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Using the Super-Kamiokande atmospheric neutrino data, various types of oscillation analyses are performed.
For the ��������� two flavor oscillation scenario, a zenith angle analysis with an optimum binning gives the
most accurate determination of the oscillation parameters. No evidence for non-zero

�
	��
is found by a three

flavor oscillation analysis with one mass scale dominance approximation.

1. ���� �� two flavor oscillation analysis (SK-I, SK-II)

The existing atmospheric neutrino data are explained very well by the pure � � ��� � two flavor oscillation
scheme [1, 2]. To get a better constraint on the oscillation parameters, a zenith angle analysis with an optimum
binning is performed using the Super-Kamiokande-I atmospheric neutrino data from a 1489 day exposure. In
the analysis, fully-contained (FC), partially-contained (PC), and upward-going muon events are divided in 37
momentum and event type bins: 5 (5) for the FC single-ring sub-GeV � -like ( � -like) sample, 5 (3) for the FC
single-ring multi-GeV � -like ( � -like) sample, 5 (4) for the FC multi-ring � -like ( � -like) sample, 4 (4) for the
PC stopping (through-going) sample, and 1 (1) for the upward stopping (through-going) muon sample. All
samples are divided in 10 zenith angle bins. The number of observed events in each of 370 bins is compared
with the Monte Carlo expectation by the ��������� two flavor oscillation scenario. A ��� statistic is defined
assuming the Poisson distribution. During the fit, the expected number of events in each bin is recalculated to
account for systematic variations due to uncertainties in the neutrino flux model, neutrino cross-section model,
and detector response. A global scan is made on a ( ��� � �"! �

, log #%$&� ) grid minimizing �'� at each point with
respect to 45 systematic error parameters. Among the 45 parameters, 39 parameters are common to the previous
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Figure 1. Allowed oscillation parameters for (*),+-(/. oscillations by the SK-I data (left) and the SK-II data (right).
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analysis described in Ref. [1]. The other parameters are for uncertainties on background subtraction from the
upward through-going muon sample, background subtraction from the upward stopping muon sample, non- ��0
contamination in the multi-GeV single-ring � -like sample, non- �10 contamination in the multi-GeV multi-ring � -
like sample, normalization of the multi-GeV single-ring � -like sample, and relative normalization between the
PC stopping and PC through-going samples. The minimum � � value in the physical region, � �243 576981:�;
< !>= 8�?�@
DOF, is located at ( �A�B� �"! � 6DC�< E�EGF #%$H� 6 ! < ;JIKC/E
L �

eV � ). Figure 1 (left-hand) shows contours of allowed
oscillation parameter regions corresponding to the 68 %, 90 % and 99 % confidence intervals. The measured
parameters are ��� � � ! �NM EG< O>8 and ! < EPIQC/E
L �SR #%$H� R 8�< ! IKCTE
L �

eV � at 90 % confidence level.

The same analysis is carried out using the Super-Kamiokande-II atmospheric neutrino data from a 627 day
exposure. Super-Kamiokande-II started physics measurements in January 2003 with about a half of the original
PMT density in the inner detector. Each inner detector PMT is enclosed by an acrylic vessel to prevent chain
implosions. In the analysis, most of the systematic errors related to the detector response are re-evaluated for
the SK-II data. The minimum ��� value, �'�243 5 6U8�OWVX< ; = 8>?�@ DOF, is located at ( ���B� �"! � 6UEG< O>@�F #Y$&� 68G< CYIKC/E L �

eV � ). The allowed oscillation parameter region is shown in Figure 1 (right-hand). The oscillation
parameters are measured to be ���B� �"! �NM EG< @1; and C�< ! IQC/E
L �,R #%$&� R ;�< ;PIKCTE�L �

eV � at 90 % confidence
level. The result is consistent with measurement by the SK-I data.

2. Three flavor oscillation analysis (SK-I)

There is no evidence for the oscillation of atmospheric �>0 at present. As for the 1–3 mixing parameter, only
the upper limit of �A�B� � � 	A�

has been obtained by the CHOOZ reactor neutrino experiment [3]. To search for
an evidence of non-zero

�1	��
, the SK-I atmospheric neutrino data are analyzed in the three flavor neutrino

oscillation scheme with the one mass scale dominance approximation ( #%$��	 �[Z EGF #Y$&�	A� Z #%$H�� �[\ #%$&�
). In this scenario, oscillation probabilities can be expressed with three parameters, �A�B� � ��	A�

, ���B� � � � � and#%$&� [4, 5]. In case of the normal mass hierarchy (i.e., #%$]� M E ), the oscillation probability involving electron
neutrinos is enhanced by the Earth’s matter effect [6, 7] resonantly for neutrino energy around 3 Z 10 GeV, while
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Figure 2. Allowed oscillation parameters by a three flavor oscillation analysis with the SK-I data in case of the normal
mass hierarchy (left) and the inverse mass hierarchy (right). The excluded region by CHOOZ is also shown.
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there is no resonance in the oscillation probability for electron anti-neutrinos. On the other hand, in case of
the inverse mass hierarchy (i.e., #Y$]� R E ), the oscillation probability concerned with electron anti-neutrinos
is enhanced and no resonance is seen for electron neutrinos. The oscillation probability is calculated with an
approximation about the Earth’s matter density as follows: ^ 6_CT8G< E g/cm

