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Abstract

The CORAL collaborationproposesa cosmicray experimentconsistingof an array of
muontrackingchambersn the undegroundcavernat PA4 togetherwith anarrayof scin-
tillation counterson the surface above. This locationis ideal for both the undeground
muonarrayandthe suriaceair shaver array

CORAL will provide uniguedataon multi-muonproductionin cosmicray air shaversin a

particularlyinterestingenegy regime. Togethemwith the simultaneousindcomplementary

measuremerntf the electromagnetistructureof theair shavers, CORAL will

—  determinethe compositionof cosmicray primarieswith unprecedentegrecision
overtheenegy rangel0'* eV to afew times10'eV

—  provideasensitve instrumentor thestudyof thestructureof cosmicray air shawers,
includinganomaliesuchasthosesuggesby Centaurcandanti-Centaurevents

—  significantly extendthe study of the high multiplicity muon excesspreviously ob-
senedwith the ALEPH detector

CORAL is aneconomicalkxperiment,inheriting the completeair shaver arrayfrom the
HEGRA experimentaswell asmuondrift chambersndscintillationtriggercounterdrom
UAL, DELPHI and OPAL. While LHC constructionwork at PA4 imposesconstraintson
the experiment,no majordifficultiesareforseen.
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1 PhysicsGoals

The CORAL Collaboratiorproposeso installa21x 23 m? arrayof muontrackingchambers
in the undegroundcavern at PA4 (the former ALEPH experimentalregion), togetherwith a
150x 150m? arrayof scintillationcountersarrangedn a 10 m grid on the surfaceabove PA4.
The simultaneousand complementarymeasurementf the muonic and the electromagnetic
componenbf a cosmicray air shover with this apparatuswill provide the determinationof
both shaver coreandprimary enegy by two independeniethodsThe CORAL detectomwill
alsobea sensitve instrumentor the studyof fluctuationsn the chaged-to-neutradlistribution
of cosmicrays,suchsuggestedby theoreticalmodelssuchasDisorientedChiral Condensates,
and by obsenationsof Centauroand AntiCentauroevents. CORAL will also determinethe
primary particlespecieswith anunprecedentedrecisionfor primaryenegiesfrom 10'* eV to
afew times10'6 eV.

This proposalthus represents significantextensionof the capabilitiesof the earlier Cos-
moLepproposall] for anundegroundmuonarrayalone.

An importantpart of the CORAL experimentalprogramis the further study of the high-
multiplicity muonexcesspreviously obsenedwith the ALEPH detectorThelargeundeground
tracking detectorswith good multi-particle resolutionwill provide information on the size,
structure andradialprofile of high-multiplicity muonevents,andwill alsodiscriminateagainst
muoninducedshaversfrom the rock overburdenwhich might mimic high-multiplicity events.
This informationfrom the undegroundmuon array canthen be correlatedwith detailedin-
formationaboutthe electromagneticomponenbf the shaver provided by the surfacearray
CORAL will collectmuchlargerdatasetsandwill thusdramaticallyimprove boththestatistics
andthe characterizationf theseanomalougvents.

1.1 Overview

In recentdecadesgosmicray air shoversinitiated by high-enegy protonor nucleuscolli-
sionsin the atmospherdave beenstudiedwith large areaexperimentson the surfaceor with
muonmeasuremenideepundeground.In principle,thesecosmicray experimentsexploretwo
completelydifferentrealmsof physics,particle astrophysicsand particle interactionphysics,
which are,however, intimatelyrelatedby theinterpretatiorof the data.

The precisemeasuremertf the cosmicray enegy spectrumand,in particular of thechem-
ical compositionof cosmicray primariesin the vicinity of the “knee” (10" eV to 10'7 eV)
may shedlight on the origin of cosmicraysandhenceon their acceleratiormechanismThis
compositionis preciselyknown from directmeasuremenis satellitesandballoonexperiments
only for enegiesbelov 10 eV, dueto ratelimitations. Higher enegies must be studiedby
large detectorareason the surfaceor undeground.

The determinationof the primary particle speciesfrom groundlevel obsenablesdepends
critically onthe detailedunderstandingf theinteractionmechanisnof the shaveringparticles
with air. Particle production bothatlarge enegiesandin the forward direction,cantodayonly
be estimatedoy modelbasedextrapolationof acceleratodata.Indeed,thereareno accelera-
tor datafor particle productionat very smallforward anglesandin the relevantenepy region
aroundthe “knee”. In fact,new phenomenan very forward high-enegy hadronicinteractions,
suchascoherenpion production disorientecchiral condensatstatesor heavy flavour produc-
tion cansignificantlyinfluencethe hadroniccascadeand hencethe obsenablesat the ground
level. This may be the causefor the conflicting resultsaboutthe particle compositionamong
variousexperimentswvhich have not beensatistctorily resoled.

Theinterpretatiorof the cosmicray datadependsrucially on modelsextrapolatedwell be-
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yondtherangein whichthey have beentunedor testedWhile it maybethatsomeof themodels
will converge on a commoninterpretationthey may still be incorrect.Hence,the greaterthe
diversity of the measurementhich the modelsmust confront,the greaterthe likelihood of
convemgingto thecorrectanswerAs mary complementaryneasurementsspossibleshouldbe
madein orderto understandnore aboutthe forward particle productionand henceaboutthe
cosmicspectrumandto provide cross-checkentheinterpretatiorof theresults.

Cosmicray air shavers are characterizedy the distribution of the electromagnetiand
muoniccomponentst groundlevel andby muondistributionsat differentundegroundlevels.
In this proposalwe wantto stressthe importanceof correlationsbetweenthe electromagnetic
componenatgroundlevel anddetailedmuonmeasuremenista modestdepthof 140m under
ground.At thesedepths the electromagnetiand hadroniccomponent®f the air shoversare
fully absorbedandthe muonmomentuncut-off is about70 GeV.

Thisisin contrasto experimentsleepundeground,suchasMACRO [2], SuperKamiokande
[3], IMB [4], andFrejus [5, 6] wherethe cutoff 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
thereforecomplementaryo mostprevious and existing cosmicray muonstudieswhich have
beeneithermuchdeepemundegroundor locatedon or very nearthe surface.

Indeed,uniquedatain a nev muonenegy domaincanbe obtainedby equippingPA4 with
arraysof muon chambersand scintillation counters.The importanceof thesestudiesfollows
from two considerations:

1. high-multiplicity muoneventshave not beenstudiedwith precisemuonchambersover
thisrangeof muonenepgies(i.e.above 70 GeV, correspondingo a depthundegroundof
140m) norin conjunctionwith a surfaceair shover array;and

2. thisis aparticularlyinterestingenegy regimefrom the point of view of thedevelopment
of cosmicray air shavers, sinceit roughly correspondgo the characteristienegy at
which thedecaymeanfree pathequalsnteractionmeanfree pathfor the pionsproduced
in the originalinteraction.

1.2 CosmicRay Experimentswith largeunderground detectorsat CERN

It is importantto note that the use of the large undeground detectorsat CERN for cos-
mic ray studieshas previously beensuggestedy several groups,e.g. UA1 [11] and more
recentlyby the LEP experiments Membersof the ALEPH collaborationstarteda pilot exper
iment (CosmoALEPH)by addingcounterarraysundegroundaroundthe ALEPH experiment
overadistanceof upto 1 km [12].

SincethenthelL3 experimenthasestablishedcosmicray experimentaprogramL3+Cosmics
[13] which hastaken datain parallelwith the normalL3 readout.lt has,asa principleaim, a
precisemeasurementf theinclusive cosmicray muonspectrunbetweer20 and2000GeV, in
the context of the currentinterestin neutrinooscillationsandthe pressurdor a more precise
calculationof themuon-neutringpectrum.

Theutility of LEP experimentdasediatafor cosmicray studieshasalreadybeenexploredby
the CosmoLepgroupin ananalysisof multi-muoneventsrecordedoy the ALEPH experiment,
usingtriggersduringnormale+e-datataking [14]. In fact,the presenproposaWwasmotivated
in part by the intriguing high multiplicity cosmicray muoneventsobsenredwith the ALEPH
detector
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1.3 The cosmicray spectrum

A primary cosmicray nucleonwill, onthe average have its first interactionwith anair nu-
cleusat about20 km above the earths surface,startingan electromagneti@and hadroniccas-
cadewhich developsin the 1000g/cni thick atmospherePhotonsglectronsandmuonsarethe
dominantparticlesthatwill reachthe groundlevel; undegroundonly muonswill survive.The
primarycosmicray flux, asmeasuredby avarietyof experimentsn recentdecadess shaovnin
Fig. 1.1 [15]. At the lowestenegies,wherethe ratesarehigh, the mostprecisemeasurements
have beenmadewith balloonandsatelliteexperimentausingsmall (squaremeteror lessarea)
detectorsTheseaxperimentanobsenre directly theprimaryinteraction andstudytheparticle
compositionof the primary cosmicrays.As aresult,the spectrumof cosmicraysat the top of
the atmospherdasbeenwell establisheaver several ordersof magnitudefor enegiesbelov
10 eV. For higherenegies,the eventratebecomesoo smallfor balloonor mostsatelliteex-
perimentsandlargerareagroundbasedexperimentsarerequiredto studycosmicraysat high
enepgies.lt maybe notedthatan experiment ACCESS|s beingdesignedor the International
SpaceStationfor the specificpurposeof studyingthe primary cosmicray compositionabove
10" eV by directobsenation [16]. Interestingly at enegiesbetweenl 0> and10'° eV, avery
prominentandwell-known featureof the cosmicray spectrumappearsa breakin the spectral
slopewhich is known asthe “knee” of the spectrum.Cosmicraysup to this enegy rangeare
thoughtto be of galacticorigin, and hencethe kneepresumablyrepresentsomeof the cos-
mic acceleratiormechanismsgeachingtheir maximumenegy. This is alsothe enegy range
correspondingo thelimit of confinemenbf the cosmicraysin the galacticmagnetidield.

