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Abstract

Fourlarge underwater/icedetectorfAMAND A, Antares Baikal, NESTOR) arepresentlyat differentstages
of planningandoperation.To fulfill theirmainpurposeasneutrinotelescopethesedetectordave to suppress
abackgrounaf atmospherienuonsby 4 to 6 ordersof magnitude This necessitateadetailedunderstanding
of the atmospherianuonflux. The measuredtmospherianuonflux canfurther be usedto calibratethese
detectoraandto constrainprimary interactionmodels.Extensve CORSIKA Monte Carlo generatiorof high
enegy muonsandneutrinosfor differentprimaryinteractionmodels(QGSJETSIBYLL, VENUS, HDPM)
was performedandthe resultswerecomparedo existing measurementsSeveral modificationsto this pro-
gramweremadeto ensureanaccurateepresentatioof the conditionsof the experiments Basedon this, the
systematiaincertaintie®f the Monte Carloandthepotentialof this detectoitypefor cosmicray physicswere
investigated.

1 Introduction:

For the searchfor high-enegy extraterrestriaheutrinosa typical detectiorvolumeof ~ 1 km? is needed
(GaisserHalzen,& Stane, 1995). Existing detectordook for Cherenkv photonsin a naturallyoccurring
transparenmedium(Halzen,1999). The signal consistsof muons,stemmingfrom interactionsof cosmic
neutrinosn thedetectorandthe mainbackgrounaonsistsof muonscomingfrom theair shavers,initialized
by chaged cosmicraysat the top of the atmospherend developeddown to the level of obseration. The
chemicalcompositionand enegy spectraof thesecosmicrays are well knovn from balloon and satellite
experimentgWiebel-Sooth& Biermann,1999)in the enegy rangebelonv 100 TeV. In orderto simulatethe
detectomresponsdo this muonsource protonsor heavier nucleiaregeneratedit the top of the atmosphere
andpropagatedionn to theEarths surface. Theresultingair shaverscontainmuonsandneutrinoswhich are
propagatethroughthewateror iceto thedetector Usingthe bestknovledgeof thedetectomediumavailable,
Cherenkv photonsare createdand propagatedo optical recevers. This Monte Carlo signalis usedfor the
samereconstructiorproceduressthe real dataobtainedfrom the detector and comparecdagainstthis data.
For the experimentgositionedl500m — 2500m deepundeground,the backgroundf downgoingmuonsis
4 ordersof magnitudehigherthanthe signalof upgoingmuonsdueto atmosphericeutrinosand6 ordersof
magnitudebiggerthanthe expectedmuonflux dueto extraterrestriaheutrinos.Thereforea high rejectionof
downward going muonshasto be achiered, anda realisticsimulationof all possibleeventtopologiesin the
detectothasto beperformed.

2 MonteCarlo Studies:

This work representan attemptto determinethe accurag of the existing air shaver programs.The sys-
tematicuncertaintiesn air shaver descriptionby the differentinteractionmodelshave beenstudiedin detalil
in (Knapp,Heck& Schatz,1996). In this contrilution a specialemphasi®n the producedhigh enegy lep-
tons,aspertaingo thelogic outlinedin theintroduction,is placed.We usedCORSIKA (version5.42),which
implementghe high enegy interactionmodelsQGSJETSIBYLL, VENUS andHDPM (Heck,etal., 1998).
Thepresentedalculationsveremadefor thelocationof the AMAND A detectoratthe SouthPole.

In CORSIKAIt is possibleto useary primarieswith their correctspectra.In orderto fully utilize this
ability we modified CORSIKA to accommodat@rimariesfrom H to Fe with their measuredpectrataken
from (Wiebel-Sooth& Biermann,1999)in the parametrized®,E~") form, valid in the enegy rangeabove



100GeV. Anothermodificationwasthe changeof the zenith-anglaistribution functionof primariesfrom the
default for aflat detectorto dN oc df2 - (772 - cos 9 + 1 - 2r - sin¥) for a cylindrical onewith radiusr and
lengthl, asall four detectorsmentionedn the abstractrecylindrical. This modificationsavescomputational
time whencomparedo the sphericadetectormodel,sincee.g. thevisible areaaveragedyver zenithangleof
a sphericaldetectorof the diameter400 m will be asmuchas3 timesthat of the cylindrical detectorof the
length400m andtheradius60 m.

