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A descriptionof the earlywork on experimentalobseration andstudyof cosmicray neutrinosin Indiais sketched
here. This includesexperimentsto measurehe variation of intensity of cosmicray muonsdown to greatdepths
undeground,the rst detectorgor neutrinodetection andtheconsolidatiorof neutrinodatausinglargescaleproton
decayexperiments Also includedis a brief descriptionof special(Kolar) eventsrecordedn the KGF detectorsthat
defy explanationon the basisof normal muon or neutrinointeractions. Resultsfrom the neutrino experiments
conductedn otherlaboratoriesaroundthe sametime period aswell asthoserecordedin all the rst-generation

protondecayexperimentswill bereviewedbrie y.
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1 Intr oduction

Primary CosmicRadiation(PCR),the only sourceof
high enegy elementaryparticlesuntil the adwent of
acceleratorin the early 1960s,wasthe subjectof in-
tensestudy at a numberof laboratoriesaroundthe
world including thosein India, andin particularat
the Tata Institute of FundamentaResearch Mum-
bai (TIFR). The detectionmediausedwere nuclear
emulsions o wn at balloon altitudes(at Hyderabad)
and triggeredcloud chambersoperatedat mountain
altitudes(at Ooty), to studythe compositionof pri-
mary cosmicrays and secondarnjhadroninteractions
respectrely. This wascloselyfollowed by extensve
air shaver (EAS) studiesusing a network of scintil-
lation detectorsaarrangedn an arrayat both sea-leel
andat mountainaltitudes.

This led to the study of hadroncollisionsat ultra
highenegieswhich arenotavailablefrom accelerator
beamspy a detailedsimulationandcomparisorwith
theEAS dataon electronsmuonsandhadrons A dif-
ferentpathwastakenin thestudyof cosmicray muons
in theearly1950s.TheKolar Gold Fields(KGF) pro-
videdanidealenvironmentto studymuonsatdifferent
depthsundegroundandtherebyallowed the studyof
their enegy spectrumandangulardistributionsup to
very high enegies, much beyond what was possible
with magnetspectrometereperatecht sealevel.

It haslong beenrecognizedthat the secondary
cosmicradiationis a rich sourceof neutrinoswith
a wide rangeof enegies. This was basedon the
understandinghat cosmicray secondariegomprise
high enegy pionsandmuonsandtheir decaysn the
Earth's atmosphergrovide a copioussourceof neu-
trinos. The rst suggestiorthat cosmicray neutri-
noscould be detectedby experimentsoperateddeep
undegroundwas madein 1960 by Markov and his
collaborators. An estimateof ux es was made by
Greisen, anddetailedcalculationson ux esandan-
gular distributions were rst madeby Zatsepinand
Kuzmir? with pionsandmuonsasthe sourceof neu-
trinos. Someof theseauthorstalked of installations
of area300m? or 10 m? in volumebut felt thatsome
idea of cross-sectiorwas necessaryand one should
await the resultsof the then plannedacceleratoex-
periments.

It was only from the acceleratorexperimentof
Danbyetal? atBrookhasen,thatonebecamewareof
thedistinctionbetweerthe muonandelectronneutri-
nosandof thelarge cross-sectiofor n-N interactions
atafew GeV. Detailedestimate®f ux esof muonand
electronneutrinosandanti-neutrinogrom all possible
decaymodesof kaons,n additionto thosefrom pions
andmuons weremadeby Osbornestal.* andCowsik
etal’?

At the Kolar Gold Mines, a detailedmappingof
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Fig. 1 Thescintillatorlead-GMcountertelescopaisedat greatdepthsin KGF mines.A coincidenceof pulsesfrom PMTsviewing the
two scintillatorsandthe sandwichedsM counterarrayprovidedthe signalwith negligible background.

Tablel

Summanof muonmeasuementdy MNR experimenin KGF mines.
Depthfrom  Depthfrom the Time of Numberof  Counting
surfacein top of the obseration:  counts ratein
meters atmospherémwe)  Hrs. Mins. obsered counts/hr
270 810 60- 20 10,152 168.3 1.7
800 1812 100- 28 1,029 10.23 0.32
1130 3410 211- 45 142 0.67 0.056
1415 4280 944- 06 127 0.132 0.012
2110 6380 2992- 40 18 (6.0 1.4) 103
2760 8400 2880- 00 none 347 103

cosmicray muonsas a function of depthand angle
wasundertakn sincel1960in a seriesof experiments
by Miyake, Narasimhamand Ramanamurtyp to

3 km belov ground.It wasclearthatthe muon ux es
attenuateapidlywith depthandaresolow atthegreat
depthof 8400hg/cn?, thatno countwasrecordedor
2 monthsin detectorof area3 sg. meters.This paved
the way for a realistic estimateof the muon back-
groundfor a possibleneutrinodetectorusingthe ad-
vantageof greatdepthsfor unambiguousletectionof
eventsfrom neutrinointeractiongseeMenonet al.f).
Thiswasindeedthe startingpoint for the neutrinoex-

perimentconductedn KGF, India,andin theERPM
minesin SouthAfrica during1965.

