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Abstract

From an exposure of 25.5 kiloton-years of the Super- Kam olande detector,900 muon-1i& and
983 el ectron-ld ki ngl e- ri ngt nos pheri c neutrinoi rteracti onsvere detectedw th nonen tum
pe > 100 MeV/e, p, > 200 MV/ ¢, and with visiblenergylessthan 1.33 GeV. Usinga
detailedMn te Carlosinul ation,the ratio(p/e)para/(p/€)vc was neasured to be 0.61 +

0.03(stat.)+0.05(sys.),consistenw thpreviousresul t§romthe Kani ok ande, IMB and Soudan-

2 experinments, and snallerthan expected fromtheoreticaho dels of atnospheric neutrino
producti on.

Introduction

Atnosphericneutrinosare the decay products of hadroni c showers produced by cosmic ray
iteractioninthe atnosphere. Inrecert years,the ratioR = (u/e)para/(i/e)rc has been
neasured tostudy the atnospheri cneutrinoflavor ratiov, + 7,)/(ve + 7.); the rati oof data
to Mn te Carloistaken to cancel uncertai hiesi nthe neutrinoflux and crosssections.Here,
(p1/e) denotes the ratioof the numbers of u-lik to e-lik neutrinoimteracti onobserwed in
the data or predictedby the Mn te Carlo (M)). The expectedval ue for R isunity ifthere
isagreenment between the experinent and the theoreticaprediction. The water Cherenkov
detectorskam ok ande [1] and IMB [2 have obserwed a statisti caldiygni ficanl ov val ueof R for
“sub- (V" events wi thleptonenergiesof about 1 ¢V or less.The NISEX [3 and Fréjus [4
experinents have reportedno deviationfromunity, but with snallerdata sanples. Recently
the Soudan- 2 experinent [ 7 has al soobserwed an R val uesnallerthan unity. Kan ok ande [ ]
al soobserved a snallerp/e ratidnthe “mul ti- GV’ energyrange, as wel las a dependence of
thisratioon the zenithangle,and hence the neutrinotravel di stance.The snall val ue of the
raticand the zeni t hangl edependence suggestthat neutrinooscill ati oma y be respnsi bl  or
theseresul ts.

This lettempreserts the first neasurenen t of the p/e ratiousingthe Super- Kam okande
detector. The data wererestrictetlo the sub- &V range, which conprises containedevents
withvisiblenergylessthan 1.33GV and el ectrof muon) nonen tum greaterthan 100 MV/ ¢
(200 MV/ ¢); thesecriterimatch the defini ti onused by Kam ok ande.” We carriedout two
i ndependent anal yses( A and B) whose resul tswereconsistenwith each other,confirmng the

val i digt of t he netho ds used.

°This analysishas al sobeen performed wi tha nmni mum p, of 300 MeV/c and p < 1.5 GeV, correspnding to
the ki nematiccuts used i nprioranal ysesby the IMB experinent[2]; resul tswere verysimlar.



Super-Kamiokande detector

Super-Kamiokande isa 50- ki lotonwater Cherenlov detectorl catednear the Kam ok ande de-
tector,inthe Mozum mine of the Kam ok a Mning Conpan y in GifuprefectureJapan. It
liesat a mean overburdenof 2, 700neters- vater- equial ert bel ov the peak of M. Ikenoyana.
The innerdetectorconprises1l, 146 Hananatsu R3600 50- cmdi aneter photomul ti pli embes
(PMI), viewinga cylindricalolune of pure water 16.9m inradiusand 36.2m high. The
50-cm PMIs  werespeci al l dlesi gned[6] to have good singl ephotoel ectrorp.e. respnse,with
timngresol uti oR. 5ns RMb.  An outerl ayer of water2.6to2. 75m thi & conpl etel ysurrounds
theinnerdetectorto passiel yshiel dagai nstradi oacti vitf romt he surroundi ngrock. The two
detectorregi onsare opti cal l yeparatedby a pai rof opaque sheetswhich encl osea dead regi on
55 ¢cm inthi kness. The outer detectorisinstrunemtedwi th 1, 8850outward-faci ndbhnanatsu
R1408 20-cmPMs. Inordertoincreasdighcollectiofl cm x 60 cm wavel engthshi fterp§
wereattaded tothe outer PMIS, and allsurfacesof the outer detectorwerecoveredw thre-
flecti® whi te DuPont Tyvek naterial .The outerdetectordata wereused toidertif i nconm ng
cosm ¢ rays and exi tingmuons fromneutrinoi teractions.

