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A descriptionof theearlywork on experimentalobservationandstudyof cosmicray neutrinosin India is sketched
here. This includesexperimentsto measurethe variationof intensityof cosmicray muonsdown to greatdepths
underground,the�rst detectorsfor neutrinodetection,andtheconsolidationof neutrinodatausinglargescaleproton
decayexperiments.Also includedis abrief descriptionof special(Kolar)eventsrecordedin theKGF detectors,that
defy explanationon the basisof normal muon or neutrino interactions. Resultsfrom the neutrinoexperiments
conductedin other laboratoriesaroundthe sametime periodaswell as thoserecordedin all the �rst-generation
protondecayexperimentswill bereviewedbrie�y .
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1 Intr oduction

PrimaryCosmicRadiation(PCR),theonly sourceof
high energy elementaryparticlesuntil the advent of
acceleratorsin theearly1960s,wasthesubjectof in-
tensestudy at a numberof laboratoriesaroundthe
world including thosein India, and in particularat
the Tata Institute of FundamentalResearch,Mum-
bai (TIFR). The detectionmediausedwere nuclear
emulsions�o wn at balloon altitudes(at Hyderabad)
and triggeredcloud chambersoperatedat mountain
altitudes(at Ooty), to study the compositionof pri-
mary cosmicraysandsecondaryhadroninteractions
respectively. This wascloselyfollowed by extensive
air shower (EAS) studiesusinga network of scintil-
lation detectorsarrangedin anarrayat bothsea-level
andat mountainaltitudes.

This led to thestudyof hadroncollisionsat ultra
highenergieswhicharenotavailablefrom accelerator
beams,by a detailedsimulationandcomparisonwith
theEASdataonelectrons,muonsandhadrons.A dif-
ferentpathwastakenin thestudyof cosmicraymuons
in theearly1950s.TheKolarGoldFields(KGF) pro-
videdanidealenvironmentto studymuonsatdifferent
depthsundergroundandtherebyallowedthestudyof
their energy spectrumandangulardistributionsup to
very high energies,muchbeyond what waspossible
with magnetspectrometersoperatedat sealevel.

It has long beenrecognizedthat the secondary
cosmic radiation is a rich sourceof neutrinoswith
a wide rangeof energies. This was basedon the
understandingthat cosmicray secondariescomprise
high energy pionsandmuonsandtheir decaysin the
Earth's atmosphereprovide a copioussourceof neu-
trinos. The �rst suggestionthat cosmic ray neutri-
noscould be detectedby experimentsoperateddeep
undergroundwas madein 1960 by Markov and his
collaborators. An estimateof �ux es was madeby
Greisen1, anddetailedcalculationson �ux esandan-
gular distributions were �rst madeby Zatsepinand
Kuzmin2 with pionsandmuonsasthesourceof neu-
trinos. Someof theseauthorstalked of installations
of area300m2 or 10 m3 in volumebut felt thatsome
idea of cross-sectionwas necessaryand one should
await the resultsof the then plannedacceleratorex-
periments.

It was only from the acceleratorexperimentof
Danbyetal.3 atBrookhaven,thatonebecameawareof
thedistinctionbetweenthemuonandelectronneutri-
nosandof thelargecross-sectionfor n-N interactions
atafew GeV. Detailedestimatesof �ux esof muonand
electronneutrinosandanti-neutrinosfrom all possible
decaymodesof kaons,in additionto thosefrom pions
andmuons,weremadeby Osborneetal.4 andCowsik
etal.5

At the Kolar Gold Mines, a detailedmappingof
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Fig. 1 Thescintillator-lead-GMcountertelescopeusedat greatdepthsin KGF mines.A coincidenceof pulsesfrom PMTsviewing the

two scintillatorsandthesandwichedGM counterarrayprovidedthesignalwith negligible background.

Table I
Summaryof muonmeasurementsbyMNRexperimentin KGF mines.

Depthfrom Depthfrom the Timeof Numberof Counting
surfacein top of the observation: counts ratein
meters atmosphere(mwe) Hrs. Mins. observed 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)� 10�

3

2760 8400 2880- 00 none � 3 � 47 � 10�

3

cosmicray muonsas a function of depthand angle
wasundertaken since1960in a seriesof experiments
by Miyake, NarasimhamandRamanamurtyup to �

3 km below ground.It wasclearthatthemuon�ux es
attenuaterapidlywith depthandaresolow atthegreat
depthof 8400hg/cm2, thatno countwasrecordedfor
2 monthsin detectorsof area3 sq.meters.Thispaved
the way for a realistic estimateof the muon back-
groundfor a possibleneutrinodetectorusingthe ad-
vantageof greatdepthsfor unambiguousdetectionof
eventsfrom neutrinointeractions(seeMenonet al.6).
Thiswasindeedthestartingpoint for theneutrinoex-

perimentsconductedin KGF, India,andin theERPM
minesin SouthAfrica during1965.

