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RECENT RESUL TS FR OM SUPER-KAMIOKANDE

J. A. GOODMAN FOR THE SUPER-KAMIOKANDE COLLABORA TION

Department of Physics, University of Maryland
College Park, MD, USA 20742-4111

Super-Kamiok ande is a 50 Kiloton water-Cherenk ov that detects neutrinos in the MeV energy range
that are produced in the Sun and neutrinos in the GeV energy range produced in the atmosphere by
cosmic rays. The detector has been operational since April of 1996. In this paper results of our most
recent analysis will be presented on both atmospheric and solar neutrinos.

1 In tro duction

The existenceof neutrinos was postulated in
the 1930's. From that time the question of
whether or not neutrinos have masshas yet
to be conclusively answered. Direct mea-
surements of neutrino masshave proved illu-
sive. If neutrinos havemassthen it is possible
for them to change
a vors as they propagate
from their production point. The oscillation
probabilit y between two neutrino 
a vors is
given by

P = sin2 2� � sin2(1:27
L(km)

E � (GeV)
� m2(eV2))

where � is the mixing angle, L is the 
igh t
length of the neutrino, E � is the neutrino en-
ergy, � m2 = (m2

1 � m2
2) is the masssquared

di�erence. Super-Kamiokandeis a 50Kiloton
water-Cherenkov detector designedto study
neutrino oscillations. It is capableof detect-
ing neutrinos in the MeV energy range that
are produced in the Sun and neutrinos in
the GeV energy range produced in the at-
mosphereby cosmicrays.

2 The Sup er-Kamiok ande Detector

Super-Kamiokande is a water-Cherenkov de-
tector located in the Kamioka Mine in Gifu,
Japan. The cylindrical detector is divided
into an inner and outer detector (ID and OD,
respectively) by a stainless-steelframe struc-
ture that serves as an optical barrier and a
mounting point for all photo-multiplier tubes
(PMTs). Cherenkov light in the ID is col-

lected by 11,146 inward facing 50cm PMTs
mounted uniformly on the wall, providing
40% photo-cathode coverage. In the OD,
1885outward facing 20cm PMTs monitor the
2:5m thick veto region. The veto tags incom-
ing particles and is a passiveshield for gamma
activit y from the surrounding rock. The �du-
cial volumefor the analysisof neutrino events
starts 2m inward of the walls of the ID and
contains 22:5kton of pure water.

3 A tmospheric Neutrinos

Primary cosmicrays undergo hadronic inter-
actions in the atmosphereproducing copious
amounts of pions, many of which decay be-
fore further interaction. This decay leads to
the production of muons and neutrinos via:

� � ! � � + � � (� � )

The muonsmay alsodecay leadingonceagain
to the production of more neutrinos:

� � ! e� + � � (� � ) + � e(� e):

This yields an expected ratio of the 
ux of

(� � + � � )=(� e + � e) � 2

In Super-Kamiokande we can observe
neutrinos produced in the atmosphere any-
wherearound the world. Neutrinos produced
overheadtravel on the average10-15km be-
fore reaching the detector, while neutrinos
produced on the opposite side of the earth
travel more than 10,000 km before reach-
ing the detector. Detailed simulations of
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the atmosphericneutrino 
ux is discussedby
Honda 1.

3.1 Atmospheric neutrino data

In Super-Kamiokandewe divide the observed
events from atmospheric neutrino interac-
tions into several categories depending on
their energy and event topology. Events
are divided into energy intervals: events
with Evis > 1:33GeV are called multi-GeV
events (for historical reasons) while events
with Evis < 1:33GeV and Pe > 100MeV/c or
P� > 200MeV/c are called sub-GeV events.
Events are characterized as fully-contained
(FC) or partially-contained (PC) depending
on whether their tracks extend out of the ID.
FC events with only one reconstructed ring
are subdivided into e-like and � -like based
on likelihood analysisof Cherenkov light pat-
tern. Figure 1 shows a view of the di�erences
between the pattern of light of simulated
electrons and muons. Electrons shower and
undergo multiple scattering while emitting
Cherenkov light while muons travel in ap-
proximately straight lines. As a result muon
induced rings are much sharper than electron
induced rings. This is easily discernedvisu-
ally and by software. The misidenti�cation
fraction is determined to lessthan 5%. The
results of our particle identi�cation are show
in Figure 2 along with the expectation from
simulation.