2 CosmicRay Muons

A brief descriptionof the muonexperimentsat KGF
will beusefulto understandhow the neutrinoexperi-
mentsevolvedin a naturalmanner

The KGF minesare situatedat 870 m above sea
level at a latitude of 12 54 N nearBangalore South
India; it hasa at surfacetopography( 40m)overa
3km 3 kmareaaroundthe mainshaftof the Cham-
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pion reefmine. The mineshave anextendednetwork
of tunnelsundeground permitting obserationsat a
seriesof depthsdown to 3 km, i.e., 8400 hg/cn? of
Kolarrock. TheKolarrock hasspecialcharacteristics
in termsof density(3.02g/cn?), andchemicalcom-
positioni.e. Z A 0495and Z?> A 64 when
comparedo the so-calledstandardock (0.5, 5.5 re-
spectvely). The rst experimentson depthvariation
of muon ux esatKGF wereconductedy Sreekantan
etal” up to depthsof 900hg/cn?. At KGF, 1 hg/cn?
is equivalentto approximately30 cm of rock thick-
ness.

A new series of TIFR experiments was
started in 1961 by Miyake, Narasimham and
Ramanamuri{MNR) covering depthsrangingfrom
816 to 8400hg/cnt. They emplo/ed a scintillation
counterlead telescopeof area1.62 m? in a 4-fold
coincidencemode of photomultipliers(PMT's) and
addedanothersimilar unit (with anextralayerof GM
counters}o increasaherateof collectionof muonsat
depthsof 6380and8400g/cn?. A pictureof the de-
tectoris shavnin Fig. 1. Tablel providessomedetails
of the datacollectedin theseexperimentgMiyake et
al’®). The counting rateswere corvertedto actual
ux eshy takingaccounbf theapertureandtheangu-
lar distribution of muonsateachdepthof obseration.
The angulardistribution wasknown only for the very
shallov depthsat thattime andonehadto infer it for
greatdepthsfrom the Depthvs Intensity relation of
muons.

The angulardistributions of muonswere mea-
suredat KGF by a TIFR-DurhamUniversity exper
iment (Achar et al.’) using neon ash tubes(glass
tubesof 1 cm diameter 2 m long, lled with spec-
troscopicneonand sealed)as visual track detectors;
they hadaresolutionof approximatelylO in thepro-
jectedzenithangleof the tracks. The angulardistri-
bution wasmeasureét depthsof 816,1812and4100
hg/cn? andfoundto be consistentvith thosederived
indirectly from depth-intensityariation. SeeFig. 2.
This wasindeedthe startingpoint to usea visual de-
tector at KGF in the study of cosmicrays at great
depths. Neon ash tube arrayswere usedin all ex-
perimentsconductedat KGF subsequentyuntil pro-
portionalcountersn largenumbersvereemplgedin
themassie protondecayexperimentsduring 1980.

While the angulardistribution could be expressed
asl g | 0 cod'qg for shallav depthstheexponen-
tial depletionof ux atgreatdepthds moreaccurately

expressedas | h g | hO secgexp n seqq

1 . At the depthof 7000 hg/cn? , the exponent
n 9 05, afactthatis crucialin theidenti cation
of neutrinoeventsto bediscussedh thenext section.

3 Neutrino Experimentsat KGF

The no-count obseration of the experiment of
Miyake et al.X° at the depth of 8400 hg/cn? led to
the conclusionthat the atmosphericmuon intensity
hasbeenattenuatedo suchan extentthat one could
searchfor rare processesike the interactionof high
enegy neutrinosof the cosmicray beam. However,

with the measuredccross-sectiorup to 10 GeV and
the estimatedux esof all neutrinos,t wasclearthat
at leasta few kilotons of target would be requiredto
recorda few neutrinointeractionsper year On the
otherhand,one could detectthe muonsproducedin

the chaged currentneutrinointeractionsin the sur

roundingrock by usingmodestletectomarraysof large
area. The tamget materialavailablein sucha casede-
pendsupon the rangeof the muon inside the rock,
which is proportionalto the muon (neutrino)enenpy.

