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Questionsaddressedo the CORAL collaboration

Intr oductory Remarks

Thefollowing questionsvereraised eitherby therefereesor in the closed-doodiscussions
of the SPSCand reportedto us by the refereesFollowing discussionswvith them, we have
slightly editedthe questionscombiningquestionsvith a commonthrustin orderto be ableto
addresshemasefficiently aspossible.

1.2

1.

Questionsaddressedo the CORAL collaboration

Determinatiorof PrimaryParticle Composition

(@) How doesCORAL comparewith the KASCADE, MACRO and Baksanexperi-
mentsin termsof statisticsIn(A) resolution.etc.?

(b) How doestheresolutionof In(A) vary asafunctionof thedepthof theundeground
muonarray?ls the ALEPH caverncloseto optimal?

(c) Whatis theresolutionof In(A), event-by-&ent,asa function of enegy using N,
VvS.N.?

(d) What are the systematicerrors?How sensitve is the In(A) determinationto the
Monte Carlo?How canthe otherhandlesCORAL hason the compositionof the
primary particles,suchas the ability to determineparticle compositionfrom the
radial distribution of the muons,or the ability to determinethe heightof anevent,
beused™o you have awayto calibrateatlow enegieswith directmeasurements?

. How well canthe heightof the primaryinteractionsbe determinedandwhatusecanbe

madeof thisinformation?Show distributionsof theheightdeterminationgor p, Fe,or for
primary productionof multi-muoneventsasa function of the core position,the enepy,
etc.

. Whatis the significanceof the excessof very high multiplicity cosmicray multimuon

eventsseenn the ALEPH detector?
Do you expectthat crosssectionsfor novel processe¢suchasDisorientedChiral Con-
densatesCentaurospr QGP)may be large enoughto standout above backgroundsiue
to ordinaryinteractionswithin theshaver?How reliablearethetails of thedistributions?
How well canyou identify signsof new physicsabove thetails?Have ary relevantsimu-
lationsbeendone(or couldthey be)?

. Whatis the angularresolutionof the surfacearrayasa function of enegy? Canthis be

usedto helpwith the heightdetermination?

. Whatwould you gainif you had

(a) alargersurfacearray?

(b) alargerundegroundmuonarray?

(c) asurfacemuonarray?

In otherwords,is the presentesigncloseto optimal?

. Canyou presentetailedmilestonedor the project?Who will do what,andwhen?May

we have atentatve monegy matrix with planning?

. Canyoucompareheacceptancef the CORAL detectowith theoneof a LHC detector

like ALICE?



2 General Considerations

2.1 Principal Objectives
— Studieson the enegy dependence®f relative compositionof cosmicray flux below,
aroundandabove the Knee
— Searchfor signatureof exotic phenomenorsuchas Centaurcandanti-Centauraevents,
Halo events,DisorientedChiral CondensatefQuark-GluonPlasma
— Searchfor signatureof new forward-physicghrougha detailedstudyon the frequeng
andstructureof muonbundles

2.2 Observational Methods

Of the 4 major obsenable componentf air shoversin the lower atmospherenamely
electrons-photongCherenkv photonshadronsand muonsonly the lasttwo carry significant
imprint of the forward-physicgprocesseshat may have occurredin the first few interactions
duringthe developmenif the cascadeshowner. Thoughthe developmenibf the electron-photon
and Cherenkv photoncascadesre influencedstrongly by particlesproducedn the extreme
forwardregion, large fluctuationsin the atmospheridevelsof thefirst few interactionsandsu-
perpositionof alarge numberof interactionsoccurringlower down in the atmospherenanage
to hidetheinformationaboutthefirst few interactions.

The obsenableelectron-photortomponentt the groundlevel is influencedstronglyby the
fluctuationsin the level of the first few interactionsand the elementalnatureof the primary
particle.For example,the shover sizenearsealevel (altitudes< 2000m) for a proton-initiated
shawer with the first interactionat 50 gem =2 level is almosta factor of 2 smallerthanfor a
shawer startingat 150 gem =2 level in the atmosphereSimilarly, the obserable shaver size
nearsealevel is morethanafactorof 2 smallerfor shaversinitiatedby iron nucleiprimariesas
comparedo protonprimaries.

While thesefactscausdarge uncertainityin thedeterminatiorof primaryenegy from obser
vationson shawer size,they arevery helpful in providing additionaldiscriminatingpower for
variousstudiesvhencombinedwith obsenationsof muonsasproposedor the CORAL exper
iment.Notethatsimilar discriminatorypoweris not availablefor studiesbasedn obsenations
of the hadroncomponentsthe electron-photorand hadroncomponentre affectedsimilarly
by variousphysicalprocessementionecabove.

Obsenationsnearsealevel on the high enegy hadroncomponenglsolosetheir sensitvity
to detailsof forward physicsandexotic interactionsdueto seriousexperimentalimitationson
studiesof individual high enegy hadronsin a backgroundf a large numberof lower enegy
hadrongroducedn theloweratmosphereesultingin overlapof cascades thedetectorEarly
studiesby the Tatalnstitutegroupusingsmall-areaut deep(1.4m?, 750g cm~2 Fe)calorime-
ter anda relatively large visual detectormultiplatecloud chambemith ~ 2m? areaand280g
cm~? Feabsorberjpndrecentstudieswith a very large, finely-sggmentedanddeepcalorimeter
by the KASCADE collaborationhave highlightedthesefeaturesof the hadroncomponent.

Spatialandtemporalcharacteristicef the Cherenkv photoncomponenbf air shaverslose
their sensitvity to detailsof the first few interactions,as mentionedabove, sincemostof the
obsenedphotonsareproducectloserto the shaver maximum.Temporalstudieson Cherenkv
photonshave beenusedfor measuremenvf elementalabundancesn primary flux but these
dependvery sensitvely on the determinatiorof the positionof shaver axesandalsodetailsof
MonteCarlosimulationsparticularly requiringtrackingof individual electronsA combination
of studieson Cherenkv radiationwith studieson muonsoffers someadwantagesut at a very
significantloss of obsenationalefficiency dueto the requiremenof nightswithout low level
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fog, cloudsandmoon.

Studieson the longitudinaldevelopmenif air shaversin theatmospheralsoprovide valu-
ableinformationonthe compositionof primaryflux at extremelyhigh enegies(> 10'7 eV but
thesearenotrelevantfor studiesat primary enegiesnearthe ‘knee’ in theenegy spectrum.