In Table 1 we show the data from 1289
live-days along with the expectations from
the atmospheric Monte Carlo calculations.
By computing the double ratio of muon-like
events to electron-like events divided by the
expectation from Monte Carlo, the depen-
denceon the absolute 
ux, where there is a
� 20% uncertainty, is removed. The uncer-
tainty in the Monte Carlo ratio is less than
� 5%

R �
(� � like=e� like)DATA

(� � like=e� like)MC
:

Figure 1. Shown in the top(b ottom) �gure is a simu-
lated muon(electron) event in the Super-K detector.
Notice the sharpness of the muon ring compared to
the electron ring).
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Figure 2. Particle id parameter. Datais shown as
dots. The lines are Monte Carlo without oscillations.

The observed valuesare for sub-GeV:

R = 0:644+0 :017
� 0:017 � 0:051

and for multi-GeV:

R = 0:679+0 :034
� 0:032 � 0:080

These double ratios are consistent with
our previous result2 and shows a de�cit of
muon neutrinos which can potentially be ex-
plained by neutrino oscillations.

We have also studied upward going
muons which enter the detector from below.
These muons come from neutrino interac-
tions in the rock below the detector. Ener-
getic muonstraversethe entire detector while
lower energymuonsmay stop in the detector.
The zenith angle distribution of theseevents
is alsoshown in Figure 3. Details of this anal-
ysis can be found in Ref. 2.

3.2 � � ! � � Oscillation Analysis

In Figure 3 the zenith angle distribution for
e-likeand mu-likedata areshown. In the �rst
of these plots the sub-GeV data with lepton
momentum less than 400 MeV/c is shown.
This data is insensitive to primary neutrino
direction and is useful as a diagnostic. The

Figure 3. Zenith angle distribution of Super-
Kamiok ande 1289 days FC, PC and UPMU samples.
Dots, green line and red line correspond to data, MC
with no oscillation and MC with best �t oscillation
parameters, respectively.
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Sub-GeV (Evis < 1:33GeV)
Data MC(Honda 
ux)

1ring e-like 2864 2680.4
1ring � -like 2788 4053.2
multi ring 2159 2680.5

Total 7811 9315.1

Multi-GeV FC(Evis > 1:33GeV)
Data MC(Honda 
ux)

1ring e-like 626 617.8
1ring � -like 558 834.0
multi ring 1318 1652.6

Total 2502 3104.5

Partially Contained
Total 754 1073.8

Table 1. Event summary for 1289 days

secondand third set of plots shows progres-
sively higher energy and the clear angular
dependence of the muon de�cit is visible.
The bottom plots are for upward going and
through going muons. All of this data can be
usedindependently to test the oscillation hy-
pothesis. Doing this yields the allowed oscil-
lation parametersshown in Fig. 4. The mini-
mum � 2 is found to be 132.4with 137degrees
of freedom(d.o.f.) at � m2 = 2:4 � 10� 3eV2,
sin2 2� = 1:00. The de�cit of upward go-
ing � -like data is well explained by assuming
� � ! � � oscillation. � 2 for no oscillation was
found to be 299.3for 139 d.o.f.

3.3 Study of � � ! � � and � � ! � ster ile

Oscillations

Since the number of light (active) neutrinos
hasbeenset at three by measurements of the
Z 0 width. The existenceof a non-interacting
\sterile" neutrino (� s) has been postulated
to explain some experimental results. This
neutrino would have neither a charged nor
neutral current interaction.

If the observed de�cit of � � is due to

Figure 4. 68,90 and 99% con�dence level allowed re-
gions for � � ! � � oscillation obtained by Super-
Kamiok ande 1289 days result.

