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Abstract

Four largeunder-water/icedetectors(AMANDA, Antares,Baikal,NESTOR)arepresentlyat differentstages
of planningandoperation.To fulfill theirmainpurposeasneutrinotelescopesthesedetectorshave to suppress
abackgroundof atmosphericmuonsby 4 to 6 ordersof magnitude.Thisnecessitatesadetailedunderstanding
of the atmosphericmuonflux. The measuredatmosphericmuonflux canfurther be usedto calibratethese
detectorsandto constrainprimaryinteractionmodels.Extensive CORSIKA MonteCarlogenerationof high
energy muonsandneutrinosfor differentprimary interactionmodels(QGSJET, SIBYLL, VENUS, HDPM)
wasperformed,andthe resultswerecomparedto existing measurements.Severalmodificationsto this pro-
gramweremadeto ensureanaccuraterepresentationof theconditionsof theexperiments.Basedon this, the
systematicuncertaintiesof theMonteCarloandthepotentialof thisdetectortypefor cosmicrayphysicswere
investigated.

1 Introduction:
For thesearchfor high-energy extraterrestrialneutrinosa typical detectionvolumeof � 1 km

�
is needed

(Gaisser, Halzen,& Stanev, 1995). Existing detectorslook for Cherenkov photonsin a naturallyoccurring
transparentmedium(Halzen,1999). The signalconsistsof muons,stemmingfrom interactionsof cosmic
neutrinosin thedetector, andthemainbackgroundconsistsof muonscomingfrom theair showers,initialized
by chargedcosmicraysat the top of the atmosphereanddevelopeddown to the level of observation. The
chemicalcompositionand energy spectraof thesecosmicrays are well known from balloon and satellite
experiments(Wiebel-Sooth& Biermann,1999)in theenergy rangebelow 100TeV. In orderto simulatethe
detectorresponseto this muonsource,protonsor heavier nuclei aregeneratedat the top of the atmosphere
andpropagateddown to theEarth’ssurface.Theresultingair showerscontainmuonsandneutrinos,whichare
propagatedthroughthewateror iceto thedetector. Usingthebestknowledgeof thedetectormediumavailable,
Cherenkov photonsarecreatedandpropagatedto optical receivers. This MonteCarlosignalis usedfor the
samereconstructionproceduresasthe real dataobtainedfrom the detector, andcomparedagainstthis data.
For theexperimentspositioned1500m � 2500m deepunderground,thebackgroundof downgoingmuonsis
4 ordersof magnitudehigherthanthesignalof upgoingmuonsdueto atmosphericneutrinos,and6 ordersof
magnitudebiggerthantheexpectedmuonflux dueto extraterrestrialneutrinos.Thereforea high rejectionof
downwardgoingmuonshasto beachieved,anda realisticsimulationof all possibleevent topologiesin the
detectorhasto beperformed.

2 Monte Carlo Studies:
This work representsanattemptto determinetheaccuracy of theexisting air shower programs.Thesys-

tematicuncertaintiesin air shower descriptionby thedifferentinteractionmodelshave beenstudiedin detail
in (Knapp,Heck& Schatz,1996). In this contribution a specialemphasison theproducedhigh energy lep-
tons,aspertainsto thelogic outlinedin theintroduction,is placed.WeusedCORSIKA(version5.42),which
implementsthehigh energy interactionmodelsQGSJET, SIBYLL, VENUS andHDPM (Heck,et al., 1998).
Thepresentedcalculationsweremadefor thelocationof theAMANDA detectorat theSouthPole.

In CORSIKA it is possibleto useany primarieswith their correctspectra. In order to fully utilize this
ability we modifiedCORSIKA to accommodateprimariesfrom H to Fe with their measuredspectrataken
from (Wiebel-Sooth& Biermann,1999)in theparametrized(

�	��
���
) form, valid in theenergy rangeabove



100GeV. Anothermodificationwasthechangeof thezenith-angledistribution functionof primariesfrom the
default for a flat detectorto ����������������� � �! #"%$�&('�)*�%+,�-�!$/.102&*3 for a cylindrical onewith radius � and
length ) , asall four detectorsmentionedin theabstractarecylindrical. Thismodificationsavescomputational
timewhencomparedto thesphericaldetectormodel,sincee.g. thevisibleareaaveragedover zenithangleof
a sphericaldetectorof thediameter400 m will beasmuchas3 timesthatof thecylindrical detectorof the
length400m andtheradius60m.

In orderto savediskspaceandcomputingtimethedetailedMonteCarlosimulationof EM cascades(EGS)
wasnot performed.Instead,theresultsof theNishimura,KamataandGreisen(NKG) analyticaldescription
of the electromagneticshower, giving the ageparameter4 andnumberof particles�65 , wererecorded.The
averagedistributionof particlesontheobservationlevel canthenbeobtainedfrom theNKG formula,asgiven
in (Heck,etal., 1998):
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where4 : 8PO BRQ9ST� O BD+UKV4 , � :2;>= 8XW BDY[Z-�]\_^ � �V` 7�acbed = Moliere radius,andcanbeusedto correlatethemuon
signalwith theEM componentat thesurface.This approachneglectsthephotoproductionof pionsandmay
leadto somelossin secondaries.