2 CosmicRay Muons

A brief descriptionof the muonexperimentsat KGF
will beusefulto understandhow theneutrinoexperi-
mentsevolvedin anaturalmanner.

The KGF minesaresituatedat 870 m above sea
level at a latitudeof 12� 54� N nearBangalore,South
India; it hasa �at surfacetopography( 	 40m)over a
3 km 
 3 km areaaroundthemainshaftof theCham-
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pion reefmine. Themineshave anextendednetwork
of tunnelsundergroundpermitting observationsat a
seriesof depthsdown to 3 km, i.e., 8400hg/cm2 of
Kolar rock. TheKolar rockhasspecialcharacteristics
in termsof density(3.02g/cm3), andchemicalcom-
positioni.e. � Z � A
�� 0 � 495 and � Z2

� A
�� 6 � 4 when
comparedto the so-calledstandardrock (0.5, 5.5 re-
spectively). The �rst experimentson depthvariation
of muon�ux esatKGF wereconductedby Sreekantan
et al.7 up to depthsof 900hg/cm2. At KGF, 1 hg/cm2

is equivalent to approximately30 cm of rock thick-
ness.

A new series of TIFR experiments was
started in 1961 by Miyake, Narasimham and
Ramanamurty8(MNR) covering depthsrangingfrom
816 to 8400hg/cm2. They employed a scintillation
counter-lead telescopeof area1.62 m2 in a 4-fold
coincidencemode of photomultipliers(PMT's) and
addedanothersimilarunit (with anextra layerof GM
counters)to increasetherateof collectionof muonsat
depthsof 6380and8400g/cm2. A pictureof thede-
tectoris shown in Fig.1. TableI providessomedetails
of thedatacollectedin theseexperiments(Miyake et
al.10). The counting rateswere converted to actual
�ux esby takingaccountof theapertureandtheangu-
lar distributionof muonsateachdepthof observation.
Theangulardistribution wasknown only for thevery
shallow depthsat that time andonehadto infer it for
greatdepthsfrom the Depth vs Intensity relationof
muons.

The angular distributions of muons were mea-
suredat KGF by a TIFR–DurhamUniversity exper-
iment (Achar et al.9) using neon �ash tubes(glass
tubesof 1 cm diameter, 2 m long, �lled with spec-
troscopicneonandsealed)asvisual track detectors;
they hadaresolutionof approximately10� in thepro-
jectedzenithangleof the tracks. The angulardistri-
butionwasmeasuredatdepthsof 816,1812and4100
hg/cm2 andfoundto beconsistentwith thosederived
indirectly from depth-intensityvariation. SeeFig. 2.
This wasindeedthestartingpoint to usea visualde-
tector at KGF in the study of cosmic rays at great
depths. Neon �ash tubearrayswereusedin all ex-
perimentsconductedat KGF subsequently, until pro-
portionalcountersin largenumberswereemployedin
themassive protondecayexperimentsduring1980.

While theangulardistribution couldbeexpressed
asI � q ��� I � 0� cosnq for shallow depths,theexponen-
tial depletionof �ux atgreatdepthsis moreaccurately

expressedas I � h � q ��� I � h � 0� secq exp ��� n � secq �

1��� . At the depth of 7000 hg/cm2 , the exponent
n � 9 � 0 � 5, a fact that is crucial in the identi�cation
of neutrinoeventsto bediscussedin thenext section.

3 Neutrino Experimentsat KGF

The no-count observation of the experiment of
Miyake et al.10 at the depth of 8400 hg/cm2 led to
the conclusionthat the atmosphericmuon intensity
hasbeenattenuatedto suchan extent that onecould
searchfor rareprocesseslike the interactionof high
energy neutrinosof the cosmicray beam. However,
with the measuredcross-sectionup to 10 GeV and
theestimated�ux esof all neutrinos,it wasclearthat
at leasta few kilotons of target would be requiredto
recorda few neutrinointeractionsper year. On the
otherhand,onecould detectthe muonsproducedin
the charged currentneutrinointeractionsin the sur-
roundingrockbyusingmodestdetectorarraysof large
area.The targetmaterialavailablein sucha casede-
pendsupon the rangeof the muon inside the rock,
which is proportionalto the muon(neutrino)energy.
Furthermore,one could suppressthe residualatmo-
sphericmuonbackgroundby utilizing thewidely dif-
ferentfeaturesof theangulardistributions. While at-
mosphericmuonshaveasteepdistributionwith apeak
in the vertical direction,the neutrino-inducedmuons
haveanearlyisotropicdistributionbut with anenergy-
dependentexcessin thehorizontaldirection.Thisfea-
turewasexploited in designingthedetectorarraysas
horizontaltelescopes,which providedmaximumsen-
sitivity for detectionof neutrinoevents.

