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Abstract

The CORAL collaborationproposesa cosmicray experimentconsistingof an array of
muontrackingchambersin theundergroundcavernat PA4 togetherwith anarrayof scin-
tillation counterson the surfaceabove. This location is ideal for both the underground
muonarrayandthesurfaceair shower array.

CORAL will provideuniquedataonmulti-muonproductionin cosmicrayair showersin a
particularlyinterestingenergy regime.Togetherwith thesimultaneousandcomplementary
measurementof theelectromagneticstructureof theair showers,CORAL will
– determinethe compositionof cosmic ray primarieswith unprecedentedprecision

over theenergy range�
	��� eV to a few times �
	���� eV
– provideasensitive instrumentfor thestudyof thestructureof cosmicrayair showers,

includinganomaliessuchasthosesuggestby Centauroandanti-Centauroevents
– significantlyextendthe studyof the high multiplicity muonexcesspreviously ob-

servedwith theALEPH detector.

CORAL is an economicalexperiment,inheriting the completeair shower arrayfrom the
HEGRAexperiment,aswell asmuondrift chambersandscintillationtriggercountersfrom
UA1, DELPHI andOPAL. While LHC constructionwork at PA4 imposesconstraintson
theexperiment,nomajordifficultiesareforseen.
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1 PhysicsGoals

TheCORAL Collaborationproposesto installa21x 23m� arrayof muontrackingchambers
in the undergroundcavern at PA4 (the former ALEPH experimentalregion), togetherwith a
150x 150m� arrayof scintillationcountersarrangedona 10m grid on thesurfaceabovePA4.
The simultaneousand complementarymeasurementof the muonic and the electromagnetic
componentof a cosmicray air shower with this apparatuswill provide the determinationof
bothshower coreandprimaryenergy by two independentmethods.TheCORAL detectorwill
alsobeasensitive instrumentfor thestudyof fluctuationsin thecharged-to-neutraldistribution
of cosmicrays,suchsuggestedby theoreticalmodelssuchasDisorientedChiral Condensates,
and by observationsof Centauroand AntiCentauroevents.CORAL will also determinethe
primaryparticlespecieswith anunprecedentedprecisionfor primaryenergiesfrom ������� eV to
a few times ������� eV.

This proposalthusrepresentsa significantextensionof the capabilitiesof the earlierCos-
moLepproposal[1] for anundergroundmuonarrayalone.

An importantpart of the CORAL experimentalprogramis the further study of the high-
multiplicity muonexcesspreviouslyobservedwith theALEPH detector. Thelargeunderground
tracking detectorswith good multi-particle resolutionwill provide information on the size,
structure,andradialprofileof high-multiplicity muonevents,andwill alsodiscriminateagainst
muoninducedshowersfrom therock overburdenwhich might mimic high-multiplicity events.
This information from the undergroundmuon array can then be correlatedwith detailedin-
formationaboutthe electromagneticcomponentof the shower provided by the surfacearray.
CORAL will collectmuchlargerdatasetsandwill thusdramaticallyimproveboththestatistics
andthecharacterizationof theseanomalousevents.

1.1 Overview
In recentdecades,cosmicray air showersinitiated by high-energy protonor nucleuscolli-

sionsin the atmospherehave beenstudiedwith large areaexperimentson the surfaceor with
muonmeasurementsdeepunderground.In principle,thesecosmicrayexperimentsexploretwo
completelydifferent realmsof physics,particleastrophysicsandparticle interactionphysics,
whichare,however, intimatelyrelatedby theinterpretationof thedata.

Theprecisemeasurementof thecosmicray energy spectrumand,in particular, of thechem-
ical compositionof cosmicray primariesin the vicinity of the “knee” (10�� eV to 10�"! eV)
mayshedlight on theorigin of cosmicraysandhenceon their accelerationmechanism.This
compositionis preciselyknown from directmeasurementsin satellitesandballoonexperiments
only for energiesbelow 10��� eV, dueto rate limitations. Higher energiesmustbe studiedby
largedetectorareason thesurfaceor underground.

The determinationof the primary particlespeciesfrom groundlevel observablesdepends
critically on thedetailedunderstandingof theinteractionmechanismof theshoweringparticles
with air. Particleproduction,bothat largeenergiesandin theforwarddirection,cantodayonly
be estimatedby modelbasedextrapolationof acceleratordata.Indeed,thereareno accelera-
tor datafor particleproductionat very small forwardanglesandin therelevantenergy region
aroundthe“knee”. In fact,new phenomenain very forwardhigh-energy hadronicinteractions,
suchascoherentpionproduction,disorientedchiral condensatestatesor heavy flavour produc-
tion cansignificantlyinfluencethe hadroniccascadeandhencethe observablesat the ground
level. This may be the causefor the conflicting resultsaboutthe particlecompositionamong
variousexperimentswhichhavenotbeensatisfactorily resolved.

Theinterpretationof thecosmicray datadependscrucially on modelsextrapolatedwell be-
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yondtherangein whichthey havebeentunedor tested.While it maybethatsomeof themodels
will converge on a commoninterpretation,they may still be incorrect.Hence,the greaterthe
diversity of the measurementswhich the modelsmustconfront, the greaterthe likelihoodof
convergingto thecorrectanswer. As many complementarymeasurementsaspossibleshouldbe
madein orderto understandmoreaboutthe forward particleproductionandhenceaboutthe
cosmicspectrum,andto providecross-checkson theinterpretationof theresults.

Cosmic ray air showers are characterizedby the distribution of the electromagneticand
muoniccomponentsat groundlevel andby muondistributionsat differentundergroundlevels.
In this proposalwe want to stressthe importanceof correlationsbetweentheelectromagnetic
componentatgroundlevel anddetailedmuonmeasurementsatamodestdepthof 140m under-
ground.At thesedepths,theelectromagneticandhadroniccomponentsof theair showersare
fully absorbed,andthemuonmomentumcut-off is about70 GeV.

Thisis in contrastto experimentsdeepunderground,suchasMACRO [2], SuperKamiokande
[3], IMB [4], andFrejus [5, 6] wherethecutoff is of theorderof oneTeV, aswell asto surface
experimentssuchasKASCADE [7], AGASA [8], CASA-MIA [9] andGRAPES [10], where
the cut-off is of the orderof oneor two GeV. Cosmicray experimentsat modestdepths,are
thereforecomplementaryto mostprevious andexisting cosmicray muonstudieswhich have
beeneithermuchdeeperundergroundor locatedonor verynearthesurface.

Indeed,uniquedatain a new muonenergy domaincanbeobtainedby equippingPA4 with
arraysof muonchambersandscintillation counters.The importanceof thesestudiesfollows
from two considerations:

1. high-multiplicity muoneventshave not beenstudiedwith precisemuonchambersover
this rangeof muonenergies(i.e.above70GeV, correspondingto adepthundergroundof
140m) nor in conjunctionwith asurfaceair showerarray;and

2. this is aparticularlyinterestingenergy regimefrom thepointof view of thedevelopment
of cosmicray air showers,sinceit roughly correspondsto the characteristicenergy at
which thedecaymeanfreepathequalsinteractionmeanfreepathfor thepionsproduced
in theoriginal interaction.

1.2 CosmicRay Experimentswith largeunderground detectorsat CERN
It is important to note that the useof the large undergrounddetectorsat CERN for cos-

mic ray studieshaspreviously beensuggestedby several groups,e.g. UA1 [11] and more
recentlyby theLEP experiments.Membersof theALEPH collaborationstarteda pilot exper-
iment (CosmoALEPH)by addingcounterarraysundergroundaroundtheALEPH experiment
overadistanceof up to 1 km [12].

SincethentheL3 experimenthasestablishedacosmicrayexperimentalprogram,L3+Cosmics
[13] which hastakendatain parallelwith thenormalL3 readout.It has,asa principleaim, a
precisemeasurementof theinclusivecosmicray muonspectrumbetween20 and2000GeV, in
the context of the currentinterestin neutrinooscillationsandthe pressurefor a moreprecise
calculationof themuon-neutrinospectrum.

Theutility of LEPexperimentsbaseddatafor cosmicraystudieshasalreadybeenexploredby
theCosmoLepgroupin ananalysisof multi-muoneventsrecordedby theALEPH experiment,
usingtriggersduringnormale+e-datataking [14]. In fact,thepresentproposalwasmotivated
in part by the intriguing high multiplicity cosmicray muoneventsobservedwith theALEPH
detector.
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1.3 The cosmicray spectrum
A primarycosmicray nucleonwill, on theaverage,have its first interactionwith anair nu-

cleusat about20 km above the earth’s surface,startingan electromagneticandhadroniccas-
cadewhichdevelopsin the1000g/cm# thick atmosphere.Photons,electronsandmuonsarethe
dominantparticlesthatwill reachthegroundlevel; undergroundonly muonswill survive.The
primarycosmicrayflux, asmeasuredby avarietyof experimentsin recentdecades,is shown in
Fig. 1.1 [15]. At thelowestenergies,wheretheratesarehigh, themostprecisemeasurements
have beenmadewith balloonandsatelliteexperimentsusingsmall (squaremeteror lessarea)
detectors.Theseexperimentscanobservedirectly theprimaryinteraction,andstudytheparticle
compositionof theprimarycosmicrays.As a result,thespectrumof cosmicraysat thetop of
theatmospherehasbeenwell establishedover severalordersof magnitudefor energiesbelow
10$�% eV. For higherenergies,theeventratebecomestoo small for balloonor mostsatelliteex-
periments,andlarger-areagroundbasedexperimentsarerequiredto studycosmicraysat high
energies.It maybenotedthatanexperiment,ACCESS,is beingdesignedfor theInternational
SpaceStationfor thespecificpurposeof studyingtheprimary cosmicray compositionabove
10$�% eV by directobservation [16]. Interestingly, at energiesbetween10$�& and10$�' eV, a very
prominentandwell-known featureof thecosmicray spectrumappears;a breakin thespectral
slopewhich is known asthe“knee” of thespectrum.Cosmicraysup to this energy rangeare
thoughtto be of galacticorigin, andhencethe kneepresumablyrepresentssomeof the cos-
mic accelerationmechanismsreachingtheir maximumenergy. This is also the energy range
correspondingto thelimit of confinementof thecosmicraysin thegalacticmagneticfield.

