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1 Questionsaddressedto the CORAL collaboration

1.1 Intr oductory Remarks
Thefollowing questionswereraised,eitherby thereferees,or in theclosed-doordiscussions

of the SPSCand reportedto us by the referees.Following discussionswith them,we have
slightly editedthequestions,combiningquestionswith a commonthrustin orderto beableto
addressthemasefficiently aspossible.

1.2 Questionsaddressedto the CORAL collaboration
1. Determinationof PrimaryParticleComposition

(a) How doesCORAL comparewith the KASCADE, MACRO and Baksanexperi-
mentsin termsof statistics,��������� resolution,etc.?

(b) How doestheresolutionof ��������� varyasafunctionof thedepthof theunderground
muonarray?Is theALEPH caverncloseto optimal?

(c) What is the resolutionof ��������� , event-by-event,asa function of energy using ���
vs. ��� ?

(d) What are the systematicerrors?How sensitive is the ��������� determinationto the
Monte Carlo?How canthe otherhandlesCORAL hason the compositionof the
primary particles,suchas the ability to determineparticle compositionfrom the
radialdistribution of themuons,or theability to determinetheheightof anevent,
beused?Do youhaveaway to calibrateat low energieswith directmeasurements?

2. How well cantheheightof theprimaryinteractionsbedetermined,andwhatusecanbe
madeof this information?Show distributionsof theheightdeterminationsfor p,Fe,or for
primaryproductionof multi-muoneventsasa functionof thecoreposition,theenergy,
etc.

3. What is the significanceof the excessof very high multiplicity cosmicray multimuon
eventsseenin theALEPH detector?

4. Do you expectthat crosssectionsfor novel processes(suchasDisorientedChiral Con-
densates,Centauros,or QGP)maybelargeenoughto standout above backgroundsdue
to ordinaryinteractionswithin theshower?How reliablearethetailsof thedistributions?
How well canyou identify signsof new physicsabovethetails?Haveany relevantsimu-
lationsbeendone(or couldthey be)?

5. What is theangularresolutionof thesurfacearrayasa functionof energy? Canthis be
usedto helpwith theheightdetermination?

6. Whatwouldyougainif youhad
(a) a largersurfacearray?
(b) a largerundergroundmuonarray?
(c) asurfacemuonarray?
In otherwords,is thepresentdesigncloseto optimal?

7. Canyou presentdetailedmilestonesfor theproject?Who will do what,andwhen?May
wehavea tentativemoney matrixwith planning?

8. Canyoucomparetheacceptanceof theCORAL detectorwith theoneof aLHC detector
likeALICE?
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2 GeneralConsiderations

2.1 Principal Objectives
– Studieson the energy dependenceof relative compositionof cosmic ray flux below,

aroundandabove theKnee
– Searchfor signatureof exotic phenomenonsuchasCentauroandanti-Centauroevents,

Haloevents,DisorientedChiralCondensates,Quark-GluonPlasma
– Searchfor signatureof new forward-physicsthrougha detailedstudyon the frequency

andstructureof muonbundles

2.2 Observational Methods
Of the 4 major observable componentsof air showers in the lower atmosphere,namely,

electrons-photons,Cherenkov photons,hadronsandmuonsonly the last two carry significant
imprint of the forward-physicsprocessesthat may have occurredin the first few interactions
duringthedevelopmentof thecascadeshower. Thoughthedevelopmentof theelectron-photon
andCherenkov photoncascadesareinfluencedstronglyby particlesproducedin the extreme
forwardregion, largefluctuationsin theatmosphericlevelsof thefirst few interactionsandsu-
perpositionof a largenumberof interactionsoccurringlower down in theatmospheremanage
to hidetheinformationaboutthefirst few interactions.

Theobservableelectron-photoncomponentat thegroundlevel is influencedstronglyby the
fluctuationsin the level of the first few interactionsand the elementalnatureof the primary
particle.For example,theshowersizenearsealevel (altitudes "!$#%#$#'& ) for a proton-initiated
shower with the first interactionat 50 (*)+&-,%. level is almosta factorof 2 smallerthanfor a
shower startingat 150 (/)+&-,%. level in the atmosphere.Similarly, the observableshower size
nearsealevel is morethanafactorof 2 smallerfor showersinitiatedby iron nucleiprimariesas
comparedto protonprimaries.

While thesefactscauselargeuncertainityin thedeterminationof primaryenergy from obser-
vationson shower size,they arevery helpful in providing additionaldiscriminatingpower for
variousstudieswhencombinedwith observationsof muonsasproposedfor theCORAL exper-
iment.Notethatsimilardiscriminatorypower is notavailablefor studiesbasedonobservations
of thehadroncomponentastheelectron-photonandhadroncomponentareaffectedsimilarly
by variousphysicalprocessesmentionedabove.

Observationsnearsealevel on thehigh energy hadroncomponentalsolosetheir sensitivity
to detailsof forwardphysicsandexotic interactionsdueto seriousexperimentallimitationson
studiesof individual high energy hadronsin a backgroundof a large numberof lower energy
hadronsproducedin theloweratmosphereresultingin overlapof cascadesin thedetector. Early
studiesby theTataInstitutegroupusingsmall-areabut deep(1.4 &0. , 750g )+&-,%. Fe)calorime-
ter anda relatively largevisualdetector(multiplatecloudchamberwith 1"!'&0. areaand280g
)2& ,%. Feabsorber)andrecentstudieswith a very large,finely-segmentedanddeepcalorimeter
by theKASCADE collaborationhavehighlightedthesefeaturesof thehadroncomponent.

Spatialandtemporalcharacteristicsof theCherenkov photoncomponentof air showerslose
their sensitivity to detailsof the first few interactions,asmentionedabove, sincemostof the
observedphotonsareproducedcloserto theshowermaximum.TemporalstudiesonCherenkov
photonshave beenusedfor measurementof elementalabundancesin primary flux but these
dependvery sensitively on thedeterminationof thepositionof shower axesandalsodetailsof
MonteCarlosimulations,particularly, requiringtrackingof individualelectrons.A combination
of studieson Cherenkov radiationwith studieson muonsofferssomeadvantagesbut at a very
significantlossof observationalefficiency dueto the requirementof nightswithout low level
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fog, cloudsandmoon.
Studieson thelongitudinaldevelopmentof air showersin theatmospherealsoprovide valu-

ableinformationon thecompositionof primaryflux at extremelyhighenergies( 3547698+: eV but
thesearenot relevantfor studiesatprimaryenergiesnearthe‘knee’ in theenergy spectrum.