While the enegy spectrumis reasonablywell establishedthe compositionof cosmicrays
above enegiesof about10'“ eV is still unsoledandthe subjectof muchactive researchThe
presendataon the particlecompositionof cosmicraysasa functionof the incidentenepy is
showvn in Fig.1.2[17], wherethe averageof the logarithmof the massnumberis plottedvs.
enepy, asdeducedrom alarge numberof experiments At enegieswell below theknee,pro-
tonsandlight nucleidominate Aroundthe kneethereseemsdo beatransitionto heavier nuclei,
but the variousexperimentsreachvery differentconclusionsandthe situationis still unclear
Qualitatvely, asheavier nucleiof the sametotal enegy have a smallerradiusof curvaturein a
givenmagnetidield thanlighter nuclei,oneexpectsthatthegalacticconfinementvould fail for
protonsandlight nucleiat lower enegiesthanfor heavier nuclei,leadingto a naturalincrease
in <In A> with enegy throughthis region.

Among the bestrecentmeasurementare resultsfrom the KASCADE experiment [7] in
Karlsruhe,which consistsof a surfacearray of electromagnetiand muondetectorsdeployed
over anareaof 200x 200m?. Oneof the basicdifficultiesin interpretingthesedatain termsof
themassandenegy of a primarycosmicray is thefluctuationin theshaver developmenin the
atmosphereandin particularin themodellingof theforward particleproductionin theprimary
interactionlt is worth notingthatresultsfrom HEGRA, MACRO, DICE andMSU wouldrather
favour an almostenegy-independenparticle composition,n contradictionto the KASCADE
measurement©r could thesediscrepanciestemfrom the factthat the experimentsmeasure
in differentkinematicalregions, e.g. HEGRA in 2200mheightand MACRO at about1 km
undeground,correspondingo a 1.3 TeV muoncut-off?

1.4 Muonsin air shovers

Sincethe primary interactionoccursabout10 interaction-and 30 radiation-lengthsabove
the earths surface,measurementwith large air shaver arraysat groundlevel are only mod-
estly sensitve to the characteristicef the first interaction.As a result,someobsenablequan-
tities, like the electronandphotondensitiesarealmostcalorimetricin nature.As anexample,
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Figure 1.2. Chemicalcompositiorof primary cosmicrays(from [17]).

ashowver areacanbe definedin which the integral numberof chagedparticlesis almostinde-
pendentof the primary nuclei and only dependingon the enegy. This hasbeenimportantin
establishinghe enegy spectrum.

In orderto efficiently tracebacksomedetailsof thefirst interactionandto probethe primary
cosmicray composition,a maximumsetof obsenablesshouldbe used.Muons,becauseghey
originatefrom the decayof pionsandkaonsanddo not multiply but only loseenegy by ion-
izationasthey traversethe atmosphereareparticularlyusefulin thisregard.Hencemuondata,
detectedwith an experimentundera suitableoverburden,are complimentaryto experimental
obsenationsof cosmicray air shaversatgroundlevel.

1.5 Underground muon experiments
Cosmicray muonmeasurementfegunaround1937,arebeingcontinuedin modernunder

groundexperiments someof which were originally designedas proton lifetime experiments.
The cosmicray muonflux is steeplyfalling with enegy (Fig. 1.3), hencewith depthin the
earth,or overlurden,which may be expressedn m water equialent(w.e.) or hg/cnt 2. The
undegroundlocationsof severalof the majorexperimentsareindicatedon the Fig. 1.3 by their
overburdenrangeover which they measuremuons.Exceptfor the undervater experiments,
which have a rathercrudespatialresolution,mary of the experimentsare deepundeground,
with atypical momentumcut-off of a TeV or greater Theseexperimentsstudythetopological
propertiesof multi-muoneventsfor high-momentunmuons.Due to the low rate,thesedetec-
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tors are large and hencetheir granularityis modest.Otherexperiments closerto the surface,
usuallyhave ionizationdetectoronly andalsolack precisetracking.

Thesizeof thedetectoareathespatialresolution andthepatternrecognitionin complicated
high-densityeventsplay a critical role in multi-muonstudiesin this context, CORAL, with its
locationatabout300m w.e.andundera geologicallywell known rock overburdenwill provide
unprecedentedewn dataonthecosmicray muoncomponendf air shavers.An additionalvirtue
of CORAL isthenearby locationof theJuramountainspy choosinga zenithanglegreateithan
70 degreesandobservingat a northwestazimuth theoverturdencanbeincreasedo morethan
10 km w.e. This permitssimultaneousneasurementst very differentoverkurdens.

Thenearestinalogudo CORAL would be the BaksanUndegroundScintillation Telescope
(BUST), at a depthof 850 m w.e. (enegy thresholdabout200 GeV). This 17x17 m? array
of 0.7 x 0.7 x 0.3 m? scintillators,arrangedn four layers,also operatein conjunctionwith
a surface“carpet” array However, the tracking precisionis limited by the scintillator sizes,
andcertainly doesnot approacheitherthe precisionor multiplicity resolutionof the CORAL
trackingchambers.

It is anadvantagehatdifferentmuoncut-off enegiescanbe choserby the amountof over-
burdenin anundegroundexperiment.Studiesof very high enegy muonsin experimentdeep
undegroundprobedifferentaspectof the shaver thando the low-enegy muonsobsened by
surfaceexperimentswvhich comefrom the part of the longitudinalshaver developmentwhere
the pion densityis largest. Corversely muonswith TeV momentapreferentiallyarise from
decaysat the top of the atmosphereBut they are also not ideal to characterizeéhe primary
interactionsincedueto the Lorentzfactoronly a smallfractionof the hadronswill decay

The optimal muon enegy is around50 - 100 GeV. At this enegy the parentpions have
a decaymeanfree path of about5.5 km. At a height of about15 km, correspondingo an
atmospherioverkurdenof 120 g/cn?, the decaymeanfree pathandthe interactionmeanfree
pathfor theproducedionsof theabose enegy arecomparablendthereforeasizeabldraction
of themuonsarebornatthis heightreflectingsomepropertieof the primaryinteraction.

It is a uniquefeatureof the CORAL experimentthatit operatesn the vicinity of this “char
acteristicenegy” of about100GeV.

1.6 CosmicRay ResultsObtained with the ALEPH Detector

The presentproposalwasmotivatedin partby the intriguing high multiplicity muonevents
obseredin aninitial experimentwith the ALEPH detector The contritutionsof this experi-
mentto the study of multi-muonbundlesfrom cosmicraysresultfrom the superbcharacter
istics of the ALEPH detector [18] which waslocatedat the deepest.EP point, 140 m under
ground correspondingo amomentunrcut-off of 70 GeVfor verticalmuonincidenceThelarge
Time-Projection-ChambdiT PC) inside a solenoidalfield of 1.5 Teslaprovidesexcellentpat-
ternrecognition,trackingresolutionand momentumdeterminationThe TPC was surrounded
by electromagneti@and hadroniccalorimeterswith tracking capabilitiesand by an outershell
of muonchambers.

Standard_EPtriggersof ALEPH werealsosensitveto cosmicray muons particularlymulti-
muonevents,if they occurredwithin a gateof a few microsecondsenteredon the electron-
positronbeam-crossingimes. The cosmiceventsweretriggeredby the enegy depositionof
themuonsin the electromagnetiandhadroniccalorimetersAbout 580000 cosmicray events
wereselectedrom the LEP datataking periodsduringthe years1997to 1999, corresponding
to an effective datataking time of 1.7 -10° sec.A representatie sub-sampleof the datawas
scannedaswereall eventswith multiplicity greaterthan6, in orderto remove beam-gasand
muoninteractionghatcansimulatehigh-multiplicity events.
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As an example,one of the highestmultiplicity muoneventsis displayedin Fig. 1.4 with
views along and perpendiculatto the LEP ring and also perpendiculato the muon shover
direction.Theexcellentresolutionof the TPC easilyresolesclose-bymuontracksandenables
an angulardeterminationto betterthan5 mrad, the averagemultiple scatteringangle of the
muonsin the 140m overkburden.Furtherinformation aboutthe muon densityis given by the
forward calorimetersandmuonchambersThe 76 recordedracksin the TPC appeamspoints
in the planeperpendiculato the muonbundle axis for thosemuonswhich are parallelto the
showveraxis.As seenin Fig. 1.4,themuonsarealmostparallelandaredistributedisotropically
overanareaof 4 x 3 m?. Thelarge muondensityof abouté muons/mi extendsfurtherinto the
forward calorimeters.

