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Super-Kamiokande
* Super-Kamiokande detector lkeno-yama  {km
. Kamioka-cho, 9/|fu 9700mwe
* Located at Kamioka, Japan Japan 3k . d.c 2km
* 1000 m under Ikenoyama mountain Moz/ R |
. Nozumi SK Atotsu
e 2700 m water equivalent
* 50 kton ultra pure water tank
* More than 11,000 20-inch PMTs for ID - s
* 22.5 kton for the fiducial volume =AY W =By
. = rrAYAd
* Water Cherenkov technique i
* Energy, direction, particle ID :* aia
* Many physics targets q . L
* Astrophysical neutrino (Solar, Supernova) :

* Atmospheric neutrino
* Proton decay
* Long base line neutrino (T2K)

* Dark matter search etc...
Solarv Supernova v Atmospheric v and proton decay
3.5-19.5 MeV 20~100.0 MeV ~100 MeV GeV TeV PeV




Physics motivation (1) e

e Standard Solar Model (SSM) describes the profile of the Sun well.

* SSM predicts the solar neutrino fluxes.
» Super-K has observed 2B neutrino because of its high energies (<~14 MeV).

» Several periodical solar activities are observed.
e Variation of the sunspot number at the surface (~11 years).
* The Sun itself oscillates due to the acoustic waves (~5 minutes).

» Searching for the periodic modulation of v fluxes is interesting.
o Solar cycle 21 22 23 24
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Sunspot number is taken from http://solarscience.msfc.nasa.gov/greenwch/spot num.txt
Average magnetic field is taken from: http://wso.stanford.edu/meand/MF_timeseries.txt
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Physics motivation (2)

* Neutrino oscillation due to the matter effect (MSW effect)
e Spectrum “up-turn” expected by MSW effect in the Sun.

- MSW effect leads to a resonant conversion of the higher energy v.

* Day/Night flux asymmetry due to terrestrial matter effect.
- Regeneration of electron-v is expected when v pass through the Earth.
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Solar neutrino analysis in Super-K

 Last year, we submitted a paper about the solar neutrino
analysis results (using SK-IV 1664 days data sample).

* Phys. Rev. D 94, 052010 (2016), arXiv: 1606.07538

e Updated results are presented.
* 8B solar neutrino flux with SK-IV 2365 days sample (5200 days).
* Energy spectrum with SK-1V 2645 days sample (5480 days).

. E"“"L o
* Recent progress of solar analysis. § | jﬁ
e Yearly 2B flux plot to see % T[] | o
) . o 5 | mproved!
any correlation with solar activity. g oo %t ]
. Perlodic.modulation of solar v flux. 3 4of H | Red: New thr.
* Lower trigger threshold in May 2015. ol Black: Old thr.
* Detection efficiency in 3.5-4.0 MeVkin. 0; (| Preliminary |
~84%9 ~99%. oluwbidb bbb bbb b b

01234567 829
Energy [MeV(kinetic)]
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Observed 2B solar neutrmo S|gnal

.| Sun
i sun s
A total of 84k solar neutrinos 15000 ——— ‘%

were observed until March 2016.
(89k events until March 2017) 10000

35000 | ]

= Preliminan -

€ 3B neutrino measurement ESOOOOZ— v + : Data(stat. only) ;
S - — . Best fit

Cherenkov light generated by ::-j - @ . esk ! q E

recoil electron scattered with v. 25000:_ + Backgroun -

v,t+e —u, +te 20000 B" I_;

\

F e

SK I-IV combined flux (until March 2016)
DATA/MC = 0.4486 = 0.0062(stat.+syst.)

5000 . sysl
Measured 2B fluxes are consistent 2.355+0.033 (stat.+syst.) [ x 10°cm~%sec™" |
. . 03 . L1 1 L1 1 | L1 1 | L1 1 | 1 1 | L1 1 | L1 1 | | .| L1 1 | 11 1
within uncertainties. 0706 0.6 04 02 0 02 04 06 08 1
cosfg,,
SK 1 4.5-19.5 1496 2.38+0.02 + 0.08
SK I 6.5-19.5 791 2.41+0.05%018
SK Il 4.0-19.5 548 2.40 + 0.04 + 0.05
SK IV 3.5-19.5 2365 2.32 +0.02 + 0.04
2645 Under preparation
MC: 5.25 X 10%/cm?/sec

(SNO: NC current, Phys. Rev. C88 (2013) 022501.) ~ R



3B solar neutrin

»--0 L e
@ Solar activity cycle ﬁ
Sun spot numbers are strongly 8 05
correlated with the solar activity §
cycle (~11 years). O 0.4
SK has observed 2B solar neutrino %

©

for ~20 years (More than 1.5 cycle).5
Data taken until March 2016 is used.

