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Super-Kamiokande (SK), a 50 kton water Cherenkov detector in Japan, observes8B solar neu-

trinos with neutrino-electron elastic scattering. SK searches for distortions of the solar neutrino

energy spectrum caused by the edge of the MSW resonance in the core of the Sun. It also searches

for a day/night solar neutrino flux asymmetry induced by the matter in the Earth. The installa-

tion of new front-end electronics in 2008 marks the beginning of the 4th phase of SK (SK-IV).

With the improvement of the water circulation system, calibration methods, reduction cuts, this

phase achieved the lowest energy threshold thus far (3.5 MeV kinetic energy). SK observed solar

neutrinos for about 19 years, that is 5,200 days. This long operation covers more than 1.5 solar

activity cycles. An analysis about a possible correlation between solar neutrino flux and 11 year

activity cycle will be presented. To test the matter effect induced by the Sun and the Earth, the en-

ergy spectrum and the day/night solar neutrino flux asymmetry from SK-I to SK-IV is analyzed.

A global oscillation analysis using SK-I,II,III, and SK-IV data and combined with the results of

other solar neutrino experiments as well as KamLAND reactor experiment has been carried out.

The results of this global analysis will be presented as well.
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1. Introduction

The solar neutrinos are produced by the nuclear fusion reaction,4p→ α +2e++2νe, in the
core of the Sun. Electron neutrinos produced in the Sun are so calledpp, pep, 7Be, 8B andhep
neutrinos, whose fluxes had been predicted by the standard solar model [1]. Their energy distributes
from ∼ 0.1 MeV to ∼ 20 MeV. The current interesting physics motivation of the solar neutrino
observation with Super-Kamiokande (SK) [2] is to search for the Mikheyev-Smirnov-Wolfenstein
(MSW) effect [3, 4]. The MSW effect leads to a resonant conversion of the higher energy solar
neutrinos within the Sun and results in an about30% level of the survival probability above a
few MeV as shown in the left panel of Figure1, which is so called “Up-turn”. Since the energy
spectrum reflects the survival probability of the electron neutrinos, SK searches for the “Spectrum
up-turn” by measuring the recoil electron energy spectrum. In addition, due to the matter effect in
the interior of the Earth, the electron flavor neutrinos are regenerated as shown in the right panel of
Figure1. It is expected that the neutrino flux in night is larger than that in day by about a few%
level depending on the neutrino oscillation parameters. In 2014, SK reported an indication of the
terrestrial matter effects by about2.7σ [5].

Figure 1: Left: Several prediction of the electron neutrino survival probability (left) with fluxes of each
solar neutrino (right) as a function of the neutrino energy. Right: The visual explanation of the day/night
flux asymmetry.

2. Data analysis

Recently, the Super-Kamiokande Collaboration released a paper about the solar neutrino anal-
ysis results [6]. In this proceedings, the updated results, expect for the day/night flux asymmetry
measurement, are presented using data taken through the end of March 31st, 2016 (SK-IV 2365
days data set). The total livetime throughout the difference phases of SK [7, 8, 9] is 5,200 days. By
the way, the details of the analysis technique can be found in [6].

2.1 Flux measurement

The left panel of Figure2 shows the distribution of cosine between the reconstructed direction
of observed recoil electrons and the direction of the Sun. Using 5,200 days data, more than 84,000
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events are observed so far. Based on this data, the8B solar neutrino flux is determined to be
(2.355±0.033)×106 [/cm2/sec]. The ratio between the SK result and the SNO NC current flux
[10] becomes0.4486± 0.0062. The solar activity cycle is the 11 years periodic change of sun
spots releasing the magnetic flux at the surface of the Sun. They are strongly correlated with the
solar activity cycle. SK observed solar neutrinos for about 19 years, this long term observation
covers more than 1.5 solar activity cycles. The right panel of Figure2 shows the SK yearly flux
measured throughout the different phases of SK together with the corresponding Sun spot number
(Source: WDC-SILSO, Royal Observatory of Belgium, Brussels [11]). Using the present data,
the χ2 is calculated with the total experimental error asχ2 = 15.52/19 d.o.f., which corresponds
to a probability of68.9%. SK solar rate measurements are fully consistent with a constant solar
neutrino flux emitted by the Sun.

Figure 2: Left: The solar angle distribution combining for SK-I trough SK-IV. The horizontal axis shows
the cosine of the solar anglecosθSun and the vertical axis shows the number of the observed events. The
black points show the data, the red (blue) histogram shows the best-fit result (background-shape). Right:
The result of the solar neutrino flux measurement from 1996 to 2015. The red points shows the yearly flux
measured by SK (statistical error only), the gray bands shows the systematic uncertainties for each SK phase,
the black-horizontal line shows the combined measured flux with the uncertainty drawn by the red band and
the black points shows the sun spot number [11].

