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Super-Kamiokande
41

.4
 m

39.3 m

50000 tons of 
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

~1km

~3km ~2km
(2700 mwe)

Phase Period
Fiducial vol. 
(kton)

# of 
PMTs

Energy 
thr.(MeV)

SK-I 1996.4 ~ 2001.7
22.5

11146 
(40%) 4.5

SK-II 2002.10 ~ 2005.10 5182 
(20%) 6.5

SK-III 2006.7 ~ 2008.8 22.5 (>5.5MeV) 
13.3 (<5.5MeV)

11129 
(40%)

4.5

SK-IV 2008.9 ~ 2018.5
22.5 (>5.5MeV) 
16.5 (4.5<E<5.5) 
 8.9 (<4.5MeV)

3.5

SK-V 2019.1 ~

Kamioka mine Japan

ID

OD

(coverage) (Kin. energy)
Running and improvements over 20 years

just started!
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Multi-purpose detector

�uper-K 

SN ν @ G.C. 

Solar ν 

Atmospheric ν 

MeV GeV TeV 

J-PARC ν 

Relic SN ν 

Astrophysical ν 

ν from DM? 

•Wide energy range of neutrinos 
• Proton decay search 
• Dark matter search 
• etc..

Posters

NT19P07 : F. Iacob
NT19P03 : M. Harada
NT19P01 : C. Xu
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Mixing angle : Maki-Nakagawa-Sakata Matrix

Atm. and Acc. Solar and KamLANDReactor and Acc.
✓13 ⇠ 9�

δcp and Mass hierarchy of 2-3 are unknown 
Atmospheric, Accelerator, Reactor

Atmospheric and solar neutrino measurement in Super-K play 
crucial role for determining the neutrino oscillation parameters

Neutrino oscillation



Atmospheric neutrino
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Atmospheric neutrinos
Cosmic rays strike air nuclei and 

the decay of the out-going 
hadrons gives neutrinos.

✓Flux measurement by SK 
✓Model calculation is consistent with data.

(E/GeV)
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 eν  Super-Kamiokande I-IV  
 µν  Super-Kamiokande I-IV  
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eν  IceCube/DeepCore 2013 

eν  IceCube 2014 
 unfolding µν  IceCube 
 forward foldingµν  IceCube 

 unfoldingµν  AMANDA-II 
 forward foldingµν  AMANDA-II 
 (w/ osc.)eν+eν  HKKM11  
 (w/ osc.) µν+µν  HKKM11  

Cosmic ray (p,He,...) 

L=10~20 km 
π±, K± 

µ± 

νµ
e± 

νµ
νe 

νµ
νe 

L~ up to13000 km 

 (PRD 94, 052001 (2016))
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8Super-K Atmospheric n Event Topologies 
Fully Contained (FC)

Upward-going Muons (Up-µ) 

Par,ally Contained (PC)

 Average energies 
� FC: ~1 GeV  , PC: ~10 GeV,  UpMu:~ 100 GeV

!9

Super-Kamiokande
41

.4
 m

39.3 m

50000 tons of 
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

ID

OD

Fully-contained 
single ring multi ring 

e-like 

µ-like 

Partially-contained 

Upward-going muon 

stop through 

as an atmospheric neutrino detector

parent neutrino spectra Event topology

• (quasi-)elastic scattering : ν + N → l + N’ 
• single meson production : ν + N → l + N’ + meson 
• deep inelastic interaction : ν + N → l + N’ + hadrons 
• coherent pion production : ν + 16O → l + 16O + π

Neutrino interactions in SK
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Consider all the sub-leading effects (Δm221, matter) 
•Mass hierarchy : resonance in multi-GeV νe or νe 
•Octant θ23 : magnitude of the resonance 
•δCP : interference btw two Δm2 driven oscillation

!10

3 flavor neutrino oscillation analysis

Fractional change of upward νe flux (cosθzenith = -0.8)

9
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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, �,�m

2
21,�m

2
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 (�m
2
32 > 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m
2
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
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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
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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
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(not shown) in the 

case of IH.
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Results in Super-K