@3B flux vs. sun spot

No correlation with the 11 years solar
activity is observed.

x* =15.52/19(D.0.F)
Prob. - 68.9 % Preliminary

Super-K solar rate measurements are
fully consistent with a constant solar
neutrino flux emitted by the Sun.
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SNO: NC current, Phys. Rev. C88 (2013) 025501

SK I-IV combined flux (until March 2016)
DATA/MC = 0.4486 = 0.0062 (stat.+syst.)

2.355+0.033 (stat.+syst.) [ X 106cm~2sec™!|

Sun spot number: http://www.sidc.be/silso/datafiles
Source: WDC-SILSO, Royal Observatory of Belgium, Brussels.
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Periodic modulation analysis

* SK collaboration reported the time variation of 5-day long
sample of the observed 2B v flux (Phys. Rev. D 68, 092002 (2003)).

* SK performed a periodic analysis using Lomb-Scargle (LS) method.

23F SK-1 1496 days (4.5-19.5 MeViin) £ SK analysis result
§3.5§-1 [ | o | [ _ ﬁ LS method e’
1 S ARTARR A I i -
Oé : 5-day long sample (Phys. Rev. D 68, 092002 (2003)) g | l
o7 9% 9% 2000 200l y‘w :szg 63.09%CL
« Several papers reported that a maximum  :¥ ‘ ‘
peak is observed at around 9.42 year?. l(' i
o Cf_) Astropart. Phys. 82, 86-92 (2016). Several researchers found a peak '

at around 9.42 ye_ar'1 B

* Generalized Lomb-Scargle (GLS) method is used. |

8}

6|

Power

* SK has reanalyzed SK-I data with GLS

method provided by astroML. W MMM MMMNM
: : 'M ’\“ h L1

e SK-IV data is also analyzed with GLS. ° T ———

ABIC



Periodic modulation results

Using the Generalized LS method, both SK-I and SK-IV are analyzed.

5-day long sample is made from SK-I data and SK-IV data.
* SK-I: 1496 days data (4.5-19.5 MeVkin), Phys. Rev. D 68, 092002 (2003).
« SK-IV: 1664 days data (4.5-19.5 MeVkin), Phys. Rev. D 94, 052010 (2016).

Search region 5-15 year.
Maximum peak at around 9.42 year! is not found in SK-IV.
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Global oscillation analysis input

¥ sK

- SK-1 1496 days, Spectrum : 4.5-19.5MeV/(kin.) + D/N : Ekin=4.5MeV
- SK-1l 791 days, Spectrum : 6.5-19.5MeV/(kin.) + D/N : Ekin=7.0MeV
- SK-1ll 548 days, Spectrum : 4.0-19.5MeV(kin.) + D/N : Ekin=4.5MeV

- SK-IV 2645 days, Spectrum : 3.5-19.5MeV(kin.) + D/N (1664 days) : Ekin=4.5MeV
Spectrum (until March 2017): Updated from Phys. Rev. D 94, 052010 (2016).

&sNo Day/Night flux: Updated from PRL 112 (2014) 091805.
- Parameterized analysis (c0,c1,c2,a0,al) of all SNO phased published in

Phys. Rev. €88 (2013) 025501. The same method is applied to both SK and SNO
@ Radiochemical (Ga, Cl) with ao and a1 to LMA expectation.

- Garate 66.1 3.1 SNU (All Ga global), Phys. Rev. C80 (2009) 015807.
- Clrate 2.56 £0.23 SNU, Astrophys. J. 496 (1988) 505.

& Borexino

- 7Be flux, Phys. Rev. Lett. 107 (2011) 141302. Does NOT include Borexino pp 2014.
Nature 512 (2014) 383.

€ KamLAND reactor
- 3-flavor analysis , Phys. Rev. D88 (2013) 033001.

@3B spectrum
- Winter 2006, Phys. Rev. C73 (2006) 025503.
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SK I-IV combined recoil electron spectrum

@ Spectrum shape

SK searches for the “up-

turn” in its recoil electron

energy spectrum.

SK-1: 1496 days (E > 4.5)
SK-II: 791 days (E = 6.5)
SK-Ill: 548 days (E > 4.0)

SK-IV: 2645 days (E > 3.5)

Total: 5480 days sample

SK V1LY LMA Spectrum_

P 06 [ T I T LI l - 'I I T 1 I 1 ]

8 : : ]

Sos8 Total # of bins of SK I-1V is 83, 80 dof “ =

O [~ ]

oéo 56 Quadratic best-fit 75.5/80 ]

S™E .

