
Super-Kamiokande 

1

Masato Shiozawa
Kamioka Observatory, Institute for Cosmic Ray Research, U of Tokyo, and

Kamioka Satellite, Kavli Institute for the Physics and Mathematics of the Universe (WPI), U 
of Tokyo

XVII International Workshop on Neutrino Telescope
March 14, 2017



XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia

!"#$%&'()%#"*+&,$-"../%"+*&0($).%$&1#+2&!"#$%&'()%#"*+&,$-"../%"+*&0($).%$&1#+2&
%3(&456&789(#"2(*%&%3(&456&789(#"2(*%&

:/#;&</#%=:/#;&</#%=

>?*"@A&+1&4+#+*%+B&C+#;&?*"@AD>?*"@A&+1&4+#+*%+B&C+#;&?*"@AD

1+#&%3(&456&E+../F+#/%"+*1+#&%3(&456&E+../F+#/%"+*

SuperK (Far) Detector
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Far Detector: SK-IV
�50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
�20’ ID PMT�11,129: 40% Photo coverage

+ 8’ OD PMT�1885 :
�Dead-time less DAQ system (2008~)
�Good performance for sub-GeV � detection

�1st oscillation maximum : E� ~0.6GeV at SK position.
�Charged current quasi-elastic (CC QE) interaction is 

dominant process.
• Good e / � separation
• Energy reconstruction: �E/E ~10% (�2-body kinematics)

��ICRR, Univ. of Tokyo
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Super-Kamiokande
� 50kton water
� 32kt ID viewed by 

20-inch PMTs
� ~2m OD viewed 

by 8-inch PMTs
� 22.5kt fid. vol. 

(2m from wall)
� Etotal=~4.5MeV 

energy threshold
� SK-I: April 1996~
� SK-IV is running

Electronics hutLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

AtotsuMozumi

Ikeno-yama
Kamioka-cho, Gifu
Japan

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

ID

OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/

See J. Wilkesʼ talk
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Super-K detector
• Ring-imaging water Cherenkov detector

- Fiducial volume 22 kton (Total volume 50 kton)
- Photon yield ~10p.e. / MeV
- Atmospheric ν ~10 events/day
- Solar ν ~15 events/day
- Accelerator ν a few events/day (depends on the 

accelerator power)
- always ready for Supernova ν and nucleon decays

• Observables
- Direction of recoiled charged particles (leptons, 

pions, γ) by neutrinos
- Particle spices (neutrino flavor)
- Energy
- Time

11,129 x 20inch PMTs  (inner detector, ID)
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3-flavor oscillation scheme
UMNS: Maki-Nakagawa-Sakata Matrixt (!e,!µ,!" ) =U!i

MNS t (!1,!2,!3)

Parameterized by 4 (mixing matrix) and 2 (difference of squared masses)

θ23~45±5o

|Δm232|=2.4×10-3eV2

Atmospheric ν,
Accelerator ν

θ12~34±3o

Δm221=+7.6×10-5eV2

Solar ν,
Reactor ν

θ13~9o

Accelerator ν,
Reactor ν,

Atm & Solar ν

δ=unknown

Accelerator ν,
Atmospheric ν
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Mass hierarchy (Δm232=m23-m22>0 or Δm232<0) is also unknown:
Accelerator ν, Atmospheric ν, reactor ν
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Mass eigenstateFlavor eigenstate

Solar&Atmospheric ν’s played pioneering roles in the past 
and would also play important roles in future.
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Stable operation and det. response
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•Very stable operation
•<1% Downtime

•Energy scale uniformity 
and stability w/ RMS <0.4% 
by correcting

•time-dependent light 
attenuation length in water
•time-dependent, 
production-period-
dependent PMT gain 
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20th anniversary
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Symposium and Celebration (June 6, 2016)

•Reviewed past scientific achievements but...
•Many problems remains

•unknown parameters (δ, mass hierarchy, θ23 octant), Solar 
Day/Night, spectrum, Supernova ν, proton decays, WIMP...

•Discussed future prospects: 
        Gadolinium loading and Hyper-Kamiokande

http://www-sk.icrr.u-tokyo.ac.jp/sk/news/2016/06/sk20th-0617-e.html

 Celebration: 313 participants Symposium: 240 participants  Theoretical importance of the 
SK results by A. Smirnov
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Contents

•Atmospheric neutrinos

•Solar neutrinos

•SK-Gd

•Proton decays
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Studies of atmospheric ν
Prediction
νμ→ντ

SK DATA

Electron μ

• Dominant effect is νμ disappearance (discovered in 1998)
• Oscillatory signature (evidence in 2004)
• ντ appearance (established in 2013)
• Full three flavor analysis

• Studies on νe and νμ flux change to extract information on mass 
hierarchy, δCP, θ23 octant

• Test of various non-standard scenarios
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Evidence for τ neutrino appearance

Ongoing study to extract ντ CC crosssection.

