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Solar Neutrinos at Sup er-Kamiokande

K.Inouea

for Super -Kamiokande coll aborati on

aKami ok a Observatory, I nst i tutef orCosmi c Ray Research, Uni vers i ty of Tokyo,
Hi gashi -MozumiKami ok a- cho, Yoshi ki - gun,Gi f u506- 12,Japan

A huge ring i magi ngwater Cherenkov detector,super-Kami okande, has starteddata accumulati onon Apri l 1st ,
1996 as promi sed. Thi s experi ment i s expectedto gi ve a de�ni teanswer to the neutri noosci l l at i onsol uti onsof
the l ong standi ngsol arneutri noprobl emthrough hi gh stati st i csand hi gh preci s i onspectrumand day/ni ght 
ux
measuremen t. Super-Kami okande i s accumul ati ng8B sol arneutri nodata very qui ckl y and prel i mi naryresul ts
obtai ned f rom374 days of data are presented here, i nsteadof 306 days of data presented at the conf erence.No
si gni �cant day/ni ght vari ati onnor seasonal vari ati onare f ound. Systemati c errorsof energy scal eare l argel y
reduced by the LINA C cal i brati onsat vari ous posi t i ons.And the experi ment i s gett i ngcl oserto the l evel of
the systemati cerrorswhere we can de�ni tel ydi scussabout the spectrumdi stort i on.Al so i mpl i cati onsof those
prel i mi naryresul tsare di scussedwi thi ntwo neutri noosci l l at i onhypothesi s .

1. Super-Kamiokande

Super - Kami okande (SK) i s a r i ng i mag-
i ng wat er Cher enkov det ect orl ocat ed 1, 000m
( 2, 700m. w. e . )under gr oundi nt heKami oka mi ne
i nJapan. The det ect orcons i s t sof t he 39. 3m(�)
and 42m(H) mai n cyl i ndr i calt ankand 50kt onof
pur e wat er( cur r ent l y, t he wat ert r ans par encyi s
�100m at 420nm) . Mai n t ank i s opt i cal l ys ep-
ar at edt o 32. 5kt onof i nnerdet ect orvi ewed by
11, 14650cm� PMTs and 2m t hi cknes sout erde -
t ect orvi ewed by 1885 20cm� PMTs . Fi gur e1
s hows a s chemat i c of t he det ect or .Sol arneu-
t r i noobs er vat i onus es22. 5kt on( 2mf r omt he i n-
nerwal l )as a �duc i alvol ume and r es tof t hewat er
i sus edf ors hi e l di ngagai ns tgamma r ays and neu-
t r onsf r omt he s ur r oundi ngr ock ( t hi cknes sof t he
s hi e l di ngi s2. 5t o 2. 75m) and i sal s ous edas an
act i ve VETO count eragai ns tcosmi cr ay muons .
SK s t ar t edt aki ngdat a i n Apr i l1996. How-

ever t he qual i ty of t he wat erwas not ver ygood
i nApr i l and i nMa y. Act ual obs er vat i onof s o-
l arneut r i nosbegani n31t hof Ma y wi t h5. 6MeV
t r i ggert hr es hol di nan e l ect r ont ot alener gy. At
t hatt i me,t r i ggerr at ewas about 10Hz ( 3Hz f r om
muons , 7Hz f r oml ow ener gyevent s ) .Thi s l ar ge
det ect orcan pr ovi de 13. 2s ol arneut r i noevent s
a day above 6. 5MeV ( i na t ot alener gyof a r e -

�

Fi gur e1. The Super - Kami okande det ect or .I t
cont ai ns50kt onof pur e wat er .I nner32. 5kt oni s
vi ewed by 11, 14650cm� PMTs and out ervol ume
vi ewedby 188520cm� PMTs i sus edf oran act i ve
s hi e l di ng.
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coil electron) in 22.5kton �ducial volume, even
after various bac kground rejections. And further
challenge to lower the analysis threshold do wn to
5MeV is being performed since June 1997. An
extra sup er-lo w-energy trigger (SLE trigger) with
4.6MeV threshold was added with second level re-
duction on a computer. This SLE trigger causes
additional 100Hz in ev ent rate. Ho wever most
of even ts ha ve verticies near the wall and by re-
jecting those wall even ts with an online program,
additional even t rate stored in a magnetic tap e
library is only 5 even ts/sec. If we succeed to see
solar neutrino signal in this sup er low energy re-
gion, not only the statistical precision but also
the lever arm to see sp ectrum distortion will be
impro ved very muc h.
Because of this high signal rate, SK is exp ected