� � ! � s oscillation, then the number of
interactions observed from up-going neutri-
nos will be reduced compared to the num-
ber that would be expected from the neu-
tral current interactions due to � � . In ad-
dition for � � ! � s oscillations, matter ef-
fect will suppress oscillations of high en-
ergy (E � > 15GeV) neutrinos6. To observe
these e�ects we: (1) create a neutral cur-
rent enriched data sampleby selectingmulti-
ring events with muons, (2) select high en-
ergy (Evis > 5GeV) muons and (3) look at
upward-going though muons. These data
are shown in Figure 5. Using a test of the
up(cos� < � 0:4)/down(cos� > 0:4) ratio
for the �rst two plots and the vertical(cos� <
� 0:4)/horizon tal(cos � > � 0:4) ratio for the
third we are able to exclude the sterile hy-
pothesis at the 99% con�dence level. The
exclusion regions for these combined results
are shown in Figure 6.

3.4 Atmospheric Summary

The results from our 1289 day atmospheric
sample show clear evidencefor � � ! � � os-
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Figure 5. Zenith angle distributions of: NC enriched
sample (top), high-energy PC sample(middle), up-
through-going muon sample (b ottom). The solid line
is � � ! � � while the dashed line is � � ! � s

Figure 6. Excluded regions for three oscillation
modes. The ligh t(dark) gray region is excluded at
90(99)% C.L. by NC enriched sample and high-energy
sample analysis. Thin dotted(solid) line indicates the
90(99)% C.L. allowed regions from 1ring-F C sample
analysis.

cillations. Analysis of this data yields a best
�t of sin2 2� = 1 and � m2 = 2:3 � 10� 3eV2.
In addition our data excludes� � ! � s oscil-
lations at the 99% con�dence level.

4 Solar Neutrinos

Energy is produced in the Sun through nu-
clear fusion. For a star such as the Sun, this
involves turning 4 protons into a helium nu-
cleus to tap the � particle binding energy.
For every � particle made, two neutrinos are
produced. The neutrinos, due to their small

lp01f: submitted to W orld Scienti�c on December 6, 2001 5



For Publisher'suse

interaction crosssection, escape the Sun, es-
sentially undergoing no interactions.

Solar neutrinos have beenpreviously de-
tected in chlorine-, gallium-, and water-based
detectors7;8;9;10. These experiments were
each sensitive to di�eren t neutrino energy
ranges,but all found 
uxes signi�cantly lower
than those predicted by models of the so-
lar interior, known asStandard Solar Models
(SSMs;11;12). This discrepancy between the
predicted and measured
ux of solar neutri-
nosis known as\ the solar neutrino problem."
The solution to the solar neutrino problem is
generally believed to involve neutrino oscilla-
tions.

In the Super-Kamiokande detector neu-
trinos of su�cien t energy (>

� 6 MeV) are de-
tected in real-time by the elastic scatter of
electrons. Thesescattered electronsare used
to measurethe 
ux of solar neutrinos, aswell
as searching for any possible distortions in
the neutrino spectrum, and any short or long
term time dependenceof the 
ux. An ob-
servation of a measurableday/nigh t 
ux dif-
ference, a distortion of the neutrino energy
spectrum, or a seasonaldependenceto the
neutrino 
ux would provide strong evidence
of neutrino oscillations.

4.1 Solar neutrino data

Recoil electrons from solar neutrinos seenin
Super-Kamiokande have energiesthat range
from 5 to 18 MeV. At theseenergies,the elec-
tron is limited to a few centimeters in range
and the vertex position is found using the rel-
ative timing of hit PMTs, assumingthat all
Cherenkov photons camefrom a singlepoint.
Once a vertex is reconstructed, the direction
of the electron is determined using the char-
acteristic shape of the emitted Cherenkov ra-
diation. The energyof the scattered electron
is determined from the number of hit PMTs.