Very little wasknown at this time from theaccel-
eratorexperimentsaboutneutrinointeractionsat en-
ergiesbeyond a few GeV andthe successof cosmic
ray experimentsindeeddependedheavily on thepre-
dictions on the cross-sectionat higher energies and
the detailsof interactions.The neutrino-interactions
studiedataccelerators(ANL, BNL andCERN)in the
early1960swerebasedprimarily uponnm beams;Ånm
interactionswere not studiedas also the ne and Åne

processes.Thenm cross-sectionsmeasuredat CERN
upto 10 GeV andthe meanfraction, f , of muonen-
ergy in chargedcurrentprocessescanbesummarized
asfollows13:

� Elastic: � 0 � 6 � 0 � 2� � 10!

38 cm2 per n-p
pair, f � 0 � 95 � 0 � 05.
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Fig. 2 Depthvs. Intensityplot from all experimentsconductedatKGF until 1970.Many pointsin thisplot wereextractedfrom angular

distributionsassumingthatonly pionsandkaonsaretheparentsof muons.

" Inelastic # N $3% 2 3% 2 production): # 1 & 13 ' 0 & 28(�)

10*

38cm2 perproton, f + 0 & 75.

" All (elastic + inelastic): # 0 & 8 ' 0 & 2(,) En )

10*

38 cm2 pernucleon, f + 0 & 54 ' 0 & 06.

Theatmosphericneutrino�ux es—muonandelectron
typesandtheir anti-particles—hadbeenestimatedin
detail by this time using speci�c interactionmodels
(Cowsik et al.5) or working back from the observed
energy spectrumof muonsto the productionspectra
of pionsandkaonsin thecollisionsof cosmicraysin
theEarth's atmosphere4. The�ux esandtheir angular
distributionsasa functionof energy, asestimatedby
Osborneetal., areshown in Fig. 3.

Theprincipleof detectionof neutrinoeventswas
to a) deploy detectorsat greatdepthsunderground,b)
maximizethe exposureandsuppressthe residualat-
mosphericmuon componentby employing horizon-
tal telescopesor of a rail-geometry, andc) searchfor
muonsgeneratedby neutrinointeractionsin surround-
ing rock,at largezenithangles,usingvisualdetectors.
Thetargetmassis providedby therockandits weight
dependsontherangeof amuonproducedin neutrino-
interactions;thisin turndependedonthemuonenergy

whosefraction, f , in the interactionis relatedto the
processesat play, asgivenabove.

The rate of neutrinointeractionsinside the rock
canbeexpressedasfollows:

I i
# q ( dq +.-

th
F i

# En /

q ( dEndq ) s # En (0) Ri 1 E 2 fi 3

) NAv ) r
/

where q is the zenith angle of neutrinos; i is the
�a vour index–ne

/

nm/

Åne
/

or Ånm; s is the cross-section;
f is thefractionof energy transferredto leptons;R is
therangeof muonsin g percm2 ; NAV is theAvagadro
numberandr is thedensityof rock. Thelower limit
`th' is thetriggerlevel for eachof thedetectors.

KGF Neutrino Detectors

The neutrinoexperimentat KGF wasconducted
by groupsfrom TIFR, India,DurhamUniversity, UK,
and OsakaCity University, Japan,using techniques
perfectedover theyearsfor themuonexperimentsde-
scribedin Section2, i.e., basictrigger with scintilla-
tion countersandNeonFlashTubes(NFT) for track-
ing detectors.Sevendetectorsweredeployedin along
tunnelat the depthof 2.3 km in the Heathcoteshaft
of Championreefmines,in threebatchesspreadover
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Fig. 3 Energy spectraof neutrinosproducedin theatmosphere,afterOsborneetal.4 ( n 4m denotesnm 5

Ånm andn 4e denotesne
5

Åne; in (a)

theletterin bracketsafterthetypeof neutrinoindicatestheparentparticle).

2 years,startingfrom the endof 1964. All of them
had vertical walls of scintillatorsas trigger, NFT as
tracker and absorberwalls of lead (Telescopes1,2),
iron (Telescopes3,4,5)or magnetizediron (Spectro-
graphs6,7), asshown in Fig. 4. This geometrypro-
vided maximumaperturefor nearhorizontal tracks,
wherethe atmosphericmuonbackgroundis negligi-
ble.