As it is, CORSIKA has8 built-in atmospheres:one is US standardatmosphere,and seven are for the
location of the KASKADE experimentin Karlsruhe. Atmospheres,generatedby the MSIS-E-90(Mass
Spectrometerand IncoherentScatterExtendedModel) program(availableat: NSSDC)for the locationof
AMANDA, for March 31st,July 1st, October1st and
December31st, are compared(Fig. 1). October1st
andMarch31strepresentthetypical behavior over the
year.
To determinethe magneticfield, a NationalGeophys-
icalDataCenter(NGDC)program(Availableat: NGDC)
(employing the model IGRF95) was used. For the
SouthPoleon 12/31/1998a field of 55911nTwith the
declinationof �f+%Q9g_@�hiB O9j (from a zero meridian)and
inclination of �HQ9+ g C,@�BDC j wasobtained. Thesevalues
wereusedin CORSIKA.
Thetotalof K9BDCk�lK O!m primariesfor QGSJET, @�B1Kn�lK O%o for
SIBYLL, hiB O �VK O o for VENUSand K9BD+2�VK O o for HDPM
weregenerated.Thespeedof thecalculationin million
generatedprimariesper day was1.8 for QGSJET, 1.1
for SIBYLL, 0.36for VENUSand1.7for HDPM inter-
actionmodels.The total computingtime amountedto
30 CPUweekson 300MHz PentiumIIs (Linux). The
cutoff energy, both for the primariesandsecondaries, Figure 1: Comparisonof 4 SouthPoleatmospheres.

wastakenas1.2TeV. Theincidentanglewasrestrictedto 0-70degreesfrom thevertical,becauseaversionof
CORSIKAthatwasused,hadaflat Earthapproximationin it, which did not allow for anglesbiggerthan Q O g
to be considered.The GHEISHA low energy interactionmodeldid not affect the resultsof thecalculation,
sinceit only handlesparticleswith energieslower than80GeV.

3 Results:
In figure2 thefrequency of primariesproducingmuonsabove theenergy of 1.2TeV is plottedagainstthe

energy of the primary. The plot illustrateswhy the energy cut for the primariesandsecondarieswastaken
to be thesame.Due to thesteepdecreaseof theenergy spectrumalreadya small percentageof low energy



primariesmaycausesignificantdeteriorationin theflux of secondaries.A factorof 3 differencein the cuts
implies that 2.3%of the muonsare left out. Thoughthis fraction may seemsmall, it rendersthe resulting
muondataunusable,becausean error in the muonindex p of up to 5% is detected,whencomparedto the
muonindex p of thedatawith identicalcuts.

Thegeneratedmuonenergy spectrawerefittedwith (Gaisser, 1990):
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wherethespectralindex p is a freeparameter, expectedto be
closeto thatof thecorrespondingprimary. Sincethis formula
describestheenergy andthenumberof muonsat thepoint of
production,two correctionsto the muondataat the surface
weremade.First, theenergy lossbetweenproductionandthe
pointwherethemuonhitstheobservationlevel wastakeninto
accountaccordingto: � 
 ` �%� 8 �-� O BD+!Cf'�hiBDCH��K O ��L 
 3 , � in
mweand



in GeV. Second,everymuonwasassignedweight� � � 8��#�U� � =�G� �9� r 32�XK , to accountfor thedecayedparticles.

Here
�

is a probability of decay, � , � and



are lifetime,
massandenergy of themuon, \ is speedof light and ) is dis-
tancetraveledby themuon.

Figure 2: The muon responsefor all primaries and� t������ �
TeV.

Neutrinospectrawerefittedwith (Volkova,1980):
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where

�� �A&*3 wastakento be202GeV(for theaverageangleof CUK g ), and


 � � �A&*3 8 1500GeV, and
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where

 � �A&*3 and


 � � �A&k3 arethe sameasbefore, ¨ 8ª© '¬«~¯® 
 ,

 � ¤¥ �A&*3 8 324 GeV, ©I8 � O BDh!C!C , and

« 8 � O BD+!h . Theresultsaresummarizedin thetablebelow.

