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Super-Kamiokande Detector

Located near
Kamioka, Japan
50 kton volume
(22.5 kton fiducial
volume)

Optically separated
Into inner and outer
volumes

11,146 20" PMTs
(ID) + 1885 8~
PMTs (OD)



SK Physics Goals

Neutrino detection:
Solar Supernova Atmospheric

Proton decay
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Detecting Neutrinos in SK

Atmospheric Neutrinos Solar Neutrinos

Neutrino Neutrino o ©
\ .
Nucleus ?_o Electron @ °

Muon or Electr

Cherenkov light Cherenkov light

The generated charged particle emits the Cherenkov light.



Neutrino oscillations discovered in SK

1998: Super-Kamiokande publishes a
f = The expected number of events without neutrino oscillation| ~ PAPEr (Phys Rev. Lett. 81 (1998)
300 - _+_¥22 Sbserved number of events in Super-Kamiokande 1562-1567) that showed:
' - the atmospheric neutrino ratio of v, to
v, is less than expected

; - the discrepancy was dependent on
200 - o —+—| | neutrino path length (neutrinos

: —4- entering the bottom of the detector vs.
] —l— the top of the detector)

] - that the missing neutrinos were muon
10 'q:-ﬁﬁ—,‘ type neutrinos
The paper concluded that the
behaviour fit all the hallmarks of

neutrino oscillation and they

]

The number of observed muon neutrinos

ol :
|\ '/ l calculated a best fit value for v, — v,
E mixing parameters
Upward going Neutrinos Horizontal going Neutrinos Downward going Neutrinos
Flight length:12800km Flight length: 500km Flight length:15km
Only a half of the expected Only 80% of the expected Consistent with the

number (blue line) was observed. number was observed. expected number.



Measuring neutrino parameters using
different neutrino sources

Am?,,: reactor, solar

Am?,,: accelerator, atmospheric

0,,: solar, reactor

0,5: accelerator, reactor, atmospheric
0,5: reactor, accelerator, (solar)

Solar and atmospheric neutrino measurements
contribute (at least in some way) to many of the mixing
parameters. Often they give complementary
measurements.



Solar Neutrinos

Mainly created in the pp chain (secondary process — the CNO cycle)
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SK: I\/Ieasurlng 5B neutrinos
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Solar OSC|IIat|on Measurements
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Solar Oscnlatlon I\/Ieasurements
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Solar Osc:|llat|on I\/Ieasurements

218 ~ 20 tension between solar and
e16  KamLAND Am? measurements

13

12

% KamLAND A SK+SNO

8

© SK+SNO+

¢ KamLAND

3

1 1o 20 30
""""" 01 02 03 04 05 2468

sin®(0) Ay



I N
Day/Night Effect
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(2014) 9,

1 091805, arXiv:
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Atmospheric Neutrinos

Other channels possible:

- kaons (similar to pion
channel)

- charm decay (significant

above ~100 TeV)




Particle ID for Atmospheric Neutrinos

Cerenkov
radiation
cone

The Cerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular

Vp ring in the photomultiplier
Muon Muon detector bank.
neutrino
The Cerenkov radiation
from the electron shower
produced by an electron
Ve neutrino event produces

multiple cones and
therefore a diffuse ring

Electron Electron in the detector array.

neutrino shower
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SK Atmospheric Oscillation Results
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SK Atmospheric Oscillation Results

20 v
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P00t 0002 0003 0004 o005 3 o8 % - \\‘2_"{"_#
| A mi, | MeV? Bep
Fit (517 do 2 -3
(517 dof) 0, 5. 6,  Am_(x107)
SK+T2K (NH) 651.53 0.0238 4.887 0.525 2.5
SK+T2K (IH) 654.73 0.0238 4,189 0.550 2.4

Results slightly favour the

m 2 -2, =-3.2(SKOnly-3.0) NH



Updated Atmospheric Flux
Measurements

New SK results: fluxes from 100 MeV to 10 TeV

E’® [GeV/cm?/sec/st]

-1 05 0 0.5 | 1.5 2 2.5 3 3.5 4
Richards et al. arxiv:1510.08127 0B/ GV



N
East-West Effect

Primary
Cosmic
Ray

Geomagnetic Field

Forbidden
Trajectory .- e

Due to asymmetric deflection of cosmic rays, more
neutrinos coming from west than east
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East-West Effect
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Conclusions

Super-Kamiokande has been measuring solar
and atmospheric neutrinos for over 20 years

Solar and atmospheric neutrino measurements
have contributed to our understanding of
neutrinos oscillation parameters

Neutrino measurements can also be used to

probe for interesting effects, such as the day-
night effect (solar) or the east-west effect
(atmospheric)






Comparison of model predictions to new
flux data

R'ichard's et a[. arXiy:151Q.081
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Comparison of model predictions to new
flux data

Rlchards et al. arX|v 1510 0812

N

2 185 . =
e e
1.2E— -

0-81 E* * ‘* *‘ f‘?‘f‘*‘. = -’.‘.‘.‘. :::::::::_'_-_::-.-.-.:.-.-.: ---- -—_i

X" - :é

Flux model ve and vy, =
HKKM11 [21] 21.8 =
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Data agrees best with HKKM11 though the
agreement is generally good for all models.



Wlthout reactor 613 constraint
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Determining CPV in SK with atmospheric
neutrinos

Cosine Zenith Angle

||
“Sub-GeV”

“Multi-GeV”

CP violation in atmospheric
neutrinos appears as a
modulation of low energy
electron-like events (mostly
for low energy ~400MeV).



Neutrinos and antineutrinos in SK

Sample Selection : Multi-GeV Single-Ring anti-v, and v, -like

v, -like I v, -like O Separate neutrinos from anti-neutrinos in
the single-ring sample using the number
of observed decay electrons

mm CC anti-v,

mm CCv ) . .
- (;(;V:’1 O The outgoing m from an anti-neutrino

CC-1 t event can be absorbed on a 160

nuclei before it decays. The lack of an
outgoing muon means there is no
possibility of a subsequent Michel (decay)
electron

5 0 05 1 15§ 2 25 3 35

Number of decay electrons

( Multi-ring events are in general more
complicated separation is done using a
likelihood )

Roger Wendell NNN 2012



Determining mass hierarchy in SK with
atmospheric neutrinos

Upward-going neutrinos with about 2-10 GeV of energy
experience and enhanced numu->nue oscillation probability.
The enhancement exists only for neutrinos if the hierarchy is
normal, and only for antineutrinos if the hierarchy is inverted.
We probe the hierarchy by looking for an increase in the
upward-going event rate of high energy e-like samples.



0., Preference : Oscillograms

Cosine Zenith Angle

P(40 degrees ) - P(220 degrees)

1- I I I — 111111 - 0.3 1 T T T T I T 0.3
" | Plv,ov,;8,=40)-P(v,—v ;3 =220) 'Io'2 : P(v,—V,; 8,=40)-P(v,—> v, ; 5., = 220) 1502
0.5- N 0.5
L 1 0.1 [ 1 =0.1
0- 1 o 0 0
I ’ R ]
| —-0.1 B \ 1 -0.1
-0.5’. ]
N = 1 -{-0.2 A\ 1 —-0.2
bl =, 7 4
| o~ —— - — |
-1‘ = “l//[ il | T EEE -0.3 _1 | U D [ 1 e I T I 1 __0'3
1 10 1 10
Energy [GeV] Energy [GeV]

E ~ Sub-GeV Less disappearance

Less appearance

E ~ Multi-GeV Less disappearance

Less appearance