A schematicof the three types of detectorsis
shown in Fig. 4. By April 1965,the �rst telescopes
(Tels. 1 & 2) wereoperationalandthe�rst ever clear
neutrinoeventswererecordedin themin May 1965.
The scintillator walls were of area2m 6 3m (Tels.
1,2), 2m 6 2m (Tels. 3,4,5) and 2m 6 4m in the
spectrographs.Each1m squareareawasviewed by
2 PMTswhosepulsesweremeasuredover a dynamic
rangeof 7 20 with on-line oscilloscopesandwhich
werealsousedto generatethetrigger. Betweenthese
walls of scintillators,theNFT trays(4 staggeredlay-
ersin each)andabsorberswalls weresandwichedas
shown in Fig. 4. The absorberswere two walls of
2.5 cm thick lead in Tels. 1 & 2, four iron walls of
7.5 cm thicknessin Tels. 3,4 & 5 and 40 cm thick
magnetizediron in the spectrographs1 & 2. These
provided different thresholds(100 MeV for Tels. 1

& 2 andlarger for the restof the detectors)anddis-
tinction betweenthe electromagneticcomponentand
muons/hadronstraversingthesedetectors.Thevisual
trackingdetectorswerebuilt into modulesof area1m

6 2m with 4 staggeredlayersof 2 cm dia, 2m long
NFT's, andwerepulsedwith high voltageon trigger
fromscintillators.Theseallowedmeasurementof spa-
tial anglesin Tels3,4& 5 dueto orthogonallyplaced
NFT arrays,but only projectedanglesin Tels. 1 & 2
andthe two spectrographs,with an overall accuracy
of 7 18 .

The primary trigger wasby a 4-fold coincidence
of PMT pulseson oppositewalls of the detectors.
With a minimum threshold of 7 100 MeV, there
was essentiallyno backgroundfrom radioactivity—
the signal comprisedentirely of cosmic ray muons
anda tiny numberof neutrino-inducedevents. A de-
taileddescriptionof thedetectors,triggerandanalysis
of neutrinodatawasgivenby Narasimham11.

Identi�cation of Neutrino-InducedEventsand
Results

As discussedin section2, theatmosphericmuons
haveaverysteepangulardistributionatthisdepthand
their �ux falls to negligible levels at large zenithan-
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Fig. 4 Neutrinodetectorsat thedepthof 2.3km atKGF

gles. On the other hand, the neutrinosarrive fairly
isotropicallyat thesedepths.As a result,a cut on the
zenithangleof muons( 9 50: ) provided an ef�cient
�lter for neutrinoevents. In somecases,upward go-
ing muons/eventscould be easily identi�ed by their
shower pro�le in the detectorand theseare undeni-
ablydueto upwardgoingneutrinos.

A totalof 220eventswererecordedin thesedetec-
tors; of these,18 wereidenti�ed asproductsof neu-
trino interactions.The remainder, with zenithangles

; 50: , wereattributed to atmosphericmuons. The
numberof eventsin eachcategory andexposuresare
givenin TableII.

The�rst neutrinoeventrecordedundergroundwas
in early1965(Acharet al.12). The�rst clearinelastic
neutrinoevent wasEvent 4 in Telescope2 with two
well-de�ned tracksemerging from therock in anup-
ward direction, seeFig. 5. Basedon the prevailing
knowledgeat that time, it was consideredas a can-
didate for W-bosonproduction,with one track due
to charged currentinteractionof a muonneutrinoin
rock and the secondonedue to a muonfrom decay
of an associatedW-bosoni.e., n < N = N >?< m < W,

with W = m < n. Fromthesedata,thehorizontalin-
tensityof n-inducedmuonswith energy loss @ 100
MeV wasestimatedas Im A

q B 90:DCEB

A

3 F 5 G 0 F 9C�H

10I

13 J cm2/sec/st.
A detailedcomparisonwith the estimatednum-

berof eventsfor differentscenarioson thegrowth of
cross-sectionwith energy, W-bosonproductionetc.,
wasmade,usingtheavailableacceleratorbaseddata13

and the theoreticalextrapolations;this is shown in
Fig. 6. Krishnaswamyetal.14 hadthenconcludedthat
the massof the W-bosonshouldbe at least3 GeV
at 90% con�dencelevel—muchbeforethe advent of
high energy neutrinobeamsandtheeventualdiscov-
ery of W and Z bosonsat the CERN p- Åp collider.
Oneshouldalsomentiontheuseof magneticspectro-
graphsfor the �rst time in thesestudies.Eachof the
two spectrographshada magnetic�eld of 1.4 Tesla
andanMDM of K 30GeV/cfor thebestcon�guration
of tracks;but for typical tracksit was K 10 GeV/c. In
a total aperture H time of 1 F 4 H 109J m2/sec/st,only
4 neutrino-eventswererecorded.Themuonsin these
eventshadmomentaL 4GeV/cexceptonewhichwas
closeto theMDM. Thesignsof chargeswere3 posi-
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Table II
Division of eventsandexposure times.(OSTwasa specialtrigger usingPMTsonanyoneside-wallof counters,

to increasetheeventrates.)

