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Zusammenfassung

Galaktischeundextra-galaktischeObjektesindinderLagegeladeneTeilchen(diekos-

mischeStrahlung)zusehrhohenEnergienzubeschleunigen. Allerdingssindnochvie-

leFragenbezüglichdieser ObjekteundderBeschleunigungsmechanismenoffen.Sowohl

Gammastrahlungalsauch Neutrinos werdenvondenBeschleunigungsortenkosmischer

Strahlungerwartet.Ihr NachweisermöglichtdieStudiedieserkosmischen Teilchenbe-

schleuniger. Gammastrahlung wurdevongalaktischenundextra-galaktischen Objekten

beobachtet.FürvieledieserObjekteistesjedochnichteindeutigobdieseGammastrah-

lungeinResultatderBeschleunigungkosmischerStrahlenistoderdurchandereProzes-

seerzeugtwurde.Für NeutrinosbestehtdieseZweideutigkeitnicht,siesindeindeutige

SpurenderBeschleunigungkosmischerStrahlen. Dies machtsiezuidealenBoten. Der

astrophysikalische Neutrinofluss wurdevomIceCube Neutrino ObservatoriumamSüd-

polgemessen.EinzelneQuellendiesesFlusseskonntennochnichtaufgelöstwerden.Der

Südhimmelbeheimatetvielegalaktische Objekte,unter AnderendasZentrumder Ga-

laxie,vondenen GammastrahlungimGeV undTeVBereichbeobachtetwird. Die De-

tektionvonNeutrinoswäreeinBeweisfürdieBeschleunigungkosmischerStrahlungvon

diesenObjektenundwürdeRückschlüsseaufihreUmgebungundihreBeschleunigungs-

mechanismenerlauben.DerNachweisdieserNeutrinos mitIceCubewirddurchdensehr

großenUntergrundvonatmosphärischen Myonenerschwert.FürdieserArbeitwurdeeine

DatenselektionentwickeltdiedenUntergrunddurchVerwendungdesäußerenDetektor-

teilsundderEventtopologiereduziert.DieAnalyseistaufdieSelektionvon Myonspuren

aus Wechselwirkungenvon MyonneutrinosinnerhalbdesDetektorvolumensspezialisiert.

EnergieverlusteundRichtungderresultierenden Myonspurwerdenrekonstruiert. Diese

Informationenwerdenverwendetumnachpotentiellen QuellenastrophysikalischerNeu-

trinoim RahmeneinerungebinntenLikelihoodanalysezusuchen. Datendiezwischen

2011und2015 mitIceCubegenommenwurdenwerdenfürdieseAnalyseverwendet.Im

GegensatzzufrüherenArbeitenliegtderFokusaufNeutrinos mitEnergienzwischenein

paarTeVund100TeV.IndiesemEnergiebereichwirddieSensitivitätfürdieDetektion

einerNeutrinopunktquelleumeinenFaktorzwei(oderbesser)verbessert.DieResultate

füreineListevon96QuellkandidatenundfüreineoffeneSucheamgesamtenSüdhimmel

werdenpräsentiert.EswurdekeinesignifikanteAbweichungvonderUntergrundhypothese

gefunden.DarausresultierenLimitationenfürNeutrinoemissionen.





Abstract

Thereareacceleratorsintheuniversethatcanacceleratechargedparticles(cosmic

rays)toveryhighenergies. Manyquestionsregardingtheseacceleratorsarestillopen.

Gammaraysandneutrinosareparticlesexpectedfromsitesofcosmicrayacceleration

andcanbeusedtostudytheenvironmentandacceleration mechanismsofthesesites.

Whilesourcesforbothgalacticandextra-galacticgammarayshavebeenobserved,it

isoftenunclear whetherthesegammaraysareby-productsofcosmicrayacceleration.

Thisambiguitydoesnotexistforneutrinos makingthemidealtracersforcosmicray

acceleration. Anastrophysicalneutrinofluxhasbeen measuredbytheIceCubedetector,

locatedattheSouthPole. However,singlesourceshