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Super-Kamiokande (SK), a 50 kton water Cherenkov detector in Japan, ob%8rsekr 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-1 to SK-1V is analyzed.
A global oscillation analysis using SK-LILIIl, 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 reaetpnr; a + 2e™ + 2v, in the
core of the Sun. Electron neutrinos produced in the Sun are so qaflepep ‘Be, 8B andhep
neutrinos, whose fluxes had been predicted by the standard solar @odéidir energy distributes
from ~ 0.1 MeV to ~ 20 MeV. The current interesting physics motivation of the solar neutrino
observation with Super-Kamiokande (SEJ |s to search for the Mikheyev-Smirnov-Wolfenstein
(MSW) effect B E]. The MSW effect leads to a resonant conversion of the higher energy solar
neutrinos within the Sun and results in an ab80% level of the survival probability above a
few MeV as shown in the left panel of Figule 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
Figurell It is expected that the neutrino flux in night is larger than that in day by about &few
level depending on the neutrino oscillation parameters. In 2014, SK reported an indication of the
terrestrial matter effects by abo2i7o [5).
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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 resultsf@il. 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 & BK9] is 5,200 days. By
the way, the details of the analysis technique can be fourf@.in [

2.1 Flux measurement

The left panel of Figurshows 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®Bhsolar neutrino flux is determined to be
(2.355+0.033) x 10° [/cn?/sed. The ratio between the SK result and the SNO NC current flux
[1d becomesD.44864 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 Figlskows 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, Bruss&f)[ Using the present data,

the x? is calculated with the total experimental errorygs= 15.52/19 d.o.f., which corresponds

to a probability 0f68.9%. SK solar rate measurements are fully consistent with a constant solar
neutrino flux emitted by the Sun.
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Figure 2: Left: The solar angle distribution combining for SK-I trough SK-IV. The horizontal axis shows

the cosine of the solar angb®sbs,, 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 num@g}.[

2.2 Energy spectrum analysis

The energy spectrum for the each SK phase are extracted using an extended maximum likeli-
hood fit [g]. 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 Figur® shows the combined energy spectrum with the predictions. Comparing
X2 between the data (black) and the predictions (green and blue), the MSW prediction drawn in
blue is disfavored by 20 level. Neutrino energy spectrum is de-convoluted from the recoil elec-
tron energy spectrum. The right panel of FigBighows the result of survival probabilit4(E, ))
with the other experimental resultpf and CNO neutrino flux constraints from the all solar neu-
trino data [[2 I3 [I4 I3, and the’Be, pepand®B flux measurements of Borexin@§, [I7]). The
red band shows the allowed region from SK plus SHJ fombined 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-1 to SK-IV as a function of energy. The red points
shows the ratio of the data to the expected flux using a non-osciff@esblar 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 {3@anLAND) sir? 65 =
0.311+0.014andAmg; = 4.747535 x 1075 eV2 (sir? 61, = 0.308+ 0.012andAmg; = 7.49°512 x 1075

eV2). Right: Thelo band of the survival probability combining SK with SN@{ as well as other
measurements resullsd 13 14 I3 I8 [I7. 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, SH{, [radiochemical solar neutrino
experimentsI2 (13 014 and Borexino [ [IG [I7 as well as the anti-neutrino measurement by
KamLAND [I8 [19. SK uniquely selects the Large Mixing Angle MSW region by more tBan
and SK significantly contributes to the measurement of the solar &gl&/hen combining with
SNO data, it gives strongest constraintssimf 6;» as shown in the left panel of Figu(green
dash-line). On the other hand, The SK spectrum and day/night data favors a‘r@y\xezrlue than
KamLAND's by more tharRo. This parameter is mostly determined by the solar neutrino oscilla-
tion fit and further precise measurements are required in future. Removigstbenstraint, os-
cillation anglef;3 can be extracted using the solar neutrino experiments as well as the KamLAND
as shown in the right panel of Figuf The measured value & 6,3 = 0.029" 2014, which is
20 level away from zero. The obtained result is consistent with the precise reactor measurement

[20 21 27.

3. Summary

Super Kamiokande has precisely measured®Bisolar 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~ 20 level. In the solar neutrino oscillation analysis combined with the KamLAND
result, oscillation parameters are determinedmg, = 7.497912 x 107° eV?2, sir? 61, = 0.308+
0.012 When the constrain dd 3 is removed, solar neutrino experiments and KamLAND measure
sin? 613 = 0.029 3312, the value is good agreement with reactor anti-neutrino measurements.
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Figure 4: Left: Allowed contours foﬂm%l vs. sir? 61, from the combination of SK and SNE{] (green-
dashed) at 1, 2, 3, 4 andxonfidence levels. In addition, solar neutrino data (green-solid) and KamLAND
data (blue)I8 [I9 are also shown. The all combined allowed region is drawn in red. Th filled regions gives
the 3o confidence levels. Right: Allowed contoursifé By3 Vs. sir? 615, where colors are the same as the
left panel. The yellow band shows the results from the reactor anti-neutrino measurdéZodRisEY.

References

[1] John N. Bahcall and Roger K. Ulrich, Rev. mod, P§@.297 (1988).
[2] Y. Fukudaet al, Nucl. Instrum. Meth. A501, 418 (2003).
[3] S.P. Mikheyev and A. Y. Smirnov, Sov. Jour. Nucl. Ph/&.913 (1985).
[4] L. Wolfenstein, Phys. Rev. 7, 2369 (1978).
[5] A.Renshawet al, Phys. Rev. Lett112 091805 (2014).
[6] K. Abeetal, Phys. Rev. ¥4, 052010 (2016).
[7] J. Hosakeet al., Phys. Rev. Dr3, 112001 (2006).
[8] J. P. Cravenst al, Phys. Rev. I¥8, 032002 (2008).
[9] K. Abeetal, Phys. Rev. 83, 052010 (2011).
[10] B. Aharminet al., Phys. Rev. B8, 025501 (2013).
[11] WDC-SILSO, Royal Observatory of Belgium, Brussels. http://www.sidc.be/silso/datafiles
[12] R. Davis, Jr., D. S. Harmer, and K. C. Hoffmanhal., Phys. Rev. Lett20, 1205 (1968).
[13] J. N. Adburashitoet al.,, Phys. Rev. B0, 015807 (2009).
[14] M. Altmannet al,, Phys. Lett. B616, 174 (2005).
[15] G. Bellini et al., Phys. Rev. Lett107, 141302 (2011).
[16] Bellini et al., Phys. Rev. 82, 033006 (2010).
[17] Bellini et al., Phys. Rev. Lett707, 051302 (2012).
[18] S. Abeet al, Phys. Rev. Let100, 221803 (2008).
[19] A. Gandoet al., Phys. Rev. 88, 033001 (2013).
[20] F. P. Anet al., Chin. Phys. (37, 011001 (2013).
[21] J. K. Ahnet al, Phys. Rev. Lettl08 191802 (2012).
[22] Y. Abeet al., Phys. Rev. 86, 052008 (2012).



