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Neutrino astrophysics has begun in 1987 when Kamiokande observ ed the reutrimo
burst from a sup erno va SN987A.  karmok  ande  succeeded  to observ e solar neutrincs
and derstrated  at the first tita that the observ ed meutrins  are comng from the
direction of the sun and confrmad  the long standing solar reutrino problem  The
atrospheric  peutrino anomaly  was first pointed ot by the Famok ande experimn t
in 198 and is mow though t to be an evidence of a reutrino  oscillation. Sup er-
larmok  ande, the higger successor of kamok ande, started its operation in Anil
1996. Te accum uated data have already exceeded thmse of kamok ande in its
qulity and quan tity. Nw irmsights into reutrino masses wll be obtained from the

results of SK in very near future.

1 Introduction and Detector

The giganti ¢i magi ngwater Cherenkov detectorslocated 1000 m underground (2,700m water equi wa-
leit ), Kamokande [1] and Super- Kaniokande [2] are the powerful tool to understand neutrinoprop-
ertiesand study proton decay. The volune of Kamok ande (KM) is4,500tons (948 photo- mul tiplier
tubes (PM) arearrangedto watch i nner vol une of 2, 140tons),and that of Sup er- Kam okande (SK)
1850,000tons (11,146 PMIs  are arranged for the i nner vol une of 32,000 tons). KM has startedits
operationi n1984, primarilytostudy nucl eondecay [3]and laterin1987, KM has upgraded tobe able
todetectl ov energy events above 9.3 MV tostudy sol arneutrinos.In February, 1987, just afterthe
upgrade, KM has obserwed the neutrinoburstsfroma supernova SN1987A [4]expl aled inthe Large
Mgellani coud, 160k 1igh yearsaway. This isthe firstobservationof astroplysi calneutrinosot her
than sol arneutrinos.and isthe begi nni ngof neutrino-astronom KM has succeededtoobtaina finite
sol arneutrinoflux in 1987, soon afterthe neutrinoburst detection. This observationprovided the
first evi dencethat the sun createshi gh ener gy neutrinosproduced by the ®B decay and confirned the
sol arneutrinoprobl em|[5] . Unexpectedanonal y of the at nospheri ¢ neutrinos,whi ch i snow thought
to be an indicatiomwf a neutrinooscillatiomas first poited out by the KM experinent in 1988 [6].
KM has stopped na jor physicsrun inFebruary in1995 and stopped itsoperationi nsumer 1997.
The laststageof the experinent issolel ydevoted to a supernova watch. The physicsachi eenen ts
and the historyof KM are summarized inreferenced 7][8].

Since the space islimtedin thispaper, we nostly discussabout the SK experinent in the
follw ng partsand physicsdiscussiomillal sobe limtedtoneutrinooscillatioitudies.

The schenatic viewof the SK detectorisshown infigure 1. SK isnot onlybi ggerthan KM inits
sizeput al sohas betterenergy, positioand directionatesol utions14%(19%, 26°(27),87cnf 100cm)
forl0 MV electronsrestectiel y(thenumbersshown inthe parenthesesarethoseforkM. 'The better
resol utionare achi exed by the i ncreasednumber density of PMls. The PMIs are arranged on the
inner surfaceof the detectorwith the density of 2 PMIs /1 m? (1 PM /1 m® for KM which
covers the 40% of the inner surface. This arrangenent nore than conp ensatesthe 1igh loss(due

to the attemation) of the longer travel distanceof the Cherenkov ligh than KM Outsideof the
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Figure 1: A schematic view of the 50,000 ton inaging water Cherenk ov detector, Super-Kamok ande. The
detector isa cylindrical shap e, 39.3min di aneter and 42m inheight. The inner volune of 32,000 tons, 16.9m
inradius and 36.2m in height,isviewed by 11,146 photo-multipliertubes with 50 cm di aneter.
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Figure 2: The energy distributionof LINAC Fi gurd: Sane as figure 2, but for the angul ar
data taken at the central height of the detector, distributions.

but with about 8m off the center towards the

side wall. The energies of the electrons are at

16.3,13.7,11.0 and 8.9 MeV from the top figure

to the bottom figure. The resultsfrom the MC

simul ations are also shown by the solidlines.
The data and the MU agree very well.

usi nga Dye lasemnda CCD cameraA Changeof thewatetransparemastakni toaccoun

whent heewert ener gwasreconstructed.