In orderto save disk spaceandcomputingtime thedetailedMonte Carlosimulationof EM cascadeEGS)
wasnot performed.Insteadthe resultsof the Nishimura,Kamataand Greisen(NKG) analyticaldescription
of the electromagnetishaver, giving the ageparameters and numberof particlesN,, wererecorded.The
averagedistribution of particlesonthe obserationlevel canthenbeobtainedrom theNKG formula,asgiven
in (Heck,etal., 1998):
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wheres,,, = 0.78 — 0.21s, Tu0 = 9.6g - cm ™2/ pgir = Moliere radius,andcanbe usedto correlatethe muon
signalwith the EM componengt the surface. This approachmeglectsthe photoproductiorof pionsandmay
leadto somelossin secondaries.

As it is, CORSIKA has8 built-in atmospheresoneis US standardatmosphereand sesen are for the
location of the KASKADE experimentin Karlsruhe. Atmospheresgeneratedoy the MSIS-E-90 (Mass
Spectrometeand IncoherentScatterExtendedModel) program(available at: NSSDC)for the location of
AMAND A, for March 31st,July 1st, Octoberlstand
December31st, are compared(Fig. 1). Octoberlst
andMarch 31strepresenthetypical behaior overthe
year
To determinethe magneticfield, a National Geophys-
ical DataCentefNGDC)program(Availableat: NGDC
(emplgying the model IGRF95) was used. For the
SouthPoleon 12/31/1998&a field of 55911nTwith the
declinationof —27°43.0' (from a zero meridian)and
inclination of —72°54.5" was obtained. Thesevalues
wereusedin CORSIKA.

Thetotalof 1.5-10% primariesfor QGSJET4.1-107 for
SIBYLL, 3.0-107 for VENUSand1.2- 107 for HDPM
weregeneratedThe speedf thecalculationin million
generategrimariesper daywas1.8 for QGSJET 1.1 i
for SIBYLL, 0.36for VENUS and1.7for HDPM inter T - R~ R T a—T
actionmodels. The total computingtime amountedo elttuge L]
30 CPUweekson 300 MHz Pentiumlls (Linux). The
cutoff enegy, both for the primariesand secondaries,
wastakenasl.2 TeV. Theincidentanglewasrestrictedto 0-70degreesfrom thevertical,because versionof
CORSIKAthatwasused hadaflat Earthapproximatiorin it, which did notallow for anglesbiggerthan70°
to be considered.The GHEISHA low enegy interactionmodeldid not affect the resultsof the calculation,
sinceit only handlegarticleswith enegieslowerthan80 GeV.

3 Reaults:

In figure 2 thefrequeny of primariesproducingmuonsabore theenegy of 1.2 TeV is plottedagainsthe
enegy of the primary The plot illustrateswhy the enegy cut for the primariesand secondariesvastaken
to be the same.Dueto the steepdecreas®f the enegy spectrumalreadya small percentagef low enegy

atmospheric pressure [ g/cm’

Figurel: Comparisorof 4 SouthPoleatmospheres.



primariesmay causesignificantdeteriorationin the flux of secondariesA factorof 3 differencein the cuts
implies that 2.3% of the muonsareleft out. Thoughthis fraction may seemsmall, it rendersthe resulting
muondataunusable pecausen errorin the muonindex - of up to 5% is detectedwhencomparedo the
muonindex « of thedatawith identicalcuts.

Thegenerateanuonenegy spectraverefitted with (Gaisser1990):
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wherethe spectraindex + is afree parameterexpectedo be | :
closeto thatof the correspondingrimary Sincethisformula | £
describeghe enegy andthe numberof muonsat the pointof |~
production,two correctionsto the muondataat the surface
weremade.First,the enegy lossbetweerproductionandthe
pointwherethemuonhitstheobserationlevel wastakeninto
accountaccordingo: dE/dz = —(0.25 + 3.5 - 107*E), z in
mweandF in GeV. Secondgvery muonwasassignedveight
P! =exp(L - %) > 1, to accounfor thedecayedparticles.
Here P is a probability of decay 7, M and E are lifetime,
massandenegy of themuon,c is speedof light and! is dis-
tancetraveledby themuon. T e
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Neutrinospectraverefitted with (Volkova, 1980): Figure 2: The muon responsefor all primaries and

B, > 1.2TeV.
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where E,(¥) and Eg+ (9) arethe sameasbefore,( = a + blgE, EKg(z?) =324GeV, a = —0.355, and
b = —0.23. Theresultsaresummarizedn thetablebelow.