Bothinnerand outer PMI' signal swere processedby asynchronous, sel f-triggeridigcui ts
that recordthe tine and charge of each PMI' hi tover a threshol d. The inner PMI' si gnal svere
digitizedithcustomAnal og Timng M dul es( ATM)[ 9] whi ch provi de 1. 2 us range at 0.3 ns
resol utionntine and 550 pC range at 0.2 pC resol ution 0.1 p.e. )incharge foreach PML
The ATM has autonaticallpsw tded dual channel s to provi de deadti ne-freelata acquisition.
The outer PMI' signal swere processedwi th custom charge- to-ti nmeonversi ommo dul es,whi ch
output ti mngpul sesof wi dth 1inearl proportionaltotheintegratedcharge of the PMI' pul se.
These signal sveredi gi tizedi th Le(toy 1877 mul ti-hitX($ usingl6 us ful lrange.

A triggewas formed by the coi nci denceof at 1 east30 PMI  hi tsina 200 ns wi ndow, over a
threshol dof about 1/4 p.e.per PML.  This triggercondi ti oncorrespnds tothe nean number
of hit PMI5 fora 5.7MV electron.The triggemratewas 10-121k. The triggerratedue to
cosm ¢ ray muons was 2. 2Hz. Il gitizedlata weresaved at a totalrateof 12 (B per day.

Water transparencywas neasured usinga dye laserand (D canera, and found to be
about 100 m at wavel ength420 nm During the tine perid describd here (approxi natel y17
non ths of detectoroperation)watertransparencywas noni tored conti mously by cosme-ry
muons; the averageeffecti & attemati onl engthfor Cherenkov ligh i ncreasedby 25%, due to
inprovenent i nwaterclariy resul ti ngromoperati onof the water purificati omystem

The calibratioof digitize®M' data tonumber of p.e.sand arrial tine was perforned
by offli ne processesdirectljtinkd to the detectordata streamvialcaal network. Both of
the i ndependent anal ysesbegan with the sane calibratedlata. Each anal ysisi ndependently
estinatedthe conversionfromp. e. o visiblenergy(F,;s),which isdefined as the energyof an
el ectronagneti ghower whi ch produces an equi sal ert anoun t of Cherenkov 1igh. Approxi matel y
9 p.e.swereneasured forone MV of visibl energy The accuracyof the absol uteenergyscal e
was estinatedto be +£2.4% based on sewral calibrationources: cosmc ray through-going
muons, stoppi ngmuons, muon- decay el ectronsthe i wari an mass of 7% produced by neutrino
iteractionsradi oactiersourcecalibratiomnd a 5-16 MV electronll NAC The estinated
nonen tum resol utiofiorel ectronand muons is2.5%//H &V) + 0.5% and 3% respctiely

Both anal ysesrequi redthe vertexof the neutrinoi teracti ongo be reconstructednsi dea
fiduci al vol une 2 m fromthe 1igh barrierjust outsi dethe i nner PMI' pl ane. This conpriseda
concentri ccylindricatol une 32. 2m highand 14.9m inradi uswi th a mass of 22. 5kil otons.



Data

Monte Carlo

total v, q.e.) v, q.e.) NC

singl e-ring 1883
e-lik 983
p-lik 900

mul ti-ring 784

2030.5 720.1(562.4) 1185.0(921.4) 125. 3
812.2 714.3(558.4)  18.6( 4.5) 79.3
1218.3  5.8( 4.0) 1166.5(916.9) 46.0
759.2 182.1(46.6)  325.5(47.3) 251.6

total 2667

2789.7 902.2(609.0) 1510.5(968.7) 376.9

Tablel: Sumary of the sub- GeVexperinental data conpared withthe Mn te Carloestina-
tion. Mn te Carlo statisti dsmave been nornalizedto the lietine of the experi nental data.

“q.e.’referdo quasi-el astkwents.