Accordingly, an antineutrino enriched subsample is
extracted from the single-ring multi-GeV e-like sample
by additionally requiring there are no decay electrons
present. This cut defines the single-ring multi-GeV ν̄e-like

sample and its rejected events form the single-ring
multi-GeV νe-like sample. After this selection the fractions
of charged-current electron neutrino and antineutrino
events in the νe-like sample are 62.1% and 9.0%,
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FIG. 5. Data and MC comparisons for the entire Super-K data divided into 19 analysis samples. Samples with more than one zenith
angle bin (cf. Table II) are shown as zenith angle distributions (second through fifth column) and other samples are shown as
reconstructed momentum distributions (first column). Lines denote the best fit MC assuming the normal hierarchy. Narrow panels below
each distribution show the ratio of the data to this MC. In all panels the error bars represent the statistical uncertainty. In this projection
each bin contains events of all energies, which obscures the difference between the hierarchies. If the inverted hierarchy MC were also
drawn it would lie on top of the normal hierarchy line and for this reason it is not shown here. Figure 10 provides a better projection for
comparing the hierarchies.
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FIG. 6. True Super-K atmospheric neutrino energy spectra from simulation without oscillations.

ATMOSPHERIC NEUTRINO OSCILLATION ANALYSIS … PHYS. REV. D 97, 072001 (2018)

072001-9

PRD97, 072001 (2018)
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Results in Super-K

Super-K data. Provided the model samples reproduce
T2K’s results when fit without the atmospheric neutrino
data, the results of a combined analysis can be taken as
reliable.
Neutrino MC samples at Super-K are generated accord-

ing to the Honda 2011 flux calculation [17] and a sample
equivalent to a 500 year exposure of the SK-IV detector, the
run period which contains the T2K beam data, is

reweighted according to the beam flux prediction presented
in [33]. Detailed predictions assuming no oscillations are
available for the νμ, ν̄μ, νe, and ν̄e components of both the
beam and atmospheric fluxes at Super-K. Atmospheric
neutrino interactions are reweighted according to neutrino
flavor, arrival direction, and energy to match the beam
spectrum. Though the T2K beam enters the Super-K tank
from one direction and atmospheric neutrinos enter from all
directions, the uniformity of the detector’s response is such
that this reweighting results in negligible biases in the
model samples. Both T2K analysis samples considered
here are fully contained interactions based on the same
fiducial volume as the atmospheric neutrino sample. The
normalization of the reweighted MC (hereafter beam MC)
is computed based on the total neutrino interaction cross
section on 22.5 kton of water convolved with the beam
flux. Table IV lists the interaction rate for 1.0 × 1021
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FIG. 10. Upward- (cos θ < −0.4) to downward-going (cos θ > 0.4) event ratio as a function of energy. The error bars are statistical.
For the single-ring samples the energy is taken to be the visible energy assuming the light-producing particle was an electron. For the
multi-ring samples the total energy is used after accounting for the particle type (electron or muon) of each reconstructed ring. The cyan
line denotes the best fit from the normal hierarchy hypothesis, and the orange dashed line the best fit from the inverted hierarchy
hypothesis. The error on the prediction is dominated by the uncertainty in the ντ cross section and is not more than 3% (absolute) in any
bin of the figure.
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FIG. 11. Constraints on the matter effect parameter α from the
Super-K atmospheric neutrino data fit assuming
sin2 θ13 ¼ 0.0219" 0.0012. Orange lines denote the inverted
hierarchy result, which has been offset from the normal hierarchy
result, shown in blue, by the difference in their minimum χ2

values. Vacuum corresponds to α ¼ 0, while the standard matter
profile used in the rest of the analyses presented here corresponds
to α ¼ 1.

TABLE IV. Expected interaction rates within the SK 22.5 kton
fiducial volume for the T2K beam fluxes (Φ) and cross section
type (σ) presented in [33]. Rates correspond to the number of
interactions per 1.0 × 1021 protons on target.