Furthermore,one could suppresghe residualatmo-
sphericmuonbackgroundy utilizing the widely dif-

ferentfeaturesof the angulardistributions. While at-
mospherianuonshave asteepdistribution with apeak
in the vertical direction, the neutrino-inducednuons
have anearlyisotropicdistribution but with anenepgy-

dependengxcessn thehorizontaldirection. Thisfea-
turewasexploitedin designingthe detectorarraysas
horizontaltelescopeswhich provided maximumsen-
sitivity for detectionof neutrinoevents.

Very little wasknown at this time from the accel-
eratorexperimentsaboutneutrinointeractionsat en-
emiesbeyond a few GeV andthe succes®f cosmic
ray experimentsndeeddependedheaily onthepre-
dictions on the cross-sectiorat higher enegies and
the detailsof interactions. The neutrino-interactios
studiedatacceleratorANL, BNL andCERN)in the
early 1960swerebasedprimarily uponn,, beams#,
interactionswere not studiedas also the ne and A
processesThe n,, cross-sectionmeasuredt CERN
upto 10 GeV andthe meanfraction, f, of muonen-
emgy in chagedcurrentprocessesanbe summarized
asfollows':

06 02
095 005.

Elastic: 10 38 cnm? per n-p

pair, f
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Fig. 2 Depthvs. Intensityplot from all experimentsconductedat KGF until 1970.Marny pointsin this plot wereextractedfrom angular
distributionsassuminghatonly pionsandkaonsarethe parentsof muons.

Inelastic N; , 5 , production): 113 028

10 38cn? perproton, f 075.
All (elastic + inelastic): 08 02 E,
10 8 cn? pernucleon, f 054 006.

Theatmospherimeutrino ux es—muorandelectron
typesandtheir anti-particles—hadbeenestimatedn
detail by this time using speci ¢ interactionmodels
(Cowsik et al®) or working back from the obsered
enegy spectrumof muonsto the productionspectra
of pionsandkaonsin the collisionsof cosmicraysin
the Earths atmospherte The ux esandtheir angular
distributions asa function of enepy, asestimatedoy
Osborneetal., areshovn in Fig. 3.

The principle of detectionof neutrinoeventswas
to a) deploy detectorsat greatdepthsundeground,b)
maximizethe exposureand suppresghe residualat-
mosphericmuon componentoy emplg/ing horizon-
tal telescope®r of arail-geometryandc) searchfor
muonsgeneratedby neutrinointeractionsn surround-
ing rock, atlarge zenithanglesusingvisualdetectors.
Thetaigetmasss providedby therock andits weight
depend®ntherangeof amuonproducedn neutrino-
interactionsthisin turndependednthemuonenegy

whosefraction, f, in the interactionis relatedto the
processeatplay, asgivenabove.

The rate of neutrinointeractionsinside the rock
canbeexpressedsfollows:

I' g dqg th|=‘ E,qdE,dg s E, REf

N

Av r

where q is the zenith angle of neutrinos;i is the
avour index—ne nn, A ordy; s is the cross-section;
f is thefractionof enegy transferredo leptons;Ris
therangeof muonsin g percm? ; N, is the Avagadro
numberandr is the densityof rock. Thelower limit
“th' is thetriggerlevel for eachof the detectors.

KGF Neutrino Detectors

The neutrinoexperimentat KGF was conducted
by groupsfrom TIFR, India, DurhamUniversity UK,
and OsakaCity University Japan,usingtechniques
perfectedbvertheyearsfor the muonexperimentge-
scribedin Section2, i.e., basictrigger with scintilla-
tion countersandNeonFlashTubes(NFT) for track-
ing detectorsSevendetectorsveredeploedin along
tunnelat the depthof 2.3 km in the Heathcoteshaft
of Champiorreefmines,in threebatchespreadover
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Fig. 3 Enegy spectraof neutrinosproducedn theatmosphereafterOsborneetal * ( n,,, denotesiy, n%nandne denotesre A in (a)
theletterin bracletsafterthetype of neutrinoindicatesthe parentparticle).

2 years,startingfrom the end of 1964. All of them
had vertical walls of scintillatorsastrigger NFT as
tracler and absorbemwalls of lead (Telescoped,,2),
iron (Telescope$,4,5) or magnetizedron (Spectro-
graphs6,7), asshovn in Fig. 4. This geometrypro-
vided maximumaperturefor nearhorizontaltracks,
wherethe atmospherianuon backgrounds negligi-

ble.