Define neural network to 
enhance hadronic decays of τ

SK-I+II+III+IV

Update from PRL 110, 181802 (2013)

τ MC BG MC

τ: Event-by-event ID is difficult

2D unbinned fit
NτDATA/Nτexp

=1.47±0.32(stat+syst.)

4.6 σ significance for zero τ

Atm. ν anomaly has been concluded by νμ→ντ observation
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FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m2

32

> 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m2

32

< 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓
13

resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓
13

is a few

“Fractional change of upward νe flux (cosΘzenith=-0.8)”

sin2θ23=0.4 or 0.6

CP=40o or 220o

Hierarchy is 
NH or IH

Resonance in νe 
(not shown) in the 

case of IH.

Through the matter effect in the Earth, we study on
• Mass hierarchy : resonance in multi-GeV νe or νe 
• CP δ               : interference btw two Δm2 driven oscill.
• θ23 octant        : magnitude of the resonance

3-flavor oscillation study



νe-like and anti-νe-like sample
νe+N→e−+X
νe+N→e++X−

‣ Multi-GeV (1-ring) νe
‣ Multi-GeV (1-ring) νe-bar

‣ Multi-GeV Multi-ring νe
‣ Multi-GeV Multi-ring νe-bar

Define likelihood to make enhanced samples

‣ νe CC produce more positive π+ than νe-bar
‣because of negative lepton (e-) 
‣more muon decays
‣ More energy transfer to hadronic system
‣more pions and muon decays 
‣lower charged lepton energy
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-likee�(b) Multi-GeV 

νe CC anti-νe CC others Total

1R νe-like 62% 9% 29% 100%

1R νe-like 55% 37% 8% 100%

MR νe-like 56% 10% 34% 100%

MR νe-like 53% 27% 20% 100%

Normal

Inverted

Upward νe appearance
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Oscillation fit to SK Atmν data
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1. sin2θ13 = 0.0219(PDG14), additional scale factor 
α for Earth’s matter effect
2. sin2θ13 = 0.0219(PDG14)
3. MH sensitivity enhanced w/ T2K constraint

Parameter Value
Δm221 7.53±0.18 x 10-5eV2 (fix)
sin2θ12 0.304±0.014 (fix)
Δm232 free
sin2θ23 free
sin2θ13  0.0219±0.0012 (fix)
δCP free

Mass Hierarchy free



Matter effect fit
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αa α: scale factor
a=sqrt(2) Gf Ne

•Best fit α=1 for NH, consistent w/ standard matter effect 
•Δχ2=5.2 for α=0, Data disfavors zero matter-effect by >2σ

Normal Hierarchy
Inverted Hierarchy

99%

95%

90%

68%

α

Δχ
2



electron’s Up/Down ratio

13

•Some data points 
favors matter-effect

•Indication of 
excess at ~5GeV 
where resonance is 
expected to occur
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Atmν data fit w/ fixed θ13
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•Mass hierarchy: Δχ2 = χ2NH - χ2IH = -4.3 (-3.1 expected) 
•Under IH hypothesis, the probability to obtain -4.3 or less is 3.1% 
(sin2θ23=0.6) and 0.7%(sin2θ23=0.4).  
•Under NH hypothesis, it is as large as 45% (sin2θ23=0.6)

Normal Hierarchy
Inverted Hierarchy



cpδ
0 2 4 6

2 χ 
∆

0

5

10

15

20

99%

95%

90%

68%

23θ 2sin
0.2 0.4 0.6 0.8

2 χ 
∆

0

5

10

15

20

99%

95%

90%

68%

2 |  eV13
2 m∆ | , | 32

2 m∆| 
0.001 0.002 0.003 0.004 0.005

2 χ 
∆

0

5

10

15

20

99%

95%

90%

68%

Atmν data fit w/ T2K
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•SK+T2K: Δχ2 = χ2NH - χ2IH = -5.2 (-3.8 exp’d for SK best point, -3.1 for 
combined best) 
•Under IH hypothesis, the probability to obtain -5.2 or less is 2.4% 
(sin2θ23=0.6) and 0.1%(sin2θ23=0.4).  
•Under NH hypothesis, it is 43% (sin2θ23=0.6)

