 4 0.06(stat.) [x10%/em?/sed].

Both fluxes between SK-I and SK-II were consistent.

3.2.2 Day-Night flux differences
Day-night flux differences are also measured, and the results were,

ﬁ = —0.021 + 0.020(stat.) T3 (sys.) (SK —1) (3)

= —0.014 +0.049(stat.) (SK —2) (4)

The MSW effect ) through the earth, which is v. regeneration, could cause
flux differences between daytime and night-time. The expected day-night asym-
metry assuming "LMA’ solution in the neutrino oscillation is around -1.0% to
-1.6%. Both results between SK-I and SK-II are consistent within uncertainties,
but they are quite large comparing its expectation. The detection possibility
of the day-night asymmetry in the future larger detector may be appeared.

3.2.3 Seasonal variation

In some neutrino oscillation parameters, so-called vacuum oscillation, the dis-
tortion of seasonal variation of solar neutrino flux will be appeared. fig.5 shows
the solar neutrino flux as a function of time with expectation from the eccen-
tricity of the earth’s orbit. The data is very consistent with the expectation.

3.2.4 Spectrum

Fig.6 shows the observed spectrum of recoil electrons observed in SK-I. The
vertical axis is normalized by the predicted energy spectrum. We cannot see
any distortion.

3.3 Solar neutrino oscillation analysis

3.3.1 In the case of two flavor

For neutrino oscillation analysis, we have introduced the method which is free
from the binning of the zenith angle where neutrinos incident to SK detector,
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Figure 5: The time variation of solar neutrino flux in SK-I and SK-II. The
solid line shows the expected flux caused by the eccentricity of the earth’s orbit.
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Figure 6: The spectrum of recoil electron by solar neutrinos in SK-I1 and SK-I1
with expected spectrum assuming several neutrino oscillation parameters.
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which means unbinned time variation method. For that purpose, the following
Likelihood function is defined on extraction of the solar neutrino signal as

Npin ng

L(z) = e~ @BF9) TT [ (Biwi(cos Osun) + miSp;(E, cos Oaun) x 2i(t;)), (5)
i=1 j=1

here B; is number of backgrounds in each energy bin, w; is the background
shape, S is the number of signals. The last term z; is the weighting which
depends on the event time. Because of this term, it is possible to be free the
zenith bins. Fig.7 shows the 95% confidence level excluded and allowed region
for neutrino oscillation parameter using SK data. Even only using SK data,
large mixing angle region is allowed. And combining SK and SNO data, 'TLMA’
is the only solution for solar neutrino oscillation.
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Figure 7: The 95% C.L. excluded and allowed region from SK data.

3.3.2 In the case of three flavor

The v, survival probability which go from the sun to the earth is affected by
sin? #13 parameter in 3 flavor neutrino oscillation. And the equation is written
using 2 flavor probability as follows;

P = (1 —sin?013)2 PP ((1 —sin? 62;) A(z)) + sin? 613, (6)

here P(?) shows the survival probability for 2 flavor case. This effect make
the matter effect weaken, so the solar neutrino flux, energy distortion and day-
night asymmetry is expected to be changed. Using all the solar neutrino data,
the sin? 6;5 is limited to be less 0.067 at 90%C.L..



84 Yusuke Koshio

4 Summary

In this paper, the recent results of atmospheric and solar neutrino measure-
ments in Super-Kamiokande. For two neutrino oscillation case in atmospheric
neutrinos, the two analysis methods, those are zenith angle and L/E analysis
is achieved both in SK-1 and SK-2. Both methods make severe constraint to
the neutrino oscillation parameters, and also SK-1 and SK-2 results are consis-
tent. In three flavor neutrino oscillation case, it is consistent with 613 = 0 and
gives limit to the 013 parameter. In the solar neutrino measurements, SK has
precisely observed its flux, recoil electron spectrum and time variations of the
flux. No significant time variation and energy distortion appear in SK-1 and
SK-2. The solar neutrino oscillation analysis has been done using unbinned
time variation method. SK has only large mixing angle region, and combining
with SNO, 'LMA’ is the unique solution of solar neutrino oscillation.
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