to examine da y/nigh t variation, seasonal varia-
tion, spectrum distortion and so on with su�-
cien t signi�cance for testing neutrino oscillation
solutions of long standing solar neutrino problem
(i.e. large angle solution, small angle solution and
Just-so solution).

2. Calibrati ons

For a discrimination of solar neutrino solutions
with an y time variations and energy distortions,
uniformit y of energy scale in direction and in time
and also absolute energy scale at various ener-
gies are essen tial and ha ve to be calibrated and
be con trolled at �0.5% level. This accuracy re-
quiremen t is very challenging and will ha ve not
been ac hiev ed in this kind of large neutrino ex-
perimen ts up to no w.
We curren tly use following 5 di�eren t calibra-

tion sources.

1. spallation pro ducts by cosmic ray muons

2. gamma rays from neutron absorption on Ni

3. deca y electron from stopp ed muon

4. 16N from muon absorption on oxygen

5. electrons from a linear accelerator (LINA C)

Best qualities of calibrations are obtained from
spallation and LINA C, and the others are giving
supplemen tal calibrations, curren tly.
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Figure 2. Stabilit y of the detector in time. The
relativ e energy scale change obtained from spal-
lation even ts is sho wn as a function of time.
Solid line, dashes and dots sho w 0%, �0.5% and
�1.0%, resp ectivley .

Spallation even ts are accum ulated in the data
as a ma jor bac kground, ho wever, their average
beta deca y spectrum is simillar to 8B spectrum,
also tha y are distributing uniformly in volume,
in direction and in time as are solar neutrinos.
Th us, the ma jor bac kground is a go od calibration
source. Figure 2 and �gure 3 sho w the stabilit y
of relativ e energy scale in time and the relativ e
energy scale as a function of nadir using those
spallation even ts, resp ectiv ely. Both calibrations
resulted better than �0.5% uniformities.
The most imp ortan t progress was carried out

from the LINA C calibrations. LINA C is placed
in the sub-access-tunnel to the top of the detector
and can emit electrons with energies upto 17MeV
whic h covers the energy region interested in solar
neutrino observ ation. Electron energies are cali-
brated by a germanium detector with better than
20k eV accuracy . And electrons ha ve been injected
do wn ward to SK tank with sev en di�eren t ener-
gies and at six di�eren t positions. The accuracy
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Figure 3. Uniformity of energy scale in direction.
The relativ e energy scale obtained from spallation
even ts is sho wn as a function of cosine of nadir.
Solid lines, dashes and dots are the same as �g-
ure 2.

of visible energies in the SK tank is estimated
to be �0.6% at 6MeV and �0.3% at 10MeV
considering re
ection of Cherenk ov photons on
the LINAC beam pip e and so on. This very
accurate beam is an essence of the calibration
of absolute energy scale. And a well-collimated
electron beam also pro vided precise calibration
of an angular resolution whic h pla ys imp ortan t
role at an extraction of directional solar neutrino
even ts against uniform bac kground. Typical en-
ergy distributions and direction distributions are
sho wn in �gure 4 and in �gure 5, resp ectiv ely,
together with the exp ectation from a tuned MC.
The MC repro duces energy and direction distri-
butions very well as sho wn in �gure 6 and in �g-
ure 7. The energy dep endence of the di�erence is
less than �0.3% for energies ab ove the analysis
threshold (6.5MeV) and the position dep endence
leads �0.3% systematic error in an extrap olation
of the energy scale determined at 6 positions to
the entire �ducial volume.
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Figure 4. Energy distributions of the linac cali-
bration. Denoted beam energies are the electron
total energies in the beam pip e. Horizon tal axis
is a reconstructed total energy by SK.

