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Neutrinos from natural sources
• Neutrino sources in nature

• Astrophysical objects (Solar, Super-Nova, 
DM..)

• Radioactivities in the earth
• High energy CR interactions in 

atmosphere (atmospheric neutrino) …

• Big roles to discover neutrino 
oscillations and parameter 
determination in last two decades.

• Also unique channels to probe the 
objects.

• Many experiments.
• My talk focused on a experiment, 

Super-Kamiokande
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Super-Kamiokande
• Ring-imaging Water Cherenkov 

Detector, @1000m underground, 
Kamioka, Japan

• Multi-Purpose experiment
(Atm.n, WIMP, Proton decay, 

solar-n, beam n)
• Wide dynamic range 

A few MeV ~ over TeV
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39.3m

41.4m
Inner 
Detector
(ID)

Outer
Detector
(OD)

• 4p acceptance,  very efficient p0/e 
separation.

• High Particle ID (µ/e) power (~99% 
at 600MeV/c)

PID likelihood sub-GeV 1ring (FC)
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Super Kamiokande IV 1417.4 days : Monitoring

e-like 3191 muon-like 3110

CCQE electron

Super Kamiokande IV 1417.4 days : Monitoring

CCQE muon

Particle Identifier

atmospheric neutrinos

Four periods in above 20yrs
à total ~5300 livetime-days data 
5th period started from Feb.2019.



A key : stability of the detector
• Detailed calibrations with various 

sources.
• in-situ laser for water transparency.
• Neutron sources (DT generator)
• Monochromatic electron (LINAC)
• Gamma ray sources (Ni+Cf)
• CR muons, …

• Water transparency is a key of 
Water Cherenkov  detector.

• Measurement & modeling in full 
MC simulation.

• Also, gain drift of PMTs are 
considered.
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Atmospheric neutrinos
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= Secondary products of primary cosmic rays in the 
atmosphere

p + A à pʼs, …. π ± → µ± +νµ (νµ )

          → e± +νe(νe )+νµ (νµ )

• First observation in 1965 in two deep 
underground experiments.

• Several Flux calculations on the market:
• Primary CR fluxes, p+A cross sections, 
• pʼs production, Geo-magnetic field, ..

corresponding to the neutrinos of 0.3–4 GeV.
For the wider energy region of primary cosmic rays, we

may examine the hadronic interaction model using the ob-
served muons at different altitudes and at sites with different
cutoff rigidities. Note that at ground level the muon fluxes
are available for a wider momentum range with good statis-
tics. We are preparing a paper !53" for such a study with the
muon fluxes observed by BESS !54–56", and so limit our-
selves here to comment that the muon flux observed by
BESS is reproduced with DPMJET-III with an accuracy of
#5 % for the muons in the ‘‘important’’ momentum range
from one to a few tens of GeV/c for most cases. At ground
level, the primary cosmic rays with energies from 20 to a few
100 GeV are responsible for the muons in this momentum
range, corresponding to neutrinos of 1–10 GeV. This study
was partly reported in Ref. !11".
We do not use the original package of the hadronic inter-

action code in the calculation of atmospheric neutrino fluxes.
We first carry out a computer experiment of the interaction of
all kinds of primary or secondary cosmic rays with air-
nuclei, using the original hadronic interaction code. Then,
the ‘‘data’’ are used to construct an inclusive interaction
code, which reproduces the multiplicities and energy spectra
of secondary particles of the original code. The inclusive
interaction code violates the conservation laws for energy-
momentum and other quantum numbers in a single interac-
tion, but they are restored statistically. Note that for the sec-
ondary particles whose lifetime is shorter than 10!9 sec we
record their decay products as the data. The experiment scans
the energy region from 0.2 to 106 GeV in kinetic energy, and
is repeated typically 1 000 000 times for each kind of projec-
tile and each injection energy.
For the energy distribution of secondary particles in the

interaction, we fit the original distribution of x, defined as
x$Ek

sec/Ek
pro j , with the combination of B-spline functions

for each kind of projectile particle, each injection energy, and
each kind of secondary. Then the inclusive code uses the
B-spline-fit to reproduce the energy distribution of the sec-
ondary particle with a good accuracy. For the scattering
angles, we calculate the average transverse momentum

(%p!&) for each kind of projectile, each injection energy,
each kind of secondary, and each secondary energy. In the
inclusive code, we sample the scattering angle (') with the
distribution function (exp(a•cos ')•d cos ', where a is deter-
mined so that %p!&is the same as the original interaction
model. The p!-distribution approaches (exp(!a!•p!