For quantitatve analysis,the ALEPH datawere comparedwith the expectationdrom cos-
mic ray air shaver simulationgseeSection 4 for detailsof the CORSIKA showver simulation).
Fig. 1.5shavs the measuredlistribution of the muonmultiplicity in the TPCandthe QGSJET
CORSIKA simulationfor protonandiron primary particlesabsolutelynormalizedo theeffec-
tive runningtime. Up to a multiplicity of 20,the protoncurve describeshe obsereddatawell
over several ordersof magnitude indicatingthat the primary spectrumis dominatedby light
elementsat enegiescorrespondingo thesemultiplicities. The discrepang in the singlemuon
rateis dueto thelow efficiengy of the LEP triggersfor singlemuons;this efficiency approaches
100%only if therearemorethantwo muonsin the TPC. At larger multiplicities thereis evi-
dencefor atransitionto the iron curve. Iron inducedshoversare moreeffective in producing
muons(seeFig. 1.6) sincethey interacthigherin the atmospherandalsoproducelargerpion
multiplicities. While the simulationagreeswith the dataover a wide multiplicity range,it fails
to describethe highestmultiplicities, even underthe assumptiorof a pureiron composition.
Tah 1.1 summarizeghe characteristic®f the five highestmultiplicity events.An estimateof
theprimaryenegy wasmadeundertheassumptiothattheshavercentetis in the TPCandtak-
ing into accounthe zenithangle.Theenegy wascalculatedassumingproton-induceghavers
andwould be40%lower for iron. If the showver coreswerefurtheraway, the enegieswould be
evenlarger.

It shouldalso be mentionedthat anomaloushigh multiplicity muon eventshave alsobeen
reportecby the BUST [28] andKolar Gold Fields [29] experiments.

event muon zenith primary
density(m~2) | angle(°) | enegy (eV)

97-a 4.75 40.8 3-10'
97-b 5.3 37.7 3.10'
97-c 8.9 40 6- 10'
98-a 8.2 48.6 7-10'
98-b 18.6 27 1017

Table 1.1. Characteristicsof the highestmultiplicity events. Theprimary enegy wasestimated
by assuminghe showercenterto be closeto the TPCandtakinginto accountthe zenithangle
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1.7 Capabilities of the CORAL Detector

As notedabove, the ability to resole close-bymuonsin even densemuonbundlesandto
measuréhe muondensityandits spatialextentover asizeablearea(400m?) will beapowerful
tool to reconstructhe primary enegy andcomposition.The trans\ersesize of muonbundles
is sensitive to the massof the primary nucleus.Fig. 1.6 illustratesthe radial muon distribu-
tions producedby proton-andiron-inducedair shaversfor threedifferentenegy rangesas
calculatedwith CORSIKA simulations(seeSection 4). Threedistinct featuresof the radial
distributionsarerelevantto our studies:the muondensityin the centeris almostindependent
of the primary nucleimassandincreasesinearly with the primary particleenegy. This allows
an enepgy determinationjndependenof the primary particle mass.The densitydecreaseby
an orderof-magnitudeover a distanceof somel10 m from the core center Comparedo the
extensionof an air shaver in the top array the muonswith a momentumcut-off of 70 GeV
areconcentrateadver a muchsmallerarea.Hencethe undegroundmuonareaof the CORAL
lay-outis well matchedn investigatingmostof the muonbundles,initiated by primary cosmic
raysin theenegy rangeof 10'° - 10" eV.

Comparedto protons,iron inducedmuon bundlesexhibit a flatter radial distribution and
containtwice asmary muons.This is dueto the characteristic®f iron-air interactionswhich
starthigherin theatmospherandproducemorepions.

In principle,a precisemeasurementf thesemuonbundleswould be sufficient to determine
the primary enegy and the compositionif the interactioncharacteristicsvould be precisely
known. But in combinationwith anindependentieterminatiorof the shaver characteristicat
thegroundlevel, theidentificationof the primariesis drasticallyimproved.

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

By usingthesetechniquesCORAL will determinethe primary particlespecieswith anun-
precedentegrecisionfor primaryenegiesfrom 10'* eV to afew times10'° eV,

1.8 Other PossibleSurprises

At the knee,the primary collision of a cosmicray with the nucleiin the atmosphereor-
responddo a centerof-massenegy somavhat above that probedin p — p collisions at the
Tevatron. The Tevatrons 2 TeV c.m. enegy is that producedby the interactionof a proton
of 2 x 10" eV with a stationaryproton. Even at Tevatron enegies mary aspectsof particle
productionare unexplored;little is known aboutthe productionof particleswith lessthanthe
genericp; of afew hundredMeV/c, i.e. the particlesproducedat small anglesor high val-
uesof pseudo-rapidity;. Thereareamplereasongo expectsurprisesn this regime of enegy
andparametespacewhich hasbeenunexploredat particleacceleratorsThe uncertaintiesare
evenlargerin the caseof nucleon-nucleusndnucleus-nucleusollisions. One possibleindi-
cationof suchsurpriseshasbeenprovided by the JACEE Collaborationusinga balloon-borne
emulsionchamberdesignedo probethe primary cosmicray composition.They have reported
several eventsexhibiting “Centauro”and “anti-Centauro’behaiour, an anomalouslylarge or
smallratio of photonsto chagedpatrticlesin alimited region of pseudorapidity-azimutphhase
spaceThis could possiblybe indicative of “DisorientedChiral Condensate{DCC) - like low
p: production [30]. Onesucheventis illustratedin Fig. 1.8 [31].

The topology of theseeventscan easily be recognizedby the CORAL experiment.In one
casea large electromagnetishaver would be measuredn thetop arraywith almostno muon
contentundeground,in the other casetoo mary muonswould be detectedwithout the cor-
respondenelectromagneti@ir showver. This is an examplehow the top andthe undeground
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measurementselp eachotherin interpretingthe events.

Theformationof aquark-gluon-plasm&GP),e.g.in iron-air collisionsat the highestener
gies,would alsomanifestitself in anoutstandindarge muoncontent[32]

Anotherkind of surprisecouldbeprovidedby stablebodiesof strangequarkmatter If present
in cosmicrays,suchbodieswould breakinto hadronghroughinteractionswith ordinarymatter
giving riseto very narrav but slowly diverging beamsof a large numberof ultra-highenegy
particles.Such bodieswould thus manifestthemseles as a large numberof small shavers
incidentover a large area,quite distinctin propertiesandstructurefrom the usualcosmicray
shawvers.Suchgroupsof shaverscanbesearchedor by looking for correlationsamongsurface
air shaver arraysseparatedby distancesof at leasta few kilometers.CORAL will searchfor
sucheventsin cooperationwith the 50-detecto.3C array operationalabove the former L3
experiment.Correlatingwith otherlocal stationswould enhancehe statisticsand enlage the
detectionarea.
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Figure 1.8.Exampleof a high multiplicity eventwith an anomalousoncentation of photonsn
a limited range of phasespace [31].

1.9 Muon Astronomy

With its precisemeasuremertdf the muondirection,10 mradfor a singlemuonandstatisti-
cally betterfor multi-muons the CORAL detectorcanalsobe usedasatelescopeo seekpoint
sourcesin our galaxy and possiblybeyond [33]. But for enegies of chaged particleswell
above EeV, for which the trajectoriesare not scrambledoy galacticmagneticfields, the data
ratefor CORAL is too smallto be of use.

Consequentlymuon‘astronomy’canonly be performedwith neutralprimariessuchaspho-
tons, neutrinos,neutrons,or exotic particles(SUSY particles,'strangelets”,dustgrains,etc.).
Suchneutralparentparticles,which carrythe directionalinformation,mayundego aninterac-
tion in theatmospher@roducingmuons which would thenbe detectecdby CORAL.

Photonswith enegiesin excessof 300 TeV areabsorbedy the blackbodymicrowave pho-
tons,thusreducingtheir meanfree pathto about10 kpc. For photonswith enegiesabove 10°
TeV, the cosmosagainbecomesnoretransparentAlthough lessefficient thanhadronsn pro-
ducingmuons photon-initiatedshoverswould producemuonsvia pair productionandthrough
photo-productiorof hadrongrom air nuclei.

Muon neutrinos detectedvia chage exchangewould alsopoint to their source but, dueto
backgroundrom atmosphericosmicrays,only upward-goingmuonswould be useful,andthe
rateswould certainlybelow.

Very enepetic neutronsmay be producedthrough protonsor nuclei interactingwith the
plasmaervironmentin anacceleratinghock;from 300 GeV experimentsthe crosssectionfor
producingneutronof nearlythefull protonenegy in inelasticcollisionsis quitehigh. However
theneutronlifetime constraingherangeof ‘neutronastronomyto ourlocal galacticneighbour
hood;the decaypath-lengthis about100pc at 10 PeV To be sure,at enegiesapproachingn
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EeV, neutronscould permitusto scanmostof our galaxyfor sourcesflux permitting.

Exotic particles(e.g. WIMPSs) may exist, but their interactioncross-sectionsre small and
thechanceo find themwith CORAL would appeato besmall. Strangeletgnucleus-lile stable
neutralobjectscontainingequalnumbersof up,down, andstrangeguarkshave beenpostulated,
and,if of enegiesof aPeVor greaterwouldinitiate air shaversin line with theirorigin. At this
time, their stability is uncertairandthey remainundetectedDustgrains,originally chageddur-
ing acceleratiorandthenneutralizedmight be candidateneutralparticles but almostcertainly
not of sufficient Lorentzfactorto generatair showvers.