2.3 Observationson muon component
Early studieson the muoncomponent(alone)focussedon the determinationof muonflux

andcharge ratiosusingsmall areadetectorsat variousdepthsundergroundcorrespondingto
variousenergy thresholds.Thesestudieswereuseful in learningaboutinteractionsof muons
aswell astheenergy spectrumof protonsandlight nucleiat lower energies,up to a few TeV.
Attemptsweremadeto learnaboutproductioncross-sectionof short-livedparticles(charm)at
highenergiesthroughdetectionof flux of ‘prompt’ muons.

Following the developmentof GUT theoriesin the 1970’s, very large areadetectorswere
installedat variousdepthsundergroundsearchingfor eventsbearingsignaturesof protonde-
cay. Thesedetectorsalsoserved a very usefulpurposefor studiesof the flux of high energy
multi-muonevents.However, in the absenceof any informationaboutthe energy of the pri-
mary nuclei producingthesemuon-bundlesin the atmosphere,thesestudieshave not yielded
any significantlynew informationon forward-physicsandexotic interactions.Detailedstudies
for determinationof the elementalcompositionof primary cosmicray flux have beencarried
outusingmultiplicity distributionsfor muonsobserveddeepunderground(e.g.MACRO exper-
iment).However, thefact thatdifferentregionsof multiplicity distributionsarecontributedby
primaryparticlesof verydifferentenergiesanddifferentnucleargroups,posesasevereproblem
for synthesizingareliablemodelof theenergy dependenceof variousnucleargroupsin primary
flux at ;=<?>A@ energies.In addition,thereseemto besomeinternalconsistency problemswith
interpretationof all observationsby a singleexperimentaswell asobservationsby different
experiments.

2.4 Simultaneousobservationson electron-photon and muon componentin air showers
It hasbeenlong realisedthat the highestsensitivity for observationson forward physics,

exotic particleinteractionsandnuclearcompositionof primaryflux canbeachievedby simul-
taneousobservationsontheelectron-photonandmuoncomponents.Verysimpleargumentscan
bemadeto justify this view:

A primary protonof energy E, after travelling oneinteractionmeanfree path in the atmo-
sphereproduces,ontheaverage,secondarymultiplicity of aboutBDC�E7F G+H , whereK is aconstant.

Ontheotherhand,aprimarynucleusof sametotalenergy but with A nucleons,in asimplesu-
perpositionmodel,producesIKJLBNM�CPOQI�R
E7F G+H secondariesatasimilardepthin theatmosphere,
that is ISE7F : H larger. The averageenergy of thesesecondaries,mostly pionsandkaons,is also
lowerby a similar factor I E7F : H , therebyincreasingtheirdecayprobability. Detailedsimulations
show thatthenumberof lowerenergy ( C�TVUW476$6 GeVmuonsnearsealevel is, on theaverage,
larger by a factorof about3 in showersinitiated by iron nuclei,comparedto proton-initiated
showersof thesametotal energy.

Further, theaverageenergy of neutralpionsproducedin showersinitiatedby iron nuclei is
much lower even thoughtheir numberis larger. Electron-photoncascadesinitiated by these
lowerenergy pionsdevelopfasterin theupperatmosphereresultingin largerattenuationin the
loweratmosphere.Again,detailedsimulationsshow thattheaveragenumberof electronsin the
lower atmosphere(altitudesUWX$6$6$6'Y ), in showersinitiatedby iron nuclei is a factorof about
2-3smallerthanin proton-initiatedshowersof thesametotal energy.
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It is very significantthat thesetwo effects, the increasein muon numberand decreasein
electronnumberin heavy nuclei-initiatedshowers are in oppositedirection,which helps in
magnifyingthe observabledifferencesbetweenshowersinitiated by heavy nuclei andlighter
nuclei.Therefore,simultaneousobservationson theelectron-photonandthemuoncomponent
offer the bestdiscriminatingpower for studieson the primary composition.However, good
measurementson muoncomponentrequirevery largeareadetectorsunderthick absorbers(or
underground)while goodandsimultaneousmeasurementson the electron-photoncomponent
requirea densearray of unshieldeddetectorsspreadover a large areajust above the muon
detectors,puttingsomerestrictionson thesurfacetopography.

Notethatalargerseperationbetweentheshowerarrayonthesurfaceandmuondetectorsdeep
undergroundresultsin asmallergeometricacceptancefactorfor studiesof electron-muoncorre-
lationswhichmaycauseseverestatisticalproblems,e.g.EAS-TOPandMACRO andSOUDAN
experiments.Thoughstudieson higherenergy muons,deeperunderground,maybe preferred
dueto theircontainmentwithin smallerdetectorareas,mostof theobservationsin thepasthave
sufferedfrom statisticalproblemsasmentionedabove.

It is noteworthy thatelectron-muoncorrelationstudiesstartedasearlyas1960’s with small
areadetectorsfor bothelectronsandmuons,for example,by theTataInstitutegroupat Kolar
GoldFieldsandby theMoscow Universitygroupwith amagnetspectrometeratashallow depth
ontheUniversitycampus.While many experimentshavebeencarriedoutoverthelast40years
usinglower energy ( ZS[]\_^7`$acbAd ) muonsdetectors,therehave beenonly a few experimental
studiesonhighenergy muons.Unfortunately, mostof thesestudieshavenotyieldedsatisfactory
resultseitherdueto thesmallerareaof muondetectorsor dueto statisticalproblemsassociated
with smallergeometricacceptancefactors.Therefore,it is essentialthatnew studiesbecarried
outwith largeareadetectorsatmoderatemuonenergieswith largegeometricacceptancefactors.

Looking at the discriminatingpower of electron-muoncorrelationsfor studieson primary
composition,it is clearthat goodsamplingof both componentsis essentialto exploit the ex-
pecteddifferencesbetweenshowersinitiatedby lighter andheavier nuclei.This canbe easily
achievedfor the electroncomponentby theuseof a larger numberof unshieldeddetectorsin
a denseconfigurationof the shower array spreadover an areaof radius e ^7`$` m sincethe
lateraldistribution of electronsis quite steep.On the otherhand,goodsamplingof the muon
componentrequiresmuchlargerareadetectors,particularlyfor lowerenergy muonsdueto their
relatively flatter lateraldistribution,andthesedetectorsshouldalsobespreadout over a larger
area.Thesepracticaldifficultieshowever becomelessandlessseriousasonegoesfor higher
andhigherenergy muons.

Theaboveconsiderationssuggestthatmuonsof moderateenergies,ZS[Vegf%`ihVj$`$` GeVseem
to offer the bestchoicefor studieson primary composition,particularlyat primary energies
overlappingthe‘knee’ in theenergy spectrum.It is interestingthata similar conclusionis also
reachedfor studieson ‘forward-physics’aswell asexotic interactions.This is mainly dueto
thefactthattheaverageproductionheightof theobservedmuonsincreasesalmostlinearlywith
increasingmuonenergies.Thus,studieson lower energy muonsoffer almostno information
on ‘forward-physics’andexotic interactionsdue to the fact that mostof themare the result
of decayof pionsproducedlower down in the upperatmospherein a large numberof lower
energy interactions.This large numberof muonsproducedin ‘normal’ interactionsmay thus
hidetheinformationon thefew ‘exotic’ interactionsthatmayhaveoccurredin theearlypartof
thedevelopmentof thehadroncascade.