2 )
•p!dp! and a!")/(2%p !&)2 for p#1 GeV/c. Note, the in-
clusive code constructed for DPMJET-III reproduces not
only %p!& but also, approximately, the original
p!-distribution for p!$1 GeV/c. There is a longer tail in
the original p! distribution for larger p! . However, since the
number of secondary particles that have p!%1 GeV/c is
limited, they are not important in this study.
The constructed inclusive codes are typically #100 times

faster than the original package. The fast computation is very
important in the three-dimensional calculation of the flux of
atmospheric neutrinos, as well as the study of secondary cos-
mic rays. Note, however, the inclusive interaction code is
only valid for the calculation of a time averaged quantity,
such as the fluxes of atmospheric neutrinos and muons. The
situation is similar to the superposition model for the nuclear
cosmic rays.

IV. CALCULATION SCHEME

Except for the geomagnetic field model, the simulation
scheme is similar to the previous three-dimensional calcula-
tion !21" in which we assumed a dipole geomagnetic field. In
this calculation, we use the IGRF geomagnetic field model
!57" with the tenth-order expansion of spherical functions for
the year 2000. As the geomagnetic field changes very slowly,
the neutrino flux calculated for the year 2004 would not
show a noticeable difference. We use the US-standard 1976
!58" atmospheric model, as in the previous study. Note that
for a study of the seasonal variations of atmospheric neutrino
fluxes we need to use a more sophisticated and detailed at-
mospheric model !59".
We assume the surface of the Earth is a sphere with radius

of Re"6378.180 km. We also assume three more spheres:
the injection, simulation, and escape spheres. The radius of
the injection sphere is taken as Rin j"Re&100 km, the simu-
lation sphere as Rsim"Re&3000 km, and the escape sphere
as Resc"10'Re . The sizes of the injection sphere (Rin j)
and escape sphere (Resc) are the same as in the previous
study !21".
The cosmic rays are sampled on the injection sphere uni-

formly toward inward directions, following the given pri-
mary cosmic ray spectra. Before they are fed to the simula-
tion code for propagation in air, they are tested to determine
whether they can pass the rigidity cutoff, i.e., the geomag-
netic barrier. For a sampled cosmic ray, the ‘‘history’’ is ex-
amined by solving the equation of motion in the negative
time direction. When the cosmic ray reaches the escape
sphere without touching the injection sphere again in the
inverse direction of time, the cosmic ray can pass through the
magnetic barrier following the trajectory in the normal direc-
tion of time. In the one-dimensional calculation we normally
prepare a cutoff table for each neutrino detector site before-
hand, but it is practically impossible to construct such a table

FIG. 2. *Color online+The quantity !Flux/Depth" averaged
over all the muon observation by BESS 2001 !52" at balloon alti-
tudes. The lines are the same quantities calculated by DPMJET-III
*solid line+, Fritiof 1.6 *dashed line+, Fritiof 7.02 *dotted line+, and
FLUKA 97 *dash-dot+.

NEW CALCULATION OF THE ATMOSPHERIC NEUTRINO . . . PHYSICAL REVIEW D 70, 043008 *2004+

043008-3
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nµ/ne ~ 2 
@En<a few GeV

Symmetric for En > a few GeV

ne nµ

where S!!d" ’ "!2
d is the ‘‘area’’ of the virtual detector,

and !r ’
!!!!!!!!!!!!!!!!!
!2
x # !2

y

q
. The integrations of terms proportional

to !x or !y in Eq. (1) vanish, and nonvanishing terms start

from the integrations of second order terms, #!2;0"$ !2
x #

#!1;1"$ !x!y # #!0;2"$ !2
y, resulting in the terms proportional

to !4
d. For a sufficiently small !d, !$!!d" is expressed as

 !$!!d" ’ !!0;0" # !!2"!4
d

S!!d"
$ !!0;0" # !!2

0"!2
d; (4)

where !!2
0" % !!2"!2

d=S!!d" ’ !!2"=". When we have the
neutrino fluxes calculated with two virtual detectors with
small enough radii !d and !d=2 for the same target, we
expect !$!!d" &!$!!d=2" ’ !!2

0" ' (!2
d& !!d=2"2), then

!$!0", the true flux value at the target detector, is given as

 !$!0" $ !!0;0" ’ !$!!d" & 4
3 ' (!$!!d" &!$!!d=2"):

(5)