Theseargumentssuggesthatthe mostpromisingpoint-sourcecandidatesor muonproduc-
tion may be photons.Thereare known sourcesof TeV gamma-raysn our galaxyaswell as
at extra-galacticdistancesAtmosphericCherenkv obsenationshave confirmedthat familiar
sourcesaswell asthosediscoveredby the ComptonGammaRay Obsenatory (CGRO) in the
GeV rangeextendinto the TeV range,andevenbeyond [34]. The mostpromisingsourcesare
theCrabnehula,thepulsarPSR1706-44 andtheactive galaxy Markarian421.Thegamma-ray
spectrunof the Crabnelula, for example,is known to extendbeyond10 TeV [35, 36]. Sources
suchasMarkarian501,whichemitphotonsaborethe TeV range arenotseerby detectorsuch
asthe CGRO.

Earliertherehadbeenclaimsof obsenationsof astronomicakourcesrom air shoversand
from muon detectors [38, 39], but more recent,intensive sky searchesby the MIA-CASA
arrayfor example,have failed to confirm the earlier sightings [9]. The negative resultsfrom
CASA-MIA [34], andfrom othersearchesvithin the pastdecadesuggesthat suchsources,
if they exist at enegiesabove 10'* eV, are faint and/orvariable.To be sure,it would not be
unreasonabl¢hat suchsourceswvould be variableand, perhapssporadic.So thereis indeed
roomfor surprises.

Muons from suchsourcesmustcompetewith a large backgroundof muonsfrom chaged
primary cosmicray inducedatmospheriair shavers;a chaged primary is abouttwo orders
of magnitudemore efficient in producingmuonsthana primary gammaof the sameenenpy.
Therefore point-sourcemuonscanonly beidentifiedif the collectingpower andangularreso-
lution of the detectorarevery good.The sourcesnay be highly variable,possiblyproducinga
significantsignalover a shorttime only.

The signatureén CORAL will be single-muonor multi-muoneventstogethermwith a photon
shawveronthetop. For thesignalto standout from abackgroundiuniformly distributedin space
andtime, a good angularresolutionof the muon detectionis required.The tracking system
of the CORAL detectorswill provide an excellentangularresolutionof a few millirad. Due
to multiple scatteringn the 140 m of molasseock overkurden,the pointing accurag will be
limited to about10 mrad (for muonsof about100 GeV). For multimuon events,the angular
accurag will besomeavhatbetter The effect of the Earth’s magneticfield on the deflectionof
positive and negative muonsis alsoon the orderof 10 mrador less,dependingon the muon
enegy.
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2 Resultsfromthe testset-upin the underground areaat BA4

The large multiplicity eventsin ALEPH were obsened with a Time-Projection-Chamber
(TPC), one of the besttracking devices usedin patrticle physics.The principal thrust of the
CORAL proposais to extendthesemeasurementsy installing a large arrayof muontracking
chambersn orderto increasehestatisticsandto studytheradialstructureof multimuonevents
overalargearea.

The muondetectordrom the UAL1 andthe DELPHI experimentsarewell suitedfor the un-
degroundarray Bothdetectorsarerobustmulti-layerdrift chambersvith 7.5 cm (UA1, [40])
and+10 cm (DELPHI, [41]) drift space.

2.1 Performanceof UA1 and DELPHI Chambers

In orderto demonstrateéhatthesechambersave sufficient resolutionandtwo particlesep-
arationfor the study of high multiplicity events,we installeda smalltestsetupin the former
UA2 undegroundarea(BA4). Situatedundersome50 m of overlurden thetestsetupprovided
importantinformation aboutthe operationof the chambersand the optimizationof the final
detectoldayout.

Thefollowing issuesnvereaddressed:

— The chambersvere operatedusing a flammablegas mixture in previous experiments.
This is now prohibitedin undegroundareas.Canthe chamberde operatedon a non-
flammablemixturewithout lossedn efficiengy or resolution?

— Whatis themaximummuondensitywhich canbereconstructeth thechamberandhow
mary layersof chambersareneeded?

— Is anabsorbebetweenthe chambersisefulin distinguishingmuonbundlesfrom muon
inducedshawersin therock?

Fig. 2.1shovs a photograplof theactualtestset-upin the UA2 areaFour UA1 muoncham-
bers(4 m x 6 m) are placedon top of eachotherwith a precisionof betterthan0.5 mm via
spacerdinkedto four precisefiducial plates.Thesechambersarecomposedf individual ex-
trudedaluminiumtubeswhich aregluedtogetherto form arigid andself-supportingchamber
body of four layers,two per projection. Two adjacentplanesof staggeredubeshelpto solve
the left-right ambiguityinherentin drift chambersandto overcomethe inefficiency dueto the
gapbetweerthetubes.

Two double-planeDELPHI chamberavere mountedon top of the UA1 chambersOneco-
ordinateis given by the drift time, the other alongthe wire, by the longitudinalreadoutvia a
delayline.

The arraywastriggeredby countersplacedbetweenthe chambersA 10 cm iron absorber
wasmountedbetweerthe two top andthe two bottomUA1 chambergluring a portion of the
run. Thedrift time wasrecordedwith 1 nsecprecisedrift time digitizerswhich hada multiple
hit capabilityof 16 hits perwire. The datacontainedsingleand multi-muoneventswith up to
100muonsperevent,aswell asmuoninducedshowers.

We investigatedhepropertieof thechambergor severalnon-flammablegasmixtures.Mix-
turescontainingonly Argon and CO, werenot optimal. Either the efficiency plateauwastoo
short(95 % Ar /5 % CQO,) or thedrift time - distanceconversionwasnonlinear(80 % Ar /20
% CQO,). Satishctoryresultshave beenobtainedby a furtheradditionof CH,. We have chosen
90 % Ar/5 %CGO, /5% CH, asanoptimummixture.For this gasmixture, the efficiency plateau
is givenin Fig. 2.2-aandthe efficiency dependencen the drift distancen Fig. 2.2-h The hit
residualsasa functionof drift time areshownn in Fig. 2.2-c. Thefinal hit resolutionof the UAL
chamberaftercalibrationareshovn in Fig. 2.2-d.
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Figure 2.1. Theactualtestsetupin the UA2 area.

Thecorrespondingraphsor the DELPHI chambersareshown in Fig. 2.3,togethemwith the
additionalresidualdistribution alongthewire from thedelayline. Thespatialresolutionf the
UA1 andtheDELPHI chambersaresummarizedn Tah 2.1.While we mainlytook singlemuon

Detector UA-1 chambers DELPHI chambers

Condition la] < 15° | 15° < |a] < 30° | anodes | delaylines
RMS of residualdistribution | 0.81mm 0.84mm 0.79mm | 8.4mm
Table 2.1. Drift chambercoorinateresolution(« is a tradk anglewith respecto the vertical
direction).

dataat the beginningin orderto find the optimal runningconditionsfor the chambersa multi-
muontrigger wasinstalledduring the final months.About 2.4 10° eventswererecordedwith
this trigger during an effective runningtime of about3.7 10° sec.In additionto multi-muon
events,the dataalso containedmuon inducedshavers which can simulatehigh-multiplicity
muonevents.However, theseeventscould easilybeeliminatedduringthe scanningdueto their
differenttopology In contrasto themulti-muoneventsin whichthehitsarealmostisotropically
distributed over the entire chambey the shovers are more concentratedver a smallerarea.
Fig. 2.4illustratesthehit topologyof amulti-muonevent;this shouldbecomparedo theshaver
eventof Fig. 2.5. Unambiguousandeventtopologyindependentriteria canbe appliedif the
top andthe bottomchambersaredecoupledy anabsorberFor this study a 10 cm thick iron
absorbemwasinstalled.For muoninducedelectro-magnetishoversthe absorbereducedhe
hit densityby afactor3 on averagejeaving the hit densityfor multi-muonsuninfluencedNew
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Figure 2.4. A multimuoneventasdisplayedn two projectionsof the 6 m x 4 m muonchambes.

shaversarecreatedoy muoninteractionsin the absorbemwith a probability of 1%; they have
however, have averylimited extensionoverthechambelseeFig. 2.6). Theabove experimental
resultswere confirmedby detailedGEANT simulations.Muon inducedshowvers canthusbe
identifiedby comparingthe hit densityabove andbelov the absorberAs a consequencey 50
cm thick absorbemith a densityof 4 g/cm?® will be placedin the CORAL experimentalsetup
betweerthe UA1 andthe DELPHI chambers.