DetectorMDN Telescopes Telescopes OST Spectrographs
1 & 2 3,4& 5 1 & 2

Runtime (years) 5.6 2.0 2.99 2.83
No. of atmosphericmuons 42 2 76 82
No. of n-inducedmuons 7 2 5 2
Aperture O time(q P 50Q ) 2 R 1 O 109 0 R 37 O 109 0 R 85 O 109 1 R 39 O 109

(/m2/sec/st)

Fig. 5 An expandedview of asectionof Telescope2 in whichaninelasticcollision in rockof anupward-moving neutrinowasrecorded.

Theblackdotsarethe�red NFTs.

tiveandoneundecided.Wewill comparetheseresults
with predictions,in section4.2,wheretheUtahresults
on theenergy spectrumof n-inducedmuonsarepre-
sented.

EventsWith UnusualFeatures(Kolar Events)

In the neutrinoexperimentsat 7000 hg/cm2, as
well asthoseconductedlaterat 3375hg/cm2 andthe
protondecayexperimentsin the KGF mines,it was
noticed(Krishnaswamyet al.15) thatsomemulti-track
events(6 in total) hadunusualfeatureswhich could
not be explained away by any known processesof
muonsor neutrinos.They arecharacterizedby thefol-
lowing features:

1. Theeventconsistedof two or moretracks,with

at leastoneof thema muonor a pion asseen
from their penetratingpower without shower-
ing.

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

3. The trackshad a large openingangle( S 45T )
betweenthemand

4. theirratewasdepth-independentandwasafrac-
tion of neutrinoevents.

A few examplesof sucheventsrecordedin the neu-
trino detectorsat 2.3 km depthareshown in Fig. 7.
The �rst event had3 tracks,out of which thereis at
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Fig. 6 Comparisonof theobservednumberof neutrinoeventswith estimatesbasedon variousinteractionprocesses.E0 is theneutrino

energy at which thecross-sectionwasassumedto level off. Theerrorsshown areof 1s value.

leastonepenetratingtrack (mU p) traversingleadab-
sorberswithout showering. Whenextrapolated,they
meetin air at a distanceof 45 cmsfrom the nearest
rock wall. The secondonehad3 penetratingtracks
with a large openingangle. The third one hasonly
2 tracks,eitherdueto m or p at an openingangleof

V 63W . In theprotondecayexperimentsat KGF there
weresimilar examples.Oneof themconsistedof an
upward-goingmuon( X 1 GeV) at an angleof 62W ,
a down-goingshower at a medianangleof 51W with
visible energy of X 2 GeV andwith the vertex close
to the edgeof the rock wall. It was suggestedthat
mostof theseeventscouldbedueto new particlesof
massof afew GeVwith anunusuallylonglife-time of

V 10Y

9 sec.andproducedat a rateof thesameorder
of magnitudeasthat of the atmosphericneutrinoin-
teractions.Searchesweremadeat then- experiments
at CERN16 andat Fermilab17 but they led to negative
resultswith boundson cross-sections(andmasses)to
produceneutral,long-livedparticlesin neutrinointer-
actions.

A numberof theoreticalattemptsweremade18, 19,20

to understandtheproductionprocessesandseeif they
could �t into the prevailing schemesof particlesand
their interactions. The Kolar eventshave so far re-
mainedanenigmaticpuzzleandthey needto bestud-
ied with speciallydesigneddetectorsthatcanaddress

their specialcharacteristics.

4 Contemporary Neutrino Experiments

In this sectionwedescribesomeof theotherneutrino
experimentsthatwerecontemporaryto theKGF neu-
trino experiments.

Experimentsin SouthAfrican Mines

Around the same time as the KGF neutrino-
experiments,groupsfrom CaseInstituteof Technol-
ogy, University of California (Irvine) andUniversity
of Witswatersrandhad set up an experimentin the
E.R.P. Mines in SouthAfrica at a depthof 3200m.
Theprincipleof detectionof n-eventswasessentially
the sameas in the KGF experimenti.e., to look for
interactionproductsfrom surroundingrock. Theirde-
tector (seeFig. 8) arrangedin a rail geometrycom-
prised2 wallsof liquid scintillationtanksof totalarea
160m2. Eachtankhaddimensionsof 500cm Z 56cm

Z 13 cm andwasviewed by PMTs from both sides.
Thisgaveapositionmeasurement( [ 15cm)alongthe
lengthof thetankandwhencombinedwith the loca-
tion of thehit tanksin the3-tierbays,gaveanangular
resolutionof [ 10W . In the�rst experiment,startedin
1965with 54 tanks,therewasneitheranabsorbernor
a trackingdetectorandthedetectiondependedon the
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Fig. 7 Multi-track (Kolar) eventsrecordedin KGF neutrino-detectors.