1 or nore muon decays 2 or more muon decays

data

M data M

p-lidk 608/900 = 67.6 + 1.6%
e-lik  91/983 = 9.3+0.9%

68.1 £ 0.1+ 1.0% 26/900 =2.9+0.6% 4.14+0.1+0.2%

87+03+0.1% 2/983=0.24+0.1% 0.1£0.14+0.01%

Tabl e 2: Percertages of events wi th muon decay insingle-ringvents. The firsterrorval ue
shown isstatisticalor Mn te Carlo,the second errorval uei sfromthe esti mmtedmuon decay

detectioreffici ency

Analysis A

For anal ysi <A, we used data froma 25. 5kil ot on-garsnet exposure,col l ecteduri ngthe peria
between M y 1996 and October 1997. The nain backgrounds forthe obserwati onof at nospheri ¢
neutrinoevents werecosm ¢ ray muons and | av energyradioacti vitinthe detector.These two

backgrounds wererejectedby requiringio correl atedi tsinthe outer detectorand a m ni mum

depositedenergyof 30 MV intheinnerdetectorresyectiely

Startingfrom~ 400 nilliontriggersthe data sanpl e was reduced to about 12, 000events
by appl yi ngthe fol lwi ng requi renerts: (1) no significah outer detectoracti vigt (totalnumber
of hitslessthan 25, and no spatialclustemi th nore than 10 hits)(2) totalcharge collected
intheinnerdetector> 200 p.e.swhich correspnds to22 MV/ ¢ forelectronand 190 MV/ ¢
formuons, (3) the rati of muxi mum p.e.inany singlePM)/(total p.e.sjslessthan 0.5, and
(4)the tine iterwal fromthe precedi ngevent > 100 us,torejectel ectron romstoppi ngmuon
decays. Additionalselectionriteriwereused toelimnatespuriousevents,such as thosedue
to “flashi ng” PMIs  that enit 1igh fromitternal coronadisharges. The selectedvents were

hand- scanned by two independent scanners,to rejectremini ng background events. Ab out



6,000 events were classified as full y-cohai nedevents, a | argefracti owf which were neutrino
iteracti onsi th no charged particleexiting o the outerdetector.

The vertexpositionfan event was determi nedisi ngPMT hi tti nes;the poi i whi ch yi el ded
the sharpest distri buti oaf PMI' tines adjusted forthe tine of fli ght of Cherenkov 1i gh was
defined as the vertexpositi onlhe vertexwas reconstructedgai nafterparticledertificati oo
correctforparticl éradk length.The vertexresol uti owas esti matedtobe 30 cm forsingl e-ring
fully- cami nedevents. The number of Cherenkov ringsand theirdirecti onsvere determ ned
autonaticallyby a nmaxi mumlilelihod procedure. The effici encyforidertifyi nguasi-elastic
ve(v,) events as single-ringas 93(95)%. The angul ar resol utiofor single-ringvents was
estinmatedtobe 3 degrees.The nmomen tum of a particl evas determ nedfromthe totalnumber
of p.e.swithina 70° hal f- angl eone rel atievto the trak directionwi th correctionforligh
attemationand PMI' angul ar accept ance.

The particledertificati onfthefinal state eptonexpl oi tsystenati adi fferences ntheshape
and the openi ng angl e of Cherenkov ringsproduced by el ectronsand muons. Cherenkov rings
fromel ectronagneti cascadesexhi bi ta nore di fluseligh distributiobhan thosefrommuons.
The openingangl e of the Cherenkov cone, whi ch depends on (= v/c), was used to separate
el ectronsand muons at 1 ov nonen ta. The validiy of the nethod was confirned by a beam
testexperinent at KEK10]. Figurel shows distributionsf the PID paraneter (effectiely
a log-lieki hod differencefor the el ectromnd muon hypotheses)forthe data and for Mn te
Carlosingle-rimgyents. [fthe PLD paraneter was positie{ negati®),the event was cl assified
as e-lid(u-1idk). The misidertificati orprobabilitidsorsingle-rimguons and el ectronswere
estimtedtobe 0.5 £0.1% and 0.7+ 0.1% usingsiml atedcharged- curret ((C) quasi-elastic
neutrinoevents. The idertificati orffei ency was checked usi ngcosmi c- rg muons whi ch stopin
the detectorand subsequert]l ydecay toelectrons/The resul ti ngisidertificati oprobabilities
forthesemuon and el ectroeventswere0.4£0.1% and 1.840.5% respecti®l yingood agreenent
with the Mn te Carl o estinates.This check was perforned conti mously during dat a- t aki ng,
and particl edertificati operfornmancerenai ned stabl edespi tel necreasi ngvatertransparency