Anot hermport atnel enetnrel at ¢dt hewat erqual yti sRadonconcemrati amt hewater.
Thedaughewft heRadondecws (*"Bi Jemi t $ rayswi t It hemaxi numener ggf3. 26Me ¥ndt he
resol utiemdft hidecuaprauctsst hemajorbadkgrountlot hesol areutri mpasuremtnThe
curréwoncemati ofiRn i nt hewatet smeasuretdobel estham f ewnBg/m? whi hisalready
noret hammnordeofmagni t udewert hart heKM | eer] buti sstihkourceft hebakgroundWe
aremaki ngxtensiaffor ttomake f urt heeducti effn i nt hewaterAnal ysthreshodid. 5
MV curré¢hpeti smai nl determ nbgdt hi bakgrounleel .

Triggesmade by t henumberof PMI' hi tswi t hi200ns eti mewi ndw. Dat aar ebeing akn
wi t Hwot hreshollatvl s —t hew ener gfLE)andt hesupr-lwener gySLE)t ri ggeélfhet hreshol d
oftheLEtrigges~29hitsorrespdi ngoabouth. WeV onanaverageThe SLEtri ggesset
at24hité4. 0BV onanaverage Jlheewrt verteaft hosewrtsonl shavi ng SLEtriggere
quikl yeconstruatmedh cruddéiduci adutareappl i @adit heon-11 hestcomputerlhi selection
reducdshel00Hz SLEtri ggeoaboutb Hz whi b i saddontopofthellHz oftheLEtrigger.

The energpfanewert i sdeterm neldffertehyf orhi ghenerggat mosphemieait ri nand
lw energgsol areutri negrts.In theat nos pherneutri mmal ysitdheenergysdeterm ned

basednt henumberofphoto-electi@mseapproi matelkoprresmpdst ol MeV) andi nt hesol ar



neutrino analysi st heener gyi sdet ermi nely t he number of hi tPMTs since nsuc | ov ener gynost
of the PMI' hi tsareone photoel ectror($.6 hi tsapprai natel xorresgndstol MV).

The accuracywftheenergyscal d orhi ghenergyeventsisestimatedobe £2. 4%by t hevari ous
net hods by usingcosm cray t hrough-goi ngnuons, st oppi ngnuons ,muon- decg el ectrons vari ah
nmass of 7% and soon. The energyresol utidwrel ectromnd muons are2. 5%/ E(GeV)40. 5%and
3% respctialy

In thesol ameutri nanal ysi ¢heabsol utenergyftheeventsiscalibratdd using heel ectron
beamproducedby t heel ect rolnl NAC pl acedieart heSK t ank,whi ch coverst heener gyr angebetween
5and 15 MV, exactl ymtchingtotheenergyspectrunofthesol ameutrinosThe LINAC was al so
usedtoobtaitheangul arresol uti @md t hevertex esol utiotlhe beamenergyof the LINAC was
calibratédaly the gernani umdetectomhi ch was calibratelly usingthe nono chronaticel ectrons
selectelly a nagneticspectro- neterlhe typicalenergyand angul ardi stri buti dmslen at vari ous
energi eand at t heinjectiopositioanf about 8 m fromt hewal lareshom infigures2 and 3.

The uni formyt t hroughoutthe enti refiduci alvol une and the directionalependence were
cheded by the LINAC datatalen at differet positionsyra sourcesusingNi (ngy) N’ reactions
placedmany di fleretipl aces nthedetectoand thespallati ewentswhi ch happen unifornl ynthe
detectovol une. Afterconsi deringoseeffect st heenergyscal erroif ort het ot alflux neasurenent

isestimatedobe +£0.85% The detailefthecalibratienllbe foundinref[10]]18].

3 Physics with Super-Kamiokande

The prinarilphysicsubjectof Kam okande (KM isasearh fornucl eondecay; t henane Kam oka-
NDE cones fromkam oka Nucl eonDecay Experinem. Aftertheobserationof theneutrindburst
fromSNI987A and thesuccesof thesol ameutri neeasurenent, peopl ewoul deal It heexperi net
as Kam oka Neutrinoletectiolxperinet.

