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Abstract

From an exposure of 25.5 kiloton-years of the Super- Kami okande detector ,900 muon- l i ke and
983 el ectron- l i ke s i ngl e- r i ngatmospher i c neutr i noi nteract i onswere detectedwi th momen tum
pe > 100 MeV/c, p� > 200 MeV/ c, and wi th vi s i bl eenergy l essthan 1. 33 GeV. Usi ng a
detai l edMon te Carl os i mul at i on,the rat i o(�=e)DATA=(�=e)MC was measured to be 0:61 �
0:03(stat :)�0:05(sys:) , consi stent wi thprevi ousresul tsf romthe Kami ok ande, IMB and Soudan-
2 exper i ments , and smal l er than expected f rom theoret i calmo del s of atmospher i c neutr i no
product i on.

Introduction

Atmospher i c neutr i nosare the decay products of hadroni c showers produced by cosmi c ray
i nteract i onsi n the atmosphere. I n recent years ,the rat i oR � (�=e)DATA=(�=e)MC has been
measured to study the atmospher i c neutr i no
avor rat i o(�� + ��)=(�e + �e) ; the rat i oof data
to Mon te Carl o i s taken to cancel uncertai nt i esi n the neutr i no
ux and crosssect i ons .Here,
(�=e) denotes the rat i oof the numbers of �- l i ke to e- l i ke neutr i noi nteract i onsobserved i n
the data or predi ctedby the Mon te Carl o (MC). The expected val ue f orR i s uni ty i f there
i s agreement between the exper i ment and the theoret i calpredi ct i on. The water Cherenkov
detectorsKami ok ande [1] and IMB [ 2] have observed a stat i st i cal l ys i gni �cant l ow val ueof R f or
\sub-GeV" events wi th l eptonenergi esof about 1 GeV or l ess .The NUSEX [ 3] and Fr�ejus [ 4]
exper i ments have reportedno devi at i onf romuni ty, but wi th smal l erdata sampl es . Recentl y
the Soudan- 2 exper i ment [ 7] has al soobserved an R val ue smal l erthan uni ty. Kami ok ande [ 5]
al soobserved a smal l er�=e rat i oi n the \mul t i - GeV"energy range, as wel las a dependence of
thi srat i oon the zeni thangl e, and hence the neutr i notravel di stance.The smal l val ue of the
rat i oand the zeni thangl edependence suggestthat neutr i noosci l l at i onsma y be responsi bl ef or
theseresul ts .

Thi s l etterpresents the �rst measuremen t of the �=e rat i ous i ng the Super- Kami okande
detector . The data were restr i ctedto the sub-GeV range, whi ch compri ses contai nedevents
wi th vi s i bl eenergyl essthan 1. 33GeV and el ectron(muon) momen tum greaterthan 100 MeV/ c
(200 MeV/ c) ; these cr i ter i amatc h the de�ni t i onused by Kami ok ande.9 We carr i edout two
i ndependent anal yses(A and B) whose resul tswere consi stent wi th each other ,con�rmi ng the
val i di ty of the metho ds used.

9This analysi shas al sobeen performedwi tha mi ni mum p� of 300 MeV/c and p < 1:5 GeV, correspondi ng to
the ki nemati c cuts used i npri oranal ysesby the IMB experi ment[2]; resul tswere very si mi l ar.
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Super-Kamiokande detector

Super-Kamiokande i sa 50- ki lotonwater Cherenkov detectorl ocatednear the Kami ok ande de-
tector ,i n the Mozumi mi ne of the Kami ok a Mi ni ng Compan y i n Gi f upref ecture,Japan. It
l i esat a mean overburdenof 2, 700meters- water- equi val ent bel ow the peak of Mt. I kenoyama.
The i nner detectorcompri ses11, 146Hamamatsu R3600 50- cmdi ameter photomul t i pl i ertubes
(PMT), vi ewi ng a cyl i ndr i calvol ume of pure water 16. 9m i n radi us and 36. 2 m hi gh. The
50- cmPMTs were speci al l ydes i gned[6] to have good si ngl ephotoel ectron(p. e. )response,wi th
t i mi ngresol ut i on2. 5ns RMS. An outer l ayer of water2. 6to 2. 75m thi ck compl etel ysurrounds
the i nnerdetectorto pass i vel yshi el dagai nstradi oact i vi ty f romthe surroundi ngrock. The two
detectorregi onsare opti cal l yseparatedby a pai rof opaque sheetswhi ch encl osea dead regi on
55 cm i nthi ckness . The outer detectori s i nstrumentedwi th 1, 885outward- f aci ngHamamatsu
R1408 20- cmPMTs. I n order to i ncreasel i ght col l ect i on,60 cm� 60 cm wavel engthshi f ters[ 8]
were attached to the outer PMTs, and al lsurf acesof the outer detectorwere coveredwi th re-