In an early stage of SK exp erimen t, we didn't
ha ve the LINA C and we used Ni gamma rays for
the calibration of an absolute energy scale. Af-
ter the accurate LINA C calibrations, we found
that the scale obtained by Ni giv es +2.2% higher
energies than that obtained by the LINA C. This
di�erence has been investigated. And our curren t
kno wledge is as follows. (a) +0.8%: gamma ray
con tamination from surrounding materials (hang-
ing wire, bolts and nuts, signal cables, con tainer
of �ssion source and so on). This con tamination
was measured by replacing target Ni with H3BO3

whic h has large cross section of 10B(n, �)7Li with
the same amoun t of neutron absorption cross
section. (b) +0.25% �0.25%: obstacle around
Ni con tainers. We simulated wires, cables and
so on as detail as possible, and found 0.5% of
Cherenk ov photon hits those obstacle. Ho wever
we don't kno w re
ectance and put 50% �50% for
it. (c) +0.2% �0.2%: position dep endence of neu-
tron capture. We didn't trace beha vior of neu-
trons from �ssion source upto capture on nic kel
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Figure 5. Di recti ondi st i but i onsof the li nac cal i -
brat i onwi threspect to the i njecteddi rect i on.

i na s i mul at i on.That wi l lcause mi smatc h of the
generatedpos i t i ondi s t r i but i onof gamma rays .
Then, the attenuat i onof gamma rays i nmater i al
ma y not be s i mul atedcorrect l y. (d) +0. 15%: ab-
sorpt i onon 64Ni . We negl ectedsmal l absorpt i on
probabi l i ty of neutrons on 64Ni . (e)�0. 5%: l i nes
i n 60Ni and 62Ni . We di dn't s i mul ate very de-
tai lof decay l i nesof 60Ni and 62Ni . ( f) �0. 5%:
uncertai nty of capture crosssect i ons .
As a resul t ,we f ound +1. 4%�0. 8% error i n

our previ ousNi - basedenergy scal e. By correct -
i ng i t , the di �erencebetween Ni and LINA C i s
0. 8%�0. 8%and bothcal i brat i onsaremore or l es s
cons i s tent . And, we see the Ni source does not
matc h f or the cal i brat i onof the absol uteenergy
scal eat �0. 5%l evel .

3. Reductions

The sol arneutr i nodata used i nthi sreport cov-
er sa per i od f rom31th of May 1996 through 20th
of Oct 1997, and the totall i ve t i me i s374. 2days
out of 508 days cal endart i me. Most of the dead
t i me comes f romcal i brat i onsand preparat i onf or
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Fi gure 6. Energy dependence of the MC tuni ng.
Each poi nt shows an averagedval ueover 6 di �er -
ent pos i t i ons .I nner er rorbars are s tat i s t i cal ,and
outerbars are systemat i cer rorsadded i nquadra-
ture. The combi ned poi nt i s an average of 5 di f -
f erent energi esshown as bl ack ci rcl es .Hor i zontal
axi si sa reconst ructedtotalenergy.

them. Total number of t r i ggeredevents i s about
400 mi l l i on.Then, we rej ectmuons , noi seevents
(el ect roni csnoi se,
ashi ngPMT etc) ,decay el ec-
t rons f romstopped muons and so on. Then, we
set 22. 5kton �duci al vol ume (2m f rom the i n-
ner wal l )and the event rate above 6. 5MeV i s
0. 016Hz at thi s s tep. Most of the events near
the wal lare thought to be gamma rays f romma-
ter i al sand rocks around the detector . Fi gure 8
shows energy spectrumof (4) af ter�duci al cut
togetherwi th the other s teps(�) af terspal l at i on
cut , (
) af tergamma cut , (�) expected8B neu-
t r i noevents f romBP95[1] and (�) observed sol ar
neutr i noevents .
No w, the domi nan t background are the spal l a-

t i onproducts made by cosmi c ray muons . They
are beta emi tter swi th mass number l es s than
16. Si nceenerget i cmuons cause thosespal l at i ons
and l i f et i mes of the beta emi tter sare l es sthan
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Figure 7. Position dep endence of the MC tuning.
Each poin t sho ws an averaged value over 5 di�er-
en t energies ab ove 6.5MeV. Error bars are same
as �gure 6. Injected positions are lab eled below
data poin ts as (x,z) in meter.