The main purposesof Super- Kam oknde ( SK) are,off coursetosearh fornucl eondecay wi th
an or derof nagni t udebettesensitiyitoneasureneutri nobromt hesunand tostudyatnospheric
neutrinos.

[tneutrinohave fini t ennsses and non- zerom xi ngsanong nass ei gen-statdsenneutrinos
producedat t heflavor ei gen-statesy oscill adaong differemstatesv ththefol vo ng probabilyt

(fortwo neutrinescill aticase),
P(vy — vg) = sin®20si 17 (1.27 - Am? - L/E) )

where E i stheenergyof neutrinand L i sthedi stancbetweenthesourceand thedetectorL and
E aredetermnedy the experinemial arrangenen. If Am *>E/L, then P(v, — vg) = 3si1220,
and i {Am 2> E/1L, thenexperinets hardl yseetheoscillatieffectand areabl etosetthe upper
1im thy si1720 - Am? < 0.8[F/L]\/P(ve — vg). 11 Mm *~E/L, experinetsareina nost optimm
positionkor exanpl e,fora configurati ofi~1GeVand L~10 to 10, 000km (int he caseof t hesub-
eV atnospherineutrinos Am? ~ 107" ~ 107%eV? and f orE~10 MV and L~ 150, 000, 00l6m (f or
"Just So’ sol ameutrinoescillatifoll] )Am? ~ 1071~ }2,

When neutrinopassthrought he nedi a,theel ectroneutrinosbtai nan addi tionapotenial,

V2Gpn, throught he chargedcurreh forwrdscatterimgplitude. The equatiomf the neutrino



propagation for v, — v, caseis,
2 2 o7
. d v, o Am42052€ T \/§GFne Am4;2n2€ v,
1— = : : .
Am?sin26 Am?2sin26
dt \ v B TE BT Va
The mi xi ngngleinthenatterbecones,

t an26y

tan20,, = )
o 1 — (2pV2GEn. )/ Am2cos20y,

If (@ﬂGFne)/( Am?*cos20y) = 1 (resonanceondi tionjhent hem xi ngangl el nt henatterbecones
maximal , even t hought he vacuum m xi nganglei ssmall. Ifthe neutrinpropagatesadi abaticaly
throught heresonanceegionel ectromeutrineomwertsitor,’s. For 10 MeVneutrinoproducedin

thesunsatisftheresonanceondi tiowhen passthroughthesun( 0< n./N4 < 100)if
Am? <1.6 x 107"eV?2

Adi abaticondi tiohorthel) MV neutrinoss,

581 220
cos20

> 6.3 x 107%V?2,

m

These condi tiometerm nes he paraneterregi oexpl ai ni righe’ obsered’ cowersiomate.

Sear hes forneutrineamsseshave beendone not onl yby theneutrinescill atisaarhes,but
al soby othernmethods lid directnass searhes and doubl ebetadecay experinems al t hought he
indicatiaaf thefini teneutrinomssesonl ycone fromoscillatiewperines. The curreh upper
limton theneutrinemss fromtheexperinemsl ki ngdi rectlfjorthe evi dencef fini teneutrino

nmassesare,

m,, <182MeV/c*[12]
m,, < 170keV/c*[13]
m,, < 3.5 ~5.6MeV/c*[14]

The bestlim tfortheM jorananeutrinemssesof 0.48~ 1.5eV? [ 15]was obt ai ned romt he
doubl ebet adecay experinem ( We have i ncl udedheuncertaity of thenucl eamatri xel enet ).

As you seeabove, neutrinescillatieretheonl yway toapproah smal lnasses(difference)
wel lbel w 1eV: sensitétotheveryw de Am? rangedown to107!? eV2,

The neutrinwscillatiohudi ed n SK willbe done not onl ywi thhighstatistiand better
qual itidut wi thdi fferemapproahes:no delindepndert and flux cal cul ati ondepndert anal yses
arethekeyissudortheSK experinem.