Studieson very high energy muonsproducedin the first or the first few interactionsmay
offer the bestpossibility of observingsignalsof new processesin particle interactionsat the
very highestenergies.But simpleargumentsbasedon decayprobability of very high energy
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pionsshow that suchprocessesmay be unobservablewith very high energy muons.This is
due to the fact that high energy pions, say, 1.4 TeV, producedin interactionsof 1000 TeV
protons,at anaverageheightof 20 km (depthcorrespondingto oneinteractionlength)would
mostlikely interactin thenext 100-200k/l2m-n%o ( p5q7r km) ratherthandecayasthemeandecay
lengthfor thesepionsis nearly80 km. Evenpionsproducedin thesecondgenerationaremore
likely to interactthandecay. Dueto thisdominanceof interactionoverdecayfor higherenergy
pions,simulationsshow that the numberof muonsin a shower increaseswith energy only ass�t7u vw . Theseconsiderationsleadto the conclusionthat studieson moderateenergy,

sSx pyq7r%r
GeV, may offer the bestchanceof observingsomefeaturesof ‘forward-physics’and‘exotic’
interactionssuchasCentauros,anti-Centauros,DCC,QGP, etc.

Severalstudiescarriedoutonhighenergy muonshaveconfirmedthenecessityof usingfinely
segmentedtrackingdetectorsfor measurementson muonmultiplicities. This is dueto thefact
thatatdepthslargerthanafew radiationlengths,themuonandassociatedelectron-photoncom-
ponentproducedby muonsthroughtheir electromagneticinteractionsin the rock arein equi-
librium. Low energy cascadesaccompanying high energy muonsarespreadover a few metres
dueto scatteringin therockabovethedetectorandcancausesignificanterrorsin measurement
of thefrequency of largemultiplicity eventswith detectorshaving poorspatialresolution.
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3 DetailedResponseof the CORAL Collaboration

3.1 Determination of Primary Particle Composition
The precisedeterminationof the compositionof cosmicray primariesasa function of the

energy is oneof thecentralproblemsin theunderstandingof thecosmicray particlespectrum.
It is agreatadvantageof theCORAL experimentthatit hasseveralmethodsthatcanbeusedto
discriminatebetweendifferenttypesof cosmicrayprimariesonanevent-by-eventbasis.

3.1.1 Comparisonof CORALwith otherexperiments
The standardtechnique,usedby almostall experimentswith a surfacearray, consistsof a

comparisonof theelectromagneticshower on thesurfacewith themuonnumbereitheron the
surface(KASCADE, Casa-Mia)or undergroundat variousdepths(CORAL,MACRO,Baksan,
etc).For acomparison,someof theexperimentsarelistedin Table3.1togetherwith theirmain
characteristics,suchasmuonmomentumthreshold,size,resolutionand integratedmeasure-
menttime. In additionto this standardtechnique,CORAL canalsomeasurethe lateralmuon
distribution andthe shower 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 demonstratethe featuresof theCORAL experimentwe have comparedit in a very sim-

plified waywith two otherexperimentalscenarios:KASCADE, which is situatedat thesurface,
andMACROwhichisdeepunderground.TheCORALanalysiswasappliedfor amuonmomen-
tum cut of 3 GeV (closeto thesurface)and1 TeV (deepunderground).The two-dimensional
plots of the muonandelectronnumbersfor proton-and iron- inducedshowersare given in
Figs.3.1-3.3for thetwo abovescenarios,to becomparedwith theCORAL proposal.

The deepundergroundscenariois inferior in many waysto theCORAL situation.Because
themuonnumberis reducedby a factor60, theseparationbetweenprotonandiron is lacking
statisticsandhencemuchworse.For the samereason,the energy determinationfor an indi-
vidual event is almostimpossible,as is the detailedstudyof the structureof muonbundles.
The distancebetweenthe surfaceand the undergroundarraysis increasedby abouta factor
five which would requireincreasingtheareaof thesurfacearrayby a factorof 25 in orderto
maintainthesameangularacceptance.

The shallow scenariolooks similar to the CORAL set-upwhenseparationcurvesarecom-
pared.Someaspects,however, arenot taken into accountin the simulation.For example,the
muondensityis largerby a factorof threein thecenterof theshower, which makesthemuon
tracking more complicatedand indeedalmost impossiblefor high-energy showers. Hadron
punch-throughfurthercomplicatesthetracking.Thedetectoris swamptby low energy muons
becauseof the lower (3 GeV) muonenergy threshold.Thesecomedominantlyfrom hadron
decaysfrom interactionslatein theshower development.They arethereforemorecalorimetric
in natureandobscuretheinformationfrom thehighenergy muonsfrom thefirst interactions.

We have alsostudiedthe separationcurves for momentaabove 20 and200 GeV with the
resultthat they areall similar. The optimizationis thereforebasedon geometricalacceptance
argumentsinvolving the depthof the undergroundmuonarray below the surfaceair shower
array, on theability to reconstructhighmultiplicity muonbundlesanddeterminetheirstructure
(includingthedeterminationof theeffectiveheightof theinteraction),andon thesensitivity to
exotic interactionsandtheability to characterizethemvia muons.Takingall theseconsidera-
tionsinto accountwebelieve thatthemomentumcut of 70GeV is closeto anoptimum.
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Figure3.1.CORALscenariowith p�V� 70 GeV/c.Muonnumbervselectronnumberfor almost
vertical showers (zenithangle ��� �7�A� ) hitting the muonarray with a showercore distance
to the array centerof lessthan 10 m. Trianglesare Fe- and circlesp-inducedshowers. The
projectionvertical to theseparation line is alsogiven.
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Figure3.2.ThesameasFig. 3.1 for the“KASCADE” scenariowith p��� 3 GeV/c
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Figure3.3.ThesameasFig. 3.1 for the“MACRO” scenariowith p��� 1 TeV/c
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3.1.3 Precisionof theDeterminationof Primary Particle Composition
We have studiedthe proton-ironseparationfor different muon multiplicities, i.e. primary

energies, and for radial distancesof the shower core from the centerof the muon array of
up to 20 m. The resultsaresummarizedin Tab. 3.2 wherethe peakpositionsandthe widths
of the Gaussianfits are given. Thereis no dramaticchangein the quality of the separation.
Theseparationvariableis proportionalto ��������� , where � is theatomicnumberof theprimary
particle.This relationallows us to determinethepositionof otherelementssuchasHe andO
whicharefrequentlyusedto describetheparticlecomposition.Thewidthsof thesedistributions
areinterpolatedfrom theprotonandiron casesfor whichdetailedsimulationswereperformed.
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Table 3.2. Thepositionof the p and Fe curvesin the separation variable and their standard
deviation for differentmuonmultiplicitiesandradial distancesof theshowercore to themuon
arraycenter. Theformulasfor theinterpolationto HeandO aregivenbelowthetable.