2.2 Reconstructionof multi-muon events

Trackingin very high multiplicity eventsis, in generala challengeThetaskis mademuch
easielin CORAL becaus¢hetracksof interestarisingfrom multi-muonbundleswill beparal-
lel to aratherhigh precision Further drift chambersvill coverasignificantareain theproposed
experimentaketup.As aresult,it will be possibleto starttrackfinding in regionsof lower oc-
cupang. Thiswill provide informationaboutthedirectionof the muonbundle,which canthen
be usedto define”roads” in higheroccupanyg regionsof the detector

Thetestsetupin BA4 wasof significantlysmallerarea,andmuonbundlestypically covered
theentiredetectorarealn addition,theteststandat BA4 is ata depthof only 50 m overturden,
ascomparedo the 130 m overturdenpresentat PA4, wherethe CORAL experimentwill be
located As aresult,muchlowerenegy muons(p>20GeV) makeit to theapparatusandhence
the density of tracksper eventis much higherthanit will be the casein the final CORAL
setup.Finally, the resultsreportedhereuseonly the four UA1 chamberanountedon top of
eachother thusproviding far lessinformation per track thanwill be available with the final
CORAL experimentaketup As aresult trackingin thetestsetups asignificantlymoredifficult
propositionthanwill bethecasewith thefinal CORAL experimentsetup.

In orderto meetthesechallengesa moreglobal searchalgorithmhasbeendevelopedbased
on a Kalmanfiltering approach43]. All possibletrack candidatesvithin +50° of the verti-
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cal areformedusingary two hits from differentplanes.Track candidatesrethenpropagated
throughthe otherplanes,andhits arerejectedif x? > 10 assuminga measuremergrrorof 1
mm. Candidateracksareacceptedf they have at least5 hits out of a possible8, andat least
onehit in eachchamberThisyieldsatrackingefficiency of ~ 95% for achambelefficiency of
90%.

After all track candidatehave beenfound,they areusedto find the mostprobabledirection
for the bundle. A track quality factor is then computedbasedon the numberof hits in the
track candidatethe x? of thetrackfit, andits deviation from the mostprobabledirection. The
track candidatesare then sortedaccordingto quality, the besttrack is acceptedandits hits
aresubtractedrom thoseof the othercandidatesThe quality of the othertrack candidatesre
thenrecomputedandthe proceduras repeatedintil all track candidatehiave beenexamined.
The acceptedracksare usedto refine the estimateof the probabledirection of the bundle,
and the procedureis repeatedwith an additionalrequirementhat the candidatese within
0.5° of the mostprobabledirection. This cut removesa significantfraction of falsetracks,as
indicatedin Fig. 2.7; the ability to find the angleis alsoillustratedin the samefigure, where
trackmultiplicities areshavn for differentangles.

Limited doublehit resolutioncanalsodecreasé¢rackingefficiengy, particularlyin high mul-
tiplicity events.This canbe studiedby alteringthe measuremergrrorassumedn the tracking
code,and canbe addressedo someextent by judicious relaxationof track acceptancerite-
ria. In particular afterthefirst iterationthe acceptanceriteriawererelaxed by allowing some
missingchambersandthenrepeatinghe trackingalgorithmson the remaininghits, usingthe
trackdirectionfrom thefirstiteration.Thisis illustratedby Fig. 2.10for the highestmultiplicity
event.

While acompleteanalysisof trackfinding efficiency andacceptancef spuriougracksawaits
acompletedetectorsimulation,it is possibleto characterizenary aspect®f thetrackingalgo-
rithmsusingdatafrom thetestsetup.Theimpactof thesecondterationis illustratedin Fig. 2.8.
Fig. 2.9 llustratesthe meannumberof hits pertrack after the first and secondterations,and
themeannumberof hits pertrack not associateavith atrack.
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3  The experimental Set-up

We proposewo complementaryletectorarrays:

— an undegroundarray of muon chambersn the LHC cavern 14 at a depthof 140 m,
correspondingo a momentuncutoff of 70 GeV for verticalmuons,and

— an array of scintillation countersspreadover an areaof ~ 20,000m?, locatedon the
surfacedirectly above theundegroundarray

Thetop arrayis sensitve to the electromagneticomponenbdf the shaver, while the under
groundarrayis sensitve to muonscoming dominantlyfrom decaysof mesonsarisingin the
hadroniccomponentf theshower. The ability to combinetheinformationfrom thetwo arrays
will provide a powerful tool for the studyof high enegy cosmicray air shoversin the enegy
rangel0'*eVto 107 eV.

The dimensionsof the arraysare a-priori given by the available spacein the undeground
cavern,andon the surface,but thesearein factnicely matchedo the typical lateralspreadof
the air shavers.For example,the muondensityfalls by anorderof magnitudeover a distance
of about15 m, asillustratedin Fig. 1.6. This is well-matchedto the 21 m x 23 m size of
the undegroundmuonarray On the surface,detectorscan be placedon the flat roofs of the
buildingsandon the surfaceof the groundwith atypical distancebetweercountersof about10
m. Theshowver corecanbewell determinecandthe enegy canbe measuredby integratingthe
counterinformationover atypical radiusof 30to 50 m.

The proposedarrayswill permitanincreasdn statisticsby a factorof severalhundredover
threeyears,comparedo the cosmicmulti-muonstudiesmadewith the ALEPH experiment.If
the five highestmultiplicity eventsobsenedin the ALEPH detectorare not statisticalfluctua-
tions, we will have a datasampleof abouta thousandof suchhigh multiplicity eventswhich
will permita detailedstudyof their character

3.1 The underground muon array

Themuonarraywill beinstalledin theundegroundcavernof PA4, theformerALEPH exper
imentalregion, afterthe ALEPH detectothasbeencompletelyremoved.No otherexperiments
areforeseenn thisintersectiorregion.

It is essentiathattheplatformsupportinghemuonarraybedesignedn full cooperatiorwith
the LHC engineersvho areresponsibldor theinstallationof the variousmachinecomponents
suchasthe cryogenicsCORAL mustabsolutelyavoid conflictswith the LHC installation.

Coordinationwith the LHC hasidentifiedthe needto maintaintwo traffic lanesof 4 m width
with an effective heightof 7 m throughthe areaof the CORAL muonarrays.This will permit
suitableaccesdo the LHC tunnel,andwill permitotheractuvities on the floor of the cavern.
The experimentis restrictedto the garageareain orderto leave accesdetweenthe shaftand
beamregion.

It is thereforeproposedo mountthe muonarrayat a heightof 7.5m. Therealizationof the
muon platform, with dimensionsof 23 x 21 m? in UX 45 cavernis shown in Fig. 3.1. This
platformsolutionwaschoserasit enablegheregycling of aboutl000LEP magnetsThis will
resultin a significantcostsaving to CERN, for the estimatedalternatve regycling costwould
be about250 CHF per magnet.The magnetswill have to be handledat the surfaceof point 4
for splitting andtemporarystoragebeforethey areinstalledin the CORAL experiment.

Theplatformis thereforeconstructeaf threepilesof magnetsa centralandtwo lateralones.
This arrangemenis illustratedin Fig. 3.1. To assurehe lateralstability of the constructiorthe
threepiles are beltedby steelsections.The overall stability is warrantedby the main beams
which form the platform. A part of the steelusedis probablyprovided by otherdismantelled
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structuresrom LEP.

An axonometricview of thearrangemenwith the UA1 chambersandthe platformconstruc-
tion is givenin Fig. 3.2-aanda planetop view in Fig. 3.2-h The active areaof the 9 modules
is about180 m? distributed over 400 m?. The main beamshousethe six planesof DELPHI
chambersaswell asthetriggercountersA new line of LEP magnetss mountedon top of the
beamsThesewill sene asshieldingfor the DELPHI chambersaindat the sametime build the
platformon which thethreeUA1 chamberon top of eachotherareplaced(seeFig. 3.3). The
shieldingthicknessamountgo 200g/cni, significantlymorethanin our testset-up.

In summarythe muonstracksaresufficiently well definedin the shortwire projectionby 6
planesabove and6 planesbelow the absorbeto determinethe muonmultiplicity; in the other
projectionwith 6 planesonthetop the averagemuondirectionis measured.

3.2 The surfaceair shower array

To furthercharacterizeéhe cosmicair shoversassociatedavith undegroundmuonsi,it is pro-
posedto install anair shover arrayon the surfacewith some200 scintillation counters0.5 to
1 m? areaeachwhich arespreacover anareaof 150x 150m?. We benefitfrom experienceof
othersimilar arrayssuchasHEGRA [42] at La Palma,KASCADE at Karlsruheandthe L3C
arrayonthesurfaceabove theL3 experimentln fact,we have obtainedall shaver countersand
associate@lectronic§rom the HEGRA andthe L3C experiments.

A typical 10*° eV air shaver depositsmostof its enegy within a distanceof about30 m
from the shawver core.Sincewe aimto triggeron shaverswith enegiesabove about5-10* eV,
andto determinetheir coreswith a precisionof betterthan5 m, we shouldlocatethe shaver
countersonagrid with a10 m spacing.

Thebuildingsin theareawhich all have flat roofs,andthetopographyof thelandabove PA4
areideally suitedfor positioningthe counterson sucha regulargrid. Thusmary counterscan
be installedon the top of CERN buildings. Fortuitously the land on the Jurasideis relatively
flat andat almostthe sameheightasthe buildings. Somedetectorswill be placedon suitable
elevatedstructuresin orderto prevent the shadeving of detectorsby nearbybuildings, thus
makingthearrayresponsasuniformaspossible Theplacemenbf shavercountersoverroads
or commonareaswill beavoided.