3.1 Atmospheric Neutrinos

At nospheri meutrinoareproducedi nt heupper at nos pheret hrought hedecay of nesons produced
by itteractionmst primarycosm crays on nucl eii nthe at nosphere. The neutrinenergyranges
frombel o GeV toover TeV and t hedi st ancéromt he poi 1t s where neut ri noareproducedand t he
detectoraxatiomangesfroml0tol3, 000km Thereforéhesensitiyittot henass di fferencesdown
toAm? ~107%eV?2,

At thel ov energyl i m twhere nost of t he muons producedinthe at nos pheredecay, theratio

of (v, +v,)/(ve + 1) becones ~2. The nore theenergyi ncreaseshenore therati deconeslarger.



The uncertainty of the atmospheric neutrino flux calcul ations is mainly cone from the uncertainty
of the prinary cosmc ray flux, neson productions, and neutrino interactions,and isestinated to be
~25% (20% from the flux and 15% from the interactionuncertainties). In order to minimze those
uncertai ntiesi nthe neutrino oscillationtudies,the double ratioR=(t/€)4ata/(1t/€)nc isusuall ytaken.

Another inportant approac h isto study the zenith angle distributionof the neutrino events
which will be described later.

In SK the atnoespheric neutrinos are studied by two classesof the events: the contained events
and upward going muons. The upward going muons are produced by high energy muon neutrino
itteractions taken underneath of the detector and penetrating the detector enteringfromthe bottom

of the detector. We will not discuss the upward going muons inthispaper.

3.1.1 Contaired events

The contained events are those produced inthe detector by neutrino interactions. Traditionallywe
divide the contained events itto sub-GeV (F; < 1.33 (V) and multi- GV (E; > 1.33 (V). The
sub-(&V sanples were used originallyto search for proton decay.

The strategyto study atmespheric neutrinos istoidentifyneutrino flavor through the identifica-
tionof the lepton flavor of singleringevents (inthe sub-(&V sample) and of nost energeticparticle(in
the multi-(eV sanple). In the multi-(eV sanple we have alsoincluded so calledpartiallycontained
events (PC)—ewents whi ch have one track exitingfromthe inner detector. For exanple, 91.1% of the
electronevents cone fromuw, charged current interactionsand 95.9% of the muon events cone fromuw,
charged current irteractionsinsub-(eV sanple. For the multi-(eV sanple, the correlationismuch
better. Therefore the particleidentificationisthe key issuefor the neutrino oscillatiomnal ysis.

The data between May-27 in 1996 and Oct-161in1997 (414.2effective lie days) are used for the
present anal ysis. The contained events are first sel ectedby appl ying sinple conputer al gorizmto the
raw data (~10° events/day): (1) no significant outer detector activit, (2) the inner total charge is
> 200 photo-electrons. We have alsoapplied further cuts to reno ve stopping muons, through going
muons and el ectrons from stoppi ng muon decays. This reduction step yields ~30 events/day for the
full ycontained event (FC) sel ectionand ~20 events for partiall ycontai ned event (PQ) sel ection. Then
the events were scanned by two independent physicistsand the remaining background events were
rejected. We final 1 y obtained ~8.0full ycontai ned events/day and ~0.5 partiall ycontai ned events /day
after appl ying the 2m cut fromthe imer PM'  surface (22.5kton fiducial vol une) and the mini mum
energy cuts of 30 MV (fullycontained) and 3,000 photo-electrons (partiall ycontained).

The 1dentificationof el ectronand muons are done by using the information of the difluseness of

the Cherenk ov rings. The probability isdefined by

Pe((lg) = ]I 21 exp [—; (p.e? — P ée(ﬂ))Q] ;
0,<1.50, Ty o;
vhere o; isthe resolutionof PM' including also an eflect of the gain spread. We have alsosimlar
probability functionfor the angul ar distribution,Pe((QBL). Then the log-1iddihwd functionisdetermned
by
L =log(Py-P!)—log(P! - P?).

The lilelihwod distributionof the particleidentificationisshown infigure 4 and you can clearl ysee the
good separation between the p-lik and e-lik events. The ms-identificationprobability isestinated
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Table 1: The summnary of the contained events caused by the atnespheric neutrino imteractionsin
Sup er-Kamok ande for414.2 effective days. Alsolistedisthe predictionsby the Monte Cal ro (il cul a-

t1on.