There are sewral cal cul ati onef the expected atnospheric neutrinoflux at the Super-
Kani ok ande site. The calcul atedlux of Ref.[llwas used for the Mn te Carlo simulation
of at nospheri cneutrinoi teractionslhe neutrinoimeracti omo del took itoaccount quasi -
el astiecattering[]2si ngl e- pi oproduction[ 1B, coherert pion production| 1}, and mul ti- pi on
production] 15. Propagati onof produced | ept onsand hadrons was no del edusi nga GFANT[ 16 -
based detectorsi mil ationphi ch i ncl udedCherenkov 11 gh producti onand propagati oni nwater.
Hadroni citteracti onweresi mil atedby CALOR 17 ] ,exceptforpi onswi thnonen tumlessthan
500 MV/ ¢, forwhi ch a specialprogranf 15] was devel oped, wi th cross-sectiomisken fromthe
experinental resul ts For pi ons produced i n'®0 nucl ei j nel astiicteractionscharge exchange,
and absorptioni nthe nucl eiwereal sotaken i toaccount[ 1. A sanpl e equi val et to 10 years
of detectoroperati omwas generatedw th the Mn te Carl osimil ator.This Mn te Carl osanpl e
was then passedt hrough the sane event fil terin¥ and reconstructioas the experi nent al dat a.

From the initiab, 000fully-cdminedevents, 3, 462neutri noevent candi dateswererecon-
structedin the fiducial volune with F,; > 30 MV. We estimatedthat 83.0% of the total
charged currert iteracti oeventsinthe fiduci al vol une wereretainedinthe presen sanple.
The sourcesof i neffei encywere: non- full y- cémi ned(9. 3% £, L over than 30 MM 5. 8%, re-
ductioni neffei ency(0. 1% and a snall systenati cbi astoward fitti ngt he vertexposi ti omutsi de

1°The Monte Carlo was not hand scamned, except for sel ectedsampl es for studies.



of the fiducial vol ume (2.1% and 1.5%forthe e-lik and p-likeventsrespctiwely).

To neasure the p/e rati owe requi redthat therebe onl ya singl eri ngi deiti fiedi nthe event.
The sub- GeV ki nematicrequirenerts were: F,;; lessthan 1.33 &V, and el ectromnd muon
nonen ta greaterthan 100 and 200 MeV/ ¢, respctiely Table 1 sumarizes the number of
obseried events and conpares them with the Mn te Carloestination. From thesedata, we
obtai ned:

R=(u/e)para/(i/e€)pc = 0.61 £0.03(stat ) £ 0.05(sys.).

Sourcesof systemati cuncertai tiy i n R wereestimatedas fol lws: 5% fromuncertai iy i nt he
predictedy, /ve flux ratiod. 5% fromuncertai iy inthe CC neutrinoiiteracti owrosssections
and nucleareffectsinthe HyO target,3% fromthe neutral currert (NC) crosssection0.5%
fromthe uncertai tiy i npi onpropagationi nwater,3% fromsingl e- ri myent sel ectioi2% from
particle sidertificati onl% fromthe absol uteenergycal i brati o). 6%f romthe vertexfit and
fiduci al vol une cut, l essthan 0.5% fromcontam nati onby cosm ¢ ray muons, flashi ng PMI
events and neutroniteractiond nthe detector,and 1.5% fromstatisticaincertaify in the
Mn te Carl o. Addi ng theseerrorsi nquadrature,the totalsystenati cuncertai fy i s8%

The resul tusi ng particlé denificati omwas checked with the rate of muon decays inthe
neutrinoevents. The detectioreffici encyformuon decay was estimatedto be 80% foru™ and
63% foru™ by a Mn te Carlostudy. These figures were confirned with an accuracyof 1. 5%
usingcosmc-ry stoppi ngmuons. The fractiowf events wi th muon decays inthe single-ring
event sanple isshown inTable?2, and isingood agreenent wi th the Mn te Carl oestination,
forboth u-lidkand e-likevents. This supportsthe reliabi ki 6f the particl edertificati omnd
the Mn te Carl oestinatiomf pi on producti on.