As is seen in Fig. 1, the difference of the !$!10*" and
!$!5*" is almost constant for cos!z > 0, so it should be
sufficient to examine the assumption and procedure for
vertical down going directions. In the left panel of Fig. 2,
we plotted the total neutrino flux for the vertical down
going directions ( cos!z > 0:9) calculated with different
size of virtual detectors, !d $ 10*, 5*, and 2.5* for
Kamioka, Sudbury, and Gran Sasso with the HKKM04
calculation. In the right panel of Fig. 2, we depicted the
difference to the estimated true value with Eq. (5) in the
ratio. We may say the convergence of the calculated fluxes
to the ‘‘true value’’ agrees with the expectation of Eq. (4),
and we apply the Eq. (5) with !d $ 10* and 5* to the
atmospheric neutrino flux calculated in the 3-dimensional
scheme. Note, the error due to the finite size of virtual
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HONDA, KAJITA, KASAHARA, MIDORIKAWA, AND SANUKI PHYSICAL REVIEW D 75, 043006 (2007)

043006-4

Flux ~ E-2.71 at high energy region.

<10% uncertainty @1GeV region 

• Wide energy range, wide range of flight length.
• Passing through dense matter inside the Earth 

(matter effect is expected).
• Mixture of nµ, ne, and their anti-neutrinos.
• Up/Down symmetric (> a few GeV)
• DC-like continuous beam, FREE!L~13000km

L~15km

L~100km



Event topologies of Super-K events

Energy spectrum of neutrinos
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Fully Contained
(FC)

Partially Contained
(PC)

Upward 
Stopping-mu

Upward
Through-going mu

~100MeV ‒ over TeV neutrinos
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0
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Sub-GeV e-like
10294 Events

Super-Kamiokande I-IV
328 kt y

-1 0 1
0

1000

2000

-likeµSub-GeV 
10854 Events

Prediction

τν → µν
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Multi-GeV e-like
 2847 Events

-1 0 1
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1000

-like + PCµMulti-GeV 
 5932 Events

-1 -0.5 0
0
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µUpThrough 
 6266 Events

• Dominated by nµànt oscillation, ne oscillation is sub-dominant effect.
• Fit MC expectation by modifying within the estimated systematic errors 

(~150 systematic errors from SK detector, flux, σ int.).

FC e-like FC µ-like + PC upward-going µ

Totally 19 Sub-divided 
samples.
They further binned by
• zenith angle
• energy (momentum)
• SK period

Q

Upward Downward

Super-K I+II+III+IV data (5300 days)

8

cos(Q)

(CC ne enhanced) (CC nµ enhanced) (CC nµ)



Mass Hierarchy 
•  Resonance feature depends on neutrino type and mass hierarchy 
•  Possible to determine MH if we can separate νe from anti-νe  

November 11, 2013 J. Raaf, NNN 2013 14 
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Neutrino oscillation in atmospheric n
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( f (osc.) / f (no-osc.) ) 

• “Solar term” à
sin2q23 octant

• Interference term 
à CP violation 
phase

• Resonance term 
à mass hierarchy

                 − r ⋅sin2 θ13 ⋅cos2 θ13 ⋅sin2θ23(cosδCP ⋅R2 − sinδCP ⋅ I2 )

                 + 2sin2 θ13(r ⋅sin2θ23 −1)

“Solar Term” Interference

Resonance

P2: Osc. prob. driven by 
12 sector
r: nµ/ne flux ratio
R2, I2:  osc. prob driven 
by 12sector
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Results of analysis of
n oscillation 
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• Search for events consistent with 
hadronic decay of t leptons.

Evidence for nt appearance at Super-K 

Fitted Excess
Atm. n B.G. MC

α＝1.47±0.32 
4.6 s excess  from no-τ

(Expected 3.3 s significance )11

PDF 
= PDF(b.g) +α×PDF(τ) + Σ εi×ΔPDFi

• Neural networks to discriminate from 
B.G. mainly multi-hadronic
production. 

• Prompt nt is negligible.
• 2D Un-binned maximum likelihood 

method is employed using a PDF:

τ$appearance$update�
•  Neural$network$to$search$for$
hadronic$decay$of$τ#

•  2D$un5binned$fit$to$the$binned$
PDF$of$BG$and$τ.$

$data$=$BG$PDF$+$α$τ PDF$+$$$$$$PDFi$
–  Vary$syst.$error$in$fihng:$NEW$

tau-like events after the fit�

α=1.47+/-0.32 
   (4.6σ from 0) 
assuming NH 
expected at 1: 3.3σ�

α=1: MC expected 
α=0: no τ contrib.�

νµ�

ντ�
τ�

Threshold  
  ~3.5GeV 

hadrons�
ντ�

preliminary�

BG$
PDF�

τ like 

non 
τ like 

Tau analysis with new fit

NH
• Fit tau normalization: 1.46±0.31, 4.6σ.
• Expected sensitivity at 1: 3.3σ.