a min ute (typically 10msec), we can reject those
even ts by looking at correlations of muons and
low energy even ts in space (�L) and in time (�T)
and by looking at extra energy dep osit of muons
asso ciating cascade (�E). We dev elop ed a likeli-
ho od function with those measures, �T, �L and
�E. By maximizing S=

p
N , we obtained reduc-

tion factor 6 with 20.0% ine�ciency in the spal-
lation cut. The ev ent rate is, then, 2:9� 10 �3Hz.
Direction and vertex distributions after the

spallation cut is sho wn in �gure 9. As seen in
the �gure, there is a large bac kground toward the
wall even in the �ducial volume and those even ts
mak e direction distributions very wavy . In order
to remo ve those events, we de�ned an e�ectiv e
distance from the wall (distance along the ev ent
direction) and set 4.5m as an minim um value.
That gamma cut reduces 30% of even ts with 8.0%
ine�ciency for solar neutrino even ts. The beaut y
of the gamma cut is a resultan t uniform direction
distribution as seen in �gure 9. This uniformit y
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Figure 8. Energy sp ectra of (4) after �ducial
cut, (�) after spallation cut, (
) after gamma cut,
(�) exp ectation from BP95 and (�) observ ed solar
neutrino events. The last poin ts are integrated
from 14MeV to 20MeV.

mak es a systematic bias minim um when we ex-
tract solar neutrino signals with direction infor-
mation. Here, we ha ve obtained �nal sample, and
num ber of even ts is 65500 or the �nal even t rate
is 2:03 � 10 �3Hz from 6.5 to 20MeV.
Signal extraction is done by �tting angular dis-

tributions toward the sun with the angular res-
olution function obtained by the LINA C cali-
bration and the non-
at bac kground shap e es-
timated from the cos �z distribution of the data
itself (th us, it is almost 
at due to the gamma
cut). Figure 10 sho ws the best �t of the angular
distribution for the events ab ove 6.5 MeV and in
22.5kton �ducial volume. In this �t, num ber of
solar neutrino events is obtained as 4951 :8+117:9

�111:3

for 374.2 da ys of data. This is quite large value in
comparison with the Kamiok ande result[2] 597 +41

�40

for 2079 da ys of data.
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Figure 9. Vertex and di recti ondi stri buti ons be-
fore and af ter the gamma cut. The �nal sampl e
i s af ter the gamma cut (hatched).

4. Solar � resul ts

Fi gur e11 s hows ne ut r i nohe l i o g r aphst ake nby
SK. Eve nt sus e di nt hepi c t ur ea r et he�na ls am-
pl e( 6. 5- 20Me Vi n22 . 5kt on,374. 2days dur i ng
Ma y 31 ,1 996t hr oughOc t20 ,1 997 ) .Us i ngt he s e
s o l a rne ut r i noe ve nt s ,we have obt a i ne dpr e l i m-
i na r yr e s ul t so f 8B s o l a rne ut r i no
ux, s e a s ona l
andday/ni ght va r i a t i onsande ne r gys pe c t r umas
f o l l ows .
The 8B s o l a rne ut r i no
ux i s( he r e ,we a s s ume

a s pe c t r umg i ve nby Bahc a l l[3 ]) ;

�8B = 2:37+0:06
�0:05(stat:)

+0 :09
�0:07(sy st:)[�10

6=cm2=sec ]
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Figure 10. Angular distibution toward the sun.
Ev ents used here are energies from 6.5 to 20MeV
and verticies in 22.5kton �ducial volume. Plots
are the data and histogram is the best �t assum-
ing 8B neutrino spectrum. Dashed histogram is
an exp ected non-
at bac kground distribution.

or by taking ratio to the BP95[1] 
ux, we obtain;

Data

SSMBP95

= 0:358 +0 :009
�0:008(stat: )

+0 :014
�0:010(sy st:)

And the 
ux di�erence between day and nigh t is;

D �N

D +N
= �0:031 � 0:024( stat: ) � 0:014( sy st:)