2.2 Energy spectrum analysis

The energy spectrum for the each SK phase are extracted using an extended maximum likeli-
hood fit [6]. After that, they are compared with the expectations based on the MSW effect assuming
two oscillation parameters obtained by a neutrino oscillation analysis discussed in subsection 2.3.
The left panel of Figure3 shows the combined energy spectrum with the predictions. Comparing
χ2 between the data (black) and the predictions (green and blue), the MSW prediction drawn in
blue is disfavored by∼ 2σ level. Neutrino energy spectrum is de-convoluted from the recoil elec-
tron energy spectrum. The right panel of Figure3 shows the result of survival probability (Pee(Eν))
with the other experimental results (pp and CNO neutrino flux constraints from the all solar neu-
trino data [12, 13, 14, 15], and the7Be, pepand8B flux measurements of Borexino [16, 17]). The
red band shows the allowed region from SK plus SNO [10] combined data as a function of neutrino
energy. This analysis result gives the world’s strongest constraints on the shape of the survival
probability in the transition region between vacuum oscillation and MSW resonance.
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Figure 3: Left: The energy spectrum combining SK-I to SK-IV as a function of energy. The red points
shows the ratio of the data to the expected flux using a non-oscillated8B solar neutrino spectrum. The
black histogram shows the best-fit result using quadratic function. The green (blue) histogram illustrates
the MSW prediction based on the oscillation parameters from Solar global (Solar+KamLAND) sin2 θ12 =

0.311±0.014and∆m2
21 = 4.74+1.40

−0.80×10−5 eV−2 (sin2 θ12 = 0.308±0.012and∆m2
21 = 7.49+0.19

−0.18×10−5

eV−2). Right: The1σ band of the survival probability combining SK with SNO [10] as well as other
measurements results [12, 13, 14, 15, 16, 17]. The horizontal axis shows the neutrino energy and the vertical
axis shows the electron neutrino survival probability.

2.3 Neutrino oscillation analysis

The oscillation analysis was conducted using SK, SNO [10], radiochemical solar neutrino
experiments [12, 13, 14] and Borexino [15, 16, 17] as well as the anti-neutrino measurement by
KamLAND [18, 19]. SK uniquely selects the Large Mixing Angle MSW region by more than3σ
and SK significantly contributes to the measurement of the solar angleθ12. When combining with
SNO data, it gives strongest constraints onsin2 θ12 as shown in the left panel of Figure4 (green
dash-line). On the other hand, The SK spectrum and day/night data favors a lowerm2

21 value than
KamLAND’s by more than2σ . This parameter is mostly determined by the solar neutrino oscilla-
tion fit and further precise measurements are required in future. Removing theθ13 constraint, os-
cillation angleθ13 can be extracted using the solar neutrino experiments as well as the KamLAND
as shown in the right panel of Figure4. The measured value issin2 θ13 = 0.029+0.014

−0.015, which is
2σ level away from zero. The obtained result is consistent with the precise reactor measurement
[20, 21, 22].

3. Summary

Super Kamiokande has precisely measured the8B solar neutrino flux, its time variation and
recoil electron spectrum. No significant correlation between the observed solar neutrino flux and
the sun spot number is found. In addition, the energy spectrum analysis slightly disfavors the MSW
prediction by∼ 2σ level. In the solar neutrino oscillation analysis combined with the KamLAND
result, oscillation parameters are determined as∆m2

21 = 7.49+0.19
−0.18×10−5 eV2, sin2 θ12 = 0.308±

0.012. When the constrain ofθ13 is removed, solar neutrino experiments and KamLAND measure
sin2 θ13 = 0.029+0.014

−0.015, the value is good agreement with reactor anti-neutrino measurements.
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Figure 4: Left: Allowed contours for∆m2
21 vs. sin2 θ12 from the combination of SK and SNO [10] (green-

dashed) at 1, 2, 3, 4 and 5σ confidence levels. In addition, solar neutrino data (green-solid) and KamLAND
data (blue) [18, 19] are also shown. The all combined allowed region is drawn in red. Th filled regions gives
the3σ confidence levels. Right: Allowed contours ofsin2 θ13 vs. sin2 θ12, where colors are the same as the
left panel. The yellow band shows the results from the reactor anti-neutrino measurements [20, 21, 22].
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