With this knowledge,it is possibleto performa simulatedanalysisof particlecomposition
models.TheJACEEexperimenthasmeasuredtheparticlecompositionat energiesbelow 10»½¼
eV andSwordy haspredictedhow this compositionshouldchangewith energy. We usedthe
individualfractionsfor p, He,O, andFeasaninputandgenerated6000eventsfor eachcompo-
sitionmodelusingtheseparationcurvesdescribedabove,andassumingthemuonmultiplicities
to be in the interval 45-135.We thenfit to determinethe elementcompositionandthe errors
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from thesimulateddistributions.Fig. 3.4shows anexampleof sucha simulationtogetherwith
thefits of theindividualelements.Theresultsaresummarizedin Tab. 3.3.Thecalculatedcom-
positionsagreewell with theinput,with errorsof theorderof ¾ 1-2 %.

Figure 3.4. A simulatedseparation distribution with the primary particle compositionof
Swordy3 (seeTab. 3.3). The p,He,O and Fe curves,normalizedto their individual fractions
arealsoshown.

Often thevariable ¿WÀ�Á�Â�Ã�ÄÆÅ is plottedto characterizethechangeof theparticlecomposi-
tion with energy. Wehavedeterminedthis valuein two ways:first, from theindividualelement
fractionsandsecond,from theaverageof theseparationdistribution.Thesetwo valuesarealso
comparedwith theinput valuein Tab. 3.3.The ¿gÀ�Á�Â�Ã�ÄÇÅ determinationfrom theindividually
fitted fractionsagreewell with the input values,while theaveragedeterminationis systemati-
cally lowerby ¾ 3-4%.

Fig. 3.5 demonstrateswhat we would expectif the particlecompositionwould changeà la
Swordy over the energy rangeof 5 10È½É - 5 10È½Ê eV. A clearchangewould be observed with
increasingenergy.

12



p
%

H
e

%
O

%
F

e
%

ËÌ�Í
ÎÐÏ
ÑÐÒ
ËÌ�Í
Î Ï
ÓÑ Ô
ËÌ�Í
Î Ï
ÕÖ×

JA
C

E
E

ØÐÍ

24
31

33
12

1.
82

7

ÙÚÛ

24
.2

4

Ü 1.
10

30
.7

5

Ü 1.
80

32
.8

Ü 1.
5

11
.3

6

Ü 0.
72

1.
79

3
1.

77

Ü 0.
02

S
w

or
dy

1

ØÐÍ

35
28

24
13

1.
57

7

ÙÚÛ

33
.9

9

Ü 1.
24

27
.5

2

Ü 1.
87

26
.0

Ü 1.
5

11
.7

6

Ü 0.
71

1.
57

6
1.

54
5

Ü 0.
02

2
S

w
or

dy
2

ØÐÍ

22
23

35
20

2.
09

4

ÙÚÛ

21
.3

5

Ü 1.
0

22
.7

9

Ü 1.
70

35
.4

1

Ü 1.
59

19
.0

4

Ü 0.
86

2.
06

4
2.

03
1

Ü 0.
02

2
S

w
or

dy
3

ØÐÍ

20
20

31
29

2.
30

4

ÙÚÛ

19
.7

4

Ü 1.
0

20
.5

2

Ü 1.
65

29
.6

5

Ü 1.
57

29
.2

6

Ü 0.
97

2.
28

4
2.

25
9

Ü 0.
02

2

C
h

e
m

ic
a

lc
o

m
p

o
si

tio
n

,m
e

a
su

re
d

b
y

th
e

JA
C

E
E

ex
p

e
ri
m

e
n

ta
t

Ý Ë
Þßàá

e
V

a
n

d
th

e
ch

a
n

ge
w

ith
e

n
e

rg
y

à
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Figure3.5.Theexpectedseparationdistributionsfor Swordy1-3indicatingtheexpectedchange
over theCORALenergy range.

Figure 3.6. Energy calibration with muons.Numberof muonsin the detectorfor showerdis-
tancesup to 10m versustheprimary energy.
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3.1.4 SystematicErrors
As notedabove,CORAL will beableto determinetheprimaryparticlecompositionwith very

small statisticalerrors,muchsmallerthanthe currentuncertaintyin the particlecomposition.
Thisof courseraisesthequestionof systematicerrors.CORAL is in auniquepositionto reduce
thesebecauseof its ability to useseveral methodsto discriminatebetweendifferent typesof
cosmicray primarieson anevent-by-eventbasis,beyondthoseavailableto otherexperiments.
Wenow discusssomeof therelevantissues.

Becauseof thesteepenergy spectrumof theprimaries,apreciseenergy determinationis vital
in orderto minimizesystematiceffectson theparticlecomposition.Theenergy determination
shouldbe independentof theparticletype; this is almostthe caseif theenergy is determined
from the centralmuondensity. Fig. 3.6 shows the calibrationcurve andFigs 3.7 the energy
resolutionfor iron andprotonprimaries.A resolutionbetween20 and30 % canbe obtained
dependingon energy andimproving with heavier primaries.

The dominantproblemin the determinationof the primary compositionis the control of
systematiceffects which arisefrom the unknown forward particle production.Several input
modelshavebeentriedbut thereremainsanuncertaintybetweenthesemodelsandtheprimary
particledetermination.We have comparedfour models:QGSJET, SIBYLL 2.1, DPMJET2.5
andneXus2 (thanksto D. Heckfrom Karlsruhe,who provideduswith thesesimulations).The
radial dependenceof the muondensityfor thesefour modelsis given in Figs. 3.8- 3.10 for
protonandiron inducedshowersandfor threedifferentmomentumcut-offs (3, 70 and1000
GeV). Exceptfor the highestcut-off, wherethe QGSJETmodeldiffers from the others,the
agreementbetweenthe modelsis remarkable,beingbestat the CORAL momentumcut-off.
For our simulationswe have chosenthe QGSJETmodelwhich hassuccessfullyconfronteda
varietyof experimentalresults.