And, nigh t data is further divided into 5 bins as
shown in �gure 12. We don't see very signi�can t
di�erence in day/nigh t 
uxes. In the �gure, the
exp ected day/nigh t variations of the typical large
angle (sin22� = 0:66 ;�m2 = 2:82 � 10�5) and
the typical small angle (9:12 � 10�3;6:31 � 10�6)
solutions are overlaid.
The seasonal variation is investigated by divid-

ing data into 8 periods as shown in �gure 13. In
the �gure, exp ected 
ux variation from the eccen-
tricity of the earth's orbit around the sun is also
shown as a solid line. We don't see any signi�-
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Figure 11. The neutr i noheli ograph. Si ze of the
boxes shows an i ntens i ty i nthe upper �gure and
the sun i s l ocated at the center . In the l ower �g-
ure, i ntens i ty i s a hei ght and background i s sub-
t racted.

cant seasonal var i at i onand the stat i s t i csi s s t i l l
i nsu�ci ent to observe eccentr i ci ty curve, yet .
The energy spectrum i s shown i n �gure 14.

Systemat i c er rorshave been reduced very much
due to the LINAC cal i brat i ons .I n the �gure,
expected spect rum of the typi cal smal l angl e
(9:12� 10�3; 6:31� 10�6) and the typi cal jus t so
(0:83; 7:08 � 10�11) sol ut i onsare over l ai d. I t i s
hard to say spectrumdi s tort i onf romthi s�gure.
But , smal l angl e sol ut i ongi ves better�t than a

at spect rum(no osci l l at i on)and j ust sosol ut i on
gi ves s l i ght l ybetter�t than the smal l angl e so-
l ut i on. However , they are not yet s i gni �cant as
di scussedi nthe next sect i on.
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Fi gure 12. Day/Ni ght var i at i on.Error bars are
s tat i s t i calonl y. Ni ght data i sdi vi dedi nto 5 bi ns .
Ni ght1 i shor i zontal di rect i onand ni ght5 i sver t i -
cal di rect i on(neutr i nocomes f romthe other s i de
of the earth) . Dotted hi s togrami s the expected
var i at i onof the typi cal l argeangl e sol ut i onand
dashed hi s togrami sthat of the typi calsmal l an-
gl e sol ut i on.

Systemat i cer rorsof the energyscal ecan mak e
di s tor t i oni nenergyspectrum, and i tma y f ake the
neutr i noosci l l at i ons i gnature.Theref ore,system-
at i cer ror sare i nvest i gatedextens i vel y, especi al l y
f or the energy scal e. As wr i t teni n the sect i on
on "Cal i brat i ons",the LINAC i mproved i ntr i n-
s i cscal eer rorvery much. Ho wever , we have to
cons i derf ol l owi ng errorsas the scal eer ror(er rors
whi ch causespect rumdi s tort i on)i ntrans l at i onof
the LINAC data to the detectorsystemat i cer ror .
LINAC data have been taken at 7 di �erent but
�xed energi es ,6 di �erent but �xed pos i t i onsand
al sothe beam i si nj ectedonl ydownward. We use
MC f or extrapol at i ngthesecal i brat i onsto ent i re
energi es ,vol ume and di rect i on.So, some errors
l i s t edare comi ng f romthe reproduci bi l i ty of our
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the
value

0.5%
whic

h

�

0

0.2

0.4

0.6

0.8 1

1.2

7
8

9
10

11
12

13
14

15
M

eV

data/SSMBP95

Figure
14.

Energy
sp
ectrum.

Inner
error

bars
are

the
statisticalones

and
outer

bars
are

the
sys-

tematic
errors

added
linearlywith

statisticalones.
D
ashed

histogram
isthe

exp
ected

sp
ectrum

of
the

typical
small

angle
solution

and
dotted

histogram
is
that

of
the

typical
justso

solution.

w
e
set

as
a
goal.

In
order

to
reach

at
0.5%,

ac-
curate

energy
calibrations

in
di�eren

t
directions

is
needed.

In
addition

to
this

scale
eror,

misun-
derstanding

of
energy

resolution
and

an
uncer-

tainty
of

8B
sp
ectrum

itselfcan
distort

energy
sp
ectrum.