Φ σ Int=22.5 kton

νμ νe 1722.3
νμ νμ 1643.3
ν̄μ ν̄μ 53.3
νe νe 29.3
ν̄e ν̄e 4.3

K. ABE et al. PHYS. REV. D 97, 072001 (2018)

072001-14

Upward (cosθ<-0.4) to downward-going (cosθ>0.4) event ratio 
as a function of energy, which emphasis the mass hierarchy

Normal hierarchy

νμ -> νe

νμ -> νe

sin2θ23=0.5
sin2θ13=0.04

solar

solar

Matter

PRD97, 072001 (2018)
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Matter effect fit

Normal Hierarchy
Inverted Hierarchy

99%

95%

90%

68%

αa α: scaling factor
a =

p
2GfNe

<latexit sha1_base64="PopzKFJdDtJ5US5QRLW2KD/Lx9g="></latexit>

✓Best fit α=1 for NH, consistent with standard matter effect. 
✓Δχ2=5.2 for α=0. Data disfavors zero matter-effect > 2σ level.

PRD97, 072001 (2018)
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Parameter determination
Inverted
Normal

δCPsin2θ23

|Δm232| 
|Δm213|

Fit (585 dof) χ2 sin2θ13 |Δm232|eV2 sin2θ23 δCP

SK+T2K (IH) 644.70 0.0219 
(fix)

2.40        x 10-3 0.550 4.54

SK+T2K (NH) 639.43 2.50        x 10-3 0.550 4.88

✓Δχ2=χ2NH-χ2IH=-4.33 (SK only), -5.27 (SK + T2K) 
✓Normal hierarchy is favored by 81.9~96.7% (SK only) and 

91.9~94.5% (SK+T2K) @ parameters allowed at 90% C.L.

+0.05 
-0.12

+0.13 
-0.05

+0.039 
-0.057

+0.035 
-0.051

+1.05 
-0.97

+0.81 
-1.48

PRD97, 072001 (2018)
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Parameter determination

✓Δχ2=χ2NH-χ2IH=-5.27 (SK+T2K), -4.33 (SK only) 
✓Normal hierarchy is favored by 81.9~96.7% (SK only) and 

91.9~94.5% (SK+T2K) @ parameters allowed at 90% C.L.
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p-value 
= 0.027

p-value 
= 0.613

Normal 
hierarchy

Inverted 
hierarchy

Sensitivity strongly 
depends on sin2θ23

PRD97, 072001 (2018)
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τ neutrino appearance

τ

 ντ

 multi ring 

 decay-e 

Hard to identify event by event 
but can be statistically seen

Search for events consistent with 
hadronic decays of tau lepton 
using neural network method

SK-I - IV combined

τ fraction is found to be 1.47±0.32, 
which is 4.6σ from 0.

Multi-ring e-like sample

data=PDF(BG)+α x PDF(τ)+Σεi x PDFi

PDF of i-th sys. error shifting by 1σ
PRD98, 052006 (2018)
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• Full 3 flavor oscillation analysis is performed 
to extract neutrino oscillation parameters 
using SK-I to SK-IV, 5326 days, 328 kt・yr. 

• Data consistent with Earth’s matter effect 
more than 2σ level. 

• Normal hierarchy is favored as 91.9~94.5% 
in combined with T2K. 

• Tau appearance is found at 4.6σ.

Summary of atmospheric ν
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• Increased statistics with new event reconstruction 
tools will be appeared soon. At first, fiducial 
volume of SK-IV is expand to 27 kton (from 22.5 
kton), arXiv: 1901.03230, also just approved in 
PTEP. As the next step, expand for entire period. 

• Neutron information (~20% tagging efficiency) is 
used to identify neutrino flavor and to determine 
neutrino energy. 

• SK-Gd in preparation. (see later) νe/νe separation 
and energy determination will be improved.