To betterunderstandandto reducesystematiceffects,we have performedan almostinde-
pendentanalysisfor theparticlecompositiondeterminationthat is entirelybasedon theradial
distributionsof themuons.As canbededucedfrom Fig.3.11,theradialdistributionsdiffer con-
siderablyfor heavy andlight primaryparticles.Theflatterdistributionfor iron inducedshowers
is a basiceffect arisingfrom theearlierdevelopmentof theshower in theatmoshereandfrom
the increasedhadronmultiplicity. For our analysis,the radial rangeup to 40 m is relevant.
Comparingthedifferentmuonmomentumcut-offs theseparationbetweenthecurvesis getting
largerwith highermomenta.But at thesametime themuondensity, andhencethestatistics,is
decreasingfast.Thesetwo balancingeffectsleadto anoptimalseparationaroundtheCORAL
cut-off. We have performeda detailedanalysiscalculating,for a given shower coreposition,
themuonnumberin eachchamberandcomparingit with theprotonandiron hypothesis.The
resultis summarizedin thetwo-dimensionalplot (Fig. 3.12)wherethelikelihoodsfor thetwo
assumptionsare plotted.We can obtain a discriminationbetweenproton and iron primaries
which is betterthan80% usingonly the radial distribution. This is an importantcheckof the
systematicsof theelectron-muonanalysis.

A combinedanalysisusingboththeelectron-muonanalysisandtheradialmuondistribution
shouldsuffer lessfrom systematiceffects.Theability to determinetheeffective heightof the
primary interactionwill alsobe a powerful tool in untanglingvariouspossiblesystematicef-
fects.Finally, it is importantto notethatCORAL will overlapat low energieswith ACCESS,an
experimentat theInternationalSpaceStationthatis beingdesignedto studytheprimarycosmic
raycompositionby directobservation.
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Figure3.7.Energy resolutioncurvesfor p andFe in theenergy interval 10è½éµêìë�íïî�ð9è½ñ eV.
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Figure 3.11.Theradial dependenceof themuondensityfor Fe (dashed)andp (solid) induced
showersfor differentmuonmomentumcut-offs (fromthetop: pþ�ÿ 3, 20,70,200,1000GeV/c).
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, where
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��

is the likelihood,for a proton(iron) sample.
Thefractionof correctlyidentifiedeventsreferto thecutsshownin theplots.
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3.2 Determination of the Shower Height
Thedeterminationof theshower heightprovidesanadditionaltool that canbeusedto dis-

criminatebetweenheavy andlight primaries.Feinducedshowerstypically begin higherin the
atmosphere( � 30 km) thanprotonshowers( � 20 km). Sincea large fraction of the 70 GeV
muonsarecomingfrom approximatelythefirst four interactionstheeffectiveheightis reduced
to about5 - 15 km, dependingon theprimaryparticle.Furthermore,muonsarisingfrom large
hadrondensitiesin thefirst interactions(seee.g.DCC) will starthigherin the atmosphere.A
heightdeterminationwill thereforehelpto characterisetheseprocesses,particularlysincelarge
muondensitieswill enableabetterheightdetermination.

If a muon bundle with some500 particleshits nearthe centerof the undergroundmuon
array, the directionof the shower axis canbe determinedwith a precisionof � 0.2 mradby
averagingover all muondirections.Themultiple scatteringof the individual muonsfollows a
Gaussdistribution with a width of � 2 mradandlarge tails. This wasexperimentallyverified
with thefivehighestmultiplicity eventsobservedwith theALEPH detector(seeSec.3.3).

To demonstratethe capability of the height determinationwe have chosenthreedifferent
heights(10, 20 and30 km) andhave tracked the muonsto the undergroundarrayon straight
lines.We thenapplieda multiple scatteringerrorof 2 and3 mradaccountingfor themultiple
scatteringandrefittedthevertex. A typical ��� distributionof thefit is givenin Fig. 3.13.

500

520

540

560

580

600

620

640

0 20 40 60 80 100 120 140
height, km

χ2

Figure 3.13. ��� asa functionof the interactionheightfor 500muonscomingfroma heightof
20km.

Thereconstructedheightdistributionsareshown in Figs3.14for two muonmultiplicitiesand
two multiplescatteringerrors.

Thecurvesarewell separated.If all muonswouldcomefrom afixedheight,CORAL will be
ableto determinethis heightwith a typical precisionof a few km. We have alsoreconstructed
theeffectiveheightof proton-andiron inducedshowersfrom themuonsof thecompleteshower
simulation,including trackingthroughthe140m overburden.Dueto the fact thatmostof the
muonsarenot comingfrom thefirst interaction,theeffective shower heightis now lower, but
thereis still discriminationbetweenlight andheavy primaries.Figs.3.15show theheightdistri-
butionsfor proton-andiron inducedshowersof 10��� eV energy for two showercorepositions.

It is worth mentioningthat the muonproductionheight increasesalmostlinearly with the
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Figure 3.14.Distributionsof the reconstructedinteraction heightsfor different cases:a) 250
muonsandtrack scatteringerror of 2 mrad,b) 250muonsanderror of 3 mrad,c) 500muons
and2 mrad,d) 500muonsand3 mrad.Solid line for 10 kminteractionheight,dashedfor 20,
dottedfor 30.

muonmomentum.By cutting on small multiple scatteringanglesin the tangentialplaneand
determiningthe scatterangle in the radial planewe will selecthigh energy muonscoming
predominantlyfrom the first interactionshigherup in the atmosphere.Experimentswith low
momentumcut-offs aredominatedby muonsoriginatinglatein thecascade,closeabove them.
Thesemuonsobscuremuchof theinformationabouttheprimaryinteraction.

22



Figure 3.15.Reconstructedheightsfor proton (dashed)and iron (solid) inducedshowers for
two locationsof theshowercore (0 and5 mfromthemuonarraycenter)
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Figure 3.16.Multiplicity distribution of muonsin theTPCcomparedto CORSIKAsimulations
for p andFe asprimary particle. Thehighestmultiplicity eventhastwice theparticle density
(seeTab. 3.4)

3.3 Significanceof the High Multiplicity ExcessSeenin the ALEPH Detector
Fig. 3.3 shows themeasureddistribution of themuonmultiplicity in theTPCtogetherwith

theQGSJETCORSIKAsimulationfor protonandiron primaryparticles,absolutelynormalized
to theeffectiverunningtime.Up to amultiplicity of 20,theprotoncurvedescribestheobserved
datawell overseveralordersof magnitude,indicatingthattheprimaryspectrumis dominatedby
light elementsat energiescorrespondingto thesemultiplicities. The discrepancy in the single
muon rate is due to the low efficiency of the LEP triggersfor single muons;this efficiency
approaches100%only if therearemorethantwo muonsin the TPC.At larger multiplicities
thereis evidencefor a transitionto theiron curve.

While thesimulationagreeswith thedataover a wide multiplicity range,it fails to describe
thehighestmultiplicities,evenundertheassumptionof a pureiron composition.This is better
demonstratedwith theintegral distribution in Fig. 3.17,which is plottedon a log-log scalefor
showerzenithanglesbelow andabove30� . It is worthnotingthatfour of thefivehighestmulti-
plicity eventshavezenithanglesbeyond30� .Theirzenithangledistributiondiffersconsiderably
from theotherhighmultiplicity events,ascanbeseenin Fig. 3.18.