2.3 Observations on muon component

Early studieson the muon componen{alone)focussedon the determinationof muon flux
and chage ratios using small areadetectorsat variousdepthsundegroundcorrespondingo
variousenegy thresholdsThesestudieswere usefulin learningaboutinteractionsof muons
aswell asthe enepgy spectrumof protonsandlight nucleiat lower enegies,up to a few TeV.
Attemptsweremadeto learnaboutproductioncross-sectiof short-lived particles(charm)at
high enegiesthroughdetectionof flux of ‘prompt’ muons.

Following the developmentof GUT theoriesin the 1970%, very large areadetectorswere
installedat variousdepthsundegroundsearchingor eventsbearingsignaturesof protonde-
cay Thesedetectorsalsosened a very useful purposefor studiesof the flux of high enepgy
multi-muon events.However, in the absenceof ary information aboutthe enegy of the pri-
mary nuclei producingthesemuon-hundlesin the atmospherethesestudieshave not yielded
ary significantlynew informationon forward-physicsandexotic interactions Detailedstudies
for determinatiorof the elementalcompositionof primary cosmicray flux have beencarried
outusingmultiplicity distributionsfor muonsobsereddeepundeground(e.g.MACRO exper
iment). However, the factthat differentregionsof multiplicity distributionsare contributedby
primaryparticlesof very differentenegiesanddifferentnucleargroups posesasevereproblem
for synthesizingreliablemodelof theenegy dependencef variousnucleargroupsin primary
flux at~ PeV enegies.In addition,thereseemo be someinternalconsisteng problemswith
interpretationof all obsenationsby a single experimentaswell asobsenationsby different
experiments.

2.4 Simultaneousobsevations on electron-photon and muon componentin air showers

It hasbeenlong realisedthat the highestsensitvity for obsenationson forward physics,
exotic particleinteractionsandnuclearcompositionof primaryflux canbe achiezed by simul-
taneoubsenationsontheelectron-photomndmuoncomponentsVery simpleargumentan
be madeto justify this view:

A primary protonof enepgy E, after travelling one interactionmeanfree pathin the atmo-
sphergoroducespntheaverage secondarynultiplicity of aboutK’ £%-2°, whereK is aconstant.

Ontheotherhand,aprimarynucleusof sametotal enegy but with A nucleonsin asimplesu-
perpositiormodel,producesd x K(E/A)%? secondarieatasimilardepthin theatmosphere,
thatis A%™ larger The averageenegy of thesesecondariesnostly pionsandkaons,is also
lower by a similar factor A%, therebyincreasingheir decayprobability. Detailedsimulations
show thatthe numberof lowerenegy (E#* < 100 GeV muonsnearsealevel is, ontheaverage,
larger by a factorof about3 in shaversinitiated by iron nuclei, comparedo proton-initiated
showversof the sametotal enegy.

Further the averageenegy of neutralpionsproducedn shawversinitiated by iron nucleiis
much lower even thoughtheir numberis larger. Electron-photorcascadesnitiated by these
lower enegy pionsdevelopfasterin the upperatmosphereesultingin largerattenuatiorin the
loweratmosphereAgain, detailedsimulationsshow thattheaveragenumberof electronsn the
lower atmospherdaltitudes< 2000m), in shaversinitiated by iron nucleiis a factorof about
2-3smallerthanin proton-initiatedshaversof the sametotal enepy.



It is very significantthat thesetwo effects, the increasein muon numberand decreasen
electronnumberin heavy nuclei-initiatedshowvers are in oppositedirection, which helpsin
magnifyingthe obsenable differenceshetweenshowversinitiated by heary nuclei andlighter
nuclei. Therefore simultaneou®bsenationson the electron-photorandthe muoncomponent
offer the bestdiscriminatingpower for studieson the primary composition.However, good
measurementsn muoncomponentequirevery large areadetectoraunderthick absorbergor
undeground)while good and simultaneousneasurementsn the electron-photorcomponent
requirea densearray of unshieldeddetectorsspreadover a large areajust above the muon
detectorsputting somerestrictionson the surfacetopography

Notethatalargerseperatiometweertheshaverarrayonthesurfaceandmuondetectorsleep
undegroundresultsn asmallergeometric@acceptancéactorfor studiesof electron-muortorre-
lationswhichmaycauseseverestatisticalproblemse.g.EAS-TOPandMA CRO andSOUDAN
experiments.Thoughstudieson higherenegy muons,deeperundeground,may be preferred
dueto their containmentithin smallerdetectorareasmostof the obsenationsin thepasthave
sufferedfrom statisticalproblemsasmentionedabove.

It is notevorthy that electron-muorcorrelationstudiesstartedasearly as1960's with small
areadetectordor both electronsandmuons,for example,by the Tatalnstitutegroupat Kolar
GoldFieldsandby theMoscav Universitygroupwith amagnespectrometeatashallov depth
ontheUniversitycampusWhile mary experimentshave beencarriedout overthelast40years
usinglower enegy (£, < 10GeV) muonsdetectorstherehave beenonly afew experimental
studieson highenegy muons.Unfortunatelymostof thesestudieshave notyieldedsatistctory
resultseitherdueto the smallerareaof muondetectoror dueto statisticalproblemsassociated
with smallergeometricacceptancéactors.Thereforejt is essentiathatnew studiesbe carried
outwith largeareadetectoratmoderatanuonenegieswith largegeometriacceptancéactors.

Looking at the discriminatingpower of electron-muorcorrelationsfor studieson primary
composition,it is clearthat good samplingof both componentss essentiato exploit the ex-
pecteddifferencedetweenshaversinitiated by lighter andheavier nuclei. This canbe easily
achievedfor the electroncomponenby the useof a larger numberof unshieldeddetectoran
a denseconfigurationof the shaver array spreadover an areaof radius~ 100 m sincethe
lateral distribution of electronsis quite steep.On the otherhand,good samplingof the muon
componentequiresmuchlargerareadetectorsparticularlyfor lowerenegy muonsdueto their
relatively flatter lateraldistribution, andthesedetectorshouldalsobe spreadout over a larger
area.Thesepracticaldifficulties however becomeessandlessseriousasonegoesfor higher
andhigherenegy muons.