Analysis B

An independent anal ysi ©f t he Sup er- Kani olande data was perforned,todetectpossiblerrors
and provi de a conparison of reducti onand reconstructiotedni ques. The conputer programns
used were conpl etel yi ndependent fromAnal ysisA as werethe determinati onsof energyscal e
and systenati cuncertai iy. The common startingoint foreach anal ysiswas theraw datawi th
electroni csalibrationapplied. The selectionf the data sanple was slighl ydi flerert, and
anal ysisB had an exposureof 25. 8kil ot on-gars.

In Anal ysisB, theinitialetof eventswas obtainedby appl yi ngthe fol lw ng requi renerts:
(1)fever than 10 PMI' hitsinthe outer detectorina 200 ns wi ndow around the triggeitine,
(2)totalcharge collectedlntheinnerdetector> 100 p. e. syi thi na 200 ns tine wi ndow, (3)the
rati o maxi mum p. e.d nany singl M) / (totalp.e.s)vas lessthan 0.4,(4)thetineitersal
fromthe precedi ngevent > 100 us.

In the next stageof the anal ysisa vertexpoit fit was done by y? ninimzationof the
di flerence between the PMI' tine and the tine expected, based on ligh propagati ngfrom
a vertex. The charge ina +20 ns window of residualti ne was requiredto be greaterthan
150 p.e.s.A second fit was appliedforthe hypothesisof a longcosm ¢ ray muon; ifthe entry
poi it had nore than 2 outerdetectortube hitswi thi n20 m and £50 ns, t he event was rejected.

Remai ni ngflashi ngPMI' eventswererenoved by i nposingrequi renertson the shape of the
residualti me distributionln additiona separateanal ysiswas perfornedthat rejectedvents
w threpetitievligh patternscharacteristiaf specificflashi ng PMI5. In the final stageof the



reduction, a precise vertex and direction fit was applied. The vertex reconstruction had 40 cm
resolution sup erinp osed on an uncorrected shift of +43(-43) cm for electrons (muons).

These requireren ts resulted in 3,521 fully contained events wthin the fiducial vol ue.
Ammg themy we viswlly identified 3 events camsed by electronics mise, 1 flashing PMT event,
and 1 event lilely to be an entering cosmic ray muon; however, no events were reno ved based
on scaming, This constituted a bac keround of 0.2%, vhic h was accomn ted for in the systematic
uncertain ty. Based on Mn te Carlo studies we estimated that 85% of the total (C interaction
events were retained inthe sanple: 80% from v, and 95% from v.. There was a smll systemtic
hias toward fitting the vertex position for electrons outside (2.7% and muons imside (2.0% of
the fiducial val ue.

Single-ring events were selected based on cuts wing the azimuthal distribution of light whic h
fallsbehind the (herenk ov cone of the track; events wth azimuthal symetry  were considered
single-ring, and those wth asymetry  were considered multi-ring. Bised on Mn te Grlo stud
ies, the percentage of quasi-elastic interactions in the sample selected by this algorithm was
estimated to be 8% vith a 93%98%  efficiency for identifying quasi-elastic v.(v,) events as
sing e-ring.

Particle identification was performad wsing the vertex and direction from the final track fit
and the distribution of PVMI' charge pro jected onto the track axis at the (herenk ov angle. e
shap e of this distribution was used to determine the particle type, prinarily by maswing nore
pro jected charge behind the vertex for electromgnetic showers than for muons. The particle
nisiden tification probabilities for quasi-elastic v, and v. events were 1.41'(1)?% and 3.51'%:;%
respectivel y.

The momen tum of the final state lepton was determined from the total number of pe.sina
20 ns windo w of residual time, taking into accoun t the higher (herenk ov threshold for muons.
The final data sample of single-ring events, wthin the sane sub GeV kinematic range defined
in Amlysis A and with vertices in the fiducial volurne, consisted of 1,041 p-lile events and
967 e-lile events. The distributions of the particle identification paramater for data and Mn te
Garlo are shown in Figure 2.