In order to set the absolute energy scale
of the detector, a linear accelerator of elec-
trons (LINA C) has been installed at the

detector14. This system allows electrons of
a known, �xed energy to be injected into the
detector. The energyscalehasalsobeencross
checked with the well-known � decay of 16N,
which is producedin situ by an (n,p) reaction
on 16O. The fast neutrons neededfor this re-
action are producedby a portable deuterium-
tritium neutron generator(DTG; 15). The en-
ergy scale measured with the DTG agrees
with the LINA C to within � 0:3%. The to-
tal uncertainty in the absolute energy scale
is � 0:6%.

We report heresolar neutrino data taken
between May 31, 1996 and October 6, 2000,
representing 1258 live days. The raw data
sampleconsistsof 2:0 � 109 triggered events
before any background reduction is per-
formed. This sampleis reducedthrough a se-
ries of cuts designedto removeknown sources
of background, including high energy cos-
mic ray muonsand their spallation products,
events generatedby electrical noise and arc-
ing in the PMTs, and external gamma-ray
activit y. Additional cuts are performed to
remove likely background events with poorly
de�ned vertex positions16. After the reduc-
tion, a sampleof 236,140events remain, with
a signal-to-noiseratio of � 1 in the direction
of the Sun.

The neutrino and scatteredelectron have
a strong angular correlation, and the solar
neutrino signal is extracted from the data
using the cos� sun distribution. The value
of � sun is the size of the angle between the
recoil electron momentum and a vector con-
necting the Sun to the Earth. The distribu-
tion of cos� sun for the reduced data sample
is shown in Figure 7. A strong peak from
solar neutrino events is seen. The number
of solar neutrino events is extracted from the
cos� sun distribution using a likelihood func-
tion that �ts the measuredbackground shape
and the expected signal shape, based on a
detector simulation of solar neutrino events,
to the data. This �t is also shown in Fig-
ure 7 as a solid line. After 1258days, a total
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Figure 7. The cos� sun distribution for events in the
reduced sample of solar neutrino candidates. The
best �t to signal+bac kground is shown as the solid
line, while the measured background shape is shown
as a dashed line.

of 18; 464� 204(stat.)+646
� 554(sys.) signal events

are found.

4.2 Solar Results

The number of signalevents is translated into
a measured
ux using a full detector Monte
Carlo simulation taking the input 
ux and
spectrum from the referenceSSM, and com-
paring this to the number of measuredsignal
events. Our detector simulation is basedon
GEANT 3.2117. Neutrinos that produce re-
coil electronswith energies> 5MeV are pro-
ducedalmost entirely from the � decay of 8B
in the solar interior, with a slight admixture
of neutrinos from the 3He-p (hep) fusion reac-
tion. The 
ux normalization for both 
uxes
and spectral shape for hep are taken from the
BP2000 SSM11. For the 8B neutrino spec-
tral shape,wehavetakenthe recent improved
measurement of Ortiz et al.18

The number of signal events obtained
from the cos� sun distribution represents
45.1� 0.5(stat.)+1 :6

� 1:4% of the reference 
ux.
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Figure 8. Measured solar neutrino 
ux as a func-
tion of zenith angle, relativ e to the reference SSM

ux. The horizontal lin represents the 
ux mea-
sured for all data. The extreme righ t bin represents
data collected after passing through the Earth's core
(cos � z > 0:84).

The corresponding 8B 
ux at 1 AU is:

2:32� 0:03(stat.)+0 :08
� 0:07(sys.) � 106cm� 2s� 1:

(1)
The solar neutrino 
ux as a function of

zenith angle is alsomeasured,and the results
shown in Figure 8. The zenith angle (� z )
is de�ned as the angle between the vertical
axis at the Super-Kamiokande detector and
the vector connecting the Sun to the Earth.
The nighttime solarneutrino 
ux is measured
when cos� z > 0, while the day-time 
ux is
measuredwhen cos� z < 0. Additionally , to
search for enhancement in the 
ux for neu-
trinos passingthrough the core of the Earth,
the night-time period is divided into 6 zenith
bins. The 
ux measuredin each of the these
zenith bins, relative to the expectations from
the referenceSSM, are shown in Figure 8.
The 
ux asymmetry betweennight- and day-
time total 
uxes is found to be:

� n � � d
1
2 (� n + � d)

= 0:033� 0:022(stat.)+0 :013
� 0:012(sys.)