While the energy spectrumis reasonablywell established,the compositionof cosmicrays
above energiesof about10$�% eV is still unsolvedandthesubjectof muchactive research.The
presentdataon theparticlecompositionof cosmicraysasa functionof the incidentenergy is
shown in Fig.1.2 [17], wherethe averageof the logarithmof the massnumberis plottedvs.
energy, asdeducedfrom a largenumberof experiments.At energieswell below theknee,pro-
tonsandlight nucleidominate.Aroundthekneethereseemsto beatransitionto heavier nuclei,
but thevariousexperimentsreachvery differentconclusions,andthesituationis still unclear.
Qualitatively, asheavier nucleiof thesametotal energy have a smallerradiusof curvaturein a
givenmagneticfield thanlighternuclei,oneexpectsthatthegalacticconfinementwouldfail for
protonsandlight nucleiat lower energiesthanfor heavier nuclei, leadingto a naturalincrease
in ( ln A ) with energy throughthis region.

Among the bestrecentmeasurementsare resultsfrom the KASCADE experiment [7] in
Karlsruhe,which consistsof a surfacearrayof electromagneticandmuondetectorsdeployed
overanareaof 200x 200m# . Oneof thebasicdifficultiesin interpretingthesedatain termsof
themassandenergy of aprimarycosmicrayis thefluctuationin theshowerdevelopmentin the
atmosphere,andin particularin themodellingof theforwardparticleproductionin theprimary
interaction.It is worthnotingthatresultsfrom HEGRA,MACRO,DICE andMSU wouldrather
favour analmostenergy-independentparticlecomposition,in contradictionto theKASCADE
measurements.Or could thesediscrepanciesstemfrom the fact that the experimentsmeasure
in different kinematicalregions,e.g. HEGRA in 2200mheight and MACRO at about1 km
underground,correspondingto a1.3TeV muoncut-off?

1.4 Muons in air showers
Sincethe primary interactionoccursabout10 interaction-and30 radiation-lengthsabove

the earth’s surface,measurementswith large air shower arraysat groundlevel areonly mod-
estlysensitive to thecharacteristicsof thefirst interaction.As a result,someobservablequan-
tities, like theelectronandphotondensities,arealmostcalorimetricin nature.As anexample,
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Figure1.1.Energy spectrumof primary cosmicrayswith theenergy rangesof theexperiments
(takenfrom [15], where theindicatedexperimentsarealsoreferenced).
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Figure1.2.Chemicalcompositionof primary cosmicrays(from [17]).

a shower areacanbedefinedin which theintegral numberof chargedparticlesis almostinde-
pendentof the primary nuclei andonly dependingon the energy. This hasbeenimportantin
establishingtheenergy spectrum.

In orderto efficiently tracebacksomedetailsof thefirst interactionandto probetheprimary
cosmicray composition,a maximumsetof observablesshouldbeused.Muons,becausethey
originatefrom thedecayof pionsandkaonsanddo not multiply but only loseenergy by ion-
izationasthey traversetheatmosphere,areparticularlyusefulin this regard.Hencemuondata,
detectedwith an experimentundera suitableoverburden,arecomplimentaryto experimental
observationsof cosmicrayair showersatgroundlevel.

1.5 Underground muon experiments
Cosmicray muonmeasurements,begunaround1937,arebeingcontinuedin modernunder-

groundexperiments,someof which wereoriginally designedasprotonlifetime experiments.
The cosmicray muonflux is steeplyfalling with energy (Fig. 1.3), hencewith depthin the
earth,or overburden,which may be expressedin m waterequivalent(w.e.) or hg/cm@BA . The
undergroundlocationsof severalof themajorexperimentsareindicatedon theFig. 1.3by their
overburdenrangeover which they measuremuons.Except for the underwater experiments,
which have a rathercrudespatialresolution,many of the experimentsaredeepunderground,
with a typical momentumcut-off of a TeV or greater. Theseexperimentsstudythetopological
propertiesof multi-muoneventsfor high-momentummuons.Dueto the low rate,thesedetec-
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tors arelarge andhencetheir granularityis modest.Otherexperiments,closerto the surface,
usuallyhave ionizationdetectorsonly andalsolackprecisetracking.

Thesizeof thedetectorarea,thespatialresolution,andthepatternrecognitionin complicated
high-densityeventsplay a critical role in multi-muonstudies.In this context, CORAL, with its
locationatabout300m w.e.andunderageologicallywell known rockoverburden,will provide
unprecedentednew dataonthecosmicraymuoncomponentof air showers.An additionalvirtue
of CORAL is thenear-by locationof theJuramountains;by choosingazenithanglegreaterthan
70degreesandobservingatanorthwestazimuth,theoverburdencanbeincreasedto morethan
10km w.e.Thispermitssimultaneousmeasurementsat verydifferentoverburdens.

Thenearestanalogueto CORAL would betheBaksanUndergroundScintillationTelescope
(BUST), at a depthof 850 m w.e. (energy thresholdabout200 GeV). This 17x17 mC array
of 0.7 x 0.7 x 0.3 mD scintillators,arrangedin four layers,also operatein conjunctionwith
a surface“carpet” array. However, the tracking precisionis limited by the scintillator sizes,
andcertainlydoesnot approacheitherthe precisionor multiplicity resolutionof the CORAL
trackingchambers.

It is anadvantagethatdifferentmuoncut-off energiescanbechosenby theamountof over-
burdenin anundergroundexperiment.Studiesof veryhigh energy muonsin experimentsdeep
undergroundprobedifferentaspectsof theshower thando the low-energy muonsobservedby
surfaceexperimentswhich comefrom thepartof the longitudinalshower developmentwhere
the pion density is largest.Conversely, muonswith TeV momentapreferentiallyarisefrom
decaysat the top of the atmosphere.But they are also not ideal to characterizethe primary
interactionsincedueto theLorentzfactoronly asmallfractionof thehadronswill decay.

The optimal muon energy is around50 - 100 GeV. At this energy the parentpions have
a decaymeanfree path of about5.5 km. At a height of about15 km, correspondingto an
atmosphericoverburdenof 120g/cmC , thedecaymeanfreepathandthe interactionmeanfree
pathfor theproducedpionsof theaboveenergy arecomparableandthereforeasizeablefraction
of themuonsarebornat thisheightreflectingsomepropertiesof theprimaryinteraction.

It is a uniquefeatureof theCORAL experimentthat it operatesin thevicinity of this “char-
acteristicenergy” of about100GeV.

1.6 CosmicRay ResultsObtained with the ALEPH Detector
Thepresentproposalwasmotivatedin partby the intriguing high multiplicity muonevents

observed in an initial experimentwith the ALEPH detector. The contributionsof this experi-
ment to the studyof multi-muonbundlesfrom cosmicraysresult from the superbcharacter-
isticsof theALEPH detector [18] which waslocatedat thedeepestLEP point, 140m under-
ground,correspondingto amomentumcut-off of 70GeVfor verticalmuonincidence.Thelarge
Time-Projection-Chamber(TPC) insidea solenoidalfield of 1.5 Teslaprovidesexcellentpat-
tern recognition,trackingresolutionandmomentumdetermination.TheTPCwassurrounded
by electromagneticandhadroniccalorimeterswith trackingcapabilitiesandby an outershell
of muonchambers.

StandardLEPtriggersof ALEPH werealsosensitiveto cosmicraymuons,particularlymulti-
muonevents,if they occurredwithin a gateof a few microsecondscenteredon the electron-
positronbeam-crossingtimes.The cosmiceventsweretriggeredby the energy depositionof
themuonsin theelectromagneticandhadroniccalorimeters.About 580000cosmicray events
wereselectedfrom theLEP datatakingperiodsduring theyears1997to 1999,corresponding
to an effective datataking time of 1.7 E 10F sec.A representative sub-sampleof the datawas
scanned,aswereall eventswith multiplicity greaterthan6, in orderto remove beam-gasand
muoninteractionsthatcansimulatehigh-multiplicity events.
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Figure1.3.Themuonfluxasa functionof depthasmeasuredbyundergroundexperiments[19].
Thedepthrangesof someexperimentsare alsodrawn.References:underwaterexperiments–
see[19]; MACRO – [2]; SOUDAN– [20, 21]; SCE– [22]; NUSEX– [23]; Kolar goldfields
– [24]; BAKSAN– [25, 26]; LVD – [27]; Fréjus– [5, 6]
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As an example,one of the highestmultiplicity muoneventsis displayedin Fig. 1.4 with
views along and perpendicularto the LEP ring and also perpendicularto the muon shower
direction.Theexcellentresolutionof theTPCeasilyresolvesclose-bymuontracksandenables
an angulardeterminationto betterthan 5 mrad, the averagemultiple scatteringangleof the
muonsin the 140moverburden.Furtherinformationaboutthe muondensityis given by the
forwardcalorimetersandmuonchambers.The76 recordedtracksin theTPCappearaspoints
in the planeperpendicularto the muonbundleaxis for thosemuonswhich areparallelto the
showeraxis.As seenin Fig. 1.4,themuonsarealmostparallelandaredistributedisotropically
overanareaof 4 x 3 mG . Thelargemuondensityof about6 muons/mG extendsfurtherinto the
forwardcalorimeters.

For quantitative analysis,the ALEPH datawerecomparedwith the expectationsfrom cos-
mic rayair showersimulations(seeSection 4 for detailsof theCORSIKAshowersimulation).
Fig. 1.5shows themeasureddistributionof themuonmultiplicity in theTPCandtheQGSJET
CORSIKAsimulationfor protonandiron primaryparticles,absolutelynormalizedto theeffec-
tive runningtime.Up to a multiplicity of 20, theprotoncurve describestheobserveddatawell
over several ordersof magnitude,indicatingthat the primary spectrumis dominatedby light
elementsat energiescorrespondingto thesemultiplicities.Thediscrepancy in thesinglemuon
rateis dueto thelow efficiency of theLEPtriggersfor singlemuons;thisefficiency approaches
100%only if therearemorethantwo muonsin theTPC.At larger multiplicities thereis evi-
dencefor a transitionto the iron curve. Iron inducedshowersaremoreeffective in producing
muons(seeFig. 1.6) sincethey interacthigherin theatmosphereandalsoproducelargerpion
multiplicities.While thesimulationagreeswith thedataovera wide multiplicity range,it fails
to describethe highestmultiplicities, even underthe assumptionof a pure iron composition.
Tab. 1.1 summarizesthe characteristicsof the five highestmultiplicity events.An estimateof
theprimaryenergy wasmadeundertheassumptionthattheshowercenteris in theTPCandtak-
ing into accountthezenithangle.Theenergy wascalculatedassumingproton-inducedshowers
andwouldbe40%lower for iron. If theshowercoreswerefurtheraway, theenergieswouldbe
evenlarger.