Sub- GeV Ml ti- eV

DATA | M{Honda) DATA | M{ Fbnda)
1R 1853 2001. 3 394 411.6
e-lik 962 796. 1 218 182.7
p-lik 391 1205. 2 176 229.0
2R 594 657. 2 153 143.7
>3R 155 190. 1 151 156. 3
PC 200 244. 8

to be lessthan 1 %. The validi¥ of the particleidentificationwas verified by the test done at KEK
using a 1kt water Cherenk ov detector by the electronand muon beam vith known nenen tum [16].
The resultsafterthe final data selectionsare summarized intable 1. Al the events are used to

nak e the double ratioof the muons and electrons:

(/(i/_j)l;ATA = 0.635 10,058 £ 0.009 £ 0.048( sub — Ge V),
®/e)nmc

(/(i//e)% — 06657299 4 0.020 + 0.078(multi — Ge V (FC)),
1/ €)nrc

(#/€)para _ 06647295 + 0.022 £ 0.097(rul t i— Ge V (FC + PC)).
(1) elmc
The first, second and thirderrors cone from statisticsMU statisticsand systenatics, respectivel y
The double ratios,(p/€)para/(p/€)mc, as a functionof the energy forsub-(¢V and mul ti-(&V sanple
are shown infigures 5 and 6. The nonotonous suppression of ~60% isseen over entireenergy region.
The zenith angle distribution,which isof nest inportance to understand about neutrino oscil-

lations,issimlartothe /L plot sincethe zenithangle, 6., appro xinatel y determnes the distance(L)
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Fi gur'é The zenith angle distributionof the e-1ik and p-lik events for the sub-@V and multi- &V data
sanples. The solidbars show the prediction from the MC cal cul ation(no oscillation)being symetric for all
the distributions. In the high energy muon sanple, the zenith angle distortionispromnen t. The predicted
di stri buti ons for the neutrino oscillationy, — v, (Am?* =5 x 107%eV?, sin?20 = 1.0) are alsoshown by the
dotted lines. For e-lik data, the difference between no oscillation(solidbars) and the oscillation(dotted)
cones from the flux re-normalization due to the absolute flux uncertainty of 25%.
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betveent hedet ect cand t heplacewhereneut ri neasepraluced.lf youseet hedistortiathe
distributyoarc,ani mnedi at egletcr udgui dent heval ud ot heoscill appronnet eAnot her
importancharacteri dtsi hatt hezeni tangl di stri busiheoml de s ymmetric.

Thi snaturefthesymmetrdoesnotdepndupon any flux cal cul at iexrse pf ora smal |
di flferen¢leest han3% fort heewet shelw 1 GeVinegligi bbave 1 GeV) of t hegeo-magneti ¢
cut-offtherefondany up/dom asynmmetriysf oundi ti ndi catiesmedi at efllyats omeunknom
situatmous texi slnthi sensthedatstandbyitself.

Infigur €7, we have s hem t henumberofe-1le kndpu-1 elevert sasa functi ofzeni tdngl e
fort hesub- Ge¥ndmul ti- Geddt aset sThe predi ctishemn by t hesolillarsaresymmetric
foral bft hedat s anpl esl t houghepredi ctibae 25% systematurccert 4iewhi b arenot
sheom i nfigurd. Theel ect roanpl eshov noreorl essymnmetridd stri but iborts nt hemuon
sanpl eti sevi dém atlhatmor eneut ri nosnef romhopoft hedetectandl eskromhebottomf
t hedet ect dfhe mul ti- GaMiondat shasnostprom néwharacteristics.

Inordetomagnifyheprobl emwe have shem i nfigurel, t heratioftheupwardgoing
(=1 < cosf, < —0.2)anddownwaedgoing 02 < cosb< 1.0)evert sfort hey-1 elevert s Al It he
dat eexcepdnel esshamh00Me Vare~50% Thel westdatad esshamh00MeV s houl al wysbe
symmetrisd ncttherespoorangul acorrel athedmeenl ept omsndneut ri niost hi energyegi on.
Therefothedat dbelw 500MeV canbe usedsacomrol lednpl andshoullde 11 nfigur &.