ect i ve whi te DuPont Tyvek mater i al .The outer detectordata were used to i denti f yi ncomi ng
cosmi c rays and exi t i ngmuons f romneutr i noi nteract i ons .

Both i nner and outer PMT si gnal swere processedby asynchronous, sel f - tr i gger i ngci rcui ts
that recordthe t i me and charge of each PMT hi tover a threshol d.The i nnerPMT si gnal swere
di gi t i zedwi th customAnal og Ti mi ng Mo dul es (ATMs)[ 9 ] whi ch provi de 1. 2�s range at 0:3 ns
resol ut i oni n t i me and 550 pC range at 0:2 pC resol ut i on( 0:1 p. e. ) i n charge f or each PMT.
The ATM has automati cal l yswi tched dual channel s to provi de deadti me- f reedata acqui s i t i on.
The outer PMT si gnal swere processedwi th customcharge- to- t i meconvers i onmo dul es ,whi ch
output t i mi ngpul sesof wi dth l i near l yproport i onalto the i ntegratedcharge of the PMT pul se.
These s i gnal swere di gi t i zedwi th LeCroy 1877 mul t i - hi tTDCs usi ng16 �s f ul lrange.

A tr i ggerwas f ormed by the coi nci denceof at l east30 PMT hi tsi na 200 ns wi ndow, over a
threshol dof about 1=4 p. e. per PMT. Thi s tr i ggercondi t i oncorresponds to the mean number
of hi t PMTs f or a 5. 7MeV el ectron.The tr i ggerratewas 10- 12 Hz. The tr i ggerrate due to
cosmi c ray muons was 2. 2Hz. Di gi t i zeddata were saved at a totalrateof 12 GB per day.

Water transparencywas measured usi ng a dye l aserand CCD camera, and f ound to be
about 100 m at wavel ength420 nm. Duri ng the t i me per i od descr i bed here (approxi matel y17
mon ths of detectoroperat i on) ,water transparencywas moni tored conti nuousl y by cosmi c- ray
muons; the average e�ect i ve attenuati onl engthf or Cherenkov l i ght i ncreasedby 25%, due to
i mprovemen t i nwater cl ar i ty resul t i ngf romoperat i onof the water puri �cat i onsystem.

The cal i brat i onof di gi t i zedPMT data to number of p. e. sand arr i val t i me was perf ormed
by o�i ne processesdi rect l yl i nked to the detectordata streamvi a l ocal network. Both of
the i ndependent anal ysesbegan wi th the same cal i brateddata. Each anal ys i si ndependentl y
est i matedthe convers i onf romp. e. sto vi s i bl eenergy(Evis) , whi ch i sde�ned as the energyof an
el ectromagnet i cshowerwhi ch produces an equi val ent amoun t of Cherenkov l i ght . Appro xi matel y
9 p. e. sweremeasured f orone MeV of vi s i bl eenergy. The accuracyof the absol uteenergyscal e
was est i matedto be �2:4% based on several cal i brat i onsources : cosmi c ray through- goi ng
muons, stoppi ngmuons, muon- decay el ectrons,the i nvari ant mass of �0s produced by neutr i no
i nteract i ons ,radi oact i ve source cal i brat i on,and a 5- 16 MeV el ectronLINAC. The est i mated
momen tum resol ut i onf orel ectronsand muons i s2:5%=

p
E(GeV) + 0:5% and 3%, respect i vel y.