Fig. 8 Ontheleft is shown thedetectorarrayin ERPmineswith only scintillatortanksin arail geometry. Ontheright areshown particle

trajectoriesfor 3 typesof eventsin yz andxy views in the�nal detectorassemblyincludinga tracker.

greatdepth,the energy deposit,andthe crudezenith
angleof tracksasmeasuredfrom the well-separated
baysof scintillators.

The �rst detector recordedabout 35 neutrino
eventsfrom which the �ux of n-inducedmuonswas
determinedas \ 3 ] 5 ^ 0 ] 7_ 10̀ 13 a cm2/sec/st,assuming
anisotropicangulardistribution. Subsequently, it was
shiftedto a new site,50mdeeper, wherethedetector
wasexpandedto includeneon�ash tubesastracking
detectors.About 50,000of themwereusedin anor-
thogonalgeometrystraddlingthescintillatortanks,to

getanangularresolutionof 0.5b . Somerepresentative
eventsareshown in Fig. 8 wherethehits in the �ash
tubescanalsobe seen.Event 131 is probablyan at-
mosphericmuonatq c 34 ^ 5b ; event61 is neutrino-
inducedandhastwo tracksat68b and84b with vertex
at the edgeof rock; event 443 hasa single track at
41b andis a borderline casebetweenthesetwo types
of processes.The angulardistribution of all events
recordedin thisexperiment21 is shown in Fig.9,where
onenoticestheclearseparationbetweenatmospheric
muonsand neutrino-inducedevents. The datawere
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Fig. 9 Zenithangledistributionof eventsin theERPMexperiment,SouthAfrica.

Fig. 10 Theneutrinodetectorin Utahsaltmines.
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st. The
n-inducedmuon�ux from this measurementis con-
sistentwith thatof its Phase1 resultmentionedabove;
it is alsoin generalagreementwith the�ux esreported
from theKGF experiment.

TheNeutrino Experimentin theUtah Salt Mine

A 2 ktondetectorwasemployedby theUniversity
of Utahgroupin asaltmineundertheUtahmountains

with averticaloverburdenof 1500hg/cm2 . Dueto the
shallow depthof thelocation,only up-goingparticles
could be unambiguouslyidenti�ed with neutrinoin-
teractions. The detector, shown in Fig. 10, had fast
timing from waterCerenkov detectorsfor trigger as
well astogetthesenseof motionof particles,cylindri-
calsparkcountersfor tracking,andmagnetisediron to
measuremomentaupto r 100GeV/c.

While it had collectedlot of dataon the atmo-
sphericmuonsin termsof angulardistribution,charge
ratio as a function of energy, and multiplicity dis-
tribution of muons,only a few neutrinoeventswith
measurementof muonmomentawerereportedfrom
this detector22. Theenergy spectrumthusobtainedis
shown in Fig. 11, wherethe KGF datais also plot-
ted. The conclusionwas that the spectrumis con-
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Fig. 11 Theenergy spectrumof neutrino-inducedmuons,measuredby theUtahandKGF experiments.

sistentwith a linear growth of neutrinocross-section
uptohigh energiesandthat theW-bosonmasshasto
belarge.

TheBAXAN Neutrino Detector

This detectorhad a large array of liquid scintil-
lator tanks at a vertical depth of 300 m in the El-
brus mountainof Baxanvalley, Russia. With about
3000 tanks(330 tons of liquid) arrangedin 4 well-
separatedlayersand fast timing, it was designedto
identify the up-moving n-inducedmuons(threshold
of 2 GeV) from the overwhelmingdown-moving at-
mosphericmuon�ux. Basedon19up-moving muons
in theangularrangeof s 50t aroundtheverticaldirec-
tion, they obtainedthevertical�ux of u 1 v 92 s 0 v 44wyx

10z

13 { cm2/sec/st.This wasin closeagreementwith
their estimateson the neutrino-inducedmuon �ux es
which led Boliev et al.23 to set an upper limit of
6 x 10z

3 eV2 on Dm2 at maximummixing anglein
the2-neutrinooscillationscenario.

In summary, neutrinoeventsweredetectedunam-
biguouslyamidstthelargecosmicraybackgroundus-
ing differenttechniquesandtheobservedrateof inter-
actionsin rockwasconsistentwith theestimatesbased

on the atmosphericneutrino �ux es and the cross-
sectionsmeasuredat theaccelerators,asof 1971.