It shouldalsobe mentionedthat anomaloushigh multiplicity muoneventshave alsobeen
reportedby theBUST [28] andKolarGoldFields [29] experiments.

event muon zenith primary
density(mHBG ) angle(I ) energy (eV)

97-a 4.75 40.8 3 J 10K�L
97-b 5.3 37.7 3 J 10K�L
97-c 8.9 40 6J 10K�L
98-a 8.2 48.6 7J 10K�L
98-b 18.6 27 10K"M

Table1.1.Characteristicsof thehighestmultiplicity events.Theprimary energy wasestimated
byassumingtheshowercenterto becloseto theTPCandtakinginto accountthezenithangle.
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Figure 1.5. Multiplicity distribution of muonsin the TPC compared to CORSIKAsimulations
for p andFe asprimary particle. Thehighestmultiplicity eventhastwice theparticle density
(seeTab 1.1)

Figure1.6.CORSIKAMonte-Carlosimulationsof themuondensityfor protonandironinduced
showersof variousenergiesasa functionof theradial distancefromtheshowercenter
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1.7 Capabilities of the CORAL Detector
As notedabove, the ability to resolve close-bymuonsin even densemuonbundlesandto

measurethemuondensityandits spatialextentoverasizeablearea(400mN ) will beapowerful
tool to reconstructthe primary energy andcomposition.The transversesizeof muonbundles
is sensitive to the massof the primary nucleus.Fig. 1.6 illustratesthe radial muondistribu-
tions producedby proton-and iron-inducedair showersfor threedifferentenergy ranges,as
calculatedwith CORSIKA simulations(seeSection 4). Threedistinct featuresof the radial
distributionsarerelevant to our studies:themuondensityin the centeris almostindependent
of theprimarynucleimassandincreaseslinearly with theprimaryparticleenergy. This allows
an energy determination,independentof the primary particlemass.The densitydecreasesby
an order-of-magnitudeover a distanceof some10 m from the corecenter. Comparedto the
extensionof an air shower in the top array the muonswith a momentumcut-off of 70 GeV
areconcentratedover a muchsmallerarea.Hencetheundergroundmuonareaof theCORAL
lay-outis well matchedin investigatingmostof themuonbundles,initiatedby primarycosmic
raysin theenergy rangeof 10O�P - 10O"Q eV.

Comparedto protons,iron inducedmuon bundlesexhibit a flatter radial distribution and
containtwice asmany muons.This is dueto thecharacteristicsof iron-air interactionswhich
starthigherin theatmosphereandproducemorepions.

In principle,a precisemeasurementof thesemuonbundleswould besufficient to determine
the primary energy and the compositionif the interactioncharacteristicswould be precisely
known. But in combinationwith anindependentdeterminationof theshower characteristicsat
thegroundlevel, theidentificationof theprimariesis drasticallyimproved.

The ability of the CORAL detectorto distinguishbetweendifferentspeciesof cosmicray
primariesby combininginformationfrom theundergroundmuonarraywith informationfrom
thesurfaceair showerarrayis indicatedin Fig. 1.7.

By usingthesetechniques,CORAL will determinetheprimaryparticlespecieswith anun-
precedentedprecisionfor primaryenergiesfrom R�S�O�T eV to a few times R�SUO�V eV.

1.8 Other PossibleSurprises
At the knee,the primary collision of a cosmicray with the nuclei in the atmospherecor-

respondsto a center-of-massenergy somewhat above that probedin WYX[ZW collisions at the
Tevatron.The Tevatron’s 2 TeV c.m. energy is that producedby the interactionof a proton
of 2 x 10O�P eV with a stationaryproton.Even at Tevatronenergies many aspectsof particle
productionareunexplored;little is known abouttheproductionof particleswith lessthanthe
genericW�\ of a few hundredMeV/c, i.e. the particlesproducedat small anglesor high val-
uesof pseudo-rapidity] . Thereareamplereasonsto expectsurprisesin this regimeof energy
andparameterspace,which hasbeenunexploredat particleaccelerators.Theuncertaintiesare
even larger in the caseof nucleon-nucleusandnucleus-nucleuscollisions.Onepossibleindi-
cationof suchsurpriseshasbeenprovidedby theJACEECollaboration,usinga balloon-borne
emulsionchamberdesignedto probetheprimarycosmicray composition.They have reported
severaleventsexhibiting “Centauro”and“anti-Centauro”behaviour, an anomalouslylarge or
smallratio of photonsto chargedparticlesin a limited region of pseudorapidity-azimuthphase
space.This couldpossiblybe indicative of “DisorientedChiral Condensate”(DCC) - like low
W�\ production [30]. Onesucheventis illustratedin Fig. 1.8 [31].

The topologyof theseeventscaneasilybe recognizedby the CORAL experiment.In one
case,a largeelectromagneticshower would bemeasuredin thetop arraywith almostno muon
contentunderground,in the other casetoo many muonswould be detectedwithout the cor-
respondentelectromagneticair shower. This is an examplehow the top andthe underground
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Figure1.7.Numberof muons(p̂ 70GeV)versusnumberof electromagneticparticlein anarea
of 100x100m_ , for protonandiron initiatedshowers,pointingto thecenterof theunderground
arraywithin 10m(5̀ 10a�bdc Ec 5̀ 10a�e , zenithangle fgc 15h ). Theprimaries(p,He,O,Fe)cluster
aroundthestraight linesindicatedin theplot.)

measurementshelpeachotherin interpretingtheevents.
Theformationof aquark-gluon-plasma(QGP),e.g.in iron-air collisionsat thehighestener-

gies,wouldalsomanifestitself in anoutstandinglargemuoncontent.[32]
Anotherkind of surprisecouldbeprovidedby stablebodiesof strangequarkmatter. If present

in cosmicrays,suchbodieswouldbreakinto hadronsthroughinteractionswith ordinarymatter,
giving rise to very narrow but slowly diverging beamsof a large numberof ultra-highenergy
particles.Suchbodieswould thus manifestthemselves as a large numberof small showers
incidentover a large area,quite distinct in propertiesandstructurefrom the usualcosmicray
showers.Suchgroupsof showerscanbesearchedfor by lookingfor correlationsamongsurface
air shower arraysseparatedby distancesof at leasta few kilometers.CORAL will searchfor
sucheventsin cooperationwith the 50-detectorL3C array operationalabove the former L3
experiment.Correlatingwith otherlocal stationswould enhancethe statisticsandenlarge the
detectionarea.
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Figure1.8.Exampleof a highmultiplicity eventwith ananomalousconcentrationof photonsin
a limited rangeof phasespace[31].

1.9 Muon Astronomy
With its precisemeasurementof themuondirection,10 mradfor a singlemuonandstatisti-

cally betterfor multi-muons,theCORAL detectorcanalsobeusedasa telescopeto seekpoint
sourcesin our galaxy andpossiblybeyond [33]. But for energies of charged particleswell
above EeV, for which the trajectoriesarenot scrambledby galacticmagneticfields, the data
ratefor CORAL is toosmallto beof use.

Consequently, muon‘astronomy’canonly beperformedwith neutralprimariessuchaspho-
tons,neutrinos,neutrons,or exotic particles(SUSYparticles,“strangelets”,dustgrains,etc.).
Suchneutralparentparticles,which carrythedirectionalinformation,mayundergo aninterac-
tion in theatmosphereproducingmuons,which would thenbedetectedby CORAL.

Photonswith energiesin excessof 300TeV areabsorbedby theblackbodymicrowavepho-
tons,thusreducingtheir meanfreepathto about10 kpc.For photonswith energiesabove 10i
TeV, thecosmosagainbecomesmoretransparent.Although lessefficient thanhadronsin pro-
ducingmuons,photon-initiatedshowerswouldproducemuonsvia pairproductionandthrough
photo-productionof hadronsfrom air nuclei.

Muon neutrinos,detectedvia chargeexchange,would alsopoint to their source,but, dueto
backgroundfrom atmosphericcosmicrays,only upward-goingmuonswouldbeuseful,andthe
rateswouldcertainlybelow.

Very energetic neutronsmay be producedthroughprotonsor nuclei interactingwith the
plasmaenvironmentin anacceleratingshock;from 300GeVexperiments,thecrosssectionfor
producingneutronsof nearlythefull protonenergy in inelasticcollisionsis quitehigh.However
theneutronlifetime constrainstherangeof ‘neutronastronomy’to our localgalacticneighbour-
hood;thedecaypath-lengthis about100pc at 10 PeV. To besure,at energiesapproachingan
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EeV, neutronscouldpermitusto scanmostof our galaxyfor sources,flux permitting.
Exotic particles(e.g.WIMPs) may exist, but their interactioncross-sectionsaresmall and

thechanceto find themwith CORAL wouldappearto besmall.Strangelets(nucleus-likestable
neutralobjectscontainingequalnumbersof up,down,andstrangequarks)havebeenpostulated,
and,if of energiesof aPeVor greater, would initiateair showersin line with theirorigin.At this
time,theirstability is uncertainandthey remainundetected.Dustgrains,originally chargeddur-
ing accelerationandthenneutralized,might becandidateneutralparticles,but almostcertainly
notof sufficientLorentzfactorto generateair showers.

Theseargumentssuggestthatthemostpromisingpoint-sourcecandidatesfor muonproduc-
tion may be photons.Thereareknown sourcesof TeV gamma-raysin our galaxyaswell as
at extra-galacticdistances.AtmosphericCherenkov observationshave confirmedthat familiar
sourcesaswell asthosediscoveredby theComptonGammaRayObservatory(CGRO) in the
GeV rangeextendinto theTeV range,andevenbeyond [34]. Themostpromisingsourcesare
theCrabnebula,thepulsarPSR1706-44,andtheactivegalaxy, Markarian421.Thegamma-ray
spectrumof theCrabnebula,for example,is known to extendbeyond10TeV [35, 36]. Sources
suchasMarkarian501,whichemitphotonsabovetheTeV range,arenotseenby detectorssuch
astheCGRO.

Earlier therehadbeenclaimsof observationsof astronomicalsourcesfrom air showersand
from muon detectors [38, 39], but more recent,intensive sky searches,by the MIA-CASA
arrayfor example,have failed to confirm the earliersightings [9]. The negative resultsfrom
CASA-MIA [34], andfrom othersearcheswithin thepastdecade,suggestthat suchsources,
if they exist at energiesabove 10j�k eV, are faint and/orvariable.To be sure,it would not be
unreasonablethat suchsourceswould be variableand,perhaps,sporadic.So thereis indeed
roomfor surprises.