Both anal ysesrequi redthe vertexof the neutr i noi nteract i onsto be reconstructedi ns i dea
�duci al vol ume 2 m f romthe l i ght barr i erjust outs i dethe i nnerPMT pl ane. Thi s compri seda
concentr i ccyl i ndr i calvol ume 32. 2m hi ghand 14. 9m i nradi uswi th a mass of 22. 5ki l otons.
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Data
Monte Carlo

total �e CC(q.e. ) �� CC(q. e. ) NC

singl e-r i ng 1883 2030. 5 720. 1(562. 4) 1185. 0(921. 4) 125. 3

e- l i ke 983 812. 2 714. 3(558. 4) 18. 6( 4. 5) 79. 3

�- l i ke 900 1218. 3 5. 8( 4. 0) 1166. 5(916. 9) 46. 0

mul t i - r i ng 784 759. 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

Tabl e1: Summary of the sub-GeVexper i mental data compared wi ththe Mon te Carl o est i ma-
t i on. Mon te Carl o stat i st i cshave been normal i zed to the l i vet i me of the exper i mental data.
\q. e. "ref ersto quasi - el ast i cevents .

1 or more muon decays 2 or more muon decays

data MC data MC

�- l i ke 608=900 = 67:6� 1:6% 68:1� 0:1� 1:0% 26=900 = 2:9� 0:6% 4:1� 0:1� 0:2%

e- l i ke 91=983 = 9:3� 0:9% 8:7� 0:3� 0:1% 2=983 = 0:2� 0:1% 0:1� 0:1� 0:01%

Tabl e 2: Percentages of events wi th muon decay i n s i ngl e- r i ngevents . The �rst errorval ue
shown i sstat i st i cal .For Mon te Carl o, the second errorval ue i s f romthe est i matedmuon decay
detect i one�ci ency.

Analysis A

For anal ys i sA, we used data f roma 25. 5ki l oton- yearsnet exposure,col l ectedduri ngthe per i od
betweenMa y 1996 and October 1997. The mai n backgrounds f orthe observat i onof atmospher i c
neutr i noevents werecosmi c ray muons and l ow- energy radi oact i vi ty i nthe detector .These two
backgrounds were rejectedby requi r i ngno correl atedhi tsi nthe outer detectorand a mi ni mum
deposi tedenergyof 30 MeV i nthe i nnerdetector ,respect i vel y.

Start i ngf rom� 400 mi l l i ontr i ggers ,the data sampl e was reduced to about 12, 000events
by appl yi ngthe f ol l owi ng requi rements : (1) no s i gni �cant outer detectoract i vi ty (totalnumber
of hi tsl essthan 25, and no spati alcl usterwi th more than 10 hi ts) ,(2) total charge col l ected
i nthe i nnerdetector> 200 p. e. s ,whi ch corresponds to 22 MeV/ c f orel ectronsand 190 MeV/ c
f ormuons, (3) the rat i o(maxi mum p. e. i n any si ngl ePMT)/(total p. e. s)i s l essthan 0:5, and
(4) the t i me i nterval f romthe precedi ngevent > 100 �s , to rej ectel ectronsf romstoppi ngmuon
decays. Addi t i onal sel ect i oncr i ter i awere used to el i mi natespuri ousevents , such as those due
to \
ashi ng"PMTs that emi t l i ght f romi nternal corona di scharges . The sel ectedevents were
hand- scanned by two i ndependent scanners , to rej ectremai ni ng background events . Ab out
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6,000 events were class i�edas ful l y-contai nedevents , a l argef ract i onof whi ch were neutr i no
i nteract i onswi th no charged part i cl esexi t i ngi nto the outer detector .

The vertexposi t i onof an event was determi nedusi ngPMT hi tt i mes;the poi nt whi ch yi el ded
the sharpest di str i but i onof PMT ti mes adjusted f or the t i me of 
i ght of Cherenkov l i ght was
de�ned as the vertexposi t i on.The vertexwas reconstructedagai naf terpart i cl ei dent i �cat i onto
correctf orpart i cl etrack l ength.The vertexresol ut i onwas est i matedtobe 30 cm f ors i ngl e- r i ng
f ul l y- contai nedevents . The number of Cherenkov ri ngsand thei rdi rect i onswere determi ned
automati cal l yby a maxi mum- l i kel i hood procedure. The e�ci encyf or i dent i f yi ngquasi - el ast i c
�e(��) events as s i ngl e- r i ngwas 93(95)%. The angul ar resol ut i onf or s i ngl e- r i ngevents was
est i matedto be 3 degrees .The momen tum of a part i cl ewas determi nedf romthe totalnumber
of p. e. swi thi na 70� hal f - angl econe rel at i ve to the track di rect i on,wi th correct i onsf or l i ght
attenuati onand PMT angul ar acceptance.