O
ur

MC
can

repro
duce

measured
en-

ergy
resolution

within
2%.

These
exp

erimen
tal

errors
re


ect
to

the
systematic

error
in


ux
as

+
1
:3

�
1
:3 %

at
6.5-7.0MeV,

+
2

:0
�
2
:0 %

at
9.0-9.5MeV,

+
4

:1
�
4
:6 %

at
11.5-12.0MeV

and
+
8

:5
�
1
1
:0 %

at
14.0-20.0MeV.

And
the

8B
sp
ectrum

error
b
y
Bahcall[3]

at
3
�

level.
W
e
took

one
third

of
the

error
as

a
sys-

tematic
error.

The
systematic

error
coming

from
this

shap
e
error

is
energy

dep
enden

t
and

typical
values

are
+
0

:5
�
0
:1 %

at
6.5-7.0MeV,

+
1

:4
�
1
:3 %

at
9.0-

9.5MeV,
+
3

:2
�
2
:7 %

at
11.5-12.0MeV

and
+
6

:9
�
4
:9 %

at
14.0-20.0MeV.

This
error

is
rather

large
and

it
will

soon
b
ecome

dominan
t
b
y
an

impro
v
emen

t
of

the
exp

erimen
tal

errors.
All

the
ab

ove
errors

are
com

bined
in

table
1.

This
energy

dep
enden

t
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Table 1
Systemat ic errors .Errorsare shown i n%. Fl uxerrori san absol utesystemat i cer rorbut the othersare
rel at i ve er rors .And errorscomi ng from "Energy scal e& resol ut i on"and "8B spectrum" are correl ated
errorsi nspect rumanal ys i s .

Fl ux Seasonal D/N Spectrum

Energy scal e& resol ut i on +2:3� 2:1 +1 :2� 1:1 +1 :2� 1:1 +1:4
�1:3@

6:5�
7:0MeV

+2 :5
�2:4@

9:0�
9:5MeV

8B spectrum +1 :2� 1:1 � �
+5 :2
�5:3@

11:5�
12:0MeV

+11 :0
�12:1@

14:0�
20:0MeV

Tri ggere�ci ency +0 :2 +0 :2 � +1 :2@6:5�
7:0MeV

Noi se event cut �0:7 � � �0:7
Di rect i onresol ut i on +2 :9 � � �1:0
Reduct i one�ci ency �0:2 � �0:1 �0:2
non-
at B. G. �0:1 �0:1 �0:4 �0:1
Spal l at i ondead t i me < 0:1 �0:6 �0:6 �

Vertexshi f t �1:3 � � �1:0
Cross sect i on �0:5 � � �0:5
Li ve t i me �0:1 �0:1 �0:1 �

+4 :0 +1 :4 +1 :4 see
Total �2:9 �1:3 �1:3 �gure 14

spect rumerror i s f ul l ycorrel atedamong energy
bi ns . Al l the break down of systemat i cer rorsare
al soshown i nthe same tabl e.

5. Implications in neutrino oscillation

Impact of the prel i mi naryresul t sf rom374 days
data was i nvest i gatedwi thi n �e ! ��;� osci l -
l at i onhypothes i s . Osci l l at i oncal cul at i onshave
been done both f or MSW[5] parameter regi on
(10�4 < s i n2 2� < 1;10�8 < �m2 < 10�3eV 2)
and f orJust - so[ 6]parameter regi on(0< s i n2 2� <
1;10�11:25 < �m2 < 10�9:25eV 2) .
Si ncethe 8B sol arneutr i no
ux has a l argeun-

cer tai nty (6:62 � (1:00+0 :14
�0:17) � 106=cm2=sec [ 1] ) .

We �rst per f ormed a 
ux i ndependent anal ys i s
on the D/N var i at i onand on the spect rumdi s -
tor t i on. We de�ned f ol l owi ng �2 and the 
ux
normal i zat i onf actor� was treatedas a f reepa-
rameter .