Muons from suchsourcesmustcompetewith a large backgroundof muonsfrom charged
primary cosmicray inducedatmosphericair showers;a chargedprimary is abouttwo orders
of magnitudemoreefficient in producingmuonsthana primary gammaof the sameenergy.
Therefore,point-sourcemuonscanonly beidentifiedif thecollectingpower andangularreso-
lution of thedetectorarevery good.Thesourcesmaybehighly variable,possiblyproducinga
significantsignalovera shorttimeonly.

Thesignaturein CORAL will besingle-muonor multi-muoneventstogetherwith a photon
showeron thetop.For thesignalto standout from abackgrounduniformly distributedin space
and time, a good angularresolutionof the muon detectionis required.The tracking system
of the CORAL detectorswill provide an excellentangularresolutionof a few millirad. Due
to multiple scatteringin the140m of molasserock overburden,thepointingaccuracy will be
limited to about10 mrad(for muonsof about100 GeV). For multimuonevents,the angular
accuracy will besomewhatbetter. Theeffect of theEarth’s magneticfield on thedeflectionof
positive andnegative muonsis alsoon the orderof 10 mrador less,dependingon the muon
energy.
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2 Resultsfr om the test set-upin the underground areaat BA4

The large multiplicity events in ALEPH were observed with a Time-Projection-Chamber
(TPC), one of the besttracking devices usedin particlephysics.The principal thrust of the
CORAL proposalis to extendthesemeasurementsby installinga largearrayof muontracking
chambersin orderto increasethestatisticsandto studytheradialstructureof multimuonevents
overa largearea.

Themuondetectorsfrom theUA1 andtheDELPHI experimentsarewell suitedfor theun-
dergroundarray. Bothdetectorsarerobustmulti-layerdrift chamberswith lgmUnpo cm(UA1, [40])
and lrq�s cm (DELPHI, [41]) drift space.

2.1 Performanceof UA1 and DELPHI Chambers
In orderto demonstratethat thesechambershave sufficient resolutionandtwo particlesep-

arationfor the studyof high multiplicity events,we installeda small testsetupin the former
UA2 undergroundarea(BA4). Situatedundersome50m of overburden,thetestsetupprovided
importantinformationaboutthe operationof the chambersand the optimizationof the final
detectorlayout.

Thefollowing issueswereaddressed:
– The chamberswere operatedusinga flammablegasmixture in previous experiments.

This is now prohibitedin undergroundareas.Canthe chambersbe operatedon a non-
flammablemixturewithout lossesin efficiency or resolution?

– Whatis themaximummuondensitywhichcanbereconstructedin thechambersandhow
many layersof chambersareneeded?

– Is anabsorberbetweenthechambersusefulin distinguishingmuonbundlesfrom muon
inducedshowersin therock?

Fig. 2.1showsaphotographof theactualtestset-upin theUA2 area.FourUA1 muoncham-
bers(4 m x 6 m) areplacedon top of eachotherwith a precisionof betterthan0.5 mm via
spacerslinked to four precisefiducial plates.Thesechambersarecomposedof individual ex-
trudedaluminiumtubeswhich aregluedtogetherto form a rigid andself-supportingchamber
body of four layers,two per projection.Two adjacentplanesof staggeredtubeshelp to solve
the left-right ambiguityinherentin drift chambersandto overcomethe inefficiency dueto the
gapbetweenthetubes.

Two double-planeDELPHI chambersweremountedon top of theUA1 chambers.Oneco-
ordinateis givenby thedrift time, theother, alongthewire, by the longitudinalreadoutvia a
delayline.

The arraywastriggeredby countersplacedbetweenthe chambers.A 10 cm iron absorber
wasmountedbetweenthe two top andthe two bottomUA1 chambersduring a portionof the
run.Thedrift time wasrecordedwith 1 nsecprecisedrift time digitizerswhich hada multiple
hit capabilityof 16 hits perwire. Thedatacontainedsingleandmulti-muoneventswith up to
100muonsperevent,aswell asmuoninducedshowers.

Weinvestigatedthepropertiesof thechambersfor severalnon-flammablegasmixtures.Mix-
turescontainingonly Argon andCOt werenot optimal.Either the efficiency plateauwastoo
short(95 % Ar /5 % COt ) or thedrift time - distanceconversionwasnonlinear(80 % Ar /20
% COt ). Satisfactoryresultshavebeenobtainedby a furtheradditionof CHu . We havechosen
90% Ar/5 %COt /5%CHu asanoptimummixture.For thisgasmixture,theefficiency plateau
is givenin Fig. 2.2-aandtheefficiency dependenceon thedrift distancein Fig. 2.2-b. Thehit
residualsasa functionof drift time areshown in Fig. 2.2-c.Thefinal hit resolutionof theUA1
chambersaftercalibrationareshown in Fig. 2.2-d.

15



Figure2.1.Theactualtestsetupin theUA2area.

Thecorrespondinggraphsfor theDELPHI chambersareshown in Fig. 2.3,togetherwith the
additionalresidualdistributionalongthewire from thedelayline. Thespatialresolutionsof the
UA1 andtheDELPHI chambersaresummarizedin Tab. 2.1.While wemainlytooksinglemuon

Detector UA-1 chambers DELPHI chambers
Condition vxwyvBz|{�}�~ {�}�~�z�vxw�vBz�����~ anodes delaylines

RMS of residualdistribution 0.81mm 0.84mm 0.79mm 8.4mm

Table2.1.Drift chambercoordinateresolution( w is a track anglewith respectto thevertical
direction).

dataat thebeginningin orderto find theoptimalrunningconditionsfor thechambers,a multi-
muontrigger wasinstalledduring the final months.About 2.4 {���� eventswererecordedwith
this trigger during an effective runningtime of about3.7 {�� � sec.In addition to multi-muon
events,the dataalso containedmuon inducedshowerswhich can simulatehigh-multiplicity
muonevents.However, theseeventscouldeasilybeeliminatedduringthescanningdueto their
differenttopology. In contrastto themulti-muoneventsin whichthehitsarealmostisotropically
distributedover the entire chamber, the showersare more concentratedover a smallerarea.
Fig.2.4illustratesthehit topologyof amulti-muonevent;thisshouldbecomparedto theshower
eventof Fig. 2.5.Unambiguousandevent topologyindependentcriteria canbe appliedif the
top andthebottomchambersaredecoupledby anabsorber. For this study, a 10 cm thick iron
absorberwasinstalled.For muoninducedelectro-magneticshowersthe absorberreducedthe
hit densityby a factor3 on average,leaving thehit densityfor multi-muonsuninfluenced.New
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Figure 2.2. Calibration of UA1 chambers: a) drift chamberefficiencyas a functionof anode
voltagefor theAr:CO� :CH� 90:5:5gasmixture; b) drift chamberefficiencyasa functionof the
drift distancefor thesamegasmixtureandanodevoltage2.1kV. Full circlesfor track incident
angles�r���������������U� , opencirclesfor ���������x����������� . Linesaredrawnto guidetheeye;c)
hit residualsvssigneddrift time;d) hit residualdistribution.

17



40

50

60

70

80

90

100

110

5.7 5.75 5.8 5.85 5.9 5.95 6 6.05 6.1 6.15
 Anode voltage, kV

 E
ffi

ci
en

cy
, %

a)�

40

50

60

70

80

90

100

110

0 20 40 60 80 100
 Drift distance, mm

 E
ffi

ci
en

cy
, %

b)
�

0

200

400

600

800

1000

-10 -8 -6 -4 -2 0 2 4 6 8 10

Entries

Mean
RMS

           8242

-0.5759E-01
  1.359

Constant   862.7

Mean  0.1258
Sigma  0.6995

Residual, mm

N
um

be
r 

of
 e

nt
rie

s 
/ 2

00
 µ

m

c)�

0

200

400

600

800

1000

-40 -20 0 20 40

Entries

Mean
RMS

          13860

 0.3553E-01
  8.849

Constant   903.9

Mean  0.3172
Sigma   5.396

Residual, mm

N
um

be
r 

of
 e

nt
rie

s 
/ 1

 m
m

d)
�

Figure2.3.Calibrationof DELPHI chambers: a) drift chamberefficiencyasa functionof anode
voltagefor theAr:CO� :CH� 90:5:5gasmixture; b) drift chamberefficiencyasa functionof the
drift distancefor the samegas mixture and anodevoltage 6.0 kV. Linesare drawn to guide
theeye; c) hit residualdistribution alongthedrift direction;d) hit residualdistribution for the
longitudinalread-outwith delaylines.
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Figure2.4.A multimuoneventasdisplayedin twoprojectionsof the6 mx 4 mmuonchambers.

showersarecreatedby muoninteractionsin theabsorberwith a probabilityof ��  ; they have
however, haveaverylimited extensionoverthechamber(seeFig. 2.6).Theaboveexperimental
resultswereconfirmedby detailedGEANT simulations.Muon inducedshowerscan thusbe
identifiedby comparingthehit densityabove andbelow theabsorber. As a consequence,a 50
cm thick absorberwith a densityof 4 g/cm¡ will beplacedin theCORAL experimentalsetup
betweentheUA1 andtheDELPHI chambers.

2.2 Reconstructionof multi-muon events
Trackingin very high multiplicity eventsis, in general,a challenge.Thetaskis mademuch

easierin CORAL becausethetracksof interest,arisingfrom multi-muonbundles,will beparal-
lel to aratherhighprecision.Further, drift chamberswill coverasignificantareain theproposed
experimentalsetup.As a result,it will bepossibleto starttrackfinding in regionsof lower oc-
cupancy. Thiswill provide informationaboutthedirectionof themuonbundle,whichcanthen
beusedto define”roads” in higheroccupancy regionsof thedetector.

Thetestsetupin BA4 wasof significantlysmallerarea,andmuonbundlestypically covered
theentiredetectorarea.In addition,theteststandatBA4 is atadepthof only 50m overburden,
ascomparedto the 130m overburdenpresentat PA4, wheretheCORAL experimentwill be
located.As aresult,muchlowerenergy muons(p¢ 20GeV)makeit to theapparatus,andhence
the densityof tracksper event is much higher than it will be the casein the final CORAL
setup.Finally, the resultsreportedhereuseonly the four UA1 chambersmountedon top of
eachother, thusproviding far lessinformationper track thanwill be availablewith the final
CORALexperimentalsetup.Asaresult,trackingin thetestsetupis asignificantlymoredifficult
propositionthanwill bethecasewith thefinal CORAL experimentsetup.

In orderto meetthesechallenges,a moreglobalsearchalgorithmhasbeendevelopedbased
on a Kalmanfiltering approach[43]. All possibletrack candidateswithin £g¤�¥
¦ of the verti-
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Figure2.5.Showerfromtherock of theoverburden.