The part i cl ei dent i �cat i onof the �nal statel eptonexpl oi tssystemati cdi �erencesi nthe shape
and the openi ng angl e of Cherenkov ri ngsproduced by el ectronsand muons. Cherenkov ri ngs
f romel ectromagnet i ccascadesexhi bi ta more di �use l i ght di str i but i onthan those f rommuons.
The openi ng angl e of the Cherenkov cone, whi ch depends on �(� v=c) , was used to separate
el ectronsand muons at l ow momen ta. The val i di ty of the metho d was con�rmed by a beam
test exper i ment at KEK[10 ]. Fi gure 1 shows di str i but i onsof the PID parameter (e�ect i vel y
a l og- l i kel i hood di �erencef or the el ectronand muon hypotheses)f or the data and f or Mon te
Carl o s i ngl e- r i ngevents . I f the PID parameter was posi t i ve(negat i ve) , the event was cl ass i �ed
as e- l i ke(�- l i ke) . The mi s i denti �cat i onprobabi l i t i esf or s i ngl e- r i ngmuons and el ectronswere
est i matedto be 0:5 � 0:1% and 0:7� 0:1%, usi ngs i mul atedcharged- current (CC) quasi - el ast i c
neutr i noevents . The i denti �cat i one�ci ency was checked usi ngcosmi c- ray muons whi ch stopi n
the detectorand subsequentl ydecay to el ectrons.The resul t i ngmi s i denti �cat i onprobabi l i t i es
f orthesemuon and el ectroneventswere0:4�0:1% and 1:8�0:5%, respect i vel y, i ngood agreement
wi th the Mon te Carl o est i mates . Thi s check was perf ormed conti nuousl y duri ng data- taki ng,
and part i cl ei dent i �cat i onperf ormance remai ned stabl edespi tei ncreas i ngwater transparency.

There are several cal cul at i onsof the expected atmospher i c neutr i no
ux at the Super-
Kami ok ande s i te. The cal cul ated
ux of Ref . [ 11] was used f or the Mon te Carl o s i mul at i on
of atmospher i c neutr i noi nteract i ons .The neutr i noi nteract i onmo del took i nto account quasi -
el ast i cscatter i ng[ 12] , s i ngl e- pi onproduct i on[ 13] , coherent pi on product i on[ 14] , and mul t i - pi on
product i on[ 15] . Propagati onof produced l eptonsand hadrons was mo del edusi nga GEANT[ 16 ] -
baseddetectors i mul at i on,whi ch i ncl udedCherenkov l i ght product i onand propagati oni nwater .
Hadroni ci nteract i onsweres i mul atedby CALOR[ 17 ] ,except f orpi onswi thmomen tum l essthan
500 MeV/ c, f orwhi ch a speci alprogram[ 15] was devel oped, wi th cross- sect i onstaken f romthe
exper i mental resul ts .For pi ons produced i n16O nucl ei ,i nel ast i ci nteract i ons ,charge exchange,
and absorpt i oni n the nucl eiwere al sotaken i nto account[ 15] . A sampl e equi val ent to 10 years
of detectoroperat i onwas generatedwi th the Mon te Carl o s i mul ator .Thi s Mon te Carl o sampl e
was thenpassedthrough the same event �l ter i ng10 and reconstruct i onas the exper i mental data.