Theabove considerationsuggesthatmuonsof moderateenegies, £, ~ 50—200 GeVseem
to offer the bestchoicefor studieson primary composition,particularly at primary enegies
overlappingthe ‘knee’ in theenegy spectrumlt is interestingthata similar conclusionis also
reachedor studieson ‘forward-physics’aswell asexotic interactions.This is mainly dueto
thefactthattheaverageproductionheightof theobsenedmuonsincreaseslmostlinearly with
increasingmuon enepgies. Thus, studieson lower enegy muonsoffer almostno information
on ‘forward-physics’and exotic interactionsdue to the fact that most of them are the result
of decayof pionsproducedower down in the upperatmospheren a large numberof lower
enegy interactions.This large numberof muonsproducedn ‘normal’ interactionsmay thus
hidetheinformationonthefew ‘exotic’ interactionghatmayhave occurredn the early partof
thedevelopmenibf thehadroncascade.

Studieson very high enegy muonsproducedin the first or the first few interactionsmay
offer the bestpossibility of observingsignalsof new processe particle interactionsat the
very highestenegies. But simple agumentsbasedon decayprobability of very high enegy
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pions showv that suchprocessesnay be unobserable with very high enegy muons.This is

dueto the fact that high enepgy pions, say 1.4 TeV, producedin interactionsof 1000 TeV

protons,at an averageheightof 20 km (depthcorrespondingo oneinteractionlength)would

mostlik ely interactin the next 100-200gcm =2 (~ 10 km) ratherthandecayasthe meandecay
lengthfor thesepionsis nearly80 km. Evenpionsproducedn the secondyeneratioraremore
likely to interactthandecay Dueto this dominanceof interactionover decayfor higherenegy

pions,simulationsshav that the numberof muonsin a shaver increasesvith enepgy only as
EY®. Theseconsiderationgeadto the conclusionthat studieson moderateenegy, E,, ~ 100

GeV, may offer the bestchanceof observingsomefeaturesof ‘forward-physics’and ‘exotic’

interactionssuchasCentaurosanti-Centaurod)CC, QGR etc.

Severalstudiescarriedouton highenegy muonshave confirmedthenecessityf usingfinely
segmentedrackingdetectordor measurementsn muonmultiplicities. Thisis dueto the fact
thatatdepthdargerthanafew radiationlengths themuonandassociateélectron-photocom-
ponentproducedby muonsthroughtheir electromagnetiinteractionsin therock arein equi-
librium. Low enegy cascadesaccompayping high enegy muonsarespreadover a few metres
dueto scatteringn therock above the detectorandcancausesignificanterrorsin measurement
of thefrequeng of large multiplicity eventswith detectordhaving poorspatialresolution.



3 Detailed Responseof the CORAL Collaboration

3.1 Determination of Primary Particle Composition

The precisedeterminatiornof the compositionof cosmicray primariesasa function of the
enepy is oneof the centralproblemsn the understandin@f the cosmicray particlespectrum.
It is agreatadvantageof the CORAL experimentthatit hasseveralmethodghatcanbeusedto
discriminatebetweerdifferenttypesof cosmicray primarieson anevent-by-eentbasis.

3.1.1 Comparisorof CORALwith otherexperiments

The standardechniqueusedby almostall experimentswith a surfacearray consistsof a
comparisorof the electromagnetishaver on the surfacewith the muonnumbereitheron the
surface(KASCADE, Casa-Mia)or undegroundat variousdepths(CORAL,MACRO,Baksan,
etc).For acomparisonsomeof theexperimentsarelistedin Table3.1togethemwith their main
characteristicssuchas muon momentumthreshold,size, resolutionand integratedmeasure-
menttime. In additionto this standardechnique CORAL canalsomeasurehe lateralmuon
distribution andthe showver height,both of which alsodependon the primary particle. These
different methodswill help to reducethe systematicerrorswhich presentlylimit almostall
experiments.

3.1.2 CORALIs at an optimaldepth

To demonstrateéhe featuresof the CORAL experimentwe have comparedt in a very sim-
plified way with two otherexperimentakcenariosKASCADE, whichis situatedatthesurface,
andMA CRO whichis deepundeground.The CORAL analysisvasappliedfor amuonmomen-
tum cut of 3 GeV (closeto the surface)and1 TeV (deepundeground).The two-dimensional
plots of the muon and electronnumbersfor proton-andiron- inducedshoversare givenin
Figs.3.1- 3.3for thetwo above scenariosto be comparedvith the CORAL proposal.

The deepundegroundscenarias inferior in mary waysto the CORAL situation.Because
the muonnumberis reducedby a factor60, the separatiorbetweerprotonandiron is lacking
statisticsand hencemuchworse.For the samereason the enegy determinatiorfor an indi-
vidual eventis almostimpossible,asis the detailedstudy of the structureof muon bundles.
The distancebetweenthe surface and the undegroundarraysis increasedoy abouta factor
five which would requireincreasinghe areaof the surfacearrayby a factorof 25in orderto
maintainthe sameangularacceptance.

The shallov scenaridooks similar to the CORAL set-upwhen separatiorcurvesare com-
pared.Someaspectshowever, arenot takeninto accountin the simulation.For example,the
muondensityis larger by a factorof threein the centerof the shaver, which makesthe muon
tracking more complicatedand indeedalmostimpossiblefor high-enegy showvers. Hadron
punch-throughurther complicateghe tracking. The detectoris swamptby low enegy muons
becauseof the lower (3 GeV) muonenegy threshold.Thesecomedominantlyfrom hadron
decaydrom interactiondatein the shaver developmentThey arethereforemorecalorimetric
in natureandobscureheinformationfrom the high enegy muonsfrom thefirst interactions.

We have also studiedthe separatiorcurves for momentaabove 20 and 200 GeV with the
resultthatthey areall similar. The optimizationis thereforebasedon geometricalacceptance
argumentsinvolving the depthof the undegroundmuon array below the surfaceair shaver
array ontheability to reconstruchigh multiplicity muonbundlesanddetermingheir structure
(includingthe determinatiorof the effective heightof theinteraction),andon the sensitvity to
exotic interactionsandthe ability to characterizéghemvia muons.Taking all theseconsidera-
tionsinto accountwe believe thatthe momentuncut of 70 GeV is closeto anoptimum.
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3.1.3 Precisionof the Determinationof Primary Particle Composition

We have studiedthe proton-ironseparatiorfor differentmuon multiplicities, i.e. primary
enegies, and for radial distancesof the shawver core from the centerof the muon array of
up to 20 m. Theresultsare summarizedn Tah 3.2 wherethe peakpositionsandthe widths
of the Gaussiarfits are given. Thereis no dramaticchangein the quality of the separation.
Theseparatiorvariableis proportionatto In(A), where A is theatomicnumberof the primary
particle. This relationallows usto determinethe positionof otherelementsuchasHe andO
which arefrequentlyusedto describaheparticlecompositionThewidthsof thesedistributions
areinterpolatedrom the protonandiron casedor which detailedsimulationswereperformed.