Figure2.6.Muon-inducedshowerin theabsorber
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Figure2.7.Left: distributionof anglesof reconstructedtrackscenteredat zero for aneventwith
a muonmultiplicitiesof § 35.Solidline - correctangle, dashedline - averageof several wrong
angles.Right: track multiplicity vsangleafteranangularcutof ¨ª©�«¬�®

cal areformedusingany two hits from differentplanes.Trackcandidatesarethenpropagated
throughtheotherplanes,andhits arerejectedif ¯±°r²´³�© assuminga measurementerrorof 1
mm. Candidatetracksareacceptedif they have at least5 hits out of a possible8, andat least
onehit in eachchamber. Thisyieldsa trackingefficiency of §�µ�¬B¶ for achamberefficiency of
µ�©�¶ .

After all trackcandidateshave beenfound,they areusedto find themostprobabledirection
for the bundle.A track quality factor is then computedbasedon the numberof hits in the
trackcandidate,the ¯±° of thetrackfit, andits deviation from themostprobabledirection.The
track candidatesare then sortedaccordingto quality, the besttrack is accepted,and its hits
aresubtractedfrom thoseof theothercandidates.Thequality of theothertrackcandidatesare
thenrecomputed,andtheprocedureis repeateduntil all trackcandidateshave beenexamined.
The acceptedtracksare usedto refine the estimateof the probabledirection of the bundle,
and the procedureis repeated,with an additionalrequirementthat the candidatesbe within
©U«p¬
· of the mostprobabledirection.This cut removesa significantfraction of falsetracks,as
indicatedin Fig. 2.7; the ability to find the angleis alsoillustratedin the samefigure,where
trackmultiplicitiesareshown for differentangles.

Limited doublehit resolutioncanalsodecreasetrackingefficiency, particularlyin high mul-
tiplicity events.This canbestudiedby alteringthemeasurementerrorassumedin thetracking
code,andcanbe addressedto someextent by judiciousrelaxationof track acceptancecrite-
ria. In particular, after thefirst iterationtheacceptancecriteriawererelaxedby allowing some
missingchambers,andthenrepeatingthetrackingalgorithmson theremaininghits, usingthe
trackdirectionfrom thefirst iteration.This is illustratedby Fig. 2.10for thehighestmultiplicity
event.

While acompleteanalysisof trackfindingefficiency andacceptanceof spurioustracksawaits
acompletedetectorsimulation,it is possibleto characterizemany aspectsof thetrackingalgo-
rithmsusingdatafrom thetestsetup.Theimpactof theseconditerationis illustratedin Fig. 2.8.
Fig. 2.9 illustratesthe meannumberof hits per track after the first andseconditerations,and
themeannumberof hits pertracknotassociatedwith a track.
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Figure 2.8.Numberof reconstructedtracksin the2’nd iteration vs that in the1’st.Circlesfor
1 mmmeasurementerror, squaresfor 1.5mmandtrianglesfor 2 mm.

0

1

2

3

4

5

6

7

1 10 10
2
¸

 Number of tracks

 N
um

be
r 

of
 h

its
 / 

tr
ac

k

0

2

4

6

8

10

12

1 10 10
2
¸

 Number of tracks

 N
um

be
r 

of
 h

its
 / 

tr
ac

k
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2’nd iteration.
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3 The experimentalSet-up

Weproposetwo complementarydetectorarrays:
– an undergroundarray of muon chambersin the LHC cavern I4 at a depthof 140 m,

correspondingto amomentumcutoff of 70 GeV for verticalmuons,and
– an array of scintillation countersspreadover an areaof ¹ 20,000mº , locatedon the

surfacedirectly abovetheundergroundarray.
Thetop arrayis sensitive to theelectromagneticcomponentof theshower, while theunder-

groundarray is sensitive to muonscomingdominantlyfrom decaysof mesonsarisingin the
hadroniccomponentof theshower. Theability to combinetheinformationfrom thetwo arrays
will provide a powerful tool for thestudyof high energy cosmicray air showersin theenergy
range »�¼�½�¾ eV to »�¼�½"¿ eV.

The dimensionsof the arraysarea-priori given by the availablespacein the underground
cavern,andon thesurface,but thesearein factnicely matchedto the typical lateralspreadof
theair showers.For example,themuondensityfalls by anorderof magnitudeover a distance
of about15 m, as illustratedin Fig. 1.6. This is well-matchedto the 21 m x 23 m size of
the undergroundmuonarray. On the surface,detectorscanbe placedon the flat roofs of the
buildingsandonthesurfaceof thegroundwith a typicaldistancebetweencountersof about10
m. Theshower corecanbewell determinedandtheenergy canbemeasuredby integratingthe
counterinformationovera typical radiusof 30 to 50 m.

Theproposedarrayswill permitan increasein statisticsby a factorof severalhundredover
threeyears,comparedto thecosmicmulti-muonstudiesmadewith theALEPH experiment.If
thefive highestmultiplicity eventsobserved in theALEPH detectorarenot statisticalfluctua-
tions,we will have a datasampleof abouta thousandof suchhigh multiplicity eventswhich
will permitadetailedstudyof their character.

3.1 The underground muon array
Themuonarraywill beinstalledin theundergroundcavernof PA4, theformerALEPH exper-

imentalregion,aftertheALEPH detectorhasbeencompletelyremoved.No otherexperiments
areforeseenin this intersectionregion.

It is essentialthattheplatformsupportingthemuonarraybedesignedin full cooperationwith
theLHC engineerswho areresponsiblefor theinstallationof thevariousmachinecomponents
suchasthecryogenics.CORAL mustabsolutelyavoid conflictswith theLHC installation.

Coordinationwith theLHC hasidentifiedtheneedto maintaintwo traffic lanesof 4 m width
with aneffective heightof 7 m throughtheareaof theCORAL muonarrays.This will permit
suitableaccessto the LHC tunnel,andwill permit otheractivities on the floor of the cavern.
Theexperimentis restrictedto thegarageareain orderto leave accessbetweenthe shaftand
beamregion.

It is thereforeproposedto mountthemuonarrayat a heightof 7.5m. Therealizationof the
muonplatform, with dimensionsof 23 x 21 mº in UX 45 cavern is shown in Fig. 3.1. This
platformsolutionwaschosenasit enablestherecycling of about1000LEP magnets.This will
resultin a significantcostsaving to CERN,for theestimatedalternative recycling costwould
beabout250CHF per magnet.Themagnetswill have to behandledat thesurfaceof point 4
for splittingandtemporarystoragebeforethey areinstalledin theCORAL experiment.

Theplatformis thereforeconstructedof threepilesof magnets,acentralandtwo lateralones.
This arrangementis illustratedin Fig. 3.1.To assurethelateralstability of theconstructionthe
threepiles arebeltedby steelsections.The overall stability is warrantedby the main beams
which form the platform.A part of the steelusedis probablyprovidedby otherdismantelled
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structuresfrom LEP.
An axonometricview of thearrangementwith theUA1 chambersandtheplatformconstruc-

tion is givenin Fig. 3.2-aanda planetop view in Fig. 3.2-b. Theactive areaof the9 modules
is about180 mÀ distributedover 400 mÀ . The main beamshousethe six planesof DELPHI
chambersaswell asthetriggercounters.A new line of LEP magnetsis mountedon top of the
beams.Thesewill serve asshieldingfor theDELPHI chambersandat thesametime build the
platformon which thethreeUA1 chamberson top of eachotherareplaced(seeFig. 3.3).The
shieldingthicknessamountsto 200g/cmÀ , significantlymorethanin our testset-up.

In summary, themuonstracksaresufficiently well definedin theshortwire projectionby 6
planesabove and6 planesbelow theabsorberto determinethemuonmultiplicity; in theother
projectionwith 6 planeson thetop theaveragemuondirectionis measured.

3.2 The surfaceair shower array
To furthercharacterizethecosmicair showersassociatedwith undergroundmuons,it is pro-

posedto install anair shower arrayon thesurfacewith some200scintillationcounters,0.5 to
1 mÀ areaeach,which arespreadover anareaof 150x 150mÀ . We benefitfrom experienceof
othersimilar arrayssuchasHEGRA [42] at La Palma,KASCADE at KarlsruheandtheL3C
arrayonthesurfaceabovetheL3 experiment.In fact,wehaveobtainedall showercountersand
associatedelectronicsfrom theHEGRAandtheL3C experiments.

A typical Á�Â�Ã�Ä eV air shower depositsmostof its energy within a distanceof about30 m
from theshowercore.Sinceweaimto triggeronshowerswith energiesaboveabout5Å 10Ã�Æ eV,
andto determinetheir coreswith a precisionof betterthan5 m, we shouldlocatetheshower
counterson agrid with a10 m spacing.

Thebuildingsin thearea,whichall haveflat roofs,andthetopographyof thelandabovePA4
areideally suitedfor positioningthecounterson sucha regulargrid. Thusmany counterscan
be installedon the top of CERNbuildings.Fortuitously, the landon theJurasideis relatively
flat andat almostthe sameheightasthebuildings.Somedetectorswill be placedon suitable
elevatedstructuresin order to prevent the shadowing of detectorsby nearbybuildings, thus
makingthearrayresponseasuniformaspossible.Theplacementof showercountersoverroads
or commonareaswill beavoided.

Fig. 3.4 schematicallydisplaysthe locationof the shower detectorson the CERN property
aroundtheLHC pit. Notethatsurfacearrayis asymmetricallysituatedwith respectto thecenter
of theundergroundmuonarray. We arepresentlyinvestigatingthepossibilityof extendingthe
arrayby installingcounters(indicatedby opencirclesin Fig. 3.4)on landadjacentto theCERN
propertyin orderto createa moresymmetricalarrangement.Presentplansfor theexperiment,
however, assumethattheshowercountersarelocatedonly onCERNproperty.

Thereare two basictypesof shower detectorsthat will be usedin the shower array. The
“HEGRA” typecounters(Fig. 3.5) consistof 4 blocksof 50 mm thick plasticscintillators(25
x 25 cmÀ each)which areviewedby two photomultiplierslocatedat a distanceof 80 cm from
thescintillatorsurface.Scintillatorsandphotomultipliersareenclosedin a light-tight box.

Theothertype(Fig. 3.6),similar to thoseusedin theL3C experiment,consistof two 10mm
thick plasticscintillators(25 x 25 cmÀ each),placedside-by-sidein a light-tight rectangular
aluminiumbox.16sigma-shapedgrooves,2 mmwide and2 mm deep,havebeenmachinedon
thetopsurfaceof eachscintillatorblock.32wavelength-shiftingfibresin thegrooves,all of the
samelength,channelthelight to the50 mm photocathodeof a fastphotomultiplier.