�2D=N =
X

i=D;N1;�� �;N5

8<
:
�
Data
SSM

�
i
� �� Rosci

iq
�2i + �2sy s

9=
;

2

where Data/SSM i s the resul t shown i n �g-
ure 12, Rosci

i the rat i oof expectedevent ratewi th
osci l l at i onto that wi thout osci l l at i onf or each
(s i n2 2�;�m2) ,�i the stat i s t i caler rorof i - bi nand

�sy s the systemat i cer rorl i s tedi ntabl e1.

�2spec =
X
i=1 ;16

8<
:
�
Data
SSM

�
i
� � �Rosci

i � f (�)q
�2i + �2un:sy s

9=
;

2

+

�
�

��

�2

where Data/SSM i sthe resul tshown i n�gure 14,
f (�) the response f unct i onof the correl ateder -
ror s i n tabl e1, � the parameter that control sa
s l ope of energy spect rum through the f unct i on
f and �un:sy s the uncorrel atedsystemat i cer ror
combi ned i n quadrature. By us i ng these�2, we
l ooked f orthe mi ni mum i neach MSW and Justso
regi on,i ndependent l y. The contour maps shown
i n�gure 15 and i n�gure 16 are the equal - di s tant
(5. 991f or 95% and 9. 21f or 99% C. L. ) l i nesf rom
�2min . And i nthose�gures ,al soshown as shaded
are the al l owed regi onobtai nedby Hataand Lan-
gacker [ 4]cons i der i ngal l the sol ar neutr i no ex-
per i ments . D/N anal ys i sgave �2min = 4:1 at
(1:26�10�2; 3:98�10�6) near the smal l angl eso-
l ut i onat 5 degree of f r eedomand excl udeda hal f
of the l argeangl e sol ut i on.Because of a good �t
of spect rumi nJustsoregi on,
at (no osci l l at i on)
i sexcl udedat 95% C. L. I t i snot s i gni �cant very
much, and 
at revi ves at 99% C. L. Ho wever , i ti s



11

-8

-7

-6

-5

-4

-3

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
log(sin22θ)

lo
g(

∆m
2  (

eV
2 ))

-8

-7

-6

-5

-4

-3

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
log(sin22θ)

lo
g(

∆m
2  (

eV
2 ))

day and night 5bins
-8

-7

-6

-5

-4

-3

-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
log(sin22θ)

lo
g(

∆m
2  (

eV
2 ))

spectrum

Figure 15. 95% C. L. excluded regi onat MSW
regi on.D/N anal ysi sexcl udesdottedregi onand
spectrumanal ys i sexcl udesregi onsi ns i deof sol i d
l i nes .Shaded regi oni s the 95% C. L. al l owed re-
gi onby Hata and Langacker [4].

qui teencouragi ngi nthe sencethat we are al most
reachi ng at the l evel of s tat i s t i csand systemat i cs
where we can di scussabout the spect rumdi s tor -
t i on.
Then, we per f ormeda 
ux constrai nedanal ys i s

wi th the f ol l owi ng �2.

�2tot =
X

i=D;N
j=1;1 6

8<
:
�
Data
SSM

�
ij
� � �Rosci

ij � f (�)q
�2ij + �2un:sy s

9=
;
2

+

�
1� �

��

�2
+

�
�

��

�2

wh e r e�� i st h e
 u xe r r o r+0:1 4
�0:1 7 g i ve nby Ba h -

c a l l [ 1 ] .�2min wa s l oo ke df o rbo t hi nMSW a n d
i nJu s t s or e g i o n ,s i mu l t a n e o u s l yi n t h i sc a s e .
Th e mi n i mu m wa s f o u n da t ( s i n2 2�;�m2) =
( 0:5 62; 1:4 1� 1 0�7eV 2) a n dt h eva l u ewa s 39 . 5
wi t h3 2d e g r e eo ff r e e d o m.Th e�2 va l u e sa t"ty p -
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∆m
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2 ))

spectrum

Fi g u r e1 6 .9 5 %C. L .a n d9 9 %C. L .c o nt o u r sa t
J u s t s or e g i o n .In s i d e so fd o t t e dl i n e sa r ea l l owe d
a t9 5 %C. L . ,a n di n s i d eo f s o l i dl i n ei se x c l u d e d
a t9 9 %C. L .f r o ms pe c t r u ma n a l y s i s .