From the i ni t i al6, 000 f ul l y- contai nedevents , 3, 462neutr i noevent candi dateswere recon-
structedi n the �duci al vol ume wi th Evis > 30 MeV. We est i matedthat 83. 0% of the total
charged current i nteract i onevents i n the �duci al vol ume were retai nedi n the present sampl e.
The sourcesof i ne�ci encywere: non- f ul l y- contai ned(9. 3%),Evi s l ower than 30 MeV(5. 8%), re-
duct i oni ne�ci ency(0. 1%),and a smal l systemati cbi astoward�tt i ngthe vertexposi t i onouts i de

10The Monte Carlo was not hand scanned, except for sel ectedsampl es f or studies.
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of the �ducial vol ume (2.1% and 1. 5%f or the e-l i ke and �- l i ke events respect i vel y).
To measure the �/e rat i owe requi redthat therebe onl ya s i ngl er i ngi denti �edi nthe event.

The sub-GeVki nemati c requi rements were: Evis l essthan 1. 33GeV, and el ectronand muon
momen ta greaterthan 100 and 200 MeV/ c, respect i vel y. Tabl e 1 summari zes the number of
observed events and compares them wi th the Mon te Carl oest i mati on. From these data, we
obtai ned:

R � (�=e)DATA=(�=e)MC = 0:61� 0:03(stat :)� 0:05(sys :):

Sourcesof systemati cuncertai nty i nR wereest i matedas f ol l ows: 5% f romuncertai nty i nthe
predi cted��/�e 
ux rat i o,3. 5%f romuncertai nty i nthe CC neutr i noi nteract i oncrosssect i ons
and nucl eare�ectsi n the H2O target ,3% f romthe neutral current (NC) cross sect i on,0. 5%
f romthe uncertai nty i npi onpropagati oni nwater ,3% f romsi ngl e- r i ngevent sel ect i on,2% f rom
part i cl emi s i dent i �cat i on,1% f romthe absol uteenergycal i brat i on,0. 6%f romthe vertex�t and
�duci al vol ume cut, l essthan 0. 5% f romcontami nati onby cosmi c ray muons, 
ashi ng PMT
events and neutron i nteract i onsi n the detector ,and 1. 5% f romstat i st i caluncertai nty i n the
Mon te Carl o. Addi ng theseerrorsi nquadrature,the totalsystemati cuncertai nty i s8%.

The resul tus i ng part i cl ei dent i �cat i onwas checked wi th the rate of muon decays i n the
neutr i noevents . The detect i one�ci encyf ormuon decay was est i matedto be 80% f or�+ and
63% f or �� by a Mon te Carl o study. These �gures were con�rmed wi th an accuracyof 1. 5%
usi ng cosmi c- ray stoppi ngmuons. The f ract i onof events wi th muon decays i n the s i ngl e- r i ng
event sampl e i s shown i nTabl e 2, and i s i ngood agreement wi th the Mon te Carl o est i mati on,
f orboth �- l i ke and e- l i ke events . Thi s supportsthe rel i abi l i ty of the part i cl ei dent i �cat i onand
the Mon te Carl o est i mati onof pi onproduct i on.

Analysis B

An i ndependent anal ys i sof the Super- Kami okande data was perf ormed,to detectposs i bl eerrors
and provi de a compari son of reduct i onand reconstruct i ontechni ques . The computer programs
used were compl etel yi ndependent f romAnal ys i sA, as were the determi nati onsof energyscal e
and systemati cuncertai nty. The common start i ngpoi nt f oreach anal ys i swas the raw data wi th
el ectroni cscal i brat i onsappl i ed. The sel ect i onof the data sampl e was s l i ght l ydi �erent , and
anal ys i sB had an exposure of 25. 8ki l oton- years .

In Anal ys i sB, the i ni t i alsetof events was obtai nedby appl yi ngthe f ol l owi ng requi rements :
(1) f ewer than 10 PMT hi tsi n the outer detectori na 200 ns wi ndow around the tr i ggert i me,
(2) totalcharge col l ectedi nthe i nnerdetector> 100 p. e. s ,wi thi na 200 ns t i me wi ndow, (3) the
rat i o(maxi mum p. e. si nany si ngl ePMT) / (totalp. e. s)was l essthan 0. 4,(4) the t i me i nterval
f romthe precedi ngevent > 100 �s .