It is essentialto operatethe photomultipliersat a high gain in orderto ensuresingleparti-
cle detectionwith high efficiency andan accuratemeasurementof the pulseamplitude.This,
however, restrictsthedynamicalrangeto about100particlesdueto theonsetof nonlinearityin
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Figure 3.1.TheCORALundergroundmuonarray mountedatopplatformsconstructedof LEP
magnets.
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Figure 3.2.Theundergroundmuonarray atop theplatform of LEP magnets.(a) axonometric
view. (b) planetop view.
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Figure3.3.Theprincipal set-upof theUA1andDELPHI chamberswith the200g/cmÇ absorber
in between

theresponseof largesignals.A muchlargerdynamicalrangeis necessaryto make air shower
measurementsover at leastthreedecadesof energy. Thedetectorsarethereforeequippedwith
asecondphotomultiplieroperatingat a reducedgain.The32 fibresareequallysharedbetween
thetwo photomultipliersresultingin adynamicalrangeof morethan5000.

The detectorshave to be calibratedbeforeinstallation,and on occasionduring operation.
Before installation,the responseof eachcounterto minimum ionizing particles(mips) can
be adjustedby triggeringwith a small hodoscopeon singlemuons.Fig. 3.7 shows a typical
”Landau”likechargedistributionobtainedwith suchameasurement.Duringoperation,themip
responsecanbe indirectly gaugedusingthe dataof selectedsmall air showerswhich seldom
depositmore than oneparticleper detector. This calibrationmethodis affectedby the large
low-energy photonflux andhenceis mainlyusedfor a relativecalibration.

Somefeaturesof our arraycanbe deducedfrom the performanceof the quite similar but
smaller(50 counters)surfacearraywhich hadbeenoperatedin the L3C experiment.Fig. 3.8
shows the distribution of the numberof counterswhich have triggeredthe array. The trigger,
which requiredat leastthreecounters,becamefully efficient for 10È�É eV proton- and3Ê 10È�É
eV iron - primaries.Abovea countermultiplicity of 10, thedistribution followsanexponential
law with an exponentof -2.7, in goodagreementwith the simulation.The distribution of the
numberof particles,whichmorecloselyreflectstheenergy distribution,is displayedin Fig. 3.9.
An energy of 10È�É eV correspondsto 100particles.Theexponentiallaw is alsoin goodagree-
mentwith the simulation.The opencirclesshow the spectrumwith at leastonemuonin the
undergroundarray. Above10È�É , almostevery shower registeredon thesurfaceis accompanied
by at leastonemuonunderground.
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Figure 3.4. The layout of the air showerdetectors on the CERNpropertyat PA4. Detectors
outsidetheCERNpropertyare indicatedbyopencircles
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Figure3.5.TheHEGRAdetectors.

Figure3.6.TheL3C scintillator modules.
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Figure3.7.Responseof theL3C air showercounters to a minimumionizingparticle.

Figure 3.8.Trigger frequency(in arbitrary units) versusthenumberof hit counters froma 50
countersarrayaboveL3.
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Figure 3.9. Flux (in arbitrary units) versusthe sumof all particles,obtainedfrom the pulse
heightsof thehit counters.Theopencirclesrepresenteventswith at leastonemuonin theL3
muonchambers.

3.3 Trigger
The muonarraytrigger andthe air shower arraytriggershave to be asflexible aspossible

so that they canbecombinedin variousways.Thestandardtriggermustbe fully efficient for
showerswith energiesabove 5 Ë 10Ì�Í eV andshouldnot excludeunusualevents.For example,
AntiCentauroeventswith a sizeableelectromagneticcomponentandalmostno muonsshould
beaccepted,asshouldpuremuonicshowerswith almostnoelectromagneticcomponent.

Typical time differencesbetweenthe variouscounterelementsaregivenby the spatialdis-
tancebetweenthem,but alsodependon thetime differenceresultingfrom aninclinedshower
front. The informationhasthereforeto be storedfor at least2 Î s. This is straightforward for
time measurementssincemodernTDC’s typically canstorethe informationfor 64 Î s. ADC
pulseheightmeasurementsareslightly moreinvolved.

Cosmicray trigger ratesarelow andthereforetheread-outandstorageof theeventsdo not
representa greatchallenge.At a primaryenergy of 10Ì�Í eV, thesurfacetrigger rateis about1
Hz for aneffectiveareaof theorderof 10Í mÏ , andlessthan1Hz for a two-muontriggerin the
undergroundarray. A simple“OR” betweenthetopandtheundergroundtriggerswill probably
have therequiredflexibility .

Theundergroundtriggeris madeby an Ð -fold coincidencebetweena double-layerof coun-
terscoveringsome20%of theactive muonmodulesurface.Photomultipliersaremountedon
oppositeendsof the 4m x 0.2 m counters.Their signalsare put into coincidencevia mean-
timers,yieldingaprecisetiming which is neededfor thedrift chambers.Varyingthevalueof Ð
correspondsto varyingtheminimalmuondensitywhich will providea trigger.

TheCORSIKAMonte-Carlohasbeenusedto studytheperformanceof thetrigger. Fig. 3.10
shows the effect of the Ð -fold countercoincidenceon the primary cosmicray spectrum.The
effective energy thresholdincreasesasn is increased.The triggercurvesaregivenfor shower
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Figure3.10.Theprimary cosmicray energy spectrumfor two arraysandtheeffectof a Ñ -fold
coincidence(asdescribedin thetext) on it.

Figure3.11.Showercorepositionswith respectto thecenterof themuonarrayfor twoenergies
anda 4-foldmuontrigger coincidence.
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coresfalling in two differentsizedregions.As canbeseenfrom thespectrumfor thecasewhere
theshower corelies within anareaof 100x 100mÒ , higherenergy muonshowerscansatisfy
thetriggerconditionevenwhentheir coresareat largerdistances.Thehighertheenergy of the
shower, the larger the distanceto the muonchamberscanbe, partially compensatingfor the
lower ratesat high energies.For example,theshower corecanbe in the100x100mÒ areafor
showerswith an energy of 10Ó�Ô eV, but it hasto be closeto the muonchambersfor energies
around10Ó�Õ eV. To further illustratethetriggeracceptance,Fig. 3.11displaystheshower core
positionsfor showerssatisfyinga4-fold triggercoincidencefor two differentenergies.

Thesurfacetriggerconsistsof a Ö -fold coincidenceof any countersin thearea.Thevalueof
Ö hasto bechosensuchthatthesurfacetriggerrateis at mostof theorderof 10 Hz. Fromour
preliminarycalculationsandfrom theexperienceof theL3C surfacearray, ÖØ× 10 is a suitable
value.This resultsin an energy thresholddueto the trigger of × 10Ó�Ù eV for proton-induced
shower, andthreetimeshigherfor iron-inducedshowers.Ratherloosetriggerconditionshave
beenchosento besensitive to unforeseeneventtopologies.This impliesthatonly a small frac-
tion of the eventswill be usedto determinethe particle composition.For this analysis,we
requirethat theshower corelies within 25 m to thecenterof theundergroundmuonarrayand
is situatedat least10 m insidetheboundaryof thesurfacearray.

Thegeometricalacceptanceof this configurationis plottedin Fig. 3.12asa functionof the
zenithangle.Theextendedarrayhasabout45%moreacceptancethantheonerestrictedto the
CERN property:1100mÒ sr comparedto 750 mÒ sr for zenithanglesbelow 30 degrees.For
a datataking time of 6Ú 10Û seconds,correspondingto 3 yearsof running,Fig. 3.13shows the
numberof eventsusedin theanalysisfor theparticlecompositionasa functionof theprimary
energy. For thestudyof theparticlecomposition,morethan1000eventswill beaccumulated
with energiesabove10Ó�Ô eV.
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Figure 3.12. Geometricalacceptanceof the combinedsurface- and muonarray versusthe
zenithangle. Notethat thetopcurvecorrespondsto an infinite surfacearray.

Figure3.13.Numberof eventsperenergybin, usedin theanalysisfor theparticlecomposition,
for a run timeof 6ß 10à .
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4 Monte Carlo studiesof detectorperformance

4.1 The CORSIKA Monte-Carlo
The CORSIKA Monte Carlo [44] hasbeenusedto study the performanceof the surface

air shower arrayandthe undergroundmuonarray. CORSIKA (COsmicRay SImulationsfor
KAscade)is a detailedMonteCarloprogramdevelopedto studytheevolution of extensiveair
showersinitiatedby a varietyof differentprimary cosmicraysdown to the observation level.
Theprogramincludesa numberof differentinteractionmodels.Theresultspresentedhereare
basedon theQGSJETmodel.

In orderto optimizeour useof thesevery computation-intensive Monte-Carlosimulations,
two differentsamplesof air showershave beengeneratedby CORSIKA used,onefor studies
of the performanceof the undergroundarray alone,and the other for studiesincluding the
performanceof the surfacearray. The differencelies in the fact that the undergroundarrayis
only sensitive to muons,andhencethe electromagneticcomponentof the air shower canbe
neglected,leadingto very significantsavings in computationtime. On theotherhand,studies
involving thesurfacearray, which is sensitive to theelectromagneticcomponentof air shower,
requiresa full simulationof theair shower, at asignificantcostin computationtime.

For theanalysisof theundergroundarrayalone,eventsweregeneratedwith bothprotonand
Feprimaries.Theenergy interval á�â�ã�ä eVåçæ|åèá�â�ã�é eV wasdividedinto two binsperdecade,
and 1000eventsweregeneratedwithin eachbin,exceptfor thehighestenergy bins,whereonly
500eventsweregeneratedin eachbin dueto thelargecomputationtimesrequired.Thezenith
angleê wasrandomlydistributedovertheinterval âªëìêíëçî�â�ï . Theeventswerethenweighted
accordingto theactualcosmicray spectrum.Theshoweraxeswereuniformly distributedover
anareaof 200x 200mä centeredon themuonarray, andthemuonshitting thechamberswere
recorded.A momentumcutof 70GeV/ð�ñ�ò
óôê�õ wasappliedto accountfor energy lossin therock
overburden.(SeeAppendix A for amoredetaileddiscussionof themuonenergy cutoff.)