Qo.54f .

8 :

1Y) - -

00.52 — All SK phases are combined without | —

0.5 - regard to energy resolution or 1

- systematics in this figure. 1 ]

0.48 |— -]

46 = A -

- Solar+KamLAND 7

0.44 [— .

u Solar global .

0.42 Lo Prelimi ]

- Statistical error only reliminary -

L 1 1 1 I 1 1 1 | 1 1 1 | | | [ I | 1 1 | 1 1 1 | 1 1 1 I 1 1 ]
04— 6 8 10 12 14 16 18

Ekin in MeV

MC: 5.25 X 10%/cm?2/sec (SNO: NC current, Phys. Rev. C88 (2013) 025501.)

The SK recoil electron spectrum is consistent within ~“1c with the
MSW up-turn for the solar global best fit parameters, and
marginally consistent within ~2¢ with the MSW up-turn for the
solar+KamLAND best fit parameters.
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Summary

* Super-Kamiokande has taken solar neutrinos for more 20 years.

Precise solar neutrino flux measurement is performed.
e SK-1V result: 2.32 = 0.02(stat.) = 0.04(syst.) [ X 108/cm?/sec].

SK solar neutrino flux measurements agree across all phase.
e Combined result: 2.355 = 0.033 (stat.+syst.) [ X 10%/cm?/sec].
* Fully consistent with a constant solar neutrino flux emitted by the Sun.
* No correlation with the solar activity cycle is seen.

Preliminary periodic modulation analysis is performed.
* Maximum peak at around 9.43 year! is not found in SK-IV.

Recoil electron energy spectrum is consistent with the MSW up-turn.
* ~1o for the solar global best-fit parameters
» ~20 for the solar+KamLAND best-fit parameters.






p.15

@) >
)

Typical low energy event in SK

‘HOW to detect Super-Kamlokande

Fun 1742 BEwvent 102436

E=05=31:07:397:33

Elastic scattering(ES)  wer 1o bive. a3 52

Suter: =1 hits, & pE (in-time)

Trigges ID: 0x03

reaction is used for e s v e 0. ses
. Sal=r Wewtrino
solar neutrinos

vx _|_ e_ - vx _|_ e_ Time(ns)

< B1G

& Reconstruction

@Timing information

935-1015

->Vertex position " ioas-0ss
@Ring pattern iy
—>Direction
@ Number of hit PMTs Etota = 9.1MeV

—>Energy(~6hits/MeV) CcO0SOsun = 0.95
@ Resolutions

Energy:14 % Vertex : 55cm  Direction : 23°
(for E = 9.5 MeV(kin.) electron)

a
1] 00 1000 1500 20

Timas {ns)



Non-standard models to predict flat spectrum p-16
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Tight Fiducial volume

3.5-4.0 MeV 4.0-4.5 MeV 4.5-5.0 MeV

(SK IV new energy threSh0|dﬂ) (energy threshold in SK- III) (energy threshold in SK-I)
E 15 — I E 15/pa 5

-15 15 -15
200 100 150 200
“m1  Color: event/day bin rém’] rfm’]
. _EO-OG_"'I"'I"'I"'I"'I"'I"'I"'"'I"'
@ solar v observation S [SK-1(4.5-5.0 MeV(kin)) .
. . g 0.05(; fosest 4 E
Elastic scattering > RREL .
_ _ 2 0.04 SK-I] d
v,+te -v, +e @ % ¥ + H+ +
_ . >0.03 + ) it g
Solar neutrino signals - iR ] ++ + 73 +
are seen around o 0.02- + =
cosOsun =1. \—sun’ ..S:un 001 S -
Background event SK-IV. Prelummary
= Other direction ol ' -

L | L1
)1~ 08 06 0402 0 02 04 06 08 1
(cosOsun<0) cosfg,,
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Super-Kvs. KamLAND
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SK result uniquely selects the Large Mixing Angle MSW region by more than 3o.
SK significantly contributes to the measurement of the solar angle.



p.19

Solar global vs. KamLAND

oV 8 3o : _'E
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The SK spectrum and D/N data favor a lower m3, value than KamLAND’s by more

than 20 and mostly determine this parameter in the solar neutrino oscillation fit.



3-flavor oscillation an

alysis
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sin? #1,= 0.31679-:934
sin? 613= 0.010+9:933
sin? A1o= 0.31070:014

sin® f13= 0.0297001%
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20 level non-zero 043 is obtained from Solar global + KamLAND.
Consistent with the reactor results.