Normal Hierarchy
Inverted Hierarchy

Publicly available T2K data is used as an external constraints
T2K’s constraints on θ23 and Δm232 help sensitivity to mass hierarchy

Paper in preparation



16

Solar Neutrinos
•Remaining issues: precision measurements of day/night and 
spectrum upturn

•They will be compelling evidence of solar ν oscillations
•Precision measurement of νe’s θ12 and Δm221 necessary to 
address the 2σ tension between Solar and KamLAND 

•Recent Activities
•Reduce Radon BG in water
•Effort to lowering trigger threshold

•eff. @Ekin = 3.5-4.0MeV 84%→99%
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Flux measurement updates

All SK I-IV, 5200 days

•84k signal for 5200 days
•Data/MC = 0.4486 ± 0.0062(stat+syst)
•φ = 2.355 ± 0.033 (stat+syst) [106 cm-2s-1]

•χ2 for flat = 15.52/19d.o.f.
•p-value = 68.9%

Data is consistent with a constant flux emission by Sun
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Spectrum
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Day/Night aymmetry
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Super-K+SNO vs KamLAND

SK spectrum and D/N favor lower Δm221 that causes ~2σ tension 
w/ KamLAND.   More data is needed to conclude.
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SK-Gd
•Discovery of relic SN 
neutrinos is expected by O(1) 
sensitivity improvement
•0.1% Gd loading to tag        
νe+p→e+n, Gd+n→Gd+γs     

•R&D in test tank and water 
system construction going on
•Start SK-Gd in a few yrs

Filter tanks
Gd loaded 
water tank

New water system under 
construction

200-ton test tank
(240 50-cm PMTs)



PDecay-BG reduction by neutrons
Beacom and Vagins PRL93:171101(2004) !
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Black: Tagged by 2.2 MeV γ
Red:   Captured by H

Atm.ν MC after all cuts for e+π0

Since SK-IV we have started recording faint signature of neutrons; 
n+p→d+γ(2.2MeV, τ~200μsec) 
by new high speed pipelined electronics.  BG reduction by ~2

‣We expect that neutrino events are often accompanied with neutrons 
(e.g. νe+p→e++π0+n, recoiled protons kick neutrons in water etc.)
‣neutron emission probability in proton decay is expected to be small. 

p→e+π0 BG Monte CarloSK-IV 1297days atmν Data

Tagged γ’s Timing (μsec) Number of neutrons or γ’s

Black: Tagged γ
average~0.9

Red: True neutrons
average~4
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main target is free proton decays 

 free proton ! e+π0 

 bound proton decay 
 16O ! 15N e+π0 

Potential BG reduction by tighter cut

20 Mtonyrs atmν BG MC 

•  Ptot < 250 MeV/c (SK cut) 
         BG=2.2 ev/Mtonyrs,  eff.=44% 
 
•  Ptot < 100 MeV/c (tighter cut) 
         BG=0.15ev/Mtonyrs, eff.=17.4% 

BG reduction by ~15 

Shiozawa, talk@NNN00-Fermilab 
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Proton decays into lepton+meson
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PRD 95, 012004 (2017)

•p→e+π0

•0 candidates (40% eff. & 0.61BG)
•τp/Br > 1.6 x 1034 yrs

•p→µ+π0

•2 candidates (40% eff. & 0.87BG), 
      one is rejected after energy re-calibration

•τp/Br > 7.7 x 1033 yrs

paper under preparation

Bo
x1

Bo
x2

Total mass (MeV/c2) Total mom (MeV/c)

signal MC(free proton)
BG MC

p→e+π0 p→e+π0

p→µ+π0p→µ+π0
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Summary
•Atmospheric neutrino

•τ appearance (4.6σ) concluded the atmν anomaly
•Data consistent w/ Earth’s matter effect (>2σ)
•Mass hierarchy: preference to Normal hierarchy

     SK+T2K: Δχ2 = χ2NH - χ2IH = -5.2 
      Under IH hypothesis, the probability to obtain -5.2 or less is 2.4% 
(sin2θ23=0.6) and 0.1%(sin2θ23=0.4).

•Solar neutrinos
•SK spectrum and D/N favor lower Δm221 that causes ~2σ tension 
w/ KamLAND.  

•SK-Gd
•Discovery is within the reach.  Start in a few years. 

•Proton decays
•Continuous efforts to reduce BG and keep BG-free regions.