(2)
The 
ux asa function of seasonis shown

in Figure 9, alongwith the expectedvariation
from the Earth's eccentricit y. The measured
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Figure 9. The seasonal dependence of the solar neu-
trino 
ux, relativ e to the reference SSM. The solid
line shows the expected shape and shape of the vari-
ation in solar neutrino 
ux due to the Earth's eccen-
tricit y.

data are consistent (� 2=d.o.f. = 3:9=7) with
the expectedannual seasonalvariation. A �t
to a 
at distribution has a � 2=d.o.f. = 8:1=7.

In order to search for distortions in the
neutrino energyspectrum, the recoil electron
spectrum is examined. This spectrum is ob-
tained by repeating the 
ux measurement for
small slices in recoil electron energy. The
measured recoil electron spectra is steeply
falling, and is therefore normalized to the ex-
pectations from the referenceSSM. The nor-
malized recoil electron spectrum is shown in
Figure 10. A �t to an undistorted spectrum
(
at) gives a � 2=d.o.f. = 19:1=18: Figure 10
alsopresents the energycorrelatedsystematic
errors that arise from the uncertainties in the
energy scale, the energy resolution and the
reference8B spectral shape. Theseare the er-
rors that could causea systematicshift in the
measuredrecoil electron spectral shape, and
theseerrors are consideredin the de�nition 19

of the � 2.

4.3 Solar Neutrino Oscillation Analysis

As the measuredresults show no signi�cant
deviation from the expectations of the refer-
ence SSM, no solar model independent ev-
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Figure 10. The measured recoil electron spectrum
measured at Super-Kamiok ande, normalized to the
expectations from the reference SSM. Also shown are
the energy correlated systematic errors (dotted band)
that arise from the uncertain ties in the energy scale,
the energy resolution and the reference 8B spectrum.

idence of neutrino oscillations is observed.
Therefore, the measuredresults are used to
generateexclusionregionsin the neutrino os-
cillation parameter spacewhere strong devi-
ations are predicted. The measured
ux, in
combination with the measured recoil elec-
tron spectral shape and zenith angle depen-
denceare also usedto �nd allowed regionsin
this space,areaswherethe predicted spectral
shape, zenith angle dependenceand 
ux are
consistent with the observed values.

For this analysis, the data were divided
into seven zenith angle bins (one day bin, 6
bins in cos� z at night). These zenith angle
bins are further divided into eight recoil elec-
tron energybins, to createa \zenith angleen-
ergy spectrum" 20. For each set of neutrino
oscillation parameters(sin2 2� and � m2), the
expected number of solar neutrinos and the
corresponding zenith angle energy spectrum
are calculated using a numerical calculation
of neutrino survival probabilities, taking into
account matter e�ects as the neutrino propa-
gatesfrom the center of the Sun to the Super-
Kamiokandedetector hereon the Earth. The
measuredand expected zenith angle energy
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spectrum are compared using a � 2 analysis
at each set of neutrino oscillation parame-
ters. This analysis was performed under a
two component neutrino oscillation hypothe-
sis, oncefor active neutrinos (� e ! � �;� ) and
oncefor sterile neutrinos (� e ! � sterile).

The results of this analysis are shown in
Figure 11 for the active caseand in Figure 12
for the sterile case.The large, red shadedre-
gions in these�gures represent the 95% con-
�dence level (C.L.) exclusion regions based
on a 
ux-indep endent analysis of the zenith
angle energy spectrum. Additionally , the
measuredzenith angleenergyspectrum mea-
sured, the measured 
ux, and the theoreti-
cal uncertainty of 8B neutrino 
ux are used
to generateallowed regions at the 95% C.L.
Theseare regionsthat areconsistent with the
observed zenith angle energy spectrum and

ux measuredat Super-Kamiokande and are
shown in the �gures as the thin, blue shaded
regions near maximal mixing. Finally, the

ux measuredat Super-Kamiokande is com-
bined with the total 
uxes measuredin the
gallium and chlorine experiments to gener-
ate 
ux-only allowed regionsat the 95%C.L.
Theseare regionsthat predict the correct os-
cillated 
uxes in all three typesof solar neu-
trino experiments under the referenceSSM
inputs and are shown asgreenshadedregions
in the �gures.