Byusinthosenformat batt heener gandzeni tangl di stri butweangngetanconfidence

coiourf ot heneutrinecill apeanmetetfor, — v, casedsshom i nfigure9Theexpcted

zeni tdngl distributfonym? =5 x10%V?, 50720 =1 areshon i nfigureef fig: zeiyttthe
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Figure 10: The solar neutrino spectra. KM and SK can only measure the ®B-neutrinos and the Chlorine
experinent can neasure both the ®B and “Be-neutrinos. The galliumexperinen tshave | owest energy threshol d
and are able to observe neutrinos from the pp-fusion process which produces nwst of the sol ar neutrinos.

dotted lines which quite agree wth the data.
It is interesting that a part of the allowed region can be accessible by plammed long haseline

neutrino oscillation experiments.

3.2 Solar Neutrinos

The solar neutrinos are produwed in the central part of the sun through the varios nuclear reac-
tions [17]. The domnan t pro cesses pro ducing neutrinos are those inthe pp-c hain:

p+p—d+et + ve(E, <0420MeV),

pte—+p—d+v(E,=142MeV),
et p— AHe+ v(E, < 18.7T MeV),
"Be4e” =" Li+v.(E, =0.82MeV(89.7%),0.384 MeV/(10.3%)
°B —® Be* + et 4 v (B, < 1B MeV),

The solar reutrino spectra predicted by a standard solar o del isshown in figure 10.

The present erergy threshold of SK is6.5 MeV, and we therefore can only detect ®B neutrinos,
maxim um energy of vhic his~ 15 MV

The min interaction in this energy region isthe reutrino electron elastic scattering, since the
reutrino nuclews scattering is suppressed by the Pauli principle.  The cross sectioms of the v + e
interactions are well calculated by the standard theory of the electro-weak interactions:

do 2G%m, E; : Me
dEe = ;_7 [C% + C% (1 — E_l,) + CLCRE_U

Y

vhere cp =1/2 + sin*fy and cg=sin 20y for vee scattering, and c; = —1/2 + sinfy and cp=sin 2Oy
for v e scattering. The v.e interaction ismdiated by both charged and neutral curren ts, and the v e
interaction ismdiated only by the neutral curent. With sin®0y,=0.225, the total cross sections are

o(vet+e—ve+e)=090 x 107%(E,/10 MeV)em?,



o(v,+e—v,+e)=0.157 x 1 0_43(E1,/1 (lMeV)ch.

The v,e ne utralcur r € mt e r a c tmuost be t ackni hoaccotuwhent hmeutrioneill aftiloen
ve > v, modei considered.

Al thoutgherosectiomemaltlthowetei heracthaatshd¢ ollicmmgwdcharacter -
istithedirectoifoheecoillectrwownstrafobeder ¥ oraw dE£.0? <2m,—18lefor
10Me Vreceillect rdherefordi rectotbthme ut rianmoeve | e pti it heli r e c toifolme
reccelllect rdherecceilllectenar geflecttlbha nci laaut reme r,gyher e ftdreeh aep
oft hmeutremergpctrwmibestudibyd heecwxillectevnar.gy

Forsoms cenarliiel he pi nvdlpreces swjmay,covert hov,. Thesie'sardetected
throughe.+p—ef+niheractilhesr ose ct iodinhiisher actiison

2 gA 42 ( E, )2 2
1 =9.2 1 .
l + 3 (gv)] 923x 10 LV eV cm

Thecrossectiiomwat ersaldut20t i melsar gelrah haodft harescatterThegincitlen
neutrenerggxactdlyt ai bgd, = F.+1.3MeV haveert heli rect ii ad @lr matwo olhnd
bel osTheanguldirstri baftiheanher ac tiisolnmo dltat :

GEEy

s

o(Ve+p— et + n) = cos*h.

do/df ~ 1. —0.10 3 cosb.