Asample of Mn te Girlo events was generated corresp onding to 10.2 years of exp osure, using
the atrmospheric v, and v, flix predictions of Ref. [18] and the pion-pro duction no dels of Rin
and Seghal [ 13 , 14] as adapted for use inthe INB exp erimen t[19]. A second sample was generated
wing the same flix but followng the pionpro duction mo del of Fogli and Nardulli[20, 21] as a
check; essentiallyall results were fond to agree with the first Mn te Garlo sample wthin the
estimtes of systemtic uncertain ty. Bth Mn te Gurlo sanples wed comon — code to track
particles in water, generate (lerenk ov light, and simulate the detector respomse. The Mn te
Girlo events were pro cessed through the sane analysis chain as the experinen tal data. The
classification of data and Mn te Grlo events is summarized in Table 3. Hnally, we obtained
R =0.65 £0.03( stat.) £ 0.05( sys.), in good agreeren t with amalysis A

Estimated contributions to the systematic uncertain ty in R were as fdlas: 5% from the
uncertain ty in the predicted v, /v. fix ratio, 3.5% from particle msiden tification, 3.4% from
the wncertain ty in the (C neutrino cross section, 2.2% from the NU mneutrino cross sections,
1.9% from single-ring selection, 1.8% from the energy calibration, 1.5% from fiducial volume
determnation, lessthan 0.5% from nomneutrino bac kgrounds  con tammnation, and 1.5% from the
statistical error inthe Mn te Garlo. These sum in quadrature to a total systeratic umcertain ty
of 8.1%

A& inanalysis A the fraction of events with one or nore muon deca ys was ingood agreemen t



with Monte Carlo prediction. For e-lile events, 8.4 & 0.9% were found wth one or more decay
signals compared  to the Mn te Grlo prediction of 10.6+£0.4( stat.)£0.3(sy s )% For p-lile events,
55.2+1.5% were found wth one or more deca ys and 2.34+0.5% vith two or nore deca ys, conpared

wth the Mn te Grlo predictions of 55.7+0.5 sa. )£1.7(sy s )% and 3.3+0.2( st )+0.1( sy s )%

respectivel y.

Mn te Gulo

total  ve ({{q.e.) v, Waq.e.) NC
singe-ring 2008 2185.9  T24.1(610.7) 1306. 6( 1095. 7) 155.2

Data

e-lile %7 8211 696.0(587.7) R.8(15.4) 9.4
p-lile 1041 13648 28.1(23.0) 1273.9(1080.3) 628
multi-ring 642 631.3  151.1(44.3) 26.225.2)  233.9
total 250 RI7.2  87B.3(655.0)  1552.9(1120.9)  3%0.1

Table 3: Sumary  of sub-GeV events conpared with Mn te Gurlo estimation, for 25.8 kiloton
years of Sup er- Kamok ande data processed by Analysis B.

Comparison of analyses

Livetine selection was slightly different for Aalysis A and Aalysis B 95% of the liwtine of each
group was analyzed by the other. For runs amalyzed by both groups, we found that M% of the
eventsinthe final sanple of Aalysis A (both single and multi-ring) were alsoincluded inthe final
sample of Amlysis B (dnparing  the ring coun ting algorithm of analysis A wth the singering
selection cuts of analysis B we found that 90% of Amalysis A events had the sane classification
inAalysis B We compared  reconstructed quan titiesfor single-ring events comonly — selected by
both A and B For these events the man absolute diflerence inreconstructed vertex position was
84 cm parallel, and 18 c¢cm perpendicular to the track direction. Reconstructed track directions
agreed wth a nean of angular diference of 2.5 degrees. The average diffrence innomen tum
(AP/P) was 0.5% (omparing  particle identification, we found that 97% of Amalysis A events
agreed wth the Amlysis B classification as e-lile or u-lile. These tesults are consistent vwith
exp ectation based on the resolution and efficiencies of the software developed indep enden tly by
the two analysis groups. Hmnally, we found that the systematic uncertain ties estimated by each
anal ysis were comsisten t wth the diffrences inevent reconstruction.

We note that e ratios for data and Mn te Grlo in Awmlysis A were smaller than those in
Malysis B by 15% and 10% respectively. The difierence inthe Mn te Gelo ratios isprinarily
due to diferences in the vertex fitting and single-ring selection. Using liwetimes vhic h did not
completely overlap, Aalysis A and B found R values whic h were diferen t by 5.8% however, if
comon  runs were uwsed the diffrence was 4.4% his diference iscomsistent with the koo wn
diferences in particle identification between the two anal yses, the systemtic error in R duwe to
diferen t anal ysis techniques only, and the Mn te (arlo statistical error.



