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Super-Kamiokande

* Super-K is a 50 kton water
Cherenkov detector with 22.5
kton of fiducial volume at 2,700
m.w.e underground.
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* The detector is optically separated
into ID and OD.

* Excellent in detection of
atmospheric neutrinos.

* 20 years since the start of data
’ taking in 1996,>47,000
g R e atmospheric neutrino events.

Four Run Periods: * A Nobel prize winning experiment!
SK-1 (1996-2001) SK-1I (2003-2005)

SK-111(2005-2008) SK-1V(2008-Present)
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Atmospheric neutrinos in SK
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Atmospheric neutrinos in SK
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Atmospheric
measureme
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neutrinos
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SK measures the flux of atmospheric
neutrino with energy of sub-GeV to

~10 TeV. The measurement is consistent
with model prediction.

With the large sample, SK can test the
effects on atmospheric neutrino flux of
geo-magnetic field, solar activity, etc.
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Atmospheric neutrinos
measurement in SK

Primary
Cosmic rays are mostly Fay
positive charged. Geomagnet Feld
© ©
Trajectony Eai?w‘!ﬁr o Allowed
Tra]ectory'“", Trajectory
East West

SK observes clear azimuthal dependence
for both p-like(6.00) and e-like(8.00)

samples due to the effect of geo-magnetic
field, and no significant solar modulation of

atmospheric neutrino flux.
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Cosine Zenith Angle

Neutrino oscillations at Super-K

~10 km
P(v, - v;)

Cosine Zenith Angle

~13,000 km Energy [GeV] Energy [GeV]

Leading effect is v, disappearance(v, — v;).

v, appearance from neutrino oscillations could be

detected by charged current v, interaction in SK.
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Tau neutrino appearance in SK

* Tau lepton production is rare
in SK due to 3.5GeV energy
threshold of charged-current
v_ interaction.

 Multiple light-producing
particles from tau decay.

* Neural network(input
variables in backup) to select
hadronic tau decay events.

Tau lepton decays in ~1013s,

................................................. R €,por
Nadrons. in SK detector.

tau lepton track is undetectable

Super-Kamiokande IV

Run 999999 Sub 1 Event 88
16-04-13:05:43:27

TIrner: 9475 hits, 50654 pe

outer: 2 hits, 1 pe

Trigger: 0x07

D_wall: 586.0 cm
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Tau neutrino appearance in SK
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Data = PDF,; + axXPDF, + X &X(tauPDF; + bgPDF;)

« is the normalization of tau events.

(tau, BG)PDF; is the PDF of ith systematic error of
shifting it by |o, &; is the magnitude of the systematic error.

preliminary

o=1.47=%+0.32
compared to simulation
(4.60 from 0)assuming NH
Sensitivity at a=1: 3.3c
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Cosine Zenith Angle

Neutrino oscillations at Super-K

~10 km
P(v, - v,)

Cosine Zenith Angle

1 10 10°
~13,000 km Energy [GeV] Energy [GeV]

Leading effect is v, disappearance.
Sub-leading effects help to resolve 0,5 octant, §-p and

mass hierarchy.
ICHEP 2016 11




Cosine Zenith Angle

Neutrino oscillations at Super-K

1.05

Sub-GeV p-like 0-dcy e

Ratio

0.95

cosine zenith

| | [ | 1 1 1 | | | L1 I 1 1 1 |

Energy [GeV]

Ratio to two-flavor
oscillations shown.
Multiple samples

used in the analysis.

Cosine Zenith Angle
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Sub-GeV e-like 0-dcy e
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SK oscillation analysis-8,; constrained

20—

20—

20 — ——

_ [ preliminary
151 - 15 i 151 Inverted
I e Nor?nal
PRRUS 1% o 15 v -
5:_95% \/\/ _, 5:_95% _, 5;:5"/, v
SR [ O A T =
oo NA ob——— 1 % L ol 1 e e |
0.001 0.002 0.003 0.004 0.005 0.2 0.4 0.6 0.8 0 2 4 6
|AmZ, |, |AmE | eV? sin’ 6,, Sep
Fit (5 17 dOf) XZ Sin2613 SCP Sin2923 IAm232 | eV/?
SK (IH) 576.0 0.0219 4.2 0.58 2.5x103
_ 571.7 0.0219 4.2 0.59 2.5x103

* 0,3 is constrained at PDG average, uncertainty is included as a systematic error.

o Ay2 = yv2iuu-x2in= -4.3 (-3.1 of sensitivity)

* The p-value of obtaining Ay? of -4.3 or less is 0.031 (sin%0,;=0.6) and 0.007
(sin20,3=0.4) in IH hypothesis. Under NH hypothesis, the p-value is 0.45 (sin?0,;=0.6).
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Oscillation analysis with constraint from
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* Ay2 = -5.2 (-3.8 of sensitivity for SK best, -3.1 for combined best)

* The p-value of obtaining Ay? of -5.2 is 0.024 (sin%0,3=0.6) and 0.001 (sin%0,;=0.4).
Under NH hypothesis, the p-value is 0.43 (sin?0,3;=0.6).
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Summary

* Measurement of atmospheric neutrino flux of
energies from sub-GeV to 10 TeV.

* Tau neutrino appearance with significance of 4.60.

* Normal hierarchy preferred by Ay? = -5.2,
p-value is between 0.024 (sin?0,3;=0.6) and 0.00|
(sin20,3=0.4) in IH hypothesis.

* Weak preference of second octant and dp near
3/2m.

* More analyses in SK, indirect WIMP search in
poster session.

ICHEP 2016
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Neutrino events [counts day'l]
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No seasonable variation is seen as expected.
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Tau analysis
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Paper fit update of tau analysis
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Tau fraction:1.37+0.2375:33,
the significance is 5.10.

21



A %% Wrong Hierarchy Rejection

Improved MH sensitivity with T2K
constraint

8., Uncertainty
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SK only
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A %% Wrong Hierarchy Rejection
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Fraction of Toy MC

Fraction of Toy M(

p-value for MH preference
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SK analysis with T2K constraint.
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MH preference in sub-samples
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Indirect WIMP search

Lo preliminary
E - SK (2016) Earth (90% CL sens.), bb CRESST Il (2012)
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10" = — SK (2015) Sun (S1), bb
= — XENON100 (2012)
— = — SK (2015) Sun (SI), 1T 10X (2014)
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Search for an excess of neutrinos
from galaxy, sun or earth(shown
in the plot).
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Preliminary sensitivity result of 90% CL
limits for background only scenario for
WIMP decay in earth core.
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