As notedabove, a full simulationof the air showersis necessaryin orderto studythe per-
formanceof the surfaceair shower array togetherwith the undergroundmuon array. Fortu-
nately, theKASCADE collaborationhaskindly providedwith their air shower simulationdata
sets.Eventsweregeneratedfor both protonandFe primaries.The energy interval 5ö 10ã�÷ eV
ë Eë 5ö 10ã�ø eV wasdividedinto 4 binsperdecade.An æúù±ãüû ý energy spectrumwasused.This
permitsefficient generationof eventswith goodstatisticsover theenergy range;theeventscan
be weightedto accountfor the steepercosmicray spectrum.The eventsweregeneratedwith
zenithangle ê in therangeârë�êþë�ÿ�� ï . Theshowerswereanalyzedat anelevationof 110m
above sealevel. A correctionfactoraccountingfor thehigherelevationof theCORAL experi-
menthasto beapplied.A total of � 1800eventsin this datasetwereusedin our analysis.

Electrons,muonsandhadronshitting thesensitiveareaof thesurfaceair shower arraywere
registered.Muonpropagationto theundergroundarraywasmodelledby usingthesameenergy
thresholddiscussedabove.Muonssurviving thecut andhitting thesensitiveareaof theunder-
groundarraywereregistered.A triggerconditionof ������� wasimposed.(An extensivestudy
of triggerconditionsfor theundergroundarraywasstudiedin [1]; theseresultsremainrelevant
here.)

4.2 The underground muon array alone
The proposedmuon chamberarray will permit the study of the structureof multi-muon

events.Thecorepositionandtheprimaryenergy canbedeterminedprovidedthat theshower
corefalls within or closeto the array. Protonandiron inducedshowerscanbe distinguished,
at leaston a statisticalbasis,from thestructureof themuonbundles.Indeed,we have already
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Figure 4.1.Theintegral muonmultiplicity distributionsin theundergroundarray for different
primaryparticlesfor a runningtimeof 2	 10
 sec.

observeda transitionfrom protonto iron inducedshowersat highmultiplicities within thelim-
ited statisticsof thedataobtainedwith theALEPH detector, Theequivalentintegral inclusive
muonmultiplicity distributionfor thenew CORAL undergroundmuonarrayis givenin Fig. 4.1
for the four primaries(p, He, O, Fe). Assuminga measurementtime of 2 x 10
 seconds,the
new datasetwill be100 timeslargerandwill thuspermit further, moredetailed,studyof the
primarycomposition.If theprimarydistribution becomesheavier with increasingenergy (and
hencemultiplicity), themeasureddistribution shouldshift graduallyfrom the lower to theup-
per curveswith increasingmultiplicity. Similarly, if the high-multiplicity excessseenin the
ALEPH TPC would persistwe shouldobserve about1000eventswith thesehigh densities,a
goodsamplefor thestudyof their properties.

As alreadydemonstratedin the CosmoLepproposal[1], the position of the shower core
canbe reconstructedfrom the muondistribution in the chamberswith an accuracy of a few
metersif it falls within thearray. Oncetheshower coreis determined,theradialmuondensity
distribution can be usedto estimatethe primary particle type and to determinethe primary
energy from thecentralmuondensitywhich is almostindependentof theparticletype(seethe
radialdensitydistribution in Fig 1.6).Thefactthattheradialdistribution is considerablyflatter
for iron-inducedmuonbundlesis the key to discriminatingbetweenprotonandiron-induced
showers.

The identificationof protonand iron primarieson an event-to-event basisis difficult. For
a givencorepositionandfor differentenergies,a normalizedmultiplicity distribution in each
chamberis simulatedfor protonandiron primaries.Themultiplicities arethenrescaledsothat
the averagemultiplicity in the core is the samefor protonand iron inducedshowers.In this
way, the identificationis only basedon the radialdistribution. Thesemasksfor eachchamber
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Figure 4.2. ������������ vs �������������� , where ��������� � is the likelihood,for a proton (iron) sample.
Thefractionof correctlyidentifiedeventsreferto thecutsshownin theplots.
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arethenappliedto the individual eventsanda likelihoodis calculatedfor the protonandthe
iron assumption.Fig. 4.2 shows is a two-dimensionalplot of thesetwo likelihoodvaluesper
event.Separatingthe two distributionsby the indicatedlines,we areableto identify correctly
86%(81%)of theprotonsand85%(82%)of theiron for 10!#" eV (3 10!#$ eV).

Assumingthe particle type hasbeenestimatedandthe shower core is known, the primary
energy canbecalculatedfrom thetotal numberof muonsin thearray. Thetotal muonnumber,
N%'&(% , risesalmostlinearly (N%'&(%) E*�+ , ) with energy ascanbeseenfrom Fig. 4.3.Theindi-
catederrorbarspresentthefluctuationof asinglemeasurement.For thesametotalmultiplicity,
thereconstructedenergy for iron primarieswould be40%lower thanfor protons.Considering
only themuonsin thechamberwhichcontainstheshowercore,thedifferencewouldbereduced
to 25%.On average,theerror in theenergy determinationis about25%for protonandbetter
for iron, with only aslight dependenceonenergy.

Figure 4.3.Numberof muons(N-/.0- ) in thearray asfunctionof energy, for p andFe. Theblack
triangles refer to simulationat fixed energy. The fit through thesepoints is also shown(top
curve:iron; bottomcurve:proton).

4.3 Combined air shower and underground muon array
The surfaceair shower array will be a powerful tool for the study of the electromagnetic

structureof air showers.In this sectionwe focuson simulationsillustrating the power of the
combinedair shower arrayandundergroundmuonarrayfor the determinationof the primary
particletype.

Thesurfaceair shower arraycanbeusedto accuratelydeterminethe locationof theshower
core.Thiscanbedoneby projectingthedistributionof particlesontothetwo principleaxes,as
illustratedin Figure4.4.Theaccuracy of thedetermination,) 3 m, is indicatedin Figure4.5,
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which plots thedistribution of theresidualsfor protoninducedshowerswith energies 1�243#5 eV6�7�6 182'3#9 eV andzenithangleslessthan :;2=< . This is comparableto theprecisionwith which
the undergroundmuonarraycanidentify the locationof the shower core,and is particularly
usefulfor thoseeventsin which thecoreis near, but not within, theundergroundarray.

Figure 4.4.Distribution of theelectromagneticparticlesin theair showerarray for oneevent
( > =6 < ,E=9? 103#5 eV: theprojectionson theaxisareusedfor thecoredetermination.

Informationfrom the two arrayscanbecombinedin orderto determinethecompositionof
cosmicray primaries.Thebasicideais to usetheundergroundarrayto measurethenumberof
muonsin eachshower, andthesurfacearrayto measurethenumberof particlesin theelectro-
magneticcomponentof theshower. Becauseof thedifferencein themultiparticleproductionof
primariesof variousspecies,heavier primarieswill berelatively richerin muonsandrelatively
depletedin termsof the numberof electronsandgammarays,thuspermittingdiscrimination
between,for example,protonandFeprimaries.
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Figure4.5.Thedifferencebetweentherealandtheestimatedpositionfor protoninducedshow-
ers,with @BA 30C , andenergy betweenD�E'F#GIH�D�E4F#J eV.

Figure4.6andFigure4.7 illustratethepowerof theCORAL detectorfor thesestudies.
For showerswith a zenith angleof lessthan D�K=C andwhosecore lies within 25 m of the

centerof the undergroundmuonarray, thereis alwaysa 100 x 100 mL region of the surface
arraycenteredon the shower coreat the surface.In Figure4.6, the total numberof particles
seenby thesurfacearraycountersin this regionaresummed,andplottedagainstthenumberof
muonsobservedby theundergroundarrayfor eventswith energies KNM�D�E'F#O eV P�Q�PRKNM�D�E'F#J eV,
zenithanglelessthan D�K=C , andwhosecorepasseswithin 10m of thecenterof theunderground
muonarray.

For showerswith larger zenithangles, D�K C PS@TPVU�E C , it is not alwayspossibleto find a
100x 100mL regionof thesurfacearraycenteredontheshower. Thusthedetectionregionwas
reducedto 60 x 60 mL . In Figure4.7 theseparationplot is shown for eventswith energies D8E'F#G
eV P�QWPXD�E'F#J eV andzenithanglesbetweenD�K=C and U�E=C usingthis reducedarea.

Theseparationof theplotsintodistinctregionspopulatedalmostexclusivelybyeitherprotons
orFeinitiatedeventsisquiteclear, andavarietyof statisticalmethods,suchastheKNN method,
canbeusedto analyzeactualevents.Herewe presenta straightforwardmethodwhich clearly
indicatesthepowerof theCORAL detector.

In Figures4.6and4.7,it is clearthattheseparationbetweentheregionspopulatedby protons
andby iron inducedprimariesis quite linear. Note that energy increasesalongthe separation
line while particlemasschangesalongtheperpendicularaxis.

Theeventsplottedin Figures4.6and4.7hadshowercorespassingwithin 10m of thecenter
of themuonarray. In orderto extendthisregionto aradiusof 25m, theradialdependenceof the
muondensitymustbe taken into account.For largercoredistances,theseparationline moves
downwardsto smallermultiplicities, but the p-Fe separationstaysalmostsamefor different
radial distanceintervals. Correctingfor this radial dependence,we canextend the minimum
showercoredistancefrom thecenterof themuonarrayfrom 10 m to 25m.

Projectingeventsontotheaxisperpendicularto theline of separationyieldsthedistributions
of Figure4.8-a.If onediscriminatesbetweenprotoninducedeventsandFeinducedeventsby

41



cuttingon this distanceperpendicularto the line of separation,someeventsof eachtype will
bemisclassified.This is illustratedin Figure4.8-b. Note thatwith judiciouschoiceof thecut,
approximately93% of eachspecieswill be correctly identified in the energy range Y�Z'[#\ eV]_^_] Y�Z4[#` eV. Figure4.8-c illustratesthedependenceof this accuracy on theenergy of the
primary.