IH
• Similar to paper fit. The sensitivity study is not 

ready yet. We could show the result of NH as in 
tau paper. This number should be the official tau 
result

4

*+,+ = .*/01 + 3×.*/567 +	∑:;×.*/; ,	
.*/; is	the	PDF	of	ith systematic	error	of	shifting	it	by	1σ,	:; is	the	
magnitude	of	thewhich	is	a	nuisance	parameter	in	the	fit

τ PDF�BG$
PDF�

PDFi = PDF of i-th syst. error of shifting it by 1σ#
εi = mag. of nuisance parameter in the fit 
   Uncertainties of sin2θ13, sin2θ23, and Δm2

32 included�
SKI-IV all combined�

6$

SK I-IV combined

cosine of zenith angle

Tau-like

Phys. Rev. D 98, 052006 (2018)

http://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.98.052006.pdf


Allowed regions on (sin2θ23, Dm2
32) 
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Atmospheric Mixing + dcp: Super-K (only)

n Atmospheric mixing angles consistent with other experiments, weak 
preference for second octant (< 1s) 
n Dm2

32 = 2.5+0.13
-0.20�10-3 eV2

n sin2q23 = 0.588+0.031
-0.064

n Normal hierarchy preference � Dc2 ( NH – IH ) = -4.33 
n dcp ~1.33p

Consistent with other experiments, weak preference for 
second octant (< 1s) 

Super-K results:
Dm232 = 2.5+0.13-0.20 x10-3eV2

sin2q23 = 0.588+0.031-0.064

PRD97 072001(2018)
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IH = -5.2 (-4.3 SK only )

• Significance of IH is disfavored by 91.9% ~ 94.5% 
(81.9% ~96.7% SK only) at allowed 90% CL region, based on 
psudo-experiments.
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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

Test of Matter effect
• Atmospheric neutrino data in SK prefer the matter effect hypothesis 

or not?
• Introduce a phenomenological scaling factor α to electron potential:

H =UMU † +α ⋅Ve

15

Normal Hierarchy
Inverted Hierarchy

(a =1 is nominal matter)

• Best fit is at a = 1.
• Significance to reject 
a=0 (no matter 
effect) is 1.6s level, 
based on toy MC 
estimation.



Solar neutrinos
Nuclear fusion yields energy and neutrinos:

• Most intensive source of neutrino on the earth.
• Well described by a standard solar model (SSM) and fluxes prediction available.
• A chain reaction starting from p+p fusion is the main source of the power 

(called ”pp chain”). Alternative reaction cycle (“CNO” cycle) is predicted but not 
observed yet.

• Metalicity problem:  Composition of relative heavy materials

4p à 4He + 2e- + 2ne + 25MeV

https://en.wikipedia.org/wiki/Sun#/media/File:Sun_poster.svg

Expected solar neutrino spectrum

11

Rev. of Mod. Phys. 83 (2011) 195

SK
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Determination of neutrino parameters of 12 sector 
and the mechanism of the neutrino oscillation

17

Expected
ADN

Regenerate νe

by earth 
matter effect

-5

-1%

-2%
-3%
-4%

17

Flux
[/cm2/s]

sin2(θ12)

Δm
2 21

[e
V2 ]

Neutrino energy [MeV]

P(νeàνe)

Solar global

KamLANDSolar+KamLAND

NightDay

νe νeνμ

Super-K

Vacuum oscillation 
dominant

Matter effect 
dominant

P(neàne)

Expected
Solar global

Expected
Solar+KamLAND

Spectrum distortion due to 
neutrino oscillation effect.
(test non-standard scenario).

Day /night difference due to 
matter effect in the earth



Solar neutrino signals in Super-Kamiokande

18

• Realtime measurements 
yields solar direction and path 
in the earth.

• Energy determination is 
crucial for spectrum study. 
Detailed calibration yields 
0.5% level energy scale 
calibration.