Thepurgpseft hsol acutrshadySKi motonltyoconfirtmhduxdeficibwstal stoo
obtaanconcl aevvdendreutrorcill andemddiirotmhes ol andekal cul ations.
Thedi storboftohmr ecoeillectenar ghaep,i f oundsastroagi dedod hédMSW
effecort heJustSoneutriomaeil ]l atThedsart i mnendt heni gh ti1 thaxdi ffer enstehe
evidewdtthaegener otfnent ritmbosougheart hhdMSWeflecotnt heart nfag t er .
Ot hetri meari at iloakseasonaltsemi - aabhrel stohkeyi ssaadacorrel astiitdirhe

solartiyvwotul de anevi dewndal ar ge ut r mag ne tmocme h .

Inor deros t udtyhospdhenomemmlet at he xpri ntemus facquiveer hi ghtatistical
datandredusestemetrirorltheenergeter m natdfows tr ucaalddi flicudmong
themlheener gghasi callelte r mi byendi nbe rothi PMTs cor recfteetdhd i ghbsorption
throuthevat eandPMI geometawdtwo phot om andi scalibrdbtadi tghel ectron
beanprducellyt hel ect kloNA aswasal reaedsypl ai ned.

Thedat pr esteentheriebas ecdn3d 74. Qaysofdat haknbe wee May 31, 1 9016d0c t2 0 ,
1997Theexpct sl aputrierea raties3 7eett sperda f o85S Mypos whi lteh emu nbe ro f
eentriggepaedy i ssaloutonemi 111 dMastseri dbukground os mr@ muon¢~3 Hz)
and ubsequfandyr asori gi naftrionighele cyao ft he pal |l aprémct Thosmuone an
be renwe deasillyyusi ntgha nf or mabftomevi si bhergwmt hd nnevol umendt ho sien
theuteadretectbhrespal l aprémctwer e enwe dbyusindeli stanadi meorrel ation
betveert hepall aprémctasndt heoparémuonsThererei gni fiaaw utmofbakground
et erifigomuts i deft helet ectmas:t hyr s  Thoskakgrouwdr e e mwe dby appl ying
thdiducivol umeut 2nf romhe ur f wdehé nnePMI's ) Af t este ] e ¢ thihwka t he tve e n
6.5 MeadVn 20Me V,weobt ai ddde et s /daasafinatampl e.

Thecosb,,, di stri baftilodhnas amplies hwni nfigurlelandt hdwodi mensi phak
ofthosreeh simacordi nayst emhertthes uml ayssi tatt he een,s honi nfigurle2:

t hifsgurmay be cal lesh Neut riHed 1 ogr &dphufigurlelweobt ai néhdnunberofs ol ar
neutribyms i mgna ximwml ield iddome t hdo. Weas s umé e hago ft hdBneutrspatrum



o
w

SK 374day 6.5-20MeV 22.5kt ALL

I:vents/daglkton/bln
N
[6)]

o
(N

0.15

P I
-150

P
—-100

Coo b TR L L
-50 0 50 100 150

0.1y

0.05

-1 -0.5 0 0.5 1
cosf,

Figure 11: The cosfy,, distribution. The for-
ward peak caused by the solar neutrino interac-

Figure 12: The image of the sun measured by
the solar neutrino:Neutrino  Heliograph.

tion is prominan t.
of reference/19] and for the lilelihod cal cul atiothe data inthe cosfy,, distributionare further
di vi dedi it o energy bi ns. The number of events thus obtai nedis4,951. 8eventsin374. 2days between
6. band 20 MeV 1n22. 5kt onfiduci al vol une.

The sol ar®B neutrinoflux is:
psp = 2.371008(stat. )19 00 (sy st.) x 10°/em? /s,

Note that KM observwed 597 events in 2079 days: the neasured flux is ¢sp = 2.80 + 0.19(stet. ) £
0.33(syst.) x 10%/eom */s. The resul tfromSK agreesthat fromKM wi thi nexperinental errors.
The ratiotothe predictiorthe standardsol arno del of BP95 is,

DATA
S e = 0398 nn (st ) o pio(sy st ).
The daytine and night-tine flux differencehas a sol arno del i ndependent infornationon the

l argeangl e MW sol utions/The day and ni ght flux ratioobtai nedby SK is,

(Day — Night)

. = —0.31 £0.024(stat. ) £ 0.014(sy st. ).
(Day + Night ) (stet.) (syst.)