As notedabove, it is necessaryat large anglesto usesmallerareasof the surfacearray to
determinetheelectromagneticcomponentof theair shower. It is thususefulto definesmaller
groupingsof surfacearraydetectorscenteredon thesurfacelocationof theshowercore.These
groupingsareillustratedin Fig. 4.10.Figure4.8-balsoillustratestheaccuracy in discriminating
betweenprotonandFeinducedshowersfor severalof thesegroupings.Figure4.9extendsthese
studiesto largerzenithangles,Y8a=b ]�cB]ed Z=b .
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Figure4.6.Numberof muons(pf 70GeV)versusnumberof electromagneticparticlein anarea
of 100x100mg , for protonandiron initiatedshowers,pointingto thecenterof theunderground
arraywithin 10m(5h 10i#jlk Ek 5h 10i#m , zenithangle nBk 15o ). Theprimaries(p,He,O,Fe)cluster
aroundthestraight linesindicatedin theplot.)
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Figure 4.7.Numberof muonsversusnumberof electromagneticparticle in an area60x60mp ,
showercoresat a distanceRqsr�t m,10u#vlq Eq 5w 10u#x ,15yzq|{Bq 30y
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Figure4.8.Fromthetop andtheleft: exampleof two (normalized)distributionsof thedistance
to the separation line consideringthe numberof electromagneticparticles in an area 100 x
100 m} for ~� 15� , showercoresat a distanceR������� and 10�#��� E� 10�#� ; percentage of
misidentifiedeventsfor different groupsof detectors; misidentifiedeventsfor different energy
ranges
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Figure 4.9. From the left: exampleof two (normalized)distributions of the distanceto the
separation line consideringthe numberof electromagnetic particles in an area 60x60 m�
(“D0”+“D3” groups)for 15������ 30� and 10�#��� E� 5� 10�#� ; comparisonof the percent-
ageof misidentifiedeventsfor thetwo � rangesconsidered.

Figure 4.10.Thedifferent groupingsof surfacearray detectors definedrelativeto the core of
largezenithangleshowers: “D0” - solid; “D3” - asterisk;“D6” - shaded.
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5 Schedule

TheCORAL experimentproposesto installanundergroundmuonarrayin thecavernatPA4
anda surfaceair shower arrayon the CERN propertydirectly above. A major themeof this
proposalis that the depthof the cavern at PA4 correspondsto a particularly interestingand
usefulcutoff on the muonmomentum.Further, the surfaceat PA4 is ideally suitedto an air
shower arraysincetherearemany accessiblebuildings with flat roofs,andthe groundon the
Jurasideis at almostthesameheightastheroofsof thesebuildings.Further, sincePA4 is the
formerALEPH experimentalarea,wewill beableto benefitfrom thesuperbexperimentalhall
andinfrastructure,aswell asimportanttechnicalinstallationssuchastheair extractionsystem.

TheCORAL installationscheduleis necessarilyconstrainedby theschedulefor theremoval
of the ALEPH experiment,andby the installationscheduleof the LHC. We thereforebegan
discussionswith LHC planningofficersandengineersatanearlystagein thepreparationof this
proposal.Thesediscussionshavebeenveryfruitful, andhavenotrevealedany majordifficulties
in thecohabitationof CORAL with LHC constructionat PA4. Indeed,many importantaspects
of the CORAL proposal,suchasthe constructionof the undergroundmuonplatformsout of
LEPmagnets,originatedon theLHC sideof our discussions.

Thediscussionshave,however, resultedin a clearunderstandingof certainboundarycondi-
tions.Theseincludetheneedfor CORAL to installtheundergroundarrayin theso-calledgarage
position,the needto leave theaccessfrom theshaftsto the machinecompletelyfree,andthe
needto provide two corridors,each4 m in width and7 m high, throughtheexperimentalarea.
Theseconstraintsaremetby thepresentproposal.

If acceptedin thefirst half of 2001,wewill immediatelybegin constructionof theair shower
array. A first testexperimentcanbeperformedin 2001if we caninstall a few dozencounters
ontheroofsof someof thebuildingsandput themin coincidencewith theexistingL3C surface
array.

The constructionof the platform for the undergroundmuonarraycancommenceafter the
completionof somecivil engineeringwork for LHC which will reinforcethewalls on theJura
side.The first muonchamberscanthusprobablybe installedin the springof 2002after they
havebeencarefullytestedin oneof thehallson thesurface.

The completeundergroundand surfacearraysshouldbe commissionedin the summerof
2002andbecomefully operationalshortly thereafter. This will leave somethreeyearsof data
takingbeforetheLHC beginsoperation.
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6 Budget

Theproposedexperimentwould have requireda budgetof many millions of SwissFrancsif
newly constructed.Thesecostsaredramaticallyreduced,however, by usingexisting detectors
andelectronicsandthe CERNinfrastructure,particularlytheundergroundcavernat PA4. We
arealsofortunatethatwe have inheritedthe completeair shower arrayfrom the HEGRA ex-
periment,aswell astheUA1, DELPHI andOPAL muondrift chambersandscintillationtrigger
counters.

It is our understandingthat CERN cannotinvest a substantialamountof manpower into
CORAL. The manpower is thereforemainly supportedby the collaboratinginstitutes.Some
fundsin additionto thehardwarewill, however, beneededfor subsistenceallowancesatCERN
andfor a projectassociate.

We have foundadditionalcollaboratorssinceour CosmoLepproposalin 1999.Negotiations
with collaboratinginstituteshavealreadybegunandwill continueduringtheapproval phaseof
theexperiment.Weareconfidentthatthecollaboratinginstituteswill assumeresponsibilityfor
a fair shareof the investmentandrunningcosts.It shouldbenoted,however, thatsomeof the
participatinginstituteshavealreadycontributedmanpowerandmaterial.

Theestimatedbudgetfor theinstallationof theCORAL experimentandits runningis given
in Tab. 6.1togetherwith abreakdown of thebudgetover thenext severalyears.
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Years:2001 2002 Total

Undergroundmuonarray

Infrastructuresat I4,experimentalplatform,etc - 120 120KFS

Installationof all (UA1+DELPHI) muonchambers, 80 150 230KFS
gassystemandsafety
cablesandconnectors,repairs

Triggercountersunderground 30 30 60KFS
(cables,connectors,infrastructure,repairs)

Triggerlogic, GPS 15 80 95KFS

DAQ, Datastorage 30 60 90KFS

Surfacedetectorarray

Constructionandrepairof � 200counters 50 60 110KFS

Cables,controls.... 40 40 80KFS

Triggerlogic,DAQ, GPS 40 50 90KFS

Maintenance 20 20 40KFS

Total 305 610 915KFS

Consumption:

Rentalfeefor electronics 50 80 130KFS
Gasconsumption 20 40 60KFS

Investmentsandmaintenancefor theyears� 2003
2003 � 2004

Upgrades 60 - KFS
Maintenance 60 60KFS
Rentalfeefor electronics 80 80KFS
Gasconsumption 40 40KFS

Table6.1.CORALbudget
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A Calculation of the muon momentumcut-off
A significantfeatureof theCORAL experimentis its depthof approximately130m, corre-

spondingto a muonenergy cutoff of approximately70 GeV for verticalmuons.This appendix
reviews theresultsof detailedGEANT3 simulationsof muontransportthroughtherock above
theexperimentalregion. Thesesimulationsincludetheeffectsof themajor featuresof theex-
perimentalcavernsaswell asrelevant surfacestructures.We presentthe muonenergy cutoff
asa functionof zenithangle,aswell asthemuonenergy spectrumin theexperimentalcavern
basedon a sampleof 2000extensive air showersgeneratedusingtheCORSIKA Monte-Carlo
andthenevolvedusingtheGEANT3simulationsto thecavern.

Φ

PIT 1

PIT 2

SIDE

PIT 3

WALL

CORRIDOR

FigureA.1.SchematicView of thePA4 Cavernindicatingthelocationof thethreepits, theside
corridor, andthewall on thesurface.

TherockabovePA4 is notuniform,but onaveragecanbemodelledby two layersof material:
a48 � thick slabof densityof 2.2 �������;� , anda layerof molasse77 � thick with adensityof
2.5 ��� ���;� . Thegeometryof thecavernatPA4 is illustratedin Fig. A.1. Six majorgeometrical
elementsareincludedin thesimulation:thethreeverticalpits, thesidecorridor, thecylindrical
experimentalhall, andthe10 � high wall on thesurface,which runsparallelto thebeampipe
[45].

Thedependenceof themuonenergy cutoff onzenithangle,¡ , wascarefullystudied.Samples
of 300,000muonswith a flat momentumdistribution and randomazimuthalangle, ¢ , were
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generatedfor for eachzenithangle, £�¤V¥�¦�§�¨=¦8§4©�¥�¦�§�ª�ª�ª�§�«�¥�¦�ª All muonswere locatedon the
surfacesoasto point towardsthecenterof theexperimentalapparatus.Thesemuonswerethen
evolvedthroughtherockusingtheGEANT3simulations.

Figure A.2.Fractionof muonsreaching thedetectorasa functioninitial muonmomentumfor
several zenithangles, £ . The definition of the thresholdmomentum,¬4¯®±° , is illustrated for
£²¤e¥=¦ .

Fig. A.2 illustratesthe resultsof thesesimulations.For small zenith angles,the spectrum
is flat above 75 GeV, falling rapidly for lower energies.For larger zenithangles,small tails
areapparentat low energies.Thesearisebecausesomeof themuonspassthroughthevertical
tunnelsand thusseelessrock overburdenthan would otherwisebe the case.This is clearly
illustratedby Fig. A.3.

Fig. A.4 illustratesthedependenceof thecutoff energy, takento correspondto thatmomen-
tum ¬4¯®±° at which 80% of the initial muonsmake it throughthe rock to the experimental
apparatus.The resultclimbs moresteeplythanthe ©�³µ´�¶�·�¸�£º¹ onemight naively expectdueto
simplegeometricconsiderations.Indeed,this is largelydueto theeffectsillustratedin Fig. A.3.

Wehavealsostudiedthespectrumof muonsreachingtheexperimentalapparatusarisingfrom
cosmicray inducedair showers.A sampleof 2000extensiveair showersarisingfrom primary
protonswith energiesin therange©�ª»¥(©�¥�¼¯½�½B¾4ª»¥(©�¥'¿ GeVweregeneratedusingCORSIKA[44].
Theseshowerspointedto thecenterof theexperimentalapparatus.Theenergiesat thesurface
of themuonsfrom theseshowersreachingtheexperimentalapparatusareshown in Fig. A.5.
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Figure A.3. The length of rock traversedby muonsas a function of azimuthalangle À for
three different zenithangles ÁÃÂ Ä=Å�Æ4Ç8È=Å�Æ�É;Ä=Å . The dashedlines representthe ÊÌË�Ä=Å8Í ÎµÏ�Ð�Ñ�Ë�ÁÒÍ
dependencediscussedin thetext.

FigureA.4.Dependenceof themuonthresholdmomentumÓ'Ô'Õ×Ö asa functionof zenithangle.
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Figure A.5. Momentumspectrumof muonsarising from air showers inducedby protonswith
energiesin therange Ø�Ù�Ú(Ø8Ú�ÛÝÜÞÜàß4Ù»Ú(Ø�Ú4á GeVwhich reach theundergroundexperimentalappa-
ratus.Notethat theenergiesplottedare thoseof themuonsat thesurface.
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