ν+ e- → ν+ e-

Event display of solar n candidate

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

Ee = 8.6 MeV (kin.)
cosθsun = 0.95
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SK-IV (2970.08) 3.49-19.49 MeV
Observed data
Best-fit
Background

Recoil electron direction / spectrum

Signal (in SK-IV): 55729 +363 –361 events
Total: ~93000 solar ν events (in SK 5695 days)

SK-IV solar neutrino signal

17

SK-IV 3.5-19.5 MeV(kinetic)

qsun

SK

Sun

: Data
: Best-fit Background
: Best-fit Signal +/- stat. err. 

Apr 2018

Preliminary
SK-IV 2860daysClear sun directions. It provides a 

good signal estimation by fitting 
background and signal models.

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.

preliminary
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Neutrino oscillation analysis

20

The unit of Δm221 is 10-5 eV2

Solar global

KamLAND
Solar+
KamLAND sin2θ13=0.0219±0.0014

About 2s tension 
between Solar global 
and KamLAND in 
Dm2

21.

preliminary



Probability of neàne

21

Borexino (8B)

All solar (pp)

Borexino (pep)
Borexino (7Be)

Homestake
+SK+SNO
(CNO)

Borexino (pp)

SK+SNO

Neutrino energy [MeV]

PRD94, 052010

Expected
Solar global

Expected
Solar+KamLAND

SK-I~IV 4499 days

SK 5805 days
Preliminary



Day
Night

Day/Night asymmetry (ADN
fit)

Expected (MSW)

Observed
SK D/N

Solar 
global

KamLAND

Ra
te

/R
at

ea
ve

ra
ge

2/)(
)(

NightDay
NightDayADN +

-
=Δm221=4.84x10-5 eV2

sin2θ12=0.311

For solar global parameter:

1 σ stat.
1 σ stat. + syst.

Earth θz

Sun

Rate dependence of the path in 
the earth

ADN=-3.3+-1.0+-0.5%

in SK-I to IV (4499 days)
3σ

Non-zero significance is
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Time variation of the 8B neutrino flux

23

Sun spot number: 
WDC-SILSO, Royal 
Observatory of 
Belgium, Brussels

Averaged 8B flux 
with no oscillation
= (2.33+/-0.04) 
x106/cm2/s

Preliminary

Super-K covers two interval of solar cycle.
8B neutrino rate are consistent with a constant flux.

c2=19/28 / 22 d.o.f (62.8 C.L.)



Status and future of Super-Kamiokande
• Super-Kamiokande was stopped for refurbishment toward new 

phase with Gd-loaded water from June 2018 to Feb. 2019.

• Refurbishment is done successfully. No water leak.
• Restarted data taking from Feb. 2019. Plan to start Gd loading in 

this FY.

• Replacing materials with Gd
water compatible materials.

• Water leakage repair.
• Water system upgrades for Gd

loading.
• Detailed magnetic field 

measurements / dynode direction 
recording for understanding of 
systematic errors.

• About 100 dead PMTS are 
replaced for a newly developed 20 
inch PMTs for Hyper-Kamiokande. 
(x2 QE/CE, better time resolution)

24



• Atmospheric neutrino (and nucleon decay)
• New algorithm of event reconstruction
• Expanding the fiducial volume (22.5kton to 29.7kton)
• Neutron tagging is expected to improve separation of n / 

anti-n, and energy reconstruction. Gd loading is in 
preparation.

• Solar neutrino
• 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.
• Non standard interaction (NSI) study is on-going.

25

Status and future of Super-Kamiokande
(2)



Summary

•Neutrino oscillation studies in Super-
Kamiokande, based on atmospheric neutrinos 
and solar neutrinos are presented.

•Refurbishment is done last year. 
•New phase of the Super-Kamiokande started 
from Feb.2019, and calibration works are on-
going

26



Atmospheric neutrino flux measurement in Super-K

27

• Neutrino fluxes (nµ+anti-nµ, 
ne+anti-ne) by  an unfolding 
method with Bayesian 
theory: No bias, 
mathematically robust.

• Systematic errors from SK, 
neutrino interactions are 
considered.

• Super-K gives good 
measurement especially in 
low energy region.

Lines: Honda11 
calculation

nµ+anti-nµ
(w/ osc.)

ne+anti-ne
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External Constraint from other Experiments 

• Adding external data set to 
atmospheric neutrinos improve the 
sensitivity to the mass hierarchy: 
Sensitivity depends on values of 
Dm2 and sin2q23.

• Fit the T2K nµ and ne , and anti-
neutrino data sets simultaniously.