A schematicof the three types of detectorsis
shawvn in Fig. 4. By April 1965,the rst telescopes
(Tels. 1 & 2) wereoperationabndthe rst ever clear
neutrinoeventswererecordedn themin May 1965.
The scintillator walls were of area2m  3m (Tels.
1,2),2m 2m (Tels. 3,4,5)and2m 4m in the
spectrographsEach 1m squareareawas viewed by
2 PMTswhosepulsesweremeasureaver a dynamic
rangeof 20 with on-line oscilloscopesand which
werealsousedto generatehetrigger Betweenthese
walls of scintillators,the NFT trays(4 staggereday-
ersin each)andabsorbersvalls were sandwichedas
shawvn in Fig. 4. The absorbersvere two walls of
2.5cm thick leadin Tels. 1 & 2, four iron walls of
7.5 cm thicknessin Tels. 3,4 & 5 and 40 cm thick
magnetizedron in the spectrographd & 2. These
provided different thresholds(100 MeV for Tels. 1

& 2 andlarger for the restof the detectorsyanddis-
tinction betweernthe electromagneticomponeniand
muons/hadrongaversingthesedetectors.Thevisual
trackingdetectoraverebuilt into modulesof arealm

2m with 4 staggeredayersof 2 cm dia, 2m long
NFT's, andwere pulsedwith high voltageon trigger
from scintillators.Theseallowedmeasuremertf spa-
tial anglesin Tels 3,4 & 5 dueto orthogonallyplaced
NFT arrays,but only projectedanglesin Tels. 1 & 2
andthe two spectrographsyith an overall accurag
of 1.

The primary trigger was by a 4-fold coincidence
of PMT pulseson oppositewalls of the detectors.
With a minimum thresholdof 100 MeV, there
was essentiallyno backgroundfrom radioactvity—
the signal comprisedentirely of cosmicray muons
andatiny numberof neutrino-inducecevents. A de-
taileddescriptiorof thedetectorstriggerandanalysis
of neutrinodatawasgivenby Narasimhartt.

Identi cation of Neutrino-InducedEventsand
Results

As discussedn section2, theatmospherienuons
have avery steepangulardistribution atthis depthand
their ux falls to nggligible levels at large zenithan-
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Fig. 4 Neutrinodetectorsatthedepthof 2.3km atKGF

gles. On the other hand, the neutrinosarrive fairly
isotropicallyat thesedepths.As aresult,a cut on the
zenithangleof muons( 50 ) provided an ef cient
Iter for neutrinoevents. In somecasesupward go-
ing muons/gents could be easily identi ed by their
shaver pro le in the detectorand theseare undeni-
ably dueto upwardgoingneutrinos.

A totalof 220eventswererecordedn thesedetec-
tors; of these,18 wereidenti ed asproductsof neu-
trino interactions.The remainderwith zenithangles

50 , wereattributed to atmospherianuons. The
numberof eventsin eachcatayory andexposuresare
givenin Tablell.

The rst neutrinoeventrecordedindegroundwas
in early1965(Acharetal.’?). The rst clearinelastic
neutrinoevent was Event4 in Telescope with two
well-de ned tracksemeging from therock in anup-
ward direction, seeFig. 5. Basedon the prevailing
knowledge at thattime, it was consideredas a can-
didate for W-bosonproduction,with one track due
to chaged currentinteractionof a muonneutrinoin
rock andthe secondone dueto a muonfrom decay
of anassociated-bosonie.,.n N N m W,

withW m n. Fromthesedata,the horizontalin-
tensity of n-inducedmuonswith enegy loss 100
MeV wasestimatedasl,, g 90 35 09

10 13 cm?/sec/st.

A detailedcomparisonwith the estimatednum-
ber of eventsfor differentscenario®n the growth of
cross-sectiorwith enegy, W-bosonproductionetc.,
wasmade usingtheavailableacceleratobaseddatd®
and the theoreticalextrapolations;this is shavn in
Fig. 6. Krishnasvamy et al.** hadthenconcludedhat
the massof the W-bosonshouldbe at least3 GeV
at 90% con dencelevel—muchbeforethe adwent of
high enegy neutrinobeamsandthe eventualdiscor-
ery of W and Z bosonsat the CERN p- A collider.
Oneshouldalsomentionthe useof magneticspectro-
graphsfor the rst time in thesestudies.Eachof the
two spectrographsad a magnetic eld of 1.4 Tesla
andanMDM of 30GeV/cfor thebestcon guration
of tracks;but for typical tracksit was 10 GeV/c.In
atotal aperture time of 14 109 m?/sec/st,only
4 neutrino-gentswererecorded.The muonsin these
eventshadmomenta 4GeV/cexceptonewhichwas
closeto the MDM. Thesignsof chageswere3 posi-
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Division of eventsand exposue times.(OSTwasa specialtrigger usingPMTson anyoneside-wallof countes,

toincreasetheeventrates.)