| |5<N,<15[15<N,<45[45< N, <135 | N, > 135 |

0< R<10m
X, .182 216 211 .18
Xre -.152 -.188 -.145 -.155
AX 0.334 0.405 0.357 0.335
op 219 176 174 119
OFe 142 119 .086 071
10 < R< 15m
X, 217 A77 .168 .15
Xre -.255 -.2435 -.1788 -.186
AX 0.472 0.42 0.347 0.336
op 21 2 A1 A1
OFe .16 126 .097 .075
15 < R < 20m
X, 197 .1966 .1924 143
Xre -.286 -.26 -2 -.156
AX 0.483 0.456 0.392 0.299
o, 22 21 1144 113
OFe 14 128 .0754 .068

Xome = X, — AX/3
Xoor = Xpo + AX/3
Ooper = 0, — Ao /3
ovor = Ope + Ao /3

Table 3.2. The position of the p and Fe curvesin the sepaation variable and their standad
deviation for differentmuonmultiplicities andradial distanceof the showercore to the muon
array center Theformulasfor theinterpolationto He and O are givenbelowthetable

With this knowledge, it is possibleto performa simulatedanalysisof particle composition
models.The JACEE experimenthasmeasuredhe particlecompositionat enegiesbelov 10'
eV and Swordy haspredictedhow this compositionshouldchangewith enegy. We usedthe
individualfractionsfor p, He, O, andFeasaninputandgenerate@®000eventsfor eachcompo-
sitionmodelusingtheseparatiorturvesdescribedbore, andassuminghemuonmultiplicities
to bein theinterval 45-135.We thenfit to determinethe elementcompositionandthe errors
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from the simulateddistributions.Fig. 3.4 shovs anexampleof sucha simulationtogetherwith
thefits of theindividual elements.Theesultsaresummarizedn Tah 3.3. The calculatedcom-
positionsagreewell with theinput, with errorsof the orderof ~ 1-2 %.

Entries 6250
260 Mean =0.2779E-=01
RMS 0.1713
| x*/ndf56.23 / 58
B P1 19.74 + 0.9919
P2 20.52 + 1.648
P3 29.65 + 1.573
200 = 29.26 + 0.9752
150 |-
100 |~
50 +
0 T R il f L ) - | TR
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

SW3 — 45<Nu<135 - 15<R<20

Figure 3.4. A simulatedsepaation distribution with the primary particle compositionof
Swody3 (seeTab. 3.3). The p,HeO and Fe curves,normalizedto their individual fractions
are alsoshown.

Oftenthevariable< In(A) > is plottedto characterizehe changeof the particle composi-
tion with enegy. We have determinedhis valuein two ways:first, from theindividual element
fractionsandsecondfrom the averageof the separatiordistribution. Thesetwo valuesarealso
comparedvith theinputvaluein Tah 3.3.The < In(A) > determinatiorfrom theindividually
fitted fractionsagreewell with the input values,while the averagedeterminations systemati-
cally lower by ~ 3-4%.

Fig. 3.5 demonstratesvhat we would expectif the particle compositionwould changea la
Swordy over the enegy rangeof 5 10'* - 5 10'6 eV. A clearchangewould be obsened with
increasingeneny.
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Figure 3.6. Enegy calibration with muons.Numberof muonsin the detectorfor showerdis-
tancesup to 10 m versusthe primary enegy.

14



3.1.4 Systemati&rrors

As notedabove, CORAL will beableto determingheprimaryparticlecompositiorwith very
small statisticalerrors,much smallerthanthe currentuncertaintyin the particle composition.
This of courseraiseghequestiorof systematierrors. CORAL is in auniquepositionto reduce
thesebecausef its ability to useseveral methodsto discriminatebetweendifferenttypesof
cosmicray primarieson an event-by-erentbasis,beyondthoseavailableto otherexperiments.
We now discusssomeof therelevantissues.

Becausef thesteepenegy spectrunof theprimariesa preciseenegy determinations vital
in orderto minimize systematiceffectson the particlecomposition.The enegy determination
shouldbe independenbf the particletype; this is almostthe caseif the enepgy is determined
from the centralmuon density Fig. 3.6 shows the calibrationcurve and Figs 3.7 the enegy
resolutionfor iron and proton primaries.A resolutionbetween20 and 30 % canbe obtained
dependingn enegy andimproving with heavier primaries.

The dominantproblemin the determinationof the primary compositionis the control of
systematiceffects which arisefrom the unknavn forward particle production.Several input
modelshave beentried but thereremainsanuncertaintybetweerthesemodelsandthe primary
particle determinationWe have comparedour models:QGSJET SIBYLL 2.1, DPMJET2.5
andneXusz2 (thanksto D. Heckfrom Karlsruhe who provideduswith thesesimulations).The
radial dependencef the muon densityfor thesefour modelsis givenin Figs. 3.8- 3.10for
protonandiron inducedshoversandfor threedifferentmomentumcut-offs (3, 70 and 1000
GeV). Exceptfor the highestcut-off, wherethe QGSJETmodel differs from the others,the
agreemenbetweenthe modelsis remarkable peing bestat the CORAL momentumcut-off.
For our simulationswe have chosenthe QGSJETmodelwhich hassuccessfullyconfronteda
variety of experimentakesults.

To betterunderstancandto reducesystematiceffects, we have performedan almostinde-
pendentnalysisfor the particlecompositiondeterminatiorthatis entirely basedon the radial
distributionsof themuons As canbededucedrom Fig. 3.11 theradialdistributionsdiffer con-
siderablyfor heary andlight primaryparticles.Theflatterdistributionfor iron inducedshowvers
is a basiceffect arisingfrom the earlierdevelopmentof the showver in the atmosherandfrom
the increasechadronmultiplicity. For our analysis,the radial rangeup to 40 m is relevant.
Comparinghedifferentmuonmomentuncut-offs the separatiorbetweerthe curvesis getting
largerwith highermomentaBut at the sametime the muondensity andhencethe statisticsjs
decreasindast. Thesetwo balancingeffectsleadto anoptimal separatioraroundthe CORAL
cut-off. We have performeda detailedanalysiscalculating,for a given shover core position,
the muonnumberin eachchamberandcomparingit with the protonandiron hypothesisThe
resultis summarizedn the two-dimensionaplot (Fig. 3.12)wherethelik elihoodsfor the two
assumptionsre plotted. We can obtain a discriminationbetweenproton andiron primaries
which is betterthan80% usingonly the radial distribution. This is animportantcheckof the
systematic®f the electron-muoranalysis.