Fig. 3.19shows the distributionsof track anglesfor the5 highestmultiplicity eventsin the
non-bendingplane,whereasFig. 3.20presentstheanglein thenon-bendingplaneasa function
of the track momentum.Onecansee,that by selectingtrackswith momentaabove 100 GeV
andwithin  20 mradin bendingand  10 mradin non-bendingplanes,onecanexcludemost
of thesignificantlyscatteredtracks.Theremainingtracks(Fig. 3.21)wereusedto evaluatethe
interactionheight,which is includedin Tab. 3.4.

Tab. 3.4 summarizesthe characteristicsof the five highestmultiplicity events.An estimate
of the primary energy wasmadeunderthe assumptionthat the shower centeris in the TPC.
Theenergy wascalculatedassumingproton-inducedshowersandwouldbe30%lowerfor iron.
If the shower coreswere further away, the energies would be even larger. For comparison,
Tab. 3.5presentstheexpectednumbersof showersfor differentenergy cutsextractedfrom the
all-particlespectrum.
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Figure3.17.Integral multiplicity distributionsof muonsin theTPCfor twodifferentzenithangle
intervals( !#"%$'&)( and $'&�(*"+!#"-,'&)( ) comparedto CORSIKAsimulationsfor p andFe. Power
law fits of theM.C.curvesyieldan exponentof about-1.8.
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Figure3.18.Zenithangledistributionfor eventswith track multiplicity 19.0/213. 50compared
with CORSIKAprediction (line). The highestmultiplicity events( /4165 50) are shownas a
hatchedhistogram.
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Figure3.19.Track anglesin non-bendingplane:a) eventwith 142tracks,b) with 76 tracks,c)
with 85 tracks,d) with 131tracks,e)with 149track.
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Figure3.20.Track anglein non-bendingplaneasa functionof reconstructedmomentum(note
thedifferentvertical scales).

Number Muon Zenith Primary Interaction
of tracks density, m?A@ angle,B energy, eV height,km

76 4.8 40.6 3.0C 10D�E 7.8F�G?AHJI K
85 5.3 38.4 3.0C 10D�E 39.3F�G?AKLEJI K
142 8.9 40.5 5.7C 10D�E 3.7F D�HL@JI E?�DMI N
149 18.6 27.3 7.4C 10D�E 2.7F�G?�DMI O
131 8.2 48.0 8.2C 10D�E 3.5F�G?�DMI N

Table3.4.Characteristicsof thehighestmultiplicity events.Theprimary energy wasestimated
byassumingtheshowercentre to becloseto theTPCandtakinginto accountthezenithangle.

Energy cut,eV Expectednumberof events
1.C 10D�E 1.59
3.C 10D�E 0.17
6.C 10D�E 0.043

Table3.5.Expectednumberof events.
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Figure 3.21. The sameas in Fig. 3.19 for the following cuts: track momentumgreater than
100GeV, anglein non-bendingplanebelow10 mradandin bendingplanebelow20 mrad.
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3.4 Sensitivity to Disoriented Chiral Condensatesand other exoticphysics
A uniquestrengthof CORAL will be the ability to track andcountmuonsin andnearthe

coresof showers.Takenalone,this permitsCORAL to undertake thestudyof possibleanoma-
lies in the muonmultiplicity distribution. An importantexampleof suchan anomalyis that
reportedin theALEPH cosmicraydataanddiscussedabove.

TheCORAL undergroundmuonarraywill, however, operatein conjunctionwith a surface
arraysensitive to theelectromagneticcomponentof theair showers.This will permitdetailed
studiesof thejoint distributionof themuonandelectromagneticcomponentsof theair showers.
Sincethemuonsarisedominantlyfrom decaysof chargedpions,andtheelectromagneticcom-
ponentis initiatedby neutrals,thesemeasurementsreflectthejoint charged-neutralmultiplicity
distributionsresultingfrom theprimarycollision.Of course,theparticlesobservedby CORAL
resultfrom theconvolutionof theseprimarydistributionsby thesubsequentevolutionof theair
shower. It is thepurposeof this subsectionto discussthedegreeto which CORAL is neverthe-
lesssensitive to new physicsresultingin anomaliesin thejoint multiplicity distributions.

A wide variety of suchanomaliesrelevant to CORAL have beenreportedin the cosmic
ray literatureor suggestedon the basisof theoreticalconsiderations.The FELIX LoI reviews
many examplesof each[2]. For ourpresentpurposes,wewill considerasingletype,illustrating
many of thefeaturesrelevantto thegeneraldiscussionof possibleanomalies:DisorientedChiral
Condensates(DCC)andthepossiblyrelatedreportsof ”Centauro”or ”anti-Centauro”eventsin
cosmicrays[3].

The possibility of disorientedchiral condensatesarisesfrom theoreticalsuggestionsthat
piecesof strong-interactionvacuumwith anunconventionalorientationof thechiral orderpa-
rametermaybeproducedin high energy collisions.This disorientedchiral condensate(DCC)
thendecaysvia coherentradiationof pionswith thesamechiralorientation.

Theprimarysignatureof this mechanismis thepresenceof large
event-by-eventfluctuationsin thefraction, R , of producedpionsthatareneutral.Conventional

mechanismsof particleproduction,includingthoseusedin standardMonte-Carlosimulations,
predict that the partition of pionsinto chargedandneutralspeciesis governedby a binomial
distribution which, in the limit of large multiplicity, leadsto a sharpvalueof R . On the other
hand,for thedecayof apureDCCstate,thedistributionof theneutralfractionis verydifferent,
following aninversesquare-rootlaw in thelimit of largemultiplicity.

In additionto thehallmarksignaturebasedon anomalouscharged-neutralfluctuations,there
arealsosuggestionsthat pionsarising from the decayof DCC may be characterizedby low
transversemomentum,and may be localizedin regions of phasespace.Theseuncertainties
complicatethe searchfor DCC at accelerators,wheremost moderndetectorsare by design
blind to low SUT particles.Theseconsiderationsalsomake the useof Monte-Carlosimulations
comparatively lessuseful.Instead,recentsearchstrategieshave exploited the fact that certain
”robustobservables”canbedefinedthataresensitiveto thepresenceof DCCandareinsensitive
to mostof the uncertainties;Monte-Carlosimulationshave mainly beenusedto confirm the
expectedproperties[4].

It hasbeensuggestedthatDCC mayprovide an interpretationof the Centauroeventsorig-
inally seenby the Brazil-Japancollaborationin high-altitudeemulsionchamberexperiments.
Theseareeventsin which a largenumberof hadronsareobserved,alongwith little or no elec-
tromagneticradiation[5]. Theseeventsarenot particularlyrare;theprobabilityof production
of a Centauroeventin aninteractionof onePeVor above is about1%.