Detector Telescopes Telescopes OST Spectrographs
1& 2 3,4&5 1&2
Runtime (years) 5.6 2.0 2.99 2.83
No. of atmospherienuons 42 2 76 82
No. of n-inducedmuons 7 2 5 2
Aperture time(g 50) 21 10° 037 10° 085 10° 139 1(°
(/m?/seclst)
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Details of the double track event (no. 4) showing the bottom third of telescope no, 2.

Fig.5 An expandedriew of asectionof Telescope in whichaninelasticcollisionin rock of anupward-maing neutrinowasrecorded.

Theblackdotsarethe red NFTs.

tiveandoneundecidedWewill compargheseresults
with predictionsjn sectiord.2,wheretheUtahresults
on the enegy spectrumof n-inducedmuonsare pre-
sented.

EventsWith Unusual Features(Kolar Events)

In the neutrino experimentsat 7000 hg/cn?, as
well asthoseconductedaterat 3375hg/cn? andthe
proton decayexperimentsin the KGF mines, it was
noticed(Krishnasvamy et al.*®) thatsomemulti-track
events(6 in total) had unusualfeatureswhich could
not be explained away by ary known processe®f
muonsor neutrinos.They arecharacterizetly thefol-
lowing features:

1. Theeventconsistedf two or moretracks,with

at leastone of thema muonor a pion asseen
from their penetratingpower without shaver-

ing.

2. All tracksof theeventseemedo originatefrom
avertex locatedeitherin air or thin detectoma-
terials, basedon an extrapolationof projected
anglesof tracks.

3. The trackshada large openingangle( 45)
betweerthemand

4, theirratewasdepth-independeindwasafrac-
tion of neutrinoevents.

A few examplesof sucheventsrecordedin the neu-
trino detectorsat 2.3 km depthare shavn in Fig. 7.
The rst eventhad 3 tracks,out of which thereis at
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Fig. 6 Comparisorof the obsered numberof neutrinoeventswith estimatesasedon variousinteractionprocessesk, is the neutrino
enepgy atwhichthe cross-sectiomvasassumedo level off. Theerrorsshavn areof 1s value.

leastone penetratingrack (m p) traversingleadab-
sorberswithout shavering. Whenextrapolated they
meetin air at a distanceof 45 cmsfrom the nearest
rock wall. The secondone had 3 penetratingracks
with a large openingangle. The third one hasonly
2 tracks,eitherdueto mor p at an openingangleof

63 . In the protondecayexperimentsat KGF there
were similar examples. One of them consistedf an
upward-goingmuon( 1 GeV) at anangleof 62 ,
a down-going shaver at a medianangleof 51 with
visible enegy of 2 GeV andwith the vertex close
to the edgeof the rock wall. It was suggestedhat
mostof theseeventscould be dueto new particlesof
masf afew GeV with anunusuallyionglife-time of

10 ° sec.andproducedht a rateof the sameorder
of magnitudeasthat of the atmospherimeutrinoin-
teractions Searchesveremadeat the n- experiments
at CERN' andat Fermilald” but they led to negative
resultswith boundson cross-sectionfandmassesjo
produceneutral,long-lived particlesin neutrinointer
actions.

A numberof theoreticabttemptsveremadé® 12
to understandhe productionprocesseandseeif they
could t into the prevailing scheme®f particlesand
their interactions. The Kolar events have so far re-
mainedanenigmaticpuzzleandthey needto be stud-
ied with speciallydesignedietectorgdhatcanaddress

their specialcharacteristics.

4 Contemporary Neutrino Experiments

In this sectionwe describesomeof the otherneutrino
experimentghatwerecontemporaryo the KGF neu-
trino experiments.

Experimentsin SouthAfrican Mines

Around the sametime as the KGF neutrino-
experiments groupsfrom Caselnstitute of Technol-
ogy, University of California (Irvine) and University
of Witswatersrandhad set up an experimentin the
E.R.P Minesin SouthAfrica at a depthof 3200 m.
The principle of detectionof n-eventswasessentially
the sameasin the KGF experimenti.e., to look for
interactionproductsfrom surroundingock. Their de-
tector (seeFig. 8) arrangedn a rail geometrycom-
prised2 walls of liquid scintillationtanksof total area
160m?. Eachtankhaddimension®f500cm 56cm

13 cm andwasviewed by PMTs from both sides.
Thisgaveapositionmeasuremerft 15cm)alongthe
lengthof the tankandwhencombinedwith the loca-
tion of the hit tanksin the 3-tier bays,gave anangular
resolutionof 10 . In the rst experimentstartedn
1965with 54 tanks,therewasneitheranabsorbenor
atrackingdetectorandthe detectiondependean the
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Fig. 7 Multi-track (Kolar) eventsrecordedn KGF neutrino-detectors.