Int. Model QGSJET SIBYLL VENUS HDPM
�6° ` �f± d²b , % O BD+ W @�hf³ O B O!O!O @ O BDh!CUKVY ³�B O!O!O%W O BDh!h O hH³ O B O!O K O O BDh!+!h%Q´³ O B O!O KVY
�6µ � 5 � ` � ± d>b , % O B O!O +!h!+ ³ O B O!O!O!O @ O B O!O +,@�CH³ O B O!O!O!O S O B O!O h!+!SE³ O B O!O!O K O O B O!O +!h!C ³ O B O!O!O K#@
� µ � ° � ` � ± d>b , % O B O Y O Cf³ O B O!O!O + O B O YUKVCH³ O B O!O!O @ O B O SUKVhH³ O B O!O!O C O B O Y O @H³ O B O!O!O Q

p�° +iBRQ9h!hf³ O B O!O Y +iBRQ9Y!h ³ O B O K!K +iBRQ9h!YH³ O B O KVh +iBRQ[@ ³ O B O +
p µ � 5 � +iB W h!Yf³ O B O Q[@ +iBRQ[@E³ O B O S +iBDS O ³ O BD+!S +iBDY,@ ³ O BRQ O
p µ � ° � +iBDY W Sf³ O B O K!K +iBRQ9Y!S ³ O B O +!h +iBRQ9h W ³ O B O +!+ +iBRQ!Q�³ O B O @¶ multiplicity K9BRQ9Y W ³PK9B1KVY!h K9BRQiKVS ³ O B W Y!h K9BRQ9S!SH³PK9BD+!+!h K9BRQ[@!@H³PK9B O Q9h· multiplicity @�Y%Q9h O ³PKVS%Q[@ O +!Y!C!S O ³PKVY W Q O +!Y O Y O ³PK]QiK!K O C!+!Y!C O ³PK W9O!O!O

altitude,km +,@�B¦@�K O ³�SiB W @!@ +!hiB W!W9O ³�SiB W Q9C +,@�B¦@ W9O ³¸SiB W Y!Y +!hiBRQ9S O ³ W B O Q O¶ spread,m +!+iBDY,@H³�h O BDY%Q +!+iBDh%Qf³�+!SiBDS!h + W BDY!YH³�C O B O%W +%Q�BDh!Cf³�h!YiBDY,@
pi° , H only +iBRQ!Q9+f³ O B O!O S +iBDSUK!K	³ O B O KVh +iBRQ9S!hH³ O B O K]Q +iBRQ9C%Q´³ O B O +,@
pi° , Heonly +iBDY,@ W ³ O B O K!K +iBDY!Y W ³ O B O +UK +iBDY!Y!SH³ O B O +!h +iBRQ[@ ³ O B O @

In this tablethe following numbersareusedto comparethe primary interactionmodels: the percentage
of muons,electronandmuonneutrinosperprimary, andthespectralindicesof muon,electronneutrinoand



muonneutrinospectra.The muonandelectronmulti-
plicities,¹ thealtitudeof muonproductionandthemuon
spread(thedistanceof muonsdetectedon theobserva-
tional level from theshowercore)show meanvalues³
RMSdeviations.Thelasttwo entriesshow thespectral
index of themuonenergy distribution for showers,ini-
tiatedby protonor heliumonly.
Thespectralindicesof secondariesareto becompared
to thefollowing primaryindices: p�º 8 +iBRQ9C!S ³ O B O!O h
(assumedvalueis2.76),pUº 528 +iBDY!h!+i³ O B O!O h (assumed
valueis 2.63),and p,± d²b 8 +iBDY!S!CUK»³ O B O!O K]Q - for all pri-
mariesconsideredtogether(from H to Fe).
Figure3 showsthecomparisonbetweenthenormalized
(to the numberof showers in the first bin) graphsof
multiplicities of muonsfor the differentmodels. It il-
lustratesthat not only the total numberof muons,but
alsothemultiplicity distributionsaremodeldependent.

Figure 3: Multipicity of muons.4 Conclusions:
SIBYLL givesa significantlylarger p ° thantheothermodels(alsotrueif theprimariesareonly H). If the

primariesarerestrictedto He,all 4 modelsgive slightly biggerindicesthan pUº 5�8 +iBDY!h , with thehighestde-
viation for HDPM. QGSJETis almostwithin onesigmafrom this value.VENUSgivesmuchbroaderspread
of muonson the observation level, with twice the RMS of the others. The fitted indicesof the secondaries
have beencomparedwith themeasuredspectrain undergroundexperiments.Muon spectralindex valuesof
+iBRQ9ST³ O B O Q (Frejus), +iBRQ9S6³ O B O C (LVD), +iBRQ9YT³ O B O C (MACRO) have beenobtainedin theseexperiments.
Theuncertaintiesdueto themuonenergy lossin undergroundexperimentsareof thesameorderastheun-
certaintybetweentheinteractionmodels.All modelsagreewithin this errorwith themeasurements.Further
improvementsmustbemadeto themuonenergy lossdescriptionin thewater/iceroutinesto reducesystematic
uncertaintiesin theexperimentalvaluesin orderto decidewhichmodelfits thisdatabest.Themuonneutrino
index wasmeasuredto be +iBDY!Y¼³ O B O C��G4]½ © ½/3|³ O B O h��G4]¾U4]½/3 (FrejusColl., 1995). Theonly modelsthatagree
with this valueareQGSJETandVENUS. The electronneutrinoindex p agreeswith the theoreticalpredic-
tion of (Volkova,1980)for SIBYLL, VENUSandHDPM models,while QGSJETgivesasignificantlybigger
value.
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