• Fit is based on publicly available
T2K information and results 
• Make a mimic T2K data, and 

analyzed with SK atm. n data.
• (not a joint result of the T2K and 

SK  collaborations ) 
MINOS constraint is similarly important 
but harder to model accurately (so far...) 

SK + T2Knµ, ne

SK Alone

Hierarchy Sensitivity NH True

29



Energy spectrum

30

SK-IV 2970 days Preliminary

May 2019

Solar+KamLAND parameter
Solar global parameter
Quadratic spectrum best-fit 
Exponential spectrum best-fit

: Energy scale uncertainty
: Energy resolution uncertainty
: 8B neutrino spectrum uncertainty

SK-I 1496 days SK-II 791 days

SK-III 548 days
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Survival probabilities
Preliminary

M. Ikeda, Neutrino 2018
DOI: 10.5281/zenodo.1286857
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most discrepant sample from this study in each run period.
The total systematic error is assigned taking this value
summed in quadrature with the time variation of the energy
scale, which is measured using the variation in the average
reconstructed momentum of Michel electrons and the
variation in the stopping muon momentum divided by
range. An example of the latter showing the energy scale
stability since SK-I appears in Fig. 4. Note the SK-III
period was subject to poor and volatile water transparency
conditions, resulting in a comparatively turbulent energy
scale. The stability seen in the SK-IV period is a result of
improvements in the water purification system and in
corrections for the time variation of the PMT response.
The total energy scale uncertainty in each period has been
estimated as 3.3% in SK-I, 2.8% in SK-II, 2.4% in SK-III,
and 2.1% in SK-IV.

B. Sample selection

The current analysis utilizes atmospheric neutrino data
collected during each of the SK run periods and

corresponds to a total livetime of 5,326 days, 2,519 of
which are from SK-IV. Super-Kamiokande’s atmospheric
neutrino data are separated into three broad categories, fully
contained (FC), partially contained (PC) and upward-going
muons (Up-μ) that are further sub-divided into the final
analysis samples. Fully contained events have a recon-
structed vertex within the 22.5 kton fiducial volume,
defined as the region located more than 2 m from the
ID wall, and with no activity in the OD. The FC data are
sub-divided based upon the number of observed Cherenkov
rings, the particle ID (PID) of the most energetic ring,
and visible energy or momentum into combinations of
single- or multi-ring, electron-like (e-like) or muon-like
(μ-like), and sub-GeV (E < 1330.0 MeV) or multi-GeV
(E > 1330.0 MeV). Additional selections are made based
on the number of observed electrons from muon decays and
the likelihood of containing a π0. For the SK-I, -II, and -III
data periods the latter selection is based on [16] and for SK-
IV it is performed using the improved algorithm presented
in [6]. After all selections there are a total of 14 FC analysis
samples. Events with a fiducial vertex but with energy
deposition in the OD are classified as PC. Based on the
energy deposition within the OD, PC events are further
classified into “stopping” and “through-going” subsamples.
The Up-μ sample is composed of upward-going muon

events produced by neutrino interactions in the rock
surrounding SK or in the OD water. Accordingly, light
deposition in both the OD and ID is expected and the
sample is divided into “through-going” and “stopping”
subsamples for events that cross or stop within the ID,
respectively. Through-going events with energy deposition
consistent with radiative losses are separated into a “show-
ering” subsample. The 19 analysis samples defined for each
of the SK run periods are summarized in Table II. Zenith
angle distributions of each sample are shown in Fig. 5.
Distributions of the true neutrino energy for the FC, PC,
and Up-μ event categories appear in Fig. 6. Their event
rates over the lifetime of the experiment have been stable at
8.3 FC events per day, 0.73 PC events per day, and 1.49 Up-
μ events per day, as shown in Fig. 7. In total 27, 505 μ-like
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FIG. 3. Absolute energy scale measurements for each SK period. Vertical error bars denote the statistical uncertainty and horizontal
error bars the momentum range spanned by each analysis.
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FIG. 4. Energy scale stability measured as a function of date
since the start of SK operations. The energy scale is taken as the
average of the reconstructed momentum divided by range of
stopping cosmic ray muon data in each bin. The vertical axis
shows the deviation of this parameter from the mean value for
each SK period separately. Error bars are statistical.
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Solar ν Angle θ12 & Mass2 Difference
Super-K data best constrains 
Δm221

SNO data best constrains 
sin2θ12

complementarity makes 
combined fit beneficial 
correlation via 8B flux further 
tightens constraints
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SNO

Super-K

SK+SNO


