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Abstract: The recent results on the atmospheric neutrino measurements and the oscillation analysis are
presented. Using fully data for SK-I and SK-II,νµ ↔ ντ two flavor oscialltion analysis is carried out
with the improved method. The study for the solar oscillation effects is also performed using SK-I and
SK-II data.

Introduction

The Super-Kamiokande has reported that the atmo-
spheric neutrino data are well consistent with the
pureνµ ↔ ντ two flavor oscillation scheme [4, 3].
The oscillation analysis is performed using the
whole data of Super-Kamiokande-I and Super-
Kamiokande-II with the slightly improved analy-
sis method to get more stringent constraint on the
oscillation parameters.

The oscillation analysis including the solar neu-
trino oscillation parameters is also carried out us-
ing the atmospheric neutrino data. Considering the
1–2 mixing parameters which were precisely mea-
sured by combining the solar neutrino data [1, 6]
and the KamLand data [2], the oscillation of the
low energy (below 1 GeV) atmosphericνes is ex-
pected to appear at some level regardless of the ex-
istence ofθ13 [8, 9].

The Super-Kamiokande experiment started the ob-
servation in April, 1996 and continued the data tak-
ing for five years, which period is referred to SK-
I. The Super-Kamiokande-II (SK-II) started the
physics measurement in January 2003 with the half
of the original PMT density in the inner detector.
Each inner PMT is instrumented with acrylic cov-
ers to prevent a chain reaction implosion. See [5]
for more details on the detector. The analysis
shown here was done using SK-I data of 1489 days
exposure and SK-II data of 804 days exposure.

νµ ↔ ντ two flavor oscillation analysis

Atmospheric neutrino data are categorized into
fully-contained (FC), partially-contained (PC), and
upward-going muon (UPµ) events and divided
into 38 momentum and event type bins: the FC
single-ring sub-GeVe-like (µ-like) sample, the FC
single-ring multi-GeVe-like (µ-like) sample, the
FC multi-ringe-like (µ-like) sample, the PC stop-
ping (through-going) sample, and the upward stop-
ping (through-going) muon sample. The upward
through-going muons are divided into the show-
ering and the non-showering muons. All samples
are divided in 10 zenith angle bins. The definition
of the event bins are same as SK-I and SK-II. To
combine SK-I and SK-II, total 760 bins are used
in the analysis. The number of observed events
in each of 760 bins is compared with the Monte
Carlo expectation by theνµ ↔ ντ two flavor os-
cillation scheme. Aχ2 value is defined accord-
ing to the Poisson probability distribution. During
the fit, the expected number of events in each bin
is recalculated to account for 70 systematic errors,
which come from the uncertainty of the neutrino
flux model, neutrino cross-section model, event se-
lection, and the detector response. Though the sys-
tematic errors related to the event selection and the
detector response are different between SK-I and
SK-II, other parameters are identical for SK-I and
SK-II. Among 70 systematic errors, 14 for the neu-
trino flux model, 12 for the interaction, 22 for the
SK-I detector response and 22 for the SK-II detec-
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Figure 1: Zenith angle distributions of each event sample are shown for data (filled circles), Monte Carlo
distributions without oscillation (box) and best-fit distributions (solid line).

tor response. Except for 6 parameters (3 for SK-I
and 3 for SK-II), the parameters are common for
the previous analysis described in [7]. The addi-
tional parameters are related to the solar activity,
background subtraction from the upward shower-
ing muon samples, and the separation between the
upward showering and non-showering muon sam-
ples. A global scan is made on a (sin2 2θ, log∆m2)
grid minimizing χ2 at each point with respect to
70 systematic error parameters. The minimumχ2

value in the physical region,χ2

min
= 839.7/755

DOF, is located at (sin2 2θ = 1.00, ∆m2 = 2.5 ×

10−3 eV2). Figure 1 shows the zenith angle dis-
tribution of each data sample overlaid with non-
oscillated and best fit expectations. The fitted dis-
tributions agree well with data. Figure 2 shows
contours of allowed oscillation parameter regions
corresponding to the 68%, 90%, 99% confidence
levels. The measured parameters aresin2 2θ >
0.93 and1.9× 10−3 < ∆m2 < 3.1× 10−3 eV2 at
90 % confidence level.