A combinedanalysisusingboththe electron-muoranalysisandthe radialmuondistribution
shouldsuffer lessfrom systematiaeffects. The ability to determinethe effective heightof the
primary interactionwill alsobe a powerful tool in untanglingvariouspossiblesystematicef-
fects.Finally, it isimportantto notethat CORAL will overlapatlow enegieswith ACCESSan
experimentatthelnternationalSpaceStationthatis beingdesignedo studythe primarycosmic
ray compositionby directobsenation.
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Figure 3.7.Enegy resolutioncurvesfor p andFein theenegy interval 10 — 3 - 1016 eV
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3.2 Determination of the Shower Height

The determinatiorof the shaver heightprovidesan additionaltool that canbe usedto dis-
criminatebetweerheary andlight primaries.Feinducedshaverstypically begin higherin the
atmospheré~ 30 km) thanprotonshovers(~ 20 km). Sincea large fraction of the 70 GeV
muonsarecomingfrom approximatelythefirst four interactionghe effective heightis reduced
to about5 - 15 km, dependingon the primary particle. Furthermoremuonsarisingfrom large
hadrondensitiesn the first interactions(seee.g. DCC) will starthigherin the atmosphereA
heightdeterminatiorwill thereforehelpto characteris¢heseprocessegarticularlysincelarge
muondensitieswill enablea betterheightdetermination.

If a muon bundle with some500 particleshits nearthe centerof the undeground muon
array the direction of the shaver axis canbe determinedwith a precisionof ~ 0.2 mrad by
averagingover all muondirections.The multiple scatteringof the individual muonsfollows a
Gausdistribution with a width of ~ 2 mradandlarge tails. This wasexperimentallyverified
with thefive highestmultiplicity eventsobsenedwith the ALEPH detector(seeSec.3.3).

To demonstratehe capability of the height determinationrwe have chosenthree different
heights(10, 20 and 30 km) and have tracked the muonsto the undegroundarray on straight
lines. We thenapplieda multiple scatteringerror of 2 and3 mradaccountingfor the multiple
scatteringandrefittedthevertex. A typical x? distribution of thefit is givenin Fig. 3.13.

640 -
620 —
600 —
580 —
560 —
540

520 -

5007”‘\”‘\”‘\”‘m”m”m”m
0 20 40 60 80 100 120 140

height, km

Figure 3.13.x? asa functionof the interaction heightfor 500 muonscomingfroma heightof
20 km.

Thereconstructetieightdistributionsareshonvnin Figs3.14for two muonmultiplicitiesand
two multiple scatteringerrors.

Thecurvesarewell separatedf all muonswould comefrom afixedheight, CORAL will be
ableto determinethis heightwith atypical precisionof a few km. We have alsoreconstructed
theeffective heightof proton-andiron inducedshoversfrom themuonsof thecompleteshaver
simulation,including trackingthroughthe 140 m overlburden.Dueto the factthatmostof the
muonsare not comingfrom the first interaction the effective shaver heightis now lower, but
thereis still discriminationbetweeright andheary primaries Figs.3.15showv theheightdistri-
butionsfor proton-andiron inducedshoversof 10'° eV enegy for two shaver corepositions.

It is worth mentioningthat the muon productionheightincreasesalmostlinearly with the
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Figure 3.14. Distributions of the reconstructednteraction heightsfor different cases:a) 250
muonsand tradk scatteringerror of 2 mrad, b) 250 muonsand error of 3 mrad, ¢) 500 muons
and 2 mrad, d) 500 muonsand 3 mrad. Solidline for 10 kminteractionheight,dashedor 20,
dottedfor 30.

muonmomentum.By cutting on small multiple scatteringanglesin the tangentialplaneand
determiningthe scatteranglein the radial plane we will selecthigh enegy muonscoming
predominantlyfrom the first interactionshigherup in the atmosphereExperimentswith low
momentuncut-offs aredominatedoy muonsoriginatinglatein the cascadegloseabove them.
Thesemuonsobscuremuchof theinformationaboutthe primaryinteraction.
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for p and Fe as primary particle. The highestmultiplicity eventhastwice the particle density
(seeTah. 3.4)

3.3 Significanceof the High Multiplicity ExcessSeenin the ALEPH Detector

Fig. 3.3 shavs the measuredilistribution of the muonmultiplicity in the TPCtogetherwith
the QGSJIETCORSIKA simulationfor protonandiron primaryparticles absolutelynormalized
to theeffective runningtime. Up to amultiplicity of 20,theprotoncurve describesheobsened
datawell overseveralordersof magnitudeindicatingthattheprimaryspectrums dominatedy
light elementsat enegiescorrespondingo thesemultiplicities. The discrepang in the single
muonrate is dueto the low efficiency of the LEP triggersfor single muons;this efficiency
approached00%only if thereare morethantwo muonsin the TPC. At larger multiplicities
thereis evidencefor atransitionto theiron curve.

While the simulationagreeswith the dataover a wide multiplicity range,it fails to describe
the highestmultiplicities, evenunderthe assumptiorof a pureiron composition.This is better
demonstrateavith the integral distribution in Fig. 3.17,which is plottedon alog-log scalefor
showver zenithanglesbelon andabove 30°. It is worth notingthatfour of thefive highestmulti-
plicity eventshave zenithanglesbeyond3(’. Theirzenithangledistribution differsconsiderably
from the otherhigh multiplicity events,ascanbeseenin Fig. 3.18.

Fig. 3.19 shaws the distributionsof track anglesfor the 5 highestmultiplicity eventsin the
non-bendinglane wheread-ig. 3.20presentshe anglein thenon-bendinglaneasa function
of the track momentum One cansee,that by selectingtrackswith momentaabove 100 GeV
andwithin +20 mradin bendingand+10 mradin non-bendingplanes,onecanexcludemost
of the significantlyscatteredracks.Theremainingtracks(Fig. 3.21)wereusedto evaluatethe
interactionheight,whichis includedin Tah 3.4.