5 Neutrinos asBackground to Proton Decay
Experiments

The Grand Uni�ed Theories(GUT), proposeddur-
ing themid 1970s,invariably led to thepredictionof
non-conservation of baryonnumberasthe only con-
sequencethat could be testedat the laboratorylevel.
In particular, it was predictedthat proton decayor
boundnucleondecaycouldoccurwith a meanlife of
1030 | 1034 yearsandinto avarietyof decaychannels
dependingon thedetailsof theGUT models.Theex-
perimentsconducteddeepundergrounduntil then,ei-
therto studyatmosphericmuonsatKGF6, or neutrino
interactionsin the ERPM24 and KGF mines25, were
usedto setlower limits of about1030 yearsonthelife-
timeof boundnucleons.But thesewerecountingtype
experimentsof limited massandwerenever designed
to searchfor nucleondecayeventsthat would have
specialdecaycharacteristicsand they hadno ability
to discriminateagainstthe backgroundfrom low en-
ergy neutrinoevents.
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Dedicatedprotondecayexperimentswere there-
fore plannedin late1970sto extendthereachandto
distinguishthe possibledecaysignal from the back-
ground. With total visible energy in suchdecaysbe-
ing lessthan 1 GeV, it was the low energy neutrino
componentthatposeda formidablebackground.This
led to a varietyof detectordesigns,suchas�ne grain
calorimeters,trackingdetectorsand waterCerenkov
detectorsto discriminateagainstsuchbackground.It
isbut naturalthattheseexperimentsalsocollectedrich
dataonatmosphericneutrinosfrom con�nedeventsof
low energy to through-goingmuonsproducedin inter-
actionsin thesurroundingrock.

The �rst experimentof this type was startedat
KGF in 1980at thedepthof 2.3 km with 140tonsof
steelplatesandproportionalcountersfollowedby an-
other340ton expandedversionat thedepthof 2 km.
Thiswasfollowedby a �ne graintracker with Irocchi
tubesat a depthof 1.5 km underMt Blanc, an NFT
tracking detectorin the Frejus tunnel at a depthof
1.6km, a massive waterCerenkov detectorby Irvine-
Michigan-Brookhaven(IMB) groupsin Clevelandsalt
minesat a depthof 600m anda waterCerenkov de-
tector using large PMTs at a depthof 1 km in the
Kamiokamines.

Neutrino Resultsfrom KGF NucleonDecay
Experiments

The�rst (Phase1) detectorwassetupatadepthof
2.3km, closeto thesiteof theearlierneutrinoexper-
iment. The main detectormodulesweresealedpro-
portional countersof cross-section10 cm } 10 cm
and4m(6m)length,whichprovidedtrackingandalso
ionizationmeasurementof particles26. They werear-
rangedin a 140ton arrayof 34 horizontallayerswith
1~ 2• • thick iron absorbersbetweenthemasshown in
Fig. 12.

Thezenithanglesof penetratingtracksweremea-
suredto better than 1€ and the energy loss dE ~ dx
of particlesand penetrationof absorberswere used
to distinguishelectronsfrom muons/pions.Another
detector(Phase2) of similar designbut with a to-
tal weight of 340 tonsandcomprising60 horizontal
layersof proportionalcountersin a cubicaldetector
of side 6m, was set up a few yearslater at a depth
of 2 km in the samemines27. In addition to neu-
trino interactionsin thesurroundingrock,onehasalso
neutrinoeventsproducedwithin thedetectormaterial

(iron) actingastarget. The latter category comprises
thefully con�ned eventsaswell aspartially con�ned
eventswith vertex insidethedetector. Sincethetiming
responseof thecounterswasnotadequateto measure
the senseof direction,only the muonstraversingthe
detectorat largeangles( • 55€ in Phase1 and • 60€

in Phase2 detectors)couldbeunambiguouslyidenti-
�ed asdueto nm interactionsin rock.

A detailedevaluationof the early datafrom the
KGF detectorwas madeby Krishnaswamy et al.27;
this involved a study of various processesof neu-
trino interactionleadingto con�ned eventswith en-
ergy up to a few GeV, through-goingmuonsdue to
high energy neutrinos(meanenergy ‚ 50 GeV) and
the intermediateenergy eventsclassi�ed aspartially
con�ned ones. We presenthere only the category
of through-goingmuons. The total numbersof such
eventsrecordedin theseexperiments,conductedover
10years29 areshown in TableIII andtheirangulardis-
tributionsin Fig. 13.

Table III
Detailsof KGF dataonneutrinosduring1980–90.Thenumberof

neutrino-inducedmuonsincludesincludesup-goingmuonswhile the
backgroundis mostlyfromthe�r st bin after thecut-off angle.

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

PhaseI 8.41 139(55ƒ…„ 125ƒ ) 11.3
PhaseII 5.53 182(60ƒ

„ 120ƒ ) 17.8
Total 321 29† 1 ‡ 2 † 3

Onenoticesin this plot a clearseparationof the
two types of events i.e., atmosphericand neutrino-
induced.Thenumberof theobservedneutrinoevents
with separatecutson zenithanglesfor Phase1 & 2
detectorswereconsistentwith predictedvalueswithin
thestatisticalaccuraciesof dataandtheuncertainties
in �ux esandcross-sections17,30.