Fig. 3.4 schematicallydisplaysthe locationof the shaver detectorson the CERN property
aroundthe LHC pit. Notethatsurfacearrayis asymmetricallysituatedwith respecto thecenter
of the undegroundmuonarray We are presentlyinvestigatingthe possibility of extendingthe
arrayby installingcountergindicatedby opencirclesin Fig. 3.4)onlandadjacento the CERN
propertyin orderto createa moresymmetricalarrangement?resenplansfor the experiment,
however, assumehatthe shover countersarelocatedonly on CERN property

Thereare two basictypesof shaver detectorsthat will be usedin the shaver array The
“HEGRA” type counterqFig. 3.5) consistof 4 blocksof 50 mm thick plasticscintillators(25
x 25 cm? each)which areviewed by two photomultipliersiocatedat a distanceof 80 cm from
thescintillator surface.Scintillatorsandphotomultipliersareenclosedn alight-tight box.

Theothertype (Fig. 3.6), similar to thoseusedin the L3C experiment,consistof two 10 mm
thick plastic scintillators (25 x 25 cn¥ each),placedside-by-sidein a light-tight rectangular
aluminiumbox. 16 sigma-shapedrooves,2 mmwide and2 mm deep have beenmachinecbn
thetop surfaceof eachscintillatorblock. 32 wavelength-shiftindibresin thegrooves,all of the
samdength,channethelight to the 50 mm photocathodef afastphotomultiplier

It is essentiato operatethe photomultipliersat a high gainin orderto ensuresingle parti-
cle detectionwith high efficiengy and an accurateaneasuremenf the pulseamplitude.This,
however, restrictsthe dynamicalrangeto about100 particlesdueto the onsetof nonlinearityin
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theresponsef large sighals.A muchlargerdynamicalrangeis necessaryo make air shaver
measurementsver at leastthreedecade®f enegy. The detectorsaarethereforeequippedwith

asecondohotomultiplieroperatingat areducedjain. The 32 fibresareequallysharedetween
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 single muons.Fig. 3.7 shavs a typical
"Landau”lik e chagedistribution obtainedwith suchameasuremenbDuring operationthemip
responseanbe indirectly gaugedusingthe dataof selectedsmall air shaverswhich seldom
depositmore than one particle per detector This calibrationmethodis affectedby the large
low-enegy photonflux andhences mainly usedfor arelative calibration.

Somefeaturesof our array can be deducedrom the performanceof the quite similar but
smaller(50 counters)surfacearray which had beenoperatedn the L3C experiment.Fig. 3.8
shows the distribution of the numberof counterswhich have triggeredthe array The trigger,
which requiredat leastthreecounters pecamefully efficient for 10'* eV proton- and3-10*
eV iron - primaries. Above a countermultiplicity of 10, the distribution follows anexponential
law with an exponentof -2.7,in goodagreemenwith the simulation.The distribution of the
numberof particleswhich morecloselyreflectstheenegy distribution,is displayedn Fig. 3.9.
An enegy of 10'* eV corresponds$o 100 particles.The exponentiallaw is alsoin goodagree-
mentwith the simulation. The opencircles shawv the spectrumwith at leastone muonin the
undegroundarray Above 10'4, almostevery shaver registeredon the surfaceis accompanied
by atleastonemuonundeground.
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3.3 Trigger

The muonarraytrigger andthe air shaver arraytriggershave to be asflexible aspossible
sothatthey canbe combinedin variousways. The standardrigger mustbefully efficient for
shaverswith enegiesabove 5 - 10'* eV andshouldnot exclude unusualevents.For example,
AntiCentauroeventswith a sizeableelectromagneticomponentandalmostno muonsshould
be acceptedasshouldpuremuonicshaverswith almostno electromagneticomponent.

Typical time differencesdbetweenthe variouscounterelementsare given by the spatialdis-
tancebetweenthem,but alsodependon the time differenceresultingfrom aninclined shover
front. The information hasthereforeto be storedfor at least2 us. This is straightforward for
time measurementsincemodernTDC'’s typically canstorethe informationfor 64 us. ADC
pulseheightmeasuremenitareslightly moreinvolved.

Cosmicray trigger ratesarelow andthereforethe read-outandstorageof the eventsdo not
represent greatchallenge At a primary enegy of 10 eV, the surfacetrigger rateis aboutl
Hz for aneffective areaof theorderof 10* m?, andlessthan1Hz for atwo-muontriggerin the
undegroundarray A simple“OR” betweerthetop andtheundegroundtriggerswill probably
have therequiredflexibility .

Theundegroundtriggeris madeby ann-fold coincidencebetweera double-layerof coun-
terscovering some20% of the actve muonmodulesurface.Photomultipliersare mountedon
oppositeendsof the 4m x 0.2 m counters.Their signalsare put into coincidencevia mean-
timers,yielding a precisetiming which is neededor thedrift chambersVaryingthevalueof n
correspondso varyingthe minimal muondensitywhich will provide atrigger.

The CORSIKA Monte-Carlohasbeenusedto studythe performancef thetrigger. Fig. 3.10
shows the effect of the n-fold countercoincidenceon the primary cosmicray spectrum.The
effective enepgy thresholdincreasessn is increasedThe trigger curvesaregivenfor shover
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coresfalling in two differentsizedregions.As canbeseerfrom thespectrunfor thecasewvhere
the showver corelies within anareaof 100x 100 m?, higherenegy muonshawverscansatisfy
thetriggerconditionevenwhentheir coresareat largerdistancesThe higherthe enegy of the
shower, the larger the distanceto the muon chamberscan be, partially compensatindor the
lower ratesat high enepies. For example,the shover corecanbein the 100x100m? areafor
shaverswith anenegy of 10'% eV, but it hasto be closeto the muonchamberdor enegies
around10'® eV. To furtherillustratethe triggeracceptancefig. 3.11displaysthe shaver core
positionsfor shaverssatisfyinga 4-fold trigger coincidenceor two differentenepies.

Thesurfacetriggerconsistf an-fold coincidenceof arny countersn thearea.Thevalueof
n hasto be chosersuchthatthe surfacetriggerrateis at mostof the orderof 10 Hz. Fromour
preliminarycalculationsandfrom the experienceof the L3C surfacearray n ~10is a suitable
value. This resultsin an enepgy thresholddueto the trigger of ~10'* eV for proton-induced
shower, andthreetimeshigherfor iron-inducedshowvers.Ratherloosetrigger conditionshave
beenchoserto be sensitve to unforeseemventtopologies.Thisimpliesthatonly a smallfrac-
tion of the eventswill be usedto determinethe particle composition.For this analysis,we
requirethatthe shaver corelies within 25 m to the centerof the undegroundmuonarrayand
is situatedat least10 m insidethe boundaryof the surfacearray

The geometricalacceptancef this configurationis plottedin Fig. 3.12asa function of the
zenithangle.The extendedarrayhasabout45% moreacceptancéhanthe onerestrictedo the
CERN property:1100m? sr comparedo 750 m? sr for zenithanglesbelow 30 degrees.For
a datatakingtime of 6-10" secondsgorrespondindo 3 yearsof running,Fig. 3.13shavs the
numberof eventsusedin the analysisfor the particlecompositionasa function of the primary
enegy. For the studyof the particlecompositionmorethan1000eventswill be accumulated
with enepgiesabore 10'° eV.
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4  Monte Carlo studiesof detector performance

4.1 The CORSIKA Monte-Carlo

The CORSIKA Monte Carlo [44] hasbeenusedto studythe performanceof the surface
air showver array andthe undegroundmuonarray CORSIKA (COsmicRay Simulationsfor
KAscade)is a detailedMonte Carlo programdevelopedto studythe evolution of extensie air
shawersinitiated by a variety of differentprimary cosmicraysdown to the obsenationlevel.
The programincludesa numberof differentinteractionmodels.Theresultspresentedhereare
basedonthe QGSJETmodel.

In orderto optimize our useof thesevery computation-intensie Monte-Carlosimulations,
two differentsamplesof air shovershave beengeneratedy CORSIKA used,onefor studies
of the performanceof the undegroundarray alone,and the other for studiesincluding the
performanceof the surfacearray The differencelies in the factthatthe undegroundarrayis
only sensitve to muons,and hencethe electromagneticomponenif the air shover canbe
neglected,leadingto very significantsavingsin computationtime. On the otherhand,studies
involving the surfacearray which is sensitve to the electromagneticomponenof air shawer,
requiresafull simulationof the air shawver, ata significantcostin computatiortime.

For theanalysisof theundegroundarrayalone,eventsweregenerateavith both protonand
Feprimaries.Theenepy internval 10*?eV< £ < 10'8eV wasdividedinto two binsperdecade,
and 1000eventsweregeneratedvithin eachbin, exceptfor thehighestenegy bins,whereonly
500eventsweregeneratedn eachbin dueto the large computationtimesrequired.The zenith
angled wasrandomlydistributedovertheinterval 0 < 6 < 60°. Theeventswerethenweighted
accordingto theactualcosmicray spectrumThe shover axeswereuniformly distributedover
anareaof 200x 200m? centerecbn the muonarray andthe muonshitting the chambersvere
recordedA momentuncutof 70 GeVicos(#) wasappliedto accountor enegy lossin therock
overkurden.(SeeAppendix A for amoredetaileddiscussiorof themuonenegy cutoff.)