I n the next stage of the anal ys i s ,a vertexpoi nt �t was done by �2 mi ni mi zat i onof the
di �erence between the PMT ti me and the t i me expected, based on l i ght propagati ng f rom
a vertex. The charge i n a �20 ns wi ndow of res i dualt i me was requi redto be greaterthan
150 p. e. s .A second �t was appl i edf or the hypothes i sof a l ong cosmi c ray muon; i f the entry
poi nt had more than 2 outer detectortube hi tswi thi n20 m and �50 ns, the event was rejected.

Remai ni ng 
ashi ngPMT eventswereremoved by i mposi ngrequi rements on the shape of the
res i dualt i me di str i but i on.I n addi t i on,a separateanal ys i swas perf ormed that rej ectedevents
wi th repet i t i ve l i ght patternscharacter i st i cof speci �c
ashi ngPMTs. I n the �nal stageof the
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reduction, a precise vertex and direction �t was applied. The vertex reconstruction had 40 cm
resolution sup erimp osed on an uncorrected shi ft of +43(-43) cm for electrons (muons).

These requiremen ts resulted in 3,521 ful ly contained events within the �ducial volume.
Among them, we visual ly identi�ed 3 events caused by electronics noise, 1 
ashing PMT event,
and 1 event l ikely to be an entering cosmic ray muon; however, no events were remo ved based
on scanning. This constituted a bac kground of 0.2%, whic h was accoun ted for in the systematic
uncertain ty. Based on Mon te Carlo studies we estimated that 85% of the total CC interaction
events were retained in the sample: 80% from �� and 95% from �e. There was a smal l systematic
bias toward �tting the vertex position for electrons outside (2.7%) and muons inside (2.0%) of
the �ducial volume.

Single-ring events were selected based on cuts using the azimuthal distribution of l ight whic h
fal l sbehind the Cherenk ov cone of the track; events with azimuthal symmetry were considered
single-ring, and those with asymmetry were considered multi -ring. Based on Mon te Carlo stud-
ies, the percentage of quasi -elastic interactions in the sample selected by this algorithm was
estimated to be 78% with a 93%(98%) e�ciency for identi fying quasi -elastic �e(��) events as
single-ring.

Particle identi�cation was performed using the vertex and direction from the �nal track �t
and the distribution of PMT charge pro jected onto the track axis at the Cherenk ov angle. The
shap e of this distribution was used to determine the particle typ e, primari ly by measuring more
pro jected charge behind the vertex for electromagnetic showers than for muons. The particle
misiden ti�cation probabi l i ties for quasi -elastic �� and �e events were 1:4+1:6

�0:5
% and 3:5+1:4

�1:5
%,

respectively.
The momen tum of the �nal state lepton was determined from the total number of p.e.s in a

20 ns windo w of residual time, taking into accoun t the higher Cherenk ov threshold for muons.
The �nal data sample of single-ring events, within the same sub-GeV kinematic range de�ned
in Analysis A, and with vertices in the �ducial volume, consisted of 1,041 �-l ike events and
967 e-l ike events. The distributions of the particle identi�cation parameter for data and Mon te
Carlo are shown in Figure 2.

A sample of Mon te Carlo events was generated corresp onding to 10.2 years of exp osure, using
the atmospheric �� and �e 
ux predictions of Ref. [18] and the pion-pro duction mo dels of Rein
and Seghal [13 , 14] as adapted for use in the IMB exp erimen t[19] . A second sample was generated
using the same 
ux but fol lowing the pion-pro duction mo del of Fogl i and Nardul l i [20, 21] as a
chec k; essential lyal l results were found to agree with the �rst Mon te Carlo sample within the
estimates of systematic uncertain ty. Both Mon te Carlo samples used common code to track
particles in water, generate Cherenk ov l ight, and simulate the detector response. The Mon te
Carlo events were pro cessed through the same analysis chain as the exp erimen tal data. The
classi�cation of data and Mon te Carlo events is summarized in Table 3. Final ly, we obtained
R = 0:65 � 0:03( stat :)� 0:05( sys:), in good agreemen t with analysis A.

Estimated contributions to the systematic uncertain ty in R were as fol lows: 5% from the
uncertain ty in the predicted ��=�e 
ux ratio, 3.5% from particle misiden ti�cation, 3.4% from
the uncertain ty in the CC neutrino cross section, 2.2% from the NC neutrino cross sections,
1.9% from single-ring selection, 1.8% from the energy cal ibration, 1.5% from �ducial volume
determination, less than 0.5% from non-neutrino bac kgrounds contamination, and 1.5% from the
statistical error in the Mon te Carlo. These sum in quadrature to a total systematic uncertain ty
of 8.1%.