The 
ux-only allowed regions must be
consistent with the 
ux-indep endent zenith
angle energy spectrum measuredby Super-
Kamiokande to be consideredas a valid so-
lution. The overlap of a particular combined

ux-only allowed region (green) with the ex-
clusion regions from the zenith angle energy
spectrum analysis (red) would be strong evi-
denceagainst that allowed region. Becauseof
this, all but a portion of one
ux-only allowed
region (green) for active neutrinos are ex-
cluded at the > 90%C.L. The current Super-
Kamiokande data favor the so called \Large
Mixing Angle" solution (� m2 ' 10� 4 �
10� 5; sin2 2� > 0:5) for active neutrinos. The

lower portion of this 
ux-only allowed region
is excluded from a lack of a strong day-night

ux asymmetry, but the upper half is consis-
tent with the zenith angle energy spectrum
and 
ux measuredat Super-Kamiokande. All

ux-only allowed regionsfor sterile neutrinos
are disfavored at the 95% C.L.
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Figure 11. Neutrino oscillation excluded/allo wed re-
gions for the caseof activ e neutrinos. Red shaded re-
gions represent the 95% C.L. exclusion regions based
on a 
ux-indep endent zenith angle energy spectrum
analysis. The blue shaded regions represent the 95%
C.L. allowed regions for an analysis of the zenith an-
gle energy spectrum with a 
ux constrain t for Super-
Kamiok ande data based on the reference SSM. The
green shaded regions are the allowed regions at the
95% C.L. based on a 
ux-only analysis based on
the results from Super-Kamiok ande, in combination
with the results from the gallium and chlorine exper-
iments.

In summary, the Super-Kamiokande de-
tector has preciselymeasuredthe 
ux, recoil
electron spectrum, and time variation in the

ux of 8B solar neutrinos over a 1258 day
period. These data show no strong model-
independent evidenceof neutrino oscillation
and are therefore used to generateexclusion
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Figure 12. Neutrino oscillation excluded/allo wed re-
gions for the case of sterile neutrinos. Region de�ni-
tions are the same as Figure 12.

regions in the neutrino oscillation parameter
space.The current data favor the Large Mix-
ing Angle solution for active neutrinos.

4.4 Comparison with the SNO Results

Super-Kamiokande is sensitive to charged
current (CC) interactions from electron type
solar neutrinos. It is also sensitive to neutral
current (NC) interactions from all neutrino

a vors, but at a reduced level. The average
value of the NC cross section is � 1/6.5 the
CC crosssection over the energy interval to
which we are sensitive. Recently the SNO
collaboration21 published their measurement
of charged current electron neutrinos. They
report a value for the 
ux of

� CC (� e) = 1:75� 0:11� 106 cm� 2s� 1

This corresponds to � 35%� 3% of the SSM.
A simple way to look at this is to say that
their result implies that 65% of the electron
neutrinos have oscillated to other 
a vors. If

this oscillation is to active neutrino 
a vors
(� � ; � � ), then Super-Kamiokande should ob-
serve these events via their neutral current
interactions. Using the SNO result we can
predict the Super-Kamiokande electron scat-
tering result (� es): Since

� es = (�( � e) + (�( � �;� ))=6:5))� SSM

putting in the SNO valuesgives:

� es(predicted) = (35%+ (65%=6:5))� SSM

� es(predicted) = 45%� 3%� SSM

Super-Kamiokande observes:

� es(observed) = 45:1� 0:5(stat:)+1 :6
� 1:4%� SSM

This excellent agreement implies that if
oneassumesthe SSM 
ux then this would be
the �rst observational con�rmation that so-
lar electron neutrinos are oscillating to other
active 
a vors.
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