Tah 3.4 summarizeshe characteristic®f the five highestmultiplicity events.An estimate
of the primary enegy was madeunderthe assumptiorthat the shaver centeris in the TPC.
Theenegy wascalculatedassumingproton-induceghoversandwould be 30%lower for iron.
If the shaver coreswere further away, the enegies would be even larger. For comparison,
Tah 3.5 presentghe expectednumbersof shaversfor differentenegy cutsextractedfrom the
all-particlespectrum.
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Number Muon Zenith | Primary | Interaction
of tracks| densitym=2 | angle,’ | enegy, eV | height,km
76 4.8 40.6 3.010% 7.8
85 5.3 38.4 3.010 39.3"%
142 8.9 405 | 5.7.10'% | 3.771%°
149 18.6 27.3 7.410' 2.77%,
131 8.2 48.0 8.2:10' 3.5

Table 3.4. Characteristicsof the highestmultiplicity events. Theprimary enegy wasestimated
by assumingheshowercentee to becloseto the TPCandtakinginto accountthe zenithangle

Enegy cut, eV

Expectechumberof events

1..10'° 1.59
3.-10' 0.17
6.-10'6 0.043

Table 3.5. Expectechumberof events.
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3.4 Sensitvity to Disoriented Chiral Condensatesand other exotic physics

A uniquestrengthof CORAL will be the ability to track and countmuonsin and nearthe
coresof shavers.Takenalone,this permitsCORAL to undertale the studyof possibleanoma-
lies in the muon multiplicity distribution. An importantexampleof suchan anomalyis that
reportedn the ALEPH cosmicray dataanddiscusse@bove.

The CORAL undegroundmuonarraywill, however, operatein conjunctionwith a surface
arraysensitve to the electromagneticomponenbf the air shavers.This will permitdetailed
studiesof thejoint distribution of themuonandelectromagneticomponentsf theair showvers.
Sincethe muonsarisedominantlyfrom decay<f chagedpions,andthe electromagneticom-
ponents initiated by neutralsthesemeasurement®flectthejoint chaged-neutramultiplicity
distributionsresultingfrom the primary collision. Of coursethe particlesobsenedby CORAL
resultfrom the convolution of theseprimarydistributionsby the subsequergvolution of theaair
shower. It is the purposeof this subsectiorio discusghe degreeto which CORAL is neverthe-
lesssensitve to new physicsresultingin anomaliesn the joint multiplicity distributions.

A wide variety of suchanomaliesrelevantto CORAL have beenreportedin the cosmic
ray literatureor suggestean the basisof theoreticalconsiderationsThe FELIX Lol reviews
mary examplesof each[2]. For our presenpurposeswe will considerasingletype,illustrating
mary of thefeaturegelevantto thegenerabliscussiorof possibleanomaliesDisorientedChiral
CondensateCC) andthe possiblyrelatedreportsof "Centauro”or "anti-Centauro’eventsin
cosmicrays|3].

The possibility of disorientedchiral condensatesrisesfrom theoreticalsuggestionghat
piecesof strong-interactiorvacuumwith anuncorventionalorientationof the chiral orderpa-
rametermmay be producedn high enegy collisions. This disorientedchiral condensat¢DCC)
thendecaysvia coherentadiationof pionswith the samechiral orientation.

The primary signatureof this mechanisms the presencef large

event-by-eentfluctuationan thefraction, f, of producedionsthatareneutral.Corventional
mechanism®f particleproduction,includingthoseusedin standardMonte-Carlosimulations,
predictthat the partition of pionsinto chagedandneutralspeciess governedby a binomial
distribution which, in the limit of large multiplicity, leadsto a sharpvalueof f. On the other
hand for thedecayof apureDCC state thedistribution of the neutralfractionis very different,
following aninversesquare-rooltaw in thelimit of large multiplicity.

In additionto the hallmarksignaturebasedn anomaloushaged-neutrafluctuationsthere
are also suggestionghat pions arising from the decayof DCC may be characterizedy low
transyersemomentum,and may be localizedin regions of phasespace.Theseuncertainties
complicatethe searchfor DCC at acceleratorsywhere most moderndetectorsare by design
blind to low p; particles.Theseconsiderationglso make the useof Monte-Carlosimulations
comparatrely lessuseful.Instead recentsearchstratgjies have exploited the factthat certain
"robustobsenables’canbedefinedthataresensitveto thepresencef DCC andareinsensitve
to mostof the uncertaintiesMonte-Carlosimulationshavze mainly beenusedto confirm the
expectedpropertieq4].

It hasbeensuggestedhat DCC may provide an interpretationof the Centauroceventsorig-
inally seenby the Brazil-Japarcollaborationin high-altitudeemulsionchamberexperiments.
Theseareeventsin which alarge numberof hadronsareobsered,alongwith little or no elec-
tromagnetiaadiation[5]. Theseeventsare not particularlyrare;the probability of production
of a Centaurceventin aninteractionof onePeV or above is about1%.

If Centaurceventsaresignalsof DCC productionthenanti-Centauravents,in which large
amountsof electromagneticadiationare obsered with little or no hadronicactwvity, should
also be seen.Sucheventshad not beenreportedat the time DCC was proposedon theoret-
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ical grounds;there have beenseveral reportssincethat time [6]. Indeed,both Centauroand
anti-Centauraventsnow appearto be extremecasesf an admixtureof eventswith a broad,
anomaloushaged-neutratlistribution.

CORAL s searchfor anomaloushaged-neutrafluctuationswill exploit the formalismfor
robustobsenableswhich hasbeendeveloped4]. Theextensionto theactualobsenablesmea-
suredby CORAL is in principle straightforward,andtherelevantformalismhasbeenoutlined.

The key to CORAL' s sensitvity is the fact, notedin the previous section,that pionsof en-
ergies of ~ 100 GeV have a decaylength comparabldo the interactionlength at the height
of typical primaryinteractionsandarenicely matchedo the CORAL muonenegy threshold.
Corversely CORAL is notsensitveto low enegy muonsarisingfrom late stageof theshower.

While muonsarisingfrom the decayof pionsproducedn the primary interactionwill nev-
erthelesonly be a smallfraction of the total numberof muonsseenin an event, this fraction
is large enough the total numberof muonsobsered s large enough,andthe total numberof
eventswill belarge enoughthat CORAL will easilybe sensitve to the presenceof DCC (or
Centaurcevents)atthe suggestedevel.

While the utility of thisapproachs notin doubt,Monte-Carlosimulationswill, nevertheless
be useful. This will requireextensve simulationof these(anomalousgosmicray air shovers,
andwill becomputing-intensie. Thiswork will, however, proceedn parallelwith the CORAL
experiment.