i c a l "s ma l la n g l e ,l a r g ea n g l ea n dju s t s os o l u t i o n
p a r a me t e r swe r e4 0 . 8( 9:1 2� 1 0�3;6:3 1� 1 0�6) ,
4 1 . 6( 0:6 6;2:8 2� 1 0�5) a n d4 0 . 4( 0:8 3; 7:0 8�
1 0�1 1) , r e s pe c t i ve l y. Th r e es o l u t i o n ss t i l lh ave
s i mi l a rp r o b a b i l i t i e si nt h ep r e l i mi n a r yr e s u l t s .
F i g u r e1 7 a n d�g u r e1 8 s h ow e q u a l - c o n � d e n c e -
l e ve lc o nt o u r sa t 6 8 %,9 0 %a n d9 5 %. Al lt h r e e
s o l u t i o n so b t a i n e dby Ha t aa n dLa n g a cke r [ 4 ]s t i l l
ove r l a pwi t ht h ea l l owe d r e g i o n so b t a i n e dh e r e .
Ex pe c t e ds pe c t r ao rd ay / n i g ht va r i a t i o n sa t t h e
a bove t h r e e" ty p i c a l "p a r a me t e r sa r eove r l a i d
wi t ht h eS Kr e s u l t si n� g u r e1 2a n di n� g u r e1 4 .
Loo k i n ga t t h o s es pe c t r aa n dd ay / n i g ht va r i a -
t i o n sa t ty p i c a lp a r a me t e r s ,we e x pe c t( 1 )s pe c -
t r u md i s t o r t i o na n dn i g ht 5e x c e s sf o rs ma l la n -
g l es o l u t i o n ,( 2 )u n i f o r mi n c r e a s eo fn i g ht 
 u x e s
f o rl a r g ea n g l es o l u t i o na n d( 3 )s pe c t r u md i s t o r -
t i o na n dn on i g ht e x c e s sf o rj u s t s os o l u t i o n .Th a t
me a n se a ch s o l u t i o nh a se a ch d i �e r e nt s i g n a t u r e
o fn e u t r i n oo s c i l l a t i o n .An dwe e x pe c tt h a tS K
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Figure 17. The 95% (thi ck soli d), 90% (dashed)
68% (thi nsol i d)C. L. al l owed regi onfrom D/N
and spectrumcombi ned anal ys i swi th 
ux con-
s t rai nt are shown. Shaded regi oni s the al l owed
regi onby Hata and Langacker [4].

wi l l de�ni tel ydi scr i mi natethose three sol ut i ons
i n a f ewyears . And f or just sosol ut i on,we ma y
see a pecul i arseasonalvar i at i onas a suppl emen-
tal evi dencesevralyears l ater .

6. Summary

The stat i s t i csof sol ar neutr i no events i s i n-
creas i ngvery qui ckl y. And al sothe systemat i c
er rorswerereduceddrast i cal l yby the LINA C cal -
i brat i on.The prel i mi narysol arneutr i noresul t s
f romSK 374 days were reportedwi th such hi gh
stat i s t i csand smal l systemat i cs .The obtai ned8B
sol arneutr i no
ux i sapparent l ysmal l erthan the
expectat i onf romthe standardsol armo del . Ho w-
ever ,SK doesn't show verys i gni �cant t i me var i a-
t i onsnor spect rumdi s tort i on,yet . And the data
st i l lal l ows al l three sol arneutr i nosol ut i ons( i . e.
smal l angl e, l argeangl e and j ust sosol ut i ons)at
al most same probabi l i t i es .But , i ti s cer tai nthat
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Fi gure 18. Same as �gure 17 at Justsoregi on.

we are al most reachi ng at the l evel of s tat i s t i cs
and systemat i cswhere we can de�ni tel ydi scuss
about neutr i noosci l l at i onsol ut i onsand SK has a
capabi l i ty to di s t i ngui shneutr i noosci l l at i onso-
l ut i ons .Let ' sl ook f orward to see de�ni teanswer
appears i na f ewyears .
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