If Centauroeventsaresignalsof DCC production,thenanti-Centauroevents,in which large
amountsof electromagneticradiationareobserved with little or no hadronicactivity, should
alsobe seen.Sucheventshadnot beenreportedat the time DCC wasproposedon theoret-
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ical grounds;therehave beenseveral reportssincethat time [6]. Indeed,both Centauroand
anti-Centauroeventsnow appearto beextremecasesof an admixtureof eventswith a broad,
anomalouscharged-neutraldistribution.

CORAL’s searchfor anomalouscharged-neutralfluctuationswill exploit the formalismfor
robustobservableswhichhasbeendeveloped[4]. Theextensionto theactualobservablesmea-
suredby CORAL is in principlestraightforward,andtherelevantformalismhasbeenoutlined.

The key to CORAL’s sensitivity is the fact,notedin the previous section,thatpionsof en-
ergiesof V 100 GeV have a decaylengthcomparableto the interactionlengthat the height
of typical primaryinteractions,andarenicely matchedto theCORAL muonenergy threshold.
Conversely, CORAL is notsensitiveto low energy muonsarisingfrom latestagesof theshower.

While muonsarisingfrom thedecayof pionsproducedin theprimary interactionwill nev-
erthelessonly bea small fractionof the total numberof muonsseenin anevent, this fraction
is largeenough,the total numberof muonsobserved is largeenough,andthe total numberof
eventswill be large enoughthat CORAL will easilybe sensitive to the presenceof DCC (or
Centauroevents)at thesuggestedlevel.

While theutility of this approachis not in doubt,Monte-Carlosimulationswill, nevertheless
beuseful.This will requireextensivesimulationof these(anomalous)cosmicray air showers,
andwill becomputing-intensive.Thiswork will, however, proceedin parallelwith theCORAL
experiment.

TheCORAL searchstrategy is not confinedto theuseof suchrobustobservables.For exam-
ple,pureanti-Centauroeventswill haveastrikingsignature:anelectromagneticshowervisible
in thesurfacearray, with little or no activity in theundergroundmuonchambers.Theseevents
will be distinguishedfrom conventionalelectromagneticshowersinducedby gammaraysby
thebroaderradialdistributioncharacteristicof hadronicallyinducedevents.Similarly, thevery
sharpcutoff of thedistribution of eventsarisingfrom Feprimarieswill permita direct search
for Centauro-likeevents.

In this context, it will bevery interestingto examinetheelectromagneticstructureof events
suchasthoseseenin the ALEPH detector. If the electromagneticcomponentis normal,then
theseeventsrepresentonekind of anomaly, asdiscussedabove.Ontheotherhand,it is possible
that the electromagneticcomponentis suppressed,in which casethe energy estimatesgiven
abovewill betoohigh,but in this casetheeventswill representa Centauro-likeanomaly.

In all of thesesearchesfor anomalies,CORAL’sability to discriminatebetweeneventsbased
on the determinationof the effective heightof the event will provide an additionalpowerful
constrainton theconsistency of theinterpretationof putativeanomalies.

It shouldbenotedthatstudiesof thejoint multiplicity distributionor phasespacestructureare
in their comparative infancy, evenin thedomainof acceleratorphysics.This is evenmoretrue
in thecaseof CosmicRayphysics.Thevarietyof possibleanomaliesreportedin cosmicrays
or suggestedby theoreticalconsiderations,combinedwith CORAL’s uniquestrenghts,suggest
thatthediscoverypotentialis veryhigh indeed.

3.5 Angular Resolutionof the SurfaceArray
Thezenithangleof anincomingshowercanbedeterminedusingtiming informationfrom the

variouscountersof thesurfacearray. Thetiming informationarematchedto thefluctuationsof
theshower front; typical time resolutionsare V 1 nsec.Otherexperimentshave generallybeen
abletodeterminethezenithangleof theshoweraxistowithin about5mradusingthistechnique.
Usingbettertiming information,theKASCADE experimenthasrecentlyclaimedanimproved
resolutionof V 2 mrad.

As a comparison,the shower axis canbe determinedwith a precisionof V 0.2 mradfrom
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muonshitting the undergroundmuon array. The surfacearray doesnot, thereforeprovide a
significantimprovementin theheightdetermination.Thesurfacearrayis, however, vital for the
extrapolationof theshower corefrom thesurfacearrayto theundergroundarrayif thecoreis
faraway from thecenterof theundergroundmuonarray.

3.6 Optimal Character of the ProposedDesign
3.6.1 ThesurfaceAir ShowerArray

Thesizeof thesurfacearrayis determinedby severalconsiderations:
– For incidentzenithanglesaboveabout25W , theelectromagneticcomponentof theshower

startsto bemoreabsorbed,leadingto significantreductionsin theprecisionwith which
theshowerenergy canbedetermined.

– Thesurfacearrayis located140m abovetheundergroundmuonarray, andis centeredon
it. Sincewe areinterestedin showerswith corespassingthroughtheundergroundarray
andwith zenithanglesof lessthan25W , this meansthatwe areinterestedin air showers
whosecorelieswithin 60 m of thecenterof theair showerarray.

– Theelectromagneticcomponentof theair shower falls rapidly with radialdistancefrom
theshower core.Most of theelectromagneticenergy is containedwithin 50 m; we have
obtainedgoodresultsusingcirclesassmallas20 m.

Thus,the proposedsurfacearrayof area200 x 200 mX is well matchedto the goalsof the
experiment.It is alsosimilar in sizeto otherarraysalreadyconstructed,suchasthe oneused
by the KASCADE experiment.Note,however, that we have chosena counterdistanceof 10
m, slightly smallerthanthatusedin otherexperiments,permittingabetterreconstructionof the
showeraxisandamoredetailedunderstandingof theelectromagneticshowerdevelopment.

3.6.2 TheUndergroundMuonArray
Theradialdistribution of muonsbecomessteeperwith increasingmuonmomentum.In our

case,with a muonmomentumthresholdof 70 GeV, the muondensitydropsby an order of
magnitudeover a radial distanceof 15 m from the shower core.The sizeof the underground
muonarray, 20 x 20mX , is thuswell matchedto theradialdistributionof muons.

A larger undergroundmuon array would surely increasestatistics.This could be accom-
plishedasan upgradeat a later stageof the experimentby placingsomeof the large OPAL
muonchambersat somemoredistantlocationsin orderto obtainadditionalinformationabout
theradialdistributions.

For thepresentdesignit is importantto notethatwe have placeda strongemphasison the
precisereconstructionof very densemuon showers.Thus we have placed12 planesin one
projectionand6 planesin the otheron top of eachother, ratherthanspreadingthe chambers
overa largerarea.