No significat overal flux di flerencei sfound. The effect of the regenerati ot hrough the earthdepends
upon the path lengthand the density profil eof the earthwhere the sol arneutrinospass t hrough. We
thereforedi vi dedthe ni ght-data(cosf , < 0.0: the nadiristhe z-cordinate)ito five bins (Acos , =
0.2). We have shown infigure 13 the fluxes of day tine and ni ght-tinedi vi dedi ito 5 bins. The typi cal
day/ni ght fluxes expectedfroma largeangl e sol ution Am? = 2.82 x 107°eV?, sin?20 = 0.66) and a
smal | angl esol ution Am? = 6.31 x 107%V 2, sin?20 = 9.12 x 107?) of MW effect are al sopl ot tedin
figure 13.
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Figure 13: The day and night-time Fi gurd4: The spectrumof the recoil
fluxes. The night data are dividedinto electrons.The thi& partsshow the sta-
5 bins with Acosd = 0.2. The ex- tisticakrrorsand the extensionswith
pectedday- ni gh fluxes for Am? = 2.82 x the thin bars show the combined error
1075%eV?, sn?20 = 0.66(dashed li ne)and of statisti @nd systematics.Alsoshowm
Am? =6.31 x 1076V 2, and 220 = 9.12 x area typi calsmall angl esol uti off Am? =
1073( dot tedl i ne Jare s hown. 6.31 x 10766V 2 and sn 220 = 9.12 x 1072

(dotted ine)and atypi caljust sosol ution
(Am? = 7.08 x 1071eV 2 and sn 226 =
0.83(dashedline)).

By usi nghe dat awe canst udyueutrioscill athygot hesiFheconfidenaceoi ouobt ai ned
isshomninfigurd5at95%C. LItisquitenerestithgtewenwi tthismal Hat & anpl e can
drav anexcl uderd gi owher éhal 61t hel ar gengl el lwedregi ondt ai ndgt Hat actal [20] are

excl uded.

Therecorl ectremer ggpectumsa keyi ssuteount angltehes ol utiofit hesol aweutrino
probl emi ncttheneutrinecill atmagrhave astrongner gdepndencd.ti ssensiéevpcially
tot hesocal | edml hngl eol uti amsdt heJustSo vacuunoscill atilarfigurd 4.t hespctrum
of therecoiell ectromss hown. The curréndat ai ndi cathatt hedistributiisemnsistdmw
be flat ,buthave bet tefitti nfgora smal hngl erjustsosol uti ognanel ymon-flatdi stribution),
al thougliatisti altbygni fitahnfigurd4,we al splottddheexpctednergdistortfon
a typi cadmal hngl ¢ Am? = 6.31 x 107%V? andsin?20 = 9.12x 10 ) anda jussosol ution
(An? =7.08x 107"V 2 andsn 220 =0.83) .

Fromt heenergypctrunye cangett heconfidenceott ourf ort heneutri wecill atpiaen
rameterkort heMSWregi onwe have obt ai nedcl udadgi om t 195 %C. L.whi b i sshom as
regionsirroundbylt hesol iciresi nfigurd5.Fort hej ussoregi ome have obt ai nedcl uded
regicat99 %confidendeel butwe getal Inedregi cat 95%C. L.asshom i nfigurd 6. Howewer
wes houlmott akthits®seriouaktyhi i mmotonl becaustchest ati s tiisests uffici ¢andt he
indicatiever ymar gi ndlutal sbecaustheSKexpri mgmwi l$®nincreatkestatistveecy
rapi dlayl easftora nextcouplefyear s We shoul ¢ai tanot heyearorsobeforteheexeri negn

canmake a defini tceoncl usion.
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Figuré6: 'he confidence contour for
Figure 15: The confidence contour for the Just So oscillationobtained by the
the MSW effect by the SK data. 'The electron energy distribution. The solid
day/night flux diflerence and the electron line shovs the region excluded by 99%
energy distributionare used. No absol ute C.L.and the dotted lineshows the allaved
flux informationwas used. The solidline region at 95% CL

shovs the 95% excluded region by the en-
ergy spectrum and the dotted lineshovs
the 95% excluded region by day/night
data. Shaded regions are those obtained
by Hata et al.
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