As notedabove, a full simulationof the air shaversis necessaryn orderto studythe per
formanceof the surfaceair shaver array togetherwith the undeground muon array Fortu-
nately the KASCADE collaborationhaskindly providedwith their air shaver simulationdata
sets.Eventswere generatedor both protonand Fe primaries.The enepy interval 510" eV
<E<5-10' eV wasdividedinto 4 bins perdecadeAn E~1-* enegy spectrumwasused.This
permitsefficient generatiorof eventswith goodstatisticsover the enegy rangethe eventscan
be weightedto accountfor the steepeicosmicray spectrum.The eventswere generatedvith
zenithanglef in therangel < 0 < 42°. Theshaverswereanalyzedat anelevationof 110m
above sealevel. A correctionfactoraccountingor the higherelevation of the CORAL experi-
menthasto beapplied.A total of ~1800eventsin this datasetwereusedin our analysis.

Electrons muonsandhadronshitting the sensitve areaof the surfaceair shaver arraywere
registered Muon propagatiorto theundegroundarraywasmodelledby usingthe sameenegy
thresholddiscussedbore. Muonssurviving the cut andhitting the sensitve areaof the under
groundarraywereregistered A triggerconditionof N, > 2 wasimposed(An extensie study
of triggerconditionsfor theundegroundarraywasstudiedin [1]; theseresultsremainrelevant
here.)

4.2 The underground muon array alone

The proposedmuon chamberarray will permit the study of the structureof multi-muon
events.The core positionandthe primary enegy canbe determinedorovided thatthe showver
corefalls within or closeto the array Protonandiron inducedshowverscanbe distinguished,
atleaston a statisticalbasis,from the structureof the muonbundles.Indeed,we have already
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Figure 4.1. Theintegral muonmultiplicity distributionsin the undegroundarray for different
primary particlesfor a runningtime of 2.10" sec.

obseredatransitionfrom protonto iron inducedshaversat high multiplicities within thelim-
ited statisticsof the dataobtainedwith the ALEPH detectoy The equialentintegral inclusive
muonmultiplicity distributionfor thenew CORAL undegroundmuonarrayis givenin Fig. 4.1
for the four primaries(p, He, O, Fe). Assuminga measurementime of 2 x 10" secondsthe
new datasetwill be 100timeslargerandwill thuspermitfurther, moredetailed,studyof the
primary compositionIf the primary distribution becomeseavier with increasingenegy (and
hencemultiplicity), the measuredlistribution shouldshift graduallyfrom the lower to the up-
per curves with increasingmultiplicity. Similarly, if the high-multiplicity excessseenin the
ALEPH TPC would persistwe shouldobsene about1000 eventswith thesehigh densitiesa
goodsamplefor the studyof their properties.

As alreadydemonstratedn the CosmoLepproposal[1], the position of the shaver core
can be reconstructedrom the muondistribution in the chamberswith an accurag of a few
metersf it falls within the array Oncethe showver coreis determinedthe radialmuondensity
distribution can be usedto estimatethe primary particle type and to determinethe primary
enegy from the centralmuondensitywhich is almostindependentf the particletype (seethe
radialdensitydistributionin Fig 1.6). Thefactthattheradialdistributionis considerablyflatter
for iron-inducedmuonbundlesis the key to discriminatingbetweenprotonandiron-induced
shawvers.

The identificationof protonandiron primarieson an event-to-eent basisis difficult. For
a givencorepositionandfor differentenegies,a normalizedmultiplicity distributionin each
chambelis simulatedfor protonandiron primaries.The multiplicities arethenrescaledsothat
the averagemultiplicity in the coreis the samefor protonandiron inducedshawers.In this
way, the identificationis only basedon the radial distribution. Thesemasksfor eachchamber
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arethenappliedto the individual eventsanda likelihoodis calculatedfor the protonandthe
iron assumptionFig. 4.2 shows is a two-dimensionablot of thesetwo likelihood valuesper
event. Separatinghe two distributionsby the indicatedlines, we areableto identify correctly
86% (81%) of the protonsand85% (82%) of theiron for 10'° eV (3 10" eV).

Assumingthe particle type hasbeenestimatedandthe shover coreis known, the primary
enegy canbe calculatedrom thetotal numberof muonsin the array Thetotal muonnumber
Nror, risesalmostlinearly (Nror ~E%?) with enegy ascanbe seenfrom Fig. 4.3. Theindi-
catederrorbarspresenthefluctuationof a singlemeasuremengor the sametotal multiplicity,
thereconstructee@nengy for iron primarieswould be 40% lower thanfor protons.Considering
only themuonsin thechambemhich containghe shower core thedifferencenvould bereduced
to 25%. On average the errorin the enegy determinationis about25% for protonandbetter
for iron, with only aslight dependencen enepy.
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N

200

150

50

o b,
1000 2000 3000

L b e b b b |
4000 5000 6000 7000 8000 9000 WOOO%
E(Gev) x10

Figure 4.3. Numberof muons(N,,;) in the array asfunctionof enegy, for p and Fe. Theblack
trianglesrefer to simulationat fixed enegy. Thefit throughthesepointsis also shown(top
curve:iron; bottomcurve: proton).

4.3 Combinedair shaover and underground muon array

The surfaceair shaver array will be a powerful tool for the study of the electromagnetic
structureof air shawvers.In this sectionwe focus on simulationsillustrating the power of the
combinedair shaver arrayandundegroundmuonarrayfor the determinatiorof the primary
particletype.

The surfaceair shaver arraycanbe usedto accuratelydeterminethe locationof the shaver
core.This canbedoneby projectingthedistribution of particlesontothetwo principleaxes,as
illustratedin Figure4.4. The accurag of the determination~ 3 m, is indicatedin Figure4.5,
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which plots the distribution of the residualsfor protoninducedshoverswith enepgies10'® eV
< B < 10' eV andzenithangledessthan30°. Thisis comparabléo the precisionwith which
the undegroundmuonarray canidentify the location of the shower core,andis particularly
usefulfor thoseeventsin which the coreis near but not within, theundegroundarray
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Figure 4.4. Distribution of the electomagneticparticlesin theair showerarray for oneevent
(6=6°,E=9-10" eV theprojectionson the axis are usedfor the core determination.

Informationfrom the two arrayscanbe combinedin orderto determinethe compositionof
cosmicray primaries.The basicideais to usethe undegroundarrayto measurehe numberof
muonsin eachshowver, andthe surfacearrayto measurehe numberof particlesin the electro-
magneticcomponenbdf the shaver. Becausef thedifferencan the multiparticleproductionof
primariesof variousspeciesheavier primarieswill berelatively richerin muonsandrelatively
depletedn termsof the numberof electronsandgammarays, thus permitting discrimination
betweenfor example,protonandFe primaries.
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Figure4.5. Thedifferencebetweerthereal andthe estimategositionfor protoninducedshow-
ers, with § <30°, andenegy between 0% — 10'¢ eV

Figure4.6 andFigure4.7illustratethe power of the CORAL detectorfor thesestudies.

For shoverswith a zenith angleof lessthan 15° and whosecore lies within 25 m of the
centerof the undegroundmuonarray thereis alwaysa 100 x 100 m? region of the surface
array centeredon the shaver core at the surface.In Figure 4.6, the total numberof particles
seenby the surfacearraycountersn this region aresummedandplottedagainsthe numberof
muonsobsenredby theundegroundarrayfor eventswith enegies5-10 eV < £ < 5-10'% eV,
zenithanglelessthan15°, andwhosecorepassesvithin 10 m of the centerof theundeground
muonarray

For shaverswith larger zenithangles,15° < 6 < 30°, it is not always possibleto find a
100x 100m? region of the surfacearraycenterecbn the shaver. Thusthe detectiorregionwas
reducedo 60 x 60 m?. In Figure4.7 the separatiomplot is shovn for eventswith enegies 10
eV < F < 10% eV andzenithanglesbetweenl 5° and30° usingthis reducedarea.

Theseparatiomf theplotsinto distinctregionspopulatecalmostexclusively by eitherprotons
or Feinitiatedeventsis quiteclear andavarietyof statisticaimethodssuchastheKNN method,
canbe usedto analyzeactualevents.Herewe presenta straightforvard methodwhich clearly
indicatesthe power of the CORAL detector

In Figures4.6and4.7,it is clearthatthe separatiorbetweertheregionspopulatedy protons
andby iron inducedprimariesis quite linear. Note thatenegy increasesalongthe separation
line while particlemasschangeslongthe perpendiculaaxis.

Theeventsplottedin Figures4.6 and4.7 hadshowver corespassingwithin 10 m of the center
of themuonarray In orderto extendthisregionto aradiusof 25m, theradialdependencef the
muondensitymustbe takeninto accountFor larger coredistancesthe separatiorline moves
downwardsto smallermultiplicities, but the p-Fe separatiorstaysalmostsamefor different
radial distanceintervals. Correctingfor this radial dependenceye can extendthe minimum
shower coredistancerom the centerof themuonarrayfrom 10 mto 25 m.

Projectingeventsontothe axis perpendiculato theline of separatioryieldsthedistributions
of Figure4.8-a.If onediscriminatesdbetweerprotoninducedeventsandFeinducedeventsby

41



cutting on this distanceperpendiculato the line of separationsomeeventsof eachtype will
be misclassifiedThis is illustratedin Figure4.8-h Note thatwith judiciouschoiceof the cut,
approximately93% of eachspecieswill be correctlyidentifiedin the enegy range10 eV
< E < 10' eV. Figure4.8-cillustratesthe dependencef this accurag on the enegy of the
primary.