Fig. 8 Ontheleft is shavn thedetectorarrayin ERPmineswith only scintillatortanksin arail geometry Ontheright areshavn particle
trajectoriedfor 3 typesof eventsin yz andxy viewsin the nal detectorassemblyncludingatracker.

greatdepth,the enegy deposit,andthe crudezenith  getanangularesolutionof 0.5 . Somerepresentate
angleof tracksas measuredrom the well-separated eventsareshavn in Fig. 8 wherethe hitsin the ash
baysof scintillators. tubescanalsobe seen.Event 131 is probablyan at-
The rst detectorrecordedabout 35 neutrino mospherianuonatq 34 5 ; event61lis neutrino-
eventsfrom which the ux of n-inducedmuonswas inducedandhastwo tracksat68 and84 with vertex
determinedas 35 07 10 13 cné/sec/stassuming at the edgeof rock; event 443 hasa single track at
anisotropicangulardistribution. Subsequentiit was 41 andis a borderline casebetweerthesetwo types
shiftedto a new site, 50mdeeperwherethe detector  of processes.The angulardistribution of all events
wasexpandedo includeneon ash tubesastracking  recordedn thisexperiment! is shavnin Fig. 9, where
detectors.About 50,0000f themwereusedin anor-  onenoticesthe clearseparatiorbetweeratmospheric
thogonalgeometrystraddlingthe scintillatortanks,to  muonsand neutrino-inducedevents. The datawere
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Fig. 9 Zenithangledistribution of eventsin the ERPMexperiment,SouthAfrica.

Fig. 10 Theneutrinodetectorin Utahsaltmines.

tted by acurve giving theverticalintensityof muons
vsverticaldepth,h, as

ln, g Aexp hy g I

whereA 226 016 10 ® cn? secd, andg
758 009 10*g.cm 2andthe ux of n-induced
muons)f 223 020 10 ¥ cnm? secd. The
n-inducedmuon ux from this measuremens con-
sistentwith thatof its Phasel resultmentionedabore;
it is alsoin generabgreementvith the ux esreported
from the KGF experiment.

The Neutrino Experimentin the Utah Salt Mine

A 2 ktondetectowasemployed by theUniversity
of Utahgroupin asaltmineunderthe Utahmountains

with averticaloverturdenof 1500hg/cn? . Dueto the
shallav depthof thelocation,only up-goingparticles
could be unambiguouslyidenti ed with neutrinoin-

teractions. The detector shawvn in Fig. 10, had fast
timing from water Cerenkv detectordor trigger as
well asto getthesensef motionof particlescylindri-

calsparkcounterdor tracking,andmagnetisedon to

measuranomentaupto  100GeV/c.

While it had collectedlot of dataon the atmo-
sphericmuonsin termsof angulardistribution, chage
ratio as a function of enegy, and multiplicity dis-
tribution of muons,only a few neutrinoeventswith
measuremendtf muon momentawere reportedfrom
this detector?. Theenegy spectrunthusobtaineds
shawvn in Fig. 11, wherethe KGF datais also plot-
ted. The conclusionwas that the spectrumis con-
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Fig. 11 Theenegy spectrunof neutrino-induceanuons,measuredy the UtahandKGF experiments.

sistentwith a linear growth of neutrinocross-section
upto high enegiesandthatthe W-bosonmasshasto
belarge.

The BAXAN Neutrino Detector

This detectorhad a large array of liquid scintil-
lator tanks at a vertical depth of 300 m in the EI-
brus mountainof Baxanvalley, Russia. With about
3000 tanks (330 tons of liquid) arrangedin 4 well-
separatedayersand fast timing, it was designedto
identify the up-mwving n-inducedmuons(threshold
of 2 GeV) from the overwhelmingdowvn-moving at-
mospherianuon ux. Basedon 19 up-moving muons
in theangularangeof 50 aroundtheverticaldirec-
tion, they obtainedhevertical ux of 192 044
10 13 cmé/sec/st. Thiswasin closeagreementvith
their estimateson the neutrino-inducednuon ux es
which led Boliev et al? to set an upper limit of
6 10 2 eV? on Dm? at maximummixing anglein
the 2-neutrinooscillationscenario.