Int. Model QGSJET SIBYLL VENUS HDPM
N,./N,i»% | 0.2943+0.0004 | 0.3516 +.0009 | 0.3303 +0.0010 | 0.3237 + 0.0016
Ny(e)/Npri, % | 0.00232 % 0.00004 | 0.00245 £ 0.00008 | 0.00328 % 0.00010 | 0.00235 + 0.00014
Ny /Npri, % | 0.0605 £ 0.0002 | 0.0615 £ 0.0004 | 0.0813 +0.0005 | 0.0604 £ 0.0007

Y 2.733 £ 0.006 2.763 + 0.011 2.736 + 0.013 2.74 + 0.02

Tote) 2.936 + 0.074 2.74 £ 0.08 2.80 + 0.28 2.64 £ 0.70

Yol 2.698 + 0.011 2.768 + 0.023 2.739 + 0.022 2.77 £ 0.04
umultiplicity | 1.769 + 1.163 1.718 + 0.963 1.788 + 1.223 1.744 + 1.073
e multiplicity | 46730 + 18740 26580 + 16970 26060 + 17110 52650 < 19000
altitude,km | 24.410 + 8.944 23.990 + 8.975 24.490 + 8.966 23.780 =+ 9.070
1 spreadm 22.64 + 30.67 22.37 + 28.83 29.66 <+ 50.09 27.35 + 36.64
i H only 2.772 + 0.008 2.811 + 0.013 2.783 £ 0.017 2.757 £ 0.024

~u, Heonly 2.649 + 0.011 2.669 + 0.021 2.668 + 0.023 2.74 + 0.04

In this tablethe following numbersare usedto comparethe primary interactionmodels: the percentage
of muons electronandmuonneutrinosper primary andthe spectralindicesof muon,electronneutrinoand




muonneutrinospectra. The muonandelectronmulti-
plicities, thealtitudeof muonproductionandthemuon

) —— QGSJET
spreadthedistanceof muonsdetectecdntheobsera- = - S‘BYLL
tionallevel from theshaver core)shav meanvalues+ | | VENUS

2 oeld - HDPM

RMS deviations. Thelasttwo entriesshav the spectral
index of themuonenegy distribution for shavers, ini-
tiatedby protonor heliumonly.

Thespectraindicesof secondarieareto be compared
to thefollowing primaryindices:ygy = 2.758 + 0.003
(assumedalueis 2.76),yg. = 2.632+0.003 (assumed
valueis 2.63),and~,,; = 2.6851 £ 0.0017 - for all pri-
mariesconsideredogether(from H to Fe). I L
Figure3 shavsthecomparisorbetweerthenormalized| 1 s ”'j:f;
(to the numberof shaversin the first bin) graphsof i T ;
multiplicities of muonsfor the differentmodels. It il- o “‘ m'iﬂf
lustratesthat not only the total numberof muons,but 5 10 15 20 25 30 35 40 45 50

alsothe multiplicity distributionsaremodeldependent. e
4 COﬂC'USiOﬂS' Figure3: Multipicity of muons.

SIBYLL givesasignificantlylarger-y, thanthe othermodels(alsotrueif the primariesareonly H). If the
primariesarerestrictedto He, all 4 modelsgive slightly biggerindicesthanyy,. = 2.63, with the highestde-
viation for HDPM. QGSJETis almostwithin onesigmafrom this value. VENUS givesmuchbroaderspread
of muonson the obsenration level, with twice the RMS of the others. The fitted indicesof the secondaries
have beencomparedvith the measuredgpectran undegroundexperiments.Muon spectralindex valuesof
2.78 + 0.07 (Frejus),2.78 + 0.05 (LVD), 2.76 £+ 0.05 (MACRO) have beenobtainedin theseexperiments.
The uncertaintieslueto the muonenegy lossin undegroundexperimentsare of the sameorderasthe un-
certaintybetweerthe interactionmodels.All modelsagreewithin this errorwith the measurementds-urther
improvementsnustbemadeto themuonenegy lossdescriptiorin thewater/iceroutinesto reducesystematic
uncertaintiesn the experimentalaluesin orderto decidewhich modelfits this databest. Themuonneutrino
index wasmeasuredo be 2.66 + 0.05(stat) £+ 0.03(syst) (FrejusColl., 1995). The only modelsthatagree
with this valueare QGSJETandVENUS. The electronneutrinoindex v agreeswith the theoreticalpredic-
tion of (Volkova, 1980)for SIBYLL, VENUS andHDPM modelswhile QGSJETgivesa significantlybigger
value.
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