The CORAL searchstratayy is not confinedto the useof suchrobustobsenables For exam-
ple, pureanti-Centauraventswill have a striking signatureanelectromagnetishowver visible
in the surfacearray with little or no actvity in theundegroundmuonchambersTheseevents
will be distinguishedrom cornventionalelectromagnetishonversinducedby gammarays by
thebroaderradial distribution characteristiof hadronicallyinducedevents.Similarly, the very
sharpcutoff of the distribution of eventsarisingfrom Fe primarieswill permita directsearch
for Centauro-lilke events.

In this context, it will be very interestingto examinethe electromagnetistructureof events
suchasthoseseenin the ALEPH detectorIf the electromagneticomponenis normal,then
theseaventsrepresenonekind of anomalyasdiscusse@dbove. Ontheotherhand,it is possible
that the electromagneticomponents suppressedn which casethe enegy estimategyiven
above will betoo high, but in this casethe eventswill representa Centauro-lilke anomaly

In all of thesesearchefor anomaliesCORAL s ability to discriminatebetweereventsbased
on the determinationof the effective height of the eventwill provide an additionalpowerful
constrainton the consisteng of theinterpretatiorof putatve anomalies.

It shouldbenotedthatstudiesof thejoint multiplicity distributionor phasespacestructureare
in their comparatie infangy, evenin the domainof acceleratophysics.Thisis evenmoretrue
in the caseof CosmicRay physics.The variety of possibleanomaliegeportedin cosmicrays
or suggestedby theoreticalconsiderationsgombinedwith CORAL s uniquestrenghtssuggest
thatthediscovery potentialis very highindeed.

3.5 Angular Resolutionof the Surface Array

Thezenithangleof anincomingshowvercanbedeterminedisingtiming informationfrom the
variouscounterof thesurfacearray Thetiming informationarematchedo the fluctuationsof
theshawer front; typical time resolutionsare~ 1 nsec.Otherexperimentshave generallybeen
ableto determinghezenithangleof theshaveraxisto within abouts mradusingthistechnique.
Usingbettertiming information,the KASCADE experimenthasrecentlyclaimedanimproved
resolutionof ~ 2 mrad.

As a comparisonthe showver axis canbe determinedwith a precisionof ~ 0.2 mradfrom
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muonshitting the undegroundmuon array The surfacearray doesnot, thereforeprovide a
significantimprovementin the heightdeterminationThesurfacearrayis, however, vital for the
extrapolationof the shaver corefrom the surfacearrayto the undegroundarrayif the coreis
far away from the centerof theundegroundmuonarray

3.6 Optimal Character of the ProposedDesign
3.6.1 ThesurfaceAir ShowerArray

Thesizeof thesurfacearrayis determinedy severalconsiderations:

— Forincidentzenithanglesabove about25’, theelectromagneticomponenbf theshaver
startsto be moreabsorbedleadingto significantreductionsn the precisionwith which
theshowver enegy canbedetermined.

— Thesurfacearrayis located140m above the undegroundmuonarray andis centerecn
it. Sincewe areinterestedn shaverswith corespassinghroughthe undegroundarray
andwith zenithanglesof lessthan25°, this meanghatwe areinterestedn air shavers
whosecorelies within 60 m of the centerof theair shoverarray

— Theelectromagneticomponenbf the air shaver falls rapidly with radialdistancefrom
the shaver core.Most of the electromagnetienegy is containedwithin 50 m; we have
obtainedgoodresultsusingcirclesassmallas20 m.

Thus,the proposedsurfacearray of area200x 200 m? is well matchedto the goalsof the
experiment.lt is alsosimilar in sizeto otherarraysalreadyconstructedsuchasthe oneused
by the KASCADE experiment.Note, however, that we have chosena counterdistanceof 10
m, slightly smallerthanthatusedin otherexperimentspermittinga betterreconstructiorof the
showver axisanda moredetailedunderstandingf the electromagnetishover development.

3.6.2 TheUndegroundMuonArray

Theradial distribution of muonsbecomesteepemith increasingmuonmomentumln our
case,with a muon momentumthresholdof 70 GeV, the muon densitydropsby an order of
magnitudeover a radial distanceof 15 m from the shower core. The size of the undeground
muonarray 20x 20 m?, is thuswell matchedo theradialdistribution of muons.

A larger undeground muon array would surely increasestatistics.This could be accom-
plishedas an upgradeat a later stageof the experimentby placing someof the large OPAL
muonchambersat somemoredistantlocationsin orderto obtainadditionalinformationabout
theradialdistributions.

For the presentdesignit is importantto notethatwe have placeda strongemphasion the
precisereconstructiorof very densemuon showvers. Thus we have placed12 planesin one
projectionand 6 planesin the otheron top of eachother ratherthanspreadinghe chambers
overalargerarea.

3.6.3 A SurfaceMuonArray?

A surfacemuonarraywould addlittle additionalinformationat the costof very significant
complicationsEvenif suchanarraywereincluded,it could not be usedto improve tracking.
Dueto multiple scatteringn the overburden,the undegroundmuontrackscannotbe extrapo-
latedwith sufficient precisionto matchthemwith muonsonthesurfacewherethe muondensity
is morethanthreetimesaslargeevenundera 3 m Feabsorbemor arethesesxtramuonswhich
dominantlyarisefrom late stage<f the shaver developmenteitherparticularlyinterestingor
useful. Further in orderto obtaina zenithangleacceptanceomparablego that of the under
groundmuonarraymatchedwith the surfaceair shaver array the areaof a surfacemuonarray
would have to beincreasedy atleastanorderof magnitude.
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Figure 3.22.Shematicpseudoapidity distributionsin thefixedtarget framefor p-O andFe-O
collisions.

3.7 Relationshipto the LHC

Thecosmicray enegy rangeaccessibléo CORAL overlapswith the LHC enegy for heavy
ion collisions.We expectmorethan1000eventswith enegiesabove 10'° eV andshowver cores
closeto the muonchamberslf new effectsare obsered with CORAL, it will be possibleto
checkwhetherthey arein the acceptancef the ALICE detectorand canthusbe confirmed.
Thiswill disentangléheinherentcosmicray problemof whetherthe origin of aneffectis due
to the particleinteractionor dueto anunknown primary (the astrophysicgonnection).