Results

Results from the two independen t analyses agree well, ot only in R but also in all other
paints of comparison.  Thus, it would be difficult to explain the observ ed deviation of R from
exp ectation in terma of uresolv ed mstak es in exp erimen tal data amalysis. Since results from
the two indep enden t analyses are comsisten t, further discussion refers to results from analysis A.

In Figmwe 3, R isshown to have no strong dep endence on Dy arr, the distance from the
vertex to the nearest wall (even outside the fiducial volure at Dwarr < 2 n). There ismo
evidence for meutron or other bac kground whic h coud change (p/€)para vear the edge of the
fiducial volune. Based on the scaming of events near Dyyarr, = 0, we determined that the
higher R value in the first hin was lilely to be due to cosmic-ra y muon bac keromnd, but o
significan t muon bac keromnd was observ ed for the other hins.

lgures 4(a) and (b) show the noren tum distributions of the e-lile and p-lile events, re-
spectively. The systemtic uncertain ty inthe absolute normalization of the Monte Carlo events
1s £25%: 2% from the uncertain ty of the neutrino flux calculation and 15% from the neutrino
interaction cross section. & a result, we cannot determine from these data alone whether the
observ ed deviation of R from wmity is due to an electron excess or a muon deficit. The shap e
of each distribution was consistent with Mn te Grlo prediction; y?/d.o.f. was 2.9/12 for the
e-lile events and 12.2/12 for p-lile events. Hgwe 4(c) shows R as a function of moen tum It
isconsistent wth a flat distribution wthin the statistical error.

For the sub-GeV single-ring sample, Mn te (arlo studies showed the mean neutrino energy
for (C interactions to be about 700 MV for e-lile events and 800 MV for u-lile events; the
nean angular correlation between the charged lepton and the neutrino was estimated to be 54°
for muons and 62° for electrons. Hgures 5(a) and (b) show the cos © distributions for e-lile
and p-lile events, vhere O isthe zenith angle of the particle direction. The +25% error of
normlization is also shown. The shap e of the distribution was comsistent vith exp ectation
for the e-like events (y*/d.of. = 6.5/4). However, it was worse (x*/d.o.f. = 18.6/4) for the
the p-lile events. ligwe 5(c) shows R bimmed by zenith angle. Using the two calculated
fhixes[11 , 18] and comparing the (e-lile)asc, (p-like)arc, and (1 / darC shap es for the five cos ©
bins, we fond that the two calculations had £2.2% (£1.4% difference for the e-lile (p-lile)
prediction. b wever, they had very simlar (1 / ¢arc vs cos © distributions. We conclude that
any up-do wn systematic asymetry in R from the uncertain ty inthe assuned flix o del isless
than £1% We estimated that the measured energy was 3% higher for dowrgoing conpared
to up-going particles by studying decay electrons from stopping cosmic rtay muons. This gain
asymetry  cawed +0.1% (£0.4% updo wn asymetry in e-lile (p-lile) events, inplying an
up-do wn asymetry in R of £0.4% e contamnation of nonneutrino hac kground, less than
0.5% coud have directional correlation and could casse amaxim um of £1% up-do wn systematic
error. Ading these in quadrature, the systematic uncertain ty inthe up-do wn asymetry in R
is .5% This systematic uncertain ty ismnegligibly smll compared with the statistical errors in

Hgwre 5c).

Conclwuas

The first masureran  ts of atmospheric  neutrinos in the Sup er-Kamok ande experimen t have
confirred  the existence of a smller atmspheric v,/ 1 ratio than predicted  We obtained
R = 0.61 £0.03( stat ) £ 0.05 s 3 ) for events in the sub- @V range. The Sup er-lémiok ande



detector has much greater fiducial mnass and sensitivig than prior experinents. Given the
relatie certainty inthisresult,statisticalfluctuations can no longer explain the deviation of R
from uni ty.

We gratefull yacknowl edge the cooperation of the Kanok a Mining and Snel ting Conpan y.
The Sup er-kamiok ande experinent was builtand operated from funding by the Japanese Nln-
istryof Education, Science, Sports and Gilture, and the United States Departnen t of Fhergy .
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