As in analysis A, the fraction of events with one or more muon deca ys was in good agreemen t
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with Monte Carlo prediction. For e-l ike events, 8:4� 0:9% were found with one or more deca y
signals compared to the Mon te Carlo prediction of 10:6�0:4(stat:)�0:3(sy s: )%. For �-l ike events,
55:2�1:5% were found with one or more deca ys and 2:3�0:5% with two or more deca ys, compared
with the Mon te Carlo predictions of 55 :7�0:5(stat: )�1:7(sy s: )% and 3:3�0:2(stat: )�0:1(sy s: )%,
respectively.

Data
Mon te Carlo

total �e CC(q.e.) �� CC(q.e.) NC

single-ring 2008 2185.9 724.1(610.7) 1306.6(1095.7) 155.2

e-l ike 967 821.1 696.0(587.7) 32.8(15.4) 92.4

�-l ike 1041 1364.8 28.1(23.0) 1273.9(1080.3) 62.8

multi -ring 642 631.3 151.1(44.3) 246.2(25.2) 233.9

total 2650 2817.2 875.3(655.0) 1552.9(1120.9) 389.1

Table 3: Summary of sub-GeV events compared with Mon te Carlo estimation, for 25.8 ki loton-
years of Sup er-Kamiok ande data pro cessed by Analysis B.

Comparison of analyses

Livetime selection was sl ightlydi�erent for Analysis A and Analysis B; 95% of the l ivetime of each
group was analyzed by the other. For runs analyzed by both groups, we found that 94% of the
events inthe �nal sample of Analysis A (both single and multi -ring) were also included inthe �nal
sample of Analysis B. Comparing the ring-coun ting algorithm of analysis A with the single-ring
selection cuts of analysis B, we found that 90% of Analysis A events had the same classi�cation
inAnalysis B. We compared reconstructed quan titiesfor single-ring events commonly selected by
both A and B. For these events the mean absolute di�erence in reconstructed vertex position was
84 cm paral lel , and 18 cm perpendicular to the track direction. Reconstructed track directions
agreed with a mean of angular di�erence of 2.5 degrees. The average di�erence in momen tum
(�P=P ) was 0.5%. Comparing particle identi�cation, we found that 97% of Analysis A events
agreed with the Analysis B classi�cation as e-l ike or �-l ike. These results are consisten t with
exp ectation based on the resolution and e�ciencies of the software dev eloped indep enden tly by
the two analysis groups. Final ly, we found that the systematic uncertain ties estimated by each
analysis were consisten t with the di�erences in event reconstruction.

We note that �=e ratios for data and Mon te Carlo in Analysis A were smal ler than those in
Analysis B by 15% and 10%, respectively. The di�erence in the Mon te Carlo ratios is primari ly
due to di�erences in the vertex �tting and single-ring selection. Using l ivetimes whic h did not
completely overlap, Analysis A and B found R values whic h were di�eren t by 5.8%; however, i f
common runs were used the di�erence was 4.4%. This di�erence is consisten t with the kno wn
di�erences in particle identi�cation between the two analyses, the systematic error inR due to
di�eren t analysis techniques only, and the Mon te Carlo statistical error.
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Results

Results from the two independen t analyses agree wel l , not only in R but also in al l other
points of comparison. Thus, i t would be di�cult to explain the observ ed deviation of R from
exp ectation in terms of unresolv ed mistak es in exp erimen tal data analysis. Since results from
the two indep enden t analyses are consisten t, further discussion refers to results from analysis A.

In Figure 3, R i s shown to have no strong dep endence on DWALL, the distance from the
vertex to the nearest wal l (even outside the �ducial volume at DWALL < 2 m). There is no
evidence for neutron or other bac kground whic h could change (�=e)DATA near the edge of the
�ducial volume. Based on the scanning of events near DWALL = 0, we determined that the
higher R value in the �rst bin was l ikely to be due to cosmic-ra y muon bac kground, but no
signi�can t muon bac kground was observ ed for the other bins.