CORAL will obviously detectthe completeforward coneof the heary ion fixed targetin-
teraction.Lorentz-boostinghackinto the centerof-masssystem the radial distancesrom the
shawer axis can be mappedinto the pseudorapiditydistribution. The higherthe enegy (and
hencethe Lorentz-boostthe morethe rapidity plateauwill be boostednto the forward cone.
Fig. 3.22demonstratethe acceptancéor two typical incidentenepies, 10> and10' eV, and
for protonandiron interactionswith oxygen.Thefixedtamgetpseudorapiditplateaus shovnin
aschematiavay andthelocationof thecenterof the ALICE detecto9(° in thecenterof-mass
system)s indicated A CORAL acceptancef 0.1and1 mradis indicated.

At the highestenegiesabove 10'¢ eV, which correspondo the LHC enegy thereis a con-
siderableoverlapwith the TPC of ALICE which covers+1 unit in pseudorapidityAt lower
enegiesaround10® eV thetypical CORAL acceptanceorrespondso very forward produc-
tion which falls outsidethe ALICE acceptance.

We arein closecontactwith the ALICE collaborationto explorea commonphysicsinterest.
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3.8 Milestonesand Budget

3.8.1 Milestones

After approval, wewill immediatelybegin to constructheair shaverarray The construction
of the platformandundegroundmuonarraywill begin in spring2002whenthecivil engineer
ing in theIntersectiorregion 4 is terminatedWe planto begin takingdatain theyear2003,and
to continuefor atleast3 years.

Duringsummer2001 Re-assemblpf the40Kiel counters

Autumn 2001

2001/2

from spring2002

autumn2002
spring2003

summer2003

3.8.2 Budget

Constructiorof a calibrationset-upfor the surfacecounters
Testandinstallationof theKiel counters

Testof the DAQ systemandthe GPStiming

Testof all muontriggercounters

Coincidencebetweerthel4 arrayandtheL3C arrayat |12
First physicsresultson extendedair shovers

Constructiorof the gassystenmfor the muonchambers

Systematidestsof all muonchambers

Constructiorof ~ 200 surfacecountergIndia, Mexico) from existing material
Continuousnstallationof the surfacearray

Constructiorof the muonplatform
Installationof the gassystem

Installationof the muonchambers
Read-ousystemsandDAQ

Firsttestsof triggerandread-outof botharrays

Firsttestrunswith thealmostcompleteexperiment

Begin takingdata

As statedn theproposalwe have estimatecabout915kFSfor the constructiorof the experi-
ment.Thisinvestmentill bespreadverthefirst 3yearsin addition,430kFSareneededn the
first threeyearsfor rentalfees,consumablesnaintenancendsmallupgradesA contingeng
of 170kFSis addedo this budget.Following aninvestigatiorwithin the CORAL collaboration,
we presenin Tah 3.6theforeseeractvities of eachgroupandtheir contribution to thefunding
of the experiment.The estimatesarebasedon initial discussion®f the groupswith their fund-
ing agenciesand cannotbe taken asfull commitmentsat this stageof the proposal.lt should
be stressedhatin-kind contributions, suchashigh-wltagesuppliesand controlsof chambers
andcountersare countedin thesecontributions,whereassalariesandtravel expensesarenot

included.
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A |BG|Cem|CZ|FIN| D |IND | MEX | PL | AM | USA

J RU

Infrastructureat 14

Platform X

Muon chambers

Install. UAL X X X X

"7 DELPHI X X

" " OPAL X X

Gassystem X

H.V. suppliest+ contr. X

DAQ + GPS X X X X

Triggerlogic X X X X

Triggercounters

undeground X

Surfacearray

HEGRA counters X | X X

Indiancounters X

Constr new count. X X

Testall counters X X X | X | X X

H.V. for all counters X

Trigger, DAQ, GPS X X X

Maintenancer

Consumption X | X X X | X | X | X X X | X X

DataAnalysis

Exp.simulation X X X1 X X

CR simulation X X X

Dataanalysis X | X X X | X | X| X X X | X X

Consumables

(KFS) 5| 5 5 5 5 |5 5 5 5 5 5

Rentalfeefor

electronics/yeafkFS) 50

Hardwarecontr/year

for thefirst 3 years

(KFS) 40| 20| 50 | 30| 40 | 50| 40 40 | 20| 20 | 40

Table3.6.
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4  Additional Considerations

Sincethe presentatiomf the proposalwe have startedto recuperatelrift chamberselectron-
icsandcounterdrom the DELPHI andOFAL experimentsat LEP aswell asfrom the HEGRA
experimentatLa Palma.Thematerialis storedin severalhallsandfour big containersA list of
the storedmaterialis givenbelow.

e Muon chamberswvailablefor theundegroundarray(seeFigs4.1-4.3):
Drift chambers detectionareaperplane

UA1 chambers ~ 2200 m?
DELPHI chambers ~ 1000 m?
OPAL chambers ~ 1000 m?
Total ~ 4200 m?

¢ Triggercounterdor themuonarrayfrom DELPHI (Fig. 4.4):

Eightdoublelayersof countersareplacedn onesupportoox. 14 suchboxeswereconstructed
andequippedwith counterdor CORAL. Thetotal areaof ~ 70 m? with 112doublelayers
of counterswill bedistributedoverthe muonchamberarrayandwill provide anexcellent
multi-muontrigger.

e Scintillationcounterdor the surfacearray:
from theHegraexperiment

40Kiel counterg 1 m? each)completelyequipped 40x 1.0m?
Material (photomultipliers scintillation plates,...) 150x 0.5m?
from India

50 flat counterswith fiber read-outpresentlyusedin L3C  50x 0.5m?

References

[1] “CORAL: A CosmicRayExperimenin andabovethe LHC tunnel”’, CERN/SPSQ001-
003,SPSC/P3218.01.2001.

[2] FELIX Collaboration,"FELIX, A Full AcceptanceDetectoratthe LHC”, CERN/LHCC
97-45,LHCC/I10,August1997.

[3] T. C. Brooks, et al. [MiniMax collaboration], Phys. Rev. D61 (2000) 032003 [hep-
ex/9906026],andreferencesherein.

[4] T. C. Brooks, et al. [MiniMax collaboration], Phys. Rev. D55 (1997) 5667 [hep-
ph/9609375].

[5] C. M. G. Lattes,etal., PhysicsReports65 (1980)151; S. Hasgava, ICRR Report151-
87-5(1987).

[6] J.J.Lord andJ. Iwai, Paper515, presentedht the InternationalConferenceon High En-
ergy PhysicsDallas(1992);H. Wilczynski etal., Proceedingsf teh XXIV International
CosmicRayConferenceHE SessionsRome(1995),v. 1, p. 1.

35



Figure4.2.UA1 and DELPHI muonchambes: a closerview.
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Figure 4.4. Someof the muontrigger countes.