Oscillation analysis including the solar
neutrino oscillation parameters

The LMA-MSW oscillation parameters measured
by the solar neutrino data [1, 6] and the KamLAND
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Figure 2: Allowed oscillation parameters forνµ ↔

ντ oscillations by the SK-I + SK-II data
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reactor neutrino data [2] can lead to an observ-
able excess of e-like events in the low energy re-
gion even if theθ13 is zero. We assumeθ13 = 0
here. The relative effect on the atmosphericνe

flux is written as follows [8, 9]:F osc

e
/F 0

e
− 1 =

P2 ( r cos2 θ23−1 ), whereF osc

e
andF 0

e
are the at-

mosphericνe fluxes with and without oscillations,
andr ≡ F 0

µ
/F 0

e
is the ratio of the original atmo-

sphericνµ andνe fluxes. P2 is the two neutrino
transition (νe → νx) probability in matter driven
by the 1–2 parameters. The factor in brackets in
the equation is called the “screening” factor. In
sub-GeV regionr ∼ 2, therefore the screening fac-
tor is very small for the maximal 2–3 mixing. Ac-
cording to the screening factor, the appearance of
the sub-dominant oscillation effect depends largely
on the deviation of sin2 2θ23 from the maximal. If
θ23 is in the first octant (θ23 < 45◦), the screen-
ing factor is positive and an excess of the sub-GeV
e-like sample is expected. Ifθ23 is in the second
octant (θ23 > 45◦), the screening factor is neg-
ative and the sub-GeV e-like sample is expected
to be reduced. Thus, the oscillation analysis in-
cluding the sub-dominant 1–2 oscillation effects
has the possibility to determine the octant ofθ23

for the non-maximalsin2 2θ23. The deviation of
sin2 2θ23 from unity affects the other observables,
especially the zenith angle dependence ofµ-like
events. Therefore we need a combined oscillation
analysis of all the samples with systematic errors
properly estimated.

Sinceθ13 = 0 is assumed in this analysis,χ2 is cal-
culated in the four dimensional oscillation param-
eter space of∆m2

12
, ∆m2

23
, sin2 θ12 andsin2 θ23.

For the solar neutrino parameters, we examine two
scenarios. In the scenario with the solar neutrino
parameters turned on, the solar neutrino param-
eters are chosen around the allowed region ob-
tained by a combined analysis of the solar neu-
trino data and KamLAND data. To take into ac-
count the constraint on the solar neutrino param-
eters, theχ2 value by the combined analysis of
the solar neutrino and KamLAND data is added
to χ2 from the atmospheric neutrino data for each
(∆m2

12
, sin2 θ12) point. The other scenario is or-

dinary “one mass scale dominance” approximation
with ∆m2

12
= 0, that is, pureνµ ↔ ντ two flavor

oscillation scenario. The data set and its binning,
the definition ofχ2 and its minimization at each os-
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Figure 3: Theχ2
− χ2

min
distribution as a function

of sin2 θ23 for oscillations without the 1–2 param-
eters (red dashed line) and with the 1–2 parame-
ters (blue solid line) by the SK-I + SK-II atmo-
spheric neutrino data.θ13 = 0 is assumed. For
eachsin2 θ23 point, the other oscillation parame-
ters are chosen to minimizeχ2.

cillation parameter point, and the systematic errors
are the same as those of the two flavor zenith angle
analysis described in this paper. Figure 3 shows
the sin2 θ23 dependence of theχ2

− χ2

min
func-

tion marginalized with respect to∆m2

12
, ∆m2

23
and

sin2 θ12, for two scenarios with and without the so-
lar neutrino parameters. We did not find any evi-
dence forθ23 deviationg from the maximal value
(45◦)

Conclusions

In summary, aνµ ↔ ντ two flavor oscillation anal-
ysis was carried out with SK-I and SK-II com-
bined dataset. The region ofsin2 2θ > 0.93 and
1.9 × 10−3 < ∆m2 < 3.1 × 10−3 eV2 is allowed
at 90% confidence level. An oscillation analysis
including the solar neutrino parameters was per-
formed and no significant change on the result of
the analysis without the solar parameters was ob-
served.
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