In summaryneutrinoeventsweredetecteduinam-
biguouslyamidstthelarge cosmicray backgroundis-
ing differenttechniquesndthe obseredrateof inter
actionsn rockwasconsistentvith theestimatedased

on the atmosphericneutrino ux es and the cross-
sectiongneasuredttheacceleratorsasof 1971.

5 Neutrinos asBackground to Proton Decay
Experiments

The Grand Uni ed Theories(GUT), proposeddur
ing the mid 1970s,invariably led to the predictionof
non-conseration of baryonnumberasthe only con-
sequencehat could be testedat the laboratorylevel.
In particular it was predictedthat proton decayor
boundnucleondecaycould occurwith a meanlife of
10°° 10**yearsandinto avarietyof decaychannels
dependingon the detailsof the GUT models.The ex-
perimentsconducteddeepundegrounduntil then,ei-
therto studyatmospherienuonsat KGF®, or neutrino
interactionsin the ERPM* and KGF mine$®, were
usedto setlower limits of about1 03 yearsonthelife-
time of boundnucleonsBut thesewerecountingtype
experimentof limited massandwerenever designed
to searchfor nucleondecayeventsthat would have
specialdecaycharacteristicend they had no ability
to discriminateagainstthe backgroundrom low en-
emgy neutrinoevents.
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Dedicatedprotondecayexperimentswere there-
fore plannedin late 1970sto extendthe reachandto
distinguishthe possibledecaysignal from the back-
ground. With total visible enegy in suchdecayshe-
ing lessthan1 GeV, it wasthe low enegy neutrino
componenthatposedaformidablebackgroundThis
led to a variety of detectordesignssuchas ne grain
calorimeterstracking detectorsand water Cerenlov
detectordo discriminateagainstsuchbackground.It
is but naturalthattheseaxperimentsalsocollectedrich
dataonatmospherineutrinosrom con ned eventsof
low enegy to through-goingnuonsproducedn inter
actionsin the surroundingock.

The rst experimentof this type was startedat
KGF in 1980at the depthof 2.3 km with 140tonsof
steelplatesandproportionalcountergollowed by an-
other340ton expandedversionat the depthof 2 km.
Thiswasfollowedby a ne graintracker with Irocchi
tubesat a depthof 1.5 km underMt Blanc,an NFT
tracking detectorin the Frejustunnel at a depth of
1.6km, amassie waterCerenkv detectorby Irvine-
Michigan-Brookhaen (IMB) groupsin Clevelandsalt
minesat a depthof 600 m anda waterCerenlov de-
tector using large PMTs at a depthof 1 km in the
Kamiokamines.

Neutrino Resultsfrom KGF NucleonDecay
Experiments

The rst (Phasel) detectomwassetup atadepthof
2.3km, closeto the site of the earlierneutrinoexper
iment. The main detectormoduleswere sealedpro-
portional countersof cross-sectiorl0O cm 10 cm
and4m (6m)length,which providedtrackingandalso
ionizationmeasuremenof particle®. They werear
rangedn a140ton arrayof 34 horizontallayerswith
1 2 thick iron absorberdetweenthemasshawvn in
Fig. 12.

Thezenithanglesof penetratingracksweremea-
suredto betterthan 1 and the enegy loss dE dx
of particlesand penetrationof absorbersvere used
to distinguishelectronsfrom muons/pions.Another
detector(Phase2) of similar designbut with a to-
tal weight of 340 tonsand comprising60 horizontal
layersof proportionalcountersin a cubical detector
of side 6m, was setup a few yearslater at a depth
of 2 km in the samemine$’. In additionto neu-
trino interactionsn thesurroundingock, onehasalso
neutrinoeventsproducedwithin the detectomaterial

(iron) actingastarget. The latter catayory comprises
thefully con ned eventsaswell aspartially con ned
eventswith vertex insidethedetector Sincethetiming
respons®f the countersvasnotadequatéo measure
the senseof direction,only the muonstraversingthe
detectoratlargeangles( 55 in Phasel and 60
in Phase detectorsould be unambiguouslydenti-
ed asdueto n,interactionsn rock.

A detailedevaluationof the early datafrom the
KGF detectorwas madeby Krishnasvamy et al.?’;
this involved a study of various processe®f neu-
trino interactionleadingto con ned eventswith en-
emgy up to a few GeV, through-goingmuonsdueto
high enegy neutrinos(meanenegy 50 GeV) and
the intermediateenegy eventsclassi ed as partially
con ned ones. We presenthere only the cateyory
of through-goingmuons. The total numbersof such
eventsrecordedn theseexperimentsgconductedver
10year$’ areshavnin Tablelll andtheirangulardis-
tributionsin Fig. 13.