3.6.3 A SurfaceMuonArray?
A surfacemuonarraywould addlittle additionalinformationat thecostof very significant

complications.Even if suchanarraywereincluded,it couldnot be usedto improve tracking.
Dueto multiple scatteringin theoverburden,theundergroundmuontrackscannotbeextrapo-
latedwith sufficientprecisionto matchthemwith muonsonthesurfacewherethemuondensity
is morethanthreetimesaslargeevenundera3 m Feabsorber. Nor aretheseextramuons,which
dominantlyarisefrom latestagesof theshower development,eitherparticularlyinterestingor
useful.Further, in orderto obtaina zenithangleacceptancecomparableto that of the under-
groundmuonarraymatchedwith thesurfaceair showerarray, theareaof asurfacemuonarray
wouldhave to beincreasedby at leastanorderof magnitude.
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Figure3.22.Schematicpseudorapidity distributionsin thefixedtarget framefor p-O andFe-O
collisions.

3.7 Relationship to the LHC
Thecosmicrayenergy rangeaccessibleto CORAL overlapswith theLHC energy for heavy

ion collisions.Weexpectmorethan1000eventswith energiesabove10Y�Z eV andshowercores
closeto the muonchambers.If new effectsareobserved with CORAL, it will be possibleto
checkwhetherthey are in the acceptanceof the ALICE detectorandcanthusbe confirmed.
This will disentangletheinherentcosmicray problemof whethertheorigin of aneffect is due
to theparticleinteractionor dueto anunknown primary(theastrophysicsconnection).

CORAL will obviously detectthe completeforward coneof the heavy ion fixed target in-
teraction.Lorentz-boostingbackinto thecenter-of-masssystem,the radial distancesfrom the
shower axis canbe mappedinto the pseudorapiditydistribution. The higher the energy (and
hencetheLorentz-boost)themorethe rapidity plateauwill be boostedinto the forward cone.
Fig. 3.22demonstratestheacceptancefor two typical incidentenergies,10Y�[ and10Y�Z eV, and
for protonandiron interactionswith oxygen.Thefixedtargetpseudorapidityplateauis shown in
aschematicwayandthelocationof thecenterof theALICE detector(90\ in thecenter-of-mass
system)is indicated.A CORAL acceptanceof 0.1and1 mradis indicated.

At thehighestenergiesabove 10Y�Z eV, which correspondto theLHC energy thereis a con-
siderableoverlapwith the TPC of ALICE which covers ] 1 unit in pseudorapidity. At lower
energiesaround10Y�[ eV the typical CORAL acceptancecorrespondsto very forwardproduc-
tion which fallsoutsidetheALICE acceptance.

Wearein closecontactwith theALICE collaborationto exploreacommonphysicsinterest.
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3.8 Milestonesand Budget
3.8.1 Milestones

After approval,wewill immediatelybegin to constructtheair showerarray. Theconstruction
of theplatformandundergroundmuonarraywill begin in spring2002whenthecivil engineer-
ing in theIntersectionregion4 is terminated.Weplanto begin takingdatain theyear2003,and
to continuefor at least3 years.

During summer2001 Re-assemblyof the40 Kiel counters
Constructionof acalibrationset-upfor thesurfacecounters
Testandinstallationof theKiel counters
Testof theDAQ systemandtheGPStiming
Testof all muontriggercounters

Autumn2001 CoincidencesbetweentheI4 arrayandtheL3C arrayat I2
First physicsresultson extendedair showers

2001/2 Constructionof thegassystemfor themuonchambers
Systematictestsof all muonchambers
Constructionof ^ 200surfacecounters(India,Mexico) from existingmaterial
Continuousinstallationof thesurfacearray

from spring2002 Constructionof themuonplatform
Installationof thegassystem
Installationof themuonchambers
Read-outsystemsandDAQ

autumn2002 First testsof triggerandread-outof botharrays

spring2003 First testrunswith thealmostcompleteexperiment

summer2003 Begin takingdata

3.8.2 Budget
As statedin theproposal,wehaveestimatedabout915kFSfor theconstructionof theexperi-

ment.Thisinvestmentwill bespreadoverthefirst 3years.In addition,430kFSareneededin the
first threeyearsfor rentalfees,consumables,maintenanceandsmallupgrades.A contingency
of 170kFSis addedto thisbudget.Following aninvestigationwithin theCORAL collaboration,
wepresentin Tab. 3.6theforeseenactivitiesof eachgroupandtheircontribution to thefunding
of theexperiment.Theestimatesarebasedon initial discussionsof thegroupswith their fund-
ing agenciesandcannotbe taken asfull commitmentsat this stageof the proposal.It should
bestressedthat in-kind contributions,suchashigh-voltagesuppliesandcontrolsof chambers
andcounters,arecountedin thesecontributions,whereassalariesandtravel expensesarenot
included.
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Infrastructureat I4
Platform X

Muonchambers
Install.UA1 X X X X
” ” DELPHI X X
” ” OPAL X X
Gassystem X
H.V. supplies+ contr. X
DAQ + GPS X X X X
Triggerlogic X X X X

Triggercounters
underground X

Surfacearray
HEGRAcounters 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

Maintenance+
Consumption X X X X X X X X X X X

DataAnalysis
Exp.simulation X X X 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/year(kFS) 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

Sincethepresentationof theproposalwehavestartedto recuperatedrift chambers,electron-
icsandcountersfrom theDELPHI andOPAL experimentsat LEPaswell asfrom theHEGRA
experimentatLa Palma.Thematerialis storedin severalhallsandfour big containers.A list of
thestoredmaterialis givenbelow.
_ Muonchambersavailablefor theundergroundarray(seeFigs4.1-4.3):

Drift chambers detectionareaperplane
UA1 chambers `0a'a'bAb mc
DELPHI chambers `edJb'bAb mc
OPAL chambers `edJb'bAb mc
Total `0f'a'bAb mc

_ Triggercountersfor themuonarrayfrom DELPHI (Fig. 4.4):

Eightdoublelayersof countersareplacedin onesupportbox.14suchboxeswereconstructed
andequippedwith countersfor CORAL. Thetotal areaof ` 70mc with 112doublelayers
of counterswill bedistributedover themuonchamberarrayandwill provideanexcellent
multi-muontrigger.
_ Scintillationcountersfor thesurfacearray:

from theHegraexperiment
40 Kiel counters( 1 mc each)completelyequipped 40x 1.0mc
Material(photomultipliers,scintillationplates,...) 150x 0.5mc
from India
50 flat counterswith fiber read-outpresentlyusedin L3C 50x 0.5mc
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Figure4.1.UA1andDELPHI muonchambers in hall 167.

Figure4.2.UA1andDELPHI muonchambers: a closerview.
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Figure4.3.OPAL chambers in hall 157.

Figure4.4.Someof themuontrigger counters.
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