As notedabove, it is necessanat large anglesto usesmallerareasof the surfacearrayto
determinethe electromagneticomponenbf the air shower. It is thususefulto definesmaller
groupingsof surfacearraydetectorsenteredn the surfacelocationof the shaver core. These
groupingsareillustratedin Fig. 4.10.Figure4.8-balsoillustratestheaccurag in discriminating

betweerprotonandFeinducedshowversfor severalof thesegroupingsFigure4.9 extendsthese
studiedto largerzenithangles,15° < 6 < 30°.
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Figure4.6.Numberof muongp> 70 GeV)versusnumberof electomagneticparticlein anarea
of 100x100m?, for protonandironinitiated showes, pointingto the centerof theundeground
arraywithin 10m (5-10"> <E<5-10'%, zenithanglef <15°). Theprimaries(p,HgO,Fe) cluster
aroundthestraightlinesindicatedin the plot.)
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Figure 4.7. Numberof muonsversusnumberof electomagneticparticle in an area 60x60n?,
showercoresat a distanceR< 10 m, 10" <E<5-10'%,1% < 4 <30’
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5 Schedule

The CORAL experimentproposedo installanundegroundmuonarrayin the cavernat PA4
and a surfaceair shaver array on the CERN propertydirectly above. A major themeof this
proposalis that the depthof the cavern at PA4 correspondgo a particularly interestingand
useful cutoff on the muonmomentum.Further the surfaceat PA4 is ideally suitedto an air
shower array sincethereare mary accessibléuildings with flat roofs, andthe groundon the
Jurasideis at almostthe sameheightasthe roofs of thesebuildings. Further sincePA4 is the
former ALEPH experimentalareawe will beableto benefitfrom the superbexperimentahall
andinfrastructureaswell asimportanttechnicalinstallationssuchastheair extractionsystem.

The CORAL installationschedulas necessarilyonstrainedy the scheduldor theremoval
of the ALEPH experiment,and by the installationscheduleof the LHC. We thereforebegan
discussionsvith LHC planningofficersandengineeratanearlystagan the preparatiorof this
proposalThesediscussionfiave beenveryfruitful, andhave notrevealedarny majordifficulties
in the cohabitatiorof CORAL with LHC constructiorat PA4. Indeed,mary importantaspects
of the CORAL proposal,suchasthe constructionof the undegroundmuon platformsout of
LEP magnetspriginatedon the LHC sideof our discussions.

Thediscussionhiave, however, resultedin a clearunderstanding@f certainboundarycondi-
tions.Thesancludetheneedior CORAL to installtheundegroundarrayin theso-calledjarage
position,the needto leave the accesdrom the shaftsto the machinecompletelyfree,andthe
needto provide two corridors,each4 m in width and7 m high, throughthe experimentalarea.
Theseconstraintaremetby the presenproposal.

If acceptedn thefirst half of 2001,we will immediatelybegin constructiorof theair shaver
array A first testexperimentcanbe performedin 2001if we caninstall a few dozencounters
ontheroofsof someof thebuildingsandputthemin coincidencewith theexisting L3C surface
array

The constructionof the platform for the undegroundmuonarray can commenceafter the
completionof somecivil engineeringvork for LHC whichwill reinforcethewalls onthe Jura
side.The first muonchambersanthus probablybe installedin the springof 2002 after they
have beencarefullytestedn oneof the hallsonthe surface.

The completeundegroundand surface arraysshouldbe commissionedn the summerof
2002andbecoméefully operationakhortly thereafterThis will leave somethreeyearsof data
taking beforethe LHC beginsoperation.
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6 Budget

The proposedxperimentwould have requireda budgetof mary millions of SwissFrancsif
newly constructedThesecostsaredramaticallyreducedhowever, by usingexisting detectors
andelectronicsandthe CERN infrastructure particularlythe undegroundcavern at PA4. We
arealsofortunatethat we have inheritedthe completeair showver arrayfrom the HEGRA ex-
perimentaswell astheUA1, DELPHI andOPAL muondrift chambersandscintillationtrigger
counters.

It is our understandinghat CERN cannotinvesta substantialamountof manpaver into
CORAL. The manpaver is thereforemainly supportedby the collaboratinginstitutes.Some
fundsin additionto the hardwarewill, however, be neededor subsistencallowancesat CERN
andfor a projectassociate.

We have foundadditionalcollaboratorsinceour CosmoLepproposain 1999.Negotiations
with collaboratingnstituteshave alreadybegunandwill continueduringthe approval phaseof
the experiment.We areconfidentthatthe collaboratingnstituteswill assumeesponsibilityfor
afair shareof the investmentandrunningcosts.lt shouldbe noted,however, thatsomeof the
participatinginstituteshave alreadycontributedmanpaver andmaterial.

The estimatedbudgetfor the installationof the CORAL experimentandits runningis given
in Tah 6.1togethemwith abreakdavn of thebudgetover the next severalyears.
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Years:2001

2002

Total

Undegroundmuonarray

Infrastructurest 14,experimentalplatform, etc

Installationof all (UA1+DELPHI) muonchambers,
gassystemandsafety
cablesandconnectorstepairs

120

120KFS

80 150 230KFS

Triggercountersundeground 30 30 60 KFS
(cablesconnectorsinfrastructurerepairs)
Triggerlogic, GPS 15 80 95KFS
DAQ, Datastorage 30 60 90KFS
Surfacedetectorarray
Constructiorandrepairof ~200 counters 50 60 110KFS
Cablescontrols.... 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
Investmentandmaintenancéor theyears> 2003

2003 > 2004
Upgrades 60 - KFS
Maintenance 60 60 KFS
Rentalfeefor electronics 80 80KFS
Gasconsumption 40 40KFS

Table6.1. CORALbudget
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A  Calculation of the muon momentum cut-off

A significantfeatureof the CORAL experimentis its depthof approximately 130m, corre-
spondingto a muonenepy cutoff of approximately70 GeV for verticalmuons.This appendix
reviews theresultsof detailedGEANT3 simulationsof muontransportthroughtherock above
the experimentalregion. Thesesimulationsincludethe effectsof the major featuresof the ex-
perimentalcavernsaswell asrelevant surfacestructuresWe presenthe muonenegy cutoff
asa function of zenithangle,aswell asthe muonenegy spectrumn the experimentalcavern
basedon a sampleof 2000extensve air shoversgeneratedisingthe CORSIKA Monte-Carlo
andthenevolvedusingthe GEANT3 simulationgo thecavern.

v

Figure A.1. SthematicView of the PA4 Cavernindicatingthelocation of thethreepits, the side
corridor, andthewall on the surface

Therockabove PA4 is notuniform, but on averagecanbemodelledby two layersof material:
a48 m thick slabof densityof 2.2 g cm 3, andalayerof molasseZ7 m thick with a densityof
2.5g em 3. Thegeometryof thecavernat PA4 is illustratedin Fig. A.1. Six majorgeometrical
elementsareincludedin the simulation:the threevertical pits, the sidecorridor, the cylindrical
experimentalhall, andthe 10 m highwall on the surface,which runsparallelto the beampipe
[45].

Thedependencef themuonenegy cutoff onzenithangle §, wascarefullystudied Samples
of 300,000muonswith a flat momentumdistribution and randomazimuthalangle, ®, were
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generatedor for eachzenithangle,d = 0°,5°,10°,...,60°. All muonswerelocatedon the
surfacesoasto pointtowardsthe centerof the experimentakpparatusThesemuonswerethen
evolvedthroughtherock usingthe GEANT3 simulations.

N/ Nirox

40 60 80 100 120 140
p/ GeV

Figure A.2. Fraction of muonsreading the detectoras a functioninitial muonmomentunfor
several zenithangles,d. The definition of the thresholdmomentumpr, is illustrated for
0 = 0°.

Fig. A.2 illustratesthe resultsof thesesimulations.For small zenith angles,the spectrum
is flat above 75 GeV falling rapidly for lower enegies. For larger zenith angles,small tails
areapparentt low enegies. Thesearisebecausesomeof the muonspassthroughthe vertical
tunnelsandthus seelessrock overburdenthan would otherwisebe the case.This is clearly
illustratedby Fig. A.3.

Fig. A.4 illustratesthe dependencef the cutoff enegy, takento correspondo thatmomen-
tum pryr at which 80% of the initial muonsmale it throughthe rock to the experimental
apparatusThe resultclimbs more steeplythanthe 1/ cos(6) onemight naively expectdueto
simplegeometricconsiderationdndeedthisis largely dueto the effectsillustratedin Fig. A.3.

We have alsostudiedthespectrunmof muonsreachingheexperimentabhpparatusrisingfrom
cosmicray inducedair shovers.A sampleof 2000extensive air shaversarisingfrom primary
protonswith enegiesin therangel .010° — —2.0107 GeV weregeneratedisingCORSIKA[44].
Theseshaverspointedto the centerof the experimentalapparatusThe enepgiesat the surface
of the muonsfrom theseshowversreachingthe experimentalpparatusreshovn in Fig. A.5.
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