�
in R = 0-1221 km, C>C�< 8 g/cm

�
in

R = 1221-3480km, ;�< E g/cm
�

in R = 3480-5701km, and 8�< 8 g/cm
�

in R = 5701-6371km, where R represents
distance from the Earth center. The data set and its binning, the definition of �`� and its minimization at each
oscillation parameter point, and the systematic errors are the same as those of the two flavor analysis described
in this paper. Figure 2 (left-hand) shows contours of allowed oscillation parameter regions corresponding to
the 90 % and 99 % confidence intervals in case of the the normal mass hierarchy. The minimum �a� value,�'�243 5 6981:W?�< @ !>= 8�?>@ DOF, is located at ( �A�B� � ��	�� 6bE�< E�F �A�B� � � � � 6cEG< ;�F #%$H� 6 ! <d;%IQC/E
L �

eV � ). The result
is consistent with the pure �W�J�e��� two flavor oscillation hypothesis. The allowed region in case of the inverse
mass hierarchy is also shown in Figure 2 (right-hand). The minimum �`� value, �'�243 5 6f8g:�?�<h:�? = 8>?�@ DOF, is
located at ( �A�B� � ��	A� 6iE�< E�E�? ! ;�F ��� � � � � � 6jE�<d; ! ;
F #%$ � 6 ! <d;kIlCTE L �

eV � ). It is found that the SK-I data
show no evidence for non-zero

� 	A�
in both the normal and inverse mass hierarchy scenarios.

3. Oscillation analysis including the solar neutrino oscillation parameters (SK-I)

Recently, the 1–2 oscillation parameters were measured with the great precision by combining solar neutrino
data [8, 9] and the KamLAND reactor neutrino data [10]. If these LMA-MSW oscillation parameters are taken
into consideration, the oscillation of low energy (below 1 GeV) atmospheric � 0 ’s is expected to appear at some
level regardless with the existence of the non-zero

�1	A�
. We assume

�>	�� 6cE for the analysis in this section. As
widely discussed in the literature [11, 12], the relative change on the atmospheric � 0 flux due to oscillations
driven by the solar neutrino parameters is written as follows: mQn�oqp0 = msr0kt Cu69v �uwgx'y{z ��� � � � t C`| , where msn}o~p0
and msr0 are the atmospheric ��0 fluxes with and without oscillations, and x \ m�r� = msr0 is the ratio of the original
atmospheric � � and ��0 fluxes. v � is the two neutrino transition ( ��0S����� ) probability in matter driven by the
1–2 parameters. The factor in brackets in the equation is called the “screening” factor. In fact, since the � � and��0 flux ratio x Z ! in the sub-GeV neutrino energy region [13, 14, 15], the screening factor is very small in the
case of the maximal 2–3 mixing (i.e.,

� � � 6�V1;>� ). If
� � � is in the first octant,

� � �
R Vg;�� , the screening factor

is positive and an excess of the sub-GeV � -like sample is expected. If
� � � is in the second octant,

� � � M V1; � ,
the screening factor is negative and the sub-GeV � -like sample is expected to be reduced. Thus, an oscillation
analysis of the sub-GeV samples taking into account the sub-dominant 1–2 oscillation has the possibility to
determine the octant of

� � � for the non-maximal ��� � �"! � � � . Of course, the deviation of �A�B� �"! � � � affects other
observables, especially the zenith angle dependence of � -like events. Therefore in order to determine ���B� � � � � ,
we need a combined oscillation analysis of all the samples with systematic errors properly estimated.

Since
��	A� 6bE is assumed in this analysis as previously mentioned, �4� is calculated in the four dimensional os-

cillation parameter space of # m � 	 � , # m �� � , �A�B� � ��	 � and �A�B� � � � � . For the solar neutrino parameters, we examine
two scenarios. In the scenario with the solar neutrino parameters turned on, the solar neutrino parameters are
chosen around the allowed region obtained by a combined analysis of the solar neutrino data and KamLAND
data. To give a constraint on the solar neutrino parameters, the �`� value by the combined analysis of the so-
lar neutrino and KamLAND data is added to � � from the SK-I atmospheric neutrino data for each ( # m � 	 � ,���B� � ��	 � ) point. The other scenario is ordinary “one mass scale dominance” approximation with #Y$Q�	 � 6jE ,
that is, pure �W������� two flavor oscillation scenario. The data set and its binning, the definition of �`� and its
minimization at each oscillation 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 ���B� � � � � dependence of the ��� t ���243 5
function marginalized with respect to # m � 	 � , # m �� � and ���B� � � 	 � , for two scenarios with and without the solar
neutrino parameters. It is found that the best-fit point is located around ��� � � � � � 69E�<d; in both cases.
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Figure 3. The ������������ � distribution as a function of �����
��� ��� for oscillations without the 1–2 parameters (red dashed
line) and with the 1–2 parameters (blue solid line) by the SK-I atmospheric neutrino data. �W� ���b� is assumed. For each����� � � ��� point, the other oscillation parameters are chosen to minimize � � .

4. Conclusion

In the �W�P���W� two flavor oscillation scheme, the zenith angle analysis with an optimum binning gives the most
accurate determination of the oscillation parameters using the SK-I data, ���B� �'! �KM EG< O>8 and ! < EHI�CTE�L �HR
#%$&� R 8�< ! I�CTE�L �

eV � at 90 % confidence level. The zenith angle analysis using the SK-II data gives the
consistent result. In the three flavor oscillation analysis with one mass scale dominance approximation, no
evidence for non-zero

�>	A�
is observed in the SK-I data. An oscillation analysis taking into account the solar

neutrino parameters gives no significant change on the result by the analysis without the solar parameters.
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