Summary of atmospheric ν



Solar neutrino
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41
.4

 m

39.3 m

50000 tons of 
Water Cherenkov detector

Neutrino

Charged 
particle

Cherenkov light

~1km

~3km ~2km
(2700 mwe)

Phase Period Live time 
(days)

Fiducial vol. 
(kton)

# of 
PMTs

Energy 
thr.
(MeV)

SK-I 1996.4 ~ 
2001.7

1496

22.5

11146 
(40%) 4.5

SK-II 2002.10 ~ 2005.10
791

5182 
(20%) 6.5

SK-III 2006.7 ~ 2008.8
548 22.5 (>5.5MeV) 

13.3 (<5.5MeV)
11129 
(40%)

4.5

SK-IV 2008.9 ~ 
2018.5

2860
22.5 (>5.5MeV) 
16.5 (4.5<E<5.5) 
 8.9 (<4.5MeV)

3.5

Kamioka mine Japan

ID

OD

(coverage)(Kin. energy)

Super-Kamiokande
as a solar neutrino detector

5695total            days
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✓Find solar direction 
✓Realtime measurements 

- day-night flux differences 
- seasonal variation 
✓Energy spectrum

ν+ e- → ν+ e-Typical event 

ID

OD

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance
resolution (10 MeV)

~ 6 hits/MeV 
well calibrated by LINAC and DT 
within 0.5% precision

information

neutrino-electron elastic scattering

Ee = 8.6 MeV (kin.) 
cosθsun = 0.95

Super-Kamiokande
as a solar neutrino detector
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Motivation of the measurement
See the neutrino oscillation MSW effect directly
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Day-Night flux asymmetry

Expected 
(day-night)/((day+night)/2)

Regenerate νe by 
earth matter effect5

Spectrum distortion

Super-K can search for the spectrum “upturn” 
expected by neutrino oscillation MSW effect

Super-K

Vacuum oscillation 
dominant

Matter oscillation 
dominant

-1%

-2%
-3%
-4%

up-turn
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sin2(Θ13)=0.0219±0.0014

sin2(Θ12)=0.310±0.012 ∆m2
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Very Preliminary
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Neutrino oscillation

Solar global

KamLAND
Solar+ 
KamLAND

M. Ikeda, Neutrino 2018 
DOI: 10.5281/zenodo.1286857

Preliminary
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Neutrino oscillation
~2σ tension between solar global 
and KamLAND in Δm221

�m2
21 = 7.54+0.19

�0.18

The unit of Δm221 is 10-5 eV2

sin2 ✓12 = 0.316+0.034
�0.026

Solar global

KamLAND
Solar+ 
KamLAND

sin2θ13=0.0219±0.0014

M. Ikeda, Neutrino 2018 
DOI: 10.5281/zenodo.1286857

sin2 ✓12 = 0.310± 0.014
<latexit sha1_base64="95CaOZcQxTIu1FCBMGMkWAnKlvc="></latexit>

�m2
21 = 4.82+1.20

�0.60
<latexit sha1_base64="1qCo4WRaEGWPLIAlh2RdAkJNHDY="></latexit>

sin2 ✓12 = 0.310± 0.012
<latexit sha1_base64="mMhphRZlLQgN3884kYPG+acL4Co="></latexit>

�m2
21 = 7.49+0.19

�0.17
<latexit sha1_base64="OkqujHmXb6xTI4GRMhbZKLnWbDQ="></latexit>

Preliminary
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Day/Night asymmetry
expected time variation as a function of cosθz

R
at

e/
R

at
e a

ve
ra

ge

θz
Sun

Earth

Δm221=4.84x10-5 eV2 

sin2θ12=0.311 
sin2θ13=0.025

Day/Night Amplitude is fitted to
-3.3±1.0±0.5%

in SK-I to IV (4499 days)
2.9σ

Non-zero significance is

PRD94, 052010 (2016)

expected

Δm221=4.84x10-5 eV2 
sin2θ12=0.342

PRL112, 091805 (2014)

KamLAND

Solar

SK-I,II,III,IV best fit

expected
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Recoil electron spectrum
Preliminary

SK spectrum data is consistent within 
1σ for the Solar best fit parameters, 
while marginally consistent within 2σ 
for the Solar+KamLAND best fit 
parameters.