Tablelll
Detailsof KGF dataon neutrinosduring 1980-90.Thenumberof

neutrino-inducednuonsincludesincludesup-goingmuonswhile the
badgroundis mostlyfromthe r stbin after the cut-of angle

Experiment LiveTime No. of n-induced Background
(Years) muons (atm. muons)

Phasd 8.41 139(55 125) 11.3

Phasdl 5.53 182(60 120) 17.8

Total 321 291 23

Onenaticesin this plot a clear separatiorof the
two typesof eventsi.e., atmosphericand neutrino-
induced.The numberof the obsered neutrinoevents
with separatecuts on zenithanglesfor Phasel & 2
detectorsvereconsistentvith predictedvalueswithin
the statisticalaccuracie®f dataandthe uncertainties
in ux esandcross-section§ ¥,

The Phasel & 2 detectorshadrecorded 100
con ned events,outof which 84 hadvisible enegy
largerthan200MeV, in atotal exposureof 1.65kton
years. Theseincludedsingletracks(m p), shavers
(e p°) andinelasticeventswith multi-trackcon gura-
tion. Thesewereanalysedn termsof n-interactions
aswell as possibledecayof boundnucleonsin the
iron absorberand alsoin the detectormaterial. An
earlyanalysisof the Phasel datawasgivenby Krish-
nasvamy et al.?’. While therewere candidateavents
that are consistentwith nucleondecayin this nal
sample,they are by no meansunambiguousr con-
clusive to be ruled out asrare n-interactions. These
datawerethereforeusedto setstringentlower limits
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Fig. 12 Frontview of Phasel Nucleondecaydetectorat 2.3km depthin KGF. Eachsquaresectionseenhereis of aproportionalcounter

giving agrid sizeof 10cm  10cm.

Fig. 13 Angulardistribution of through-goingnuonsin KGF detectors.

on the life-time of boundnucleonsthat could decay
into a variety of channelgredictedby granduni ed
theories.

Neutrino Data from Other Proton Decay
Experiments

As mentionedearlier two typesof detectoravere
emplo/edto searcHor protondecay:

1. Fully actvated water Cerenlkov detectorsby
Irvine-Michigan-Brookheen collaboratio®*
in Cleveland salt mines in USA, Harvard-
Pennsylania-Wsconsi#? under Utah moun-
tainsin USA, andKamiokandé& collaborations
in aminein Japan.

2. Tracking calorimeterswith iron absorberdy
Nuse in Mt Blanctunnet*; Frejusexperimen®®
in atunnelin FranceandSoudanl experiment
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Table IV
A compendiunof resultsfromthe protondecaydetectos of the 1980s.Here STstandsfor (muonlike) singletradks; SHfor e-like showes, andRis as
de nedin thetext. A comparisorwith calculationsfroma MonteCarlo (MC) simulationis alsoshown.

Experiment Exposure npdata nyM.C nedata neM.C R
(ktonyear) (ST) (ST) (SH) (SH) ratio of ratios
Containedaventsonly
IMB1 3.80 104 136 297 265 068 008
Kamioka-ring 7.70 234 356.8 248 227.6 060 006
Kamioka-decay 182 277.5 300 313.9 069 006
IMB-3 ring 7.70 182 268 325 257.3 054 005
IMB-3 decay 208 261.5 402 348.5 064 007
Frejuscontained 2.00 94 100 89 82 087 013
Soudar2 1.01 335 42.1 35.3 28.7 064 019
NUSEX 0.5 32 36.8 18 20.5 099 029
Includingtheuncontainedvents

KamiokaMulti-GeV 059 008
Frejus-Dtal 096 018

in aminein MinnesotaUSA®®.

The largest amongthesewere at IMB (with 9
ktonsof waterunder1600hg/cnt) and Kamiokande
(with 3 ktons of water under2700 hg/cn?) whereas
the Frejus experimenthad 800 tons of steeland a
ne-grain ash chambertracler at 4400 hg/cn? and
the Nuse experimentemplo/ed 160 tons of steel
plateswith Irocchi tube tracking. Sincethey were
operatedat different depthsundeground, different
stratgies were neededo suppressosmicray back-
ground. While only stronglower limits could be set
on protondecaylife-time from theseexperimentsthe
wealthof dataon atmospherioeutrinosallowedade-
tailed study of ux es of electronand muon neutri-
nos. A summaryof the neutrinodataobtainedfrom
theseexperimentsis shavn in TableIV.A strongev-
idencefrom the large water detectorson the deple-
tion of n-inducedmuons,asexempli ed by the ratio
R Nm Ne gga Nm Ne e hasbeenaclearsignal
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