The Phase1 & 2 detectorshad recorded‚ 100
con�ned events,outof which ‚ 84hadvisibleenergy
larger than200MeV, in a total exposureof 1.65kton
years. Theseincludedsingle tracks(m̂ p), showers
(e,p0) andinelasticeventswith multi-trackcon�gura-
tion. Thesewereanalysedin termsof n-interactions
as well as possibledecayof boundnucleonsin the
iron absorberand also in the detectormaterial. An
earlyanalysisof thePhase1 datawasgivenby Krish-
naswamy et al.27. While therewerecandidateevents
that are consistentwith nucleondecayin this �nal
sample,they areby no meansunambiguousor con-
clusive to be ruled out asraren-interactions.These
datawerethereforeusedto setstringentlower limits
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Fig. 12 Frontview of Phase1 Nucleondecaydetectorat2.3km depthin KGF. Eachsquaresectionseenhereis of aproportionalcounter

giving a grid sizeof 10cm ‰ 10cm.

Fig. 13 Angulardistributionof through-goingmuonsin KGF detectors.

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

Neutrino Data from OtherProtonDecay
Experiments

As mentionedearlier, two typesof detectorswere
employedto searchfor protondecay:

1. Fully activated water Cerenkov detectorsby
Irvine-Michigan-Brookhaven collaboration31

in Cleveland salt mines in USA, Harvard-
Pennsylvania-Wisconsin32 under Utah moun-
tainsin USA, andKamiokande33 collaborations
in aminein Japan.

2. Tracking calorimeterswith iron absorbersby
Nusex in Mt Blanctunnel34; Frejusexperiment35

in a tunnelin FranceandSoudanII experiment
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Table IV
A compendiumof resultsfromtheprotondecaydetectors of the1980s.HereSTstandsfor (muonlike) singletracks; SHfor e-like showers,andR is as

de�nedin thetext. A comparisonwith calculationsfroma MonteCarlo (MC) simulationis alsoshown.

Experiment Exposure nm data nm M.C ne data ne M.C R
(ktonyear) (ST) (ST) (SH) (SH) ratioof ratios

Containedeventsonly
IMB1 3.80 104 136 297 265 0 Š 68 ‹ 0 Š 08
Kamioka-ring 7.70 234 356.8 248 227.6 0 Š 60 ‹ 0Š 06
Kamioka-decay 182 277.5 300 313.9 0Š 69 ‹ 0Š 06
IMB-3 ring 7.70 182 268 325 257.3 0Š 54 ‹ 0 Š 05
IMB-3 decay 208 261.5 402 348.5 0Š 64 ‹ 0 Š 07
Frejuscontained 2.00 94 100 89 82 0Š 87 ‹ 0 Š 13
Soudan2 1.01 33.5 42.1 35.3 28.7 0Š 64 ‹ 0Š 19
NUSEX 0.5 32 36.8 18 20.5 0 Š 99 ‹ 0 Š 29

Includingtheuncontainedevents
KamiokaMulti-GeV 0Š 59 ‹ 0Š 08
Frejus-Total 0 Š 96 ‹ 0 Š 18

in aminein Minnesota,USA36.

The largest among thesewere at IMB (with 9
ktonsof waterunder1600hg/cm2) andKamiokande
(with 3 ktonsof waterunder2700hg/cm2) whereas
the Frejus experimenthad 800 tons of steel and a
�ne-grain �ash chambertracker at 4400hg/cm2 and
the Nusex experiment employed 160 tons of steel
plateswith Irocchi tube tracking. Since they were
operatedat different depthsunderground, different
strategieswereneededto suppresscosmicray back-
ground. While only stronglower limits could be set
onprotondecaylife-time from theseexperiments,the
wealthof dataonatmosphericneutrinosallowedade-
tailed study of �ux es of electronand muon neutri-
nos. A summaryof the neutrinodataobtainedfrom
theseexperimentsis shown in TableIV.A strongev-
idencefrom the large water detectorson the deple-
tion of n-inducedmuons,asexempli�ed by the ratio
R ŒŽ• Nm•

Ne • data •

• Nm•

Ne • MC hasbeena clearsignal

for neutrinooscillations.Thesewerecon�rmedby the
statisticallysigni�cant resultsonangulardistributions
of n-inducedmuonsandelectronsin thenew 50 kton
Super-Kamiokandedetectoraswell as the Soudan2
trackingdetector.

Summary

In this short historical review of the beginnings of
atmosphericneutrinophysics,we have attemptedto
show the gradualprogressof the experimental�eld
stepfrom the�rst detectionof atmosphericmuonneu-
trinosto thecurrentlyexciting phaseof neutrinooscil-
lation phenomena.Looking backat thevantagepoint
of the mid 1960swith the no-countobservation at 3
km depthpointingusto neutrinoexperimentsatKGF,
the�eld hasgrown to anunrecognizablestatewhereit
hasprovided,presumably, the�rst glimpseof signals
beyondtheStandardModel.
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