(statistic error only)

Solar+KamLAND	parameter�
Solar	global	parameter�
Quadra6c	spectrum	best-fit	�

Exponen6al	spectrum	best-fit�

SK-I~IV combined

M. Ikeda, Neutrino 2018 
DOI: 10.5281/zenodo.1286857
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Survival probabilities
Preliminary

matter effect is 
dominant 

Super-K 
+SNO 

Borexino (8B) 

(averaged) vacuum 
oscillation dominant 

all solar (pp) 

Borexino (pep) 
Borexino (7Be) 

Homestake 
+SK+SNO 
(CNO) 

MSW: solar+KamLAND best fit 
sin2θ12=0.308 
Δm221=7.50x10-5eV2 

MSW: solar best fit 
sin2θ12=0.311 
Δm221=4.85x10-5eV2 

Δm221 

sin2θ12 

KamLAND 

solar 

Borexino (pp) 

M. Ikeda, Neutrino 2018 
DOI: 10.5281/zenodo.1286857
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Yearly solar neutrino flux
Preliminary

SK-I

SK-II

SK-III

SK-IV
8B flux vs sun spot
No correlation with 11 years 
solar activity is observed

χ2=21.57/21 (dof) 
Prob. = 41.4%

Solar neutrino rate measurement in SK is fully consistent 
with a constant solar neutrino flux emitted by the Sun

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

M. Ikeda, Neutrino 2018 
DOI: 10.5281/zenodo.1286857
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• Data taking in SK-IV is finished. The preliminary 
results are consistent with the previous results. 

• Indication of Day-Night asymmetry has been 
found in Super-K at ~3σ level. 

• 2σ tension between solar and KamLAND 
Δm212 is seen. Day-night measurement in 
Hyper-K can determine the parameter. 

• Any distortion of periodical flux variation 
cannot be seen.

Summary of solar ν
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Summary of solar ν
•Non standard interaction analysis is on 
going. 

• Lowering threshold : WIT system, which 
applies reconstruction and reduction just 
after front-end. 

• Reduction of spallation event will be 
improved. 

• Keep continuing solar neutrino analysis in 
Super-K Gd era.



Toward the next decade
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Super-K Gd

Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago

For the first observation of DSNB 
(Diffuse Supernova Neutrino Background)

How to reduce atmospheric neutrino BG?
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Super-K Gd
Inverse beta decay

~8MeV
Delayed coincidence

νe
p

n

e+

Gd

γ

Dissolve Gadolinium into Super-K 
J.Beacom and M.Vagins, 

 Phys.Rev.Lett.93(2004)171101

Atmospheric ν BG
νμ

O
μInvisible 

(< Cherenkov thr.)
decay e ~90% of neutrons are tagged 

in 0.2% Gd2(SO4)3 (0.1% Gd)
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Super-K tank refurbishment
• Stop water leak (~3ton/day) 
• Change bad PMTs 
• Install new water pipe for better 
water control 
• Cleaning

Seal whole welding lines

Change bad PMTs

Install new water pipe
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Super-K tank refurbishment

Filling water

Water 
Level

June July Aug. Sep. Oct. Nov. Dec.

Drain water and working

• Start on 31st May, work on barrel part draining 
water. After complete draining in the end of August, 
working on bottom part. 
• Start filling water in the middle of October. 
• After complete filling water on 29th January, 2019, 
resume the data taking as SK-V.
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Water leakage from SK tank
After filling the tank completely with water, we started the water 
leakage measurement from 11:30 on 31st January to 15:52 on 

7th February, 2019. (7 days 4 hours 22 minutes in total)

•  Currently we do not observe any water leakage from the SK tank within 
the accuracy of our measurement, which is less than 0.017 tons per day. 

•  This is less than 1/200th of the leak rate observed before the tank 
refurbishment.
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Just started new phase of SK

Ta
nk
 o
pe
n 
pe
rio
d

2009/1/1 2010/1/1 2011/1/1 2012/1/1 2013/1/1 2014/1/1 2015/1/1 2016/1/1 2017/1/1 2018/1/1 2019/1/1

Water transparency

•  Thanks to water circulation during water filling phase, similar water 
transparency was achieved as in the period before the tank open. 

•  In February, HV adjustment, detector calibration has been performed. 
•  Normal data taking also works well.