Figures 4(a) and (b) show the momen tum distributions of the e-l ike and �-l ike events, re-
spectively. The systematic uncertain ty in the absolute normal ization of the Monte Carlo events
is�25%: 20% from the uncertain ty of the neutrino 
ux calculation and 15% from the neutrino
interaction cross section. As a result, we cannot determine from these data alone whether the
observ ed deviation of R from unit y is due to an electron excess or a muon de�cit. The shap e
of each distribution was consisten t with Mon te Carlo prediction; �2=d:o:f: was 2:9=12 for the
e-l ike events and 12 :2=12 for �-l ike events. Figure 4(c) shows R as a function of momen tum. It
is consisten t with a 
at distribution within the statistical error.

For the sub-GeV single-ring sample, Mon te Carlo studies showed the mean neutrino energy
for CC interactions to be ab out 700 MeV for e-l ike events and 800 MeV for �-l ike events; the
mean angular correlation between the charged lepton and the neutrino was estimated to be 54�

for muons and 62� for electrons. Figures 5(a) and (b) show the cos � distributions for e-l ike
and �-l ike events, where � is the zenith angle of the particle direction. The �25% error of
normal ization is also shown. The shap e of the distribution was consisten t with exp ectation
for the e-l ike events (�2=d:o:f : = 6:5=4). However, i t was worse (�2=d:o:f: = 18 :6=4) for the
the �-l ike events. Figure 5(c) shows R binned by zenith angle. Using the two calculated

uxes[11 , 18] and comparing the (e-l ike)MC , (�-l ike)MC , and (� = e)MC shap es for the �ve cos �
bins, we found that the two calculations had �2.2% (�1.4%) di�erence for the e-l ike (�-l ike)
prediction. Ho wever, they had very simi lar (� = e)MC vs cos � distributions. We conclude that
any up-do wn systematic asymmetry inR from the uncertain ty in the assumed 
ux mo del is less
than �1%. We estimated that the measured energy was 3% higher for down-going compared
to up-going particles by studying deca y electrons from stopping cosmic ray muons. This gain
asymmetry caused �0.1% (�0.4%) up-do wn asymmetry in e-l ike (�-l ike) events, implying an
up-do wn asymmetry inR of �0.4%. The contamination of non-neutrino bac kground, less than
0.5%, could have directional correlation and could cause a maxim um of �1% up-do wn systematic
error. Adding these in quadrature, the systematic uncertain ty in the up-do wn asymmetry inR
i s 1.5%. This systematic uncertain ty is negl igibly smal l compared with the statistical errors in
Figure 5(c).

Conclusions

The �rst measuremen ts of atmospheric neutrinos in the Sup er-Kamiok ande exp erimen t have
con�rmed the existence of a smal ler atmospheric ��= �e ratio than predicted. We obtained
R = 0:61 � 0:03( stat :) � 0:05( s ys :) for events in the sub-GeV range. The Sup er-Kamiok ande
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detector has much greater �ducial mass and sensi ti vi ty than pri or experimen ts. Gi ven the
rel ati ve certai nty i n thi s resul t, stati sti cal
uctuati ons can no l onger expl ai n the devi ati on of R
f rom uni ty.

We grateful l yacknowl edge the cooperati on of the Kami ok a Mini ng and Smel ti ng Compan y.
The Sup er-Kami ok ande experimen t was bui l tand operated f rom fundi ng by the Japanese Min-
i stryof Educati on, Sci ence, Sports and Cul ture, and the Uni ted States Departmen t of Energy .
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Figure 1: Distribution of the particle iden ti�cation (PID) parameter for single-ring atmospheric
neutrino even ts for both data and Mon te Carlo samples in Analysis A. If the PID parameter of
an even t is positiv e (negativ e), the event is classi�ed as e-like (�-like). For the Mon te Carlo, the
con tributions from charged curren t and the neutral curren t events are also sho wn.
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e-like events (PID > 0) in both data and Mon te Carlo samples.

0

0.5

1

1.5

0 5 10 15

fiducial volume

(µ
/e

) D
A

T
A
/(

µ/
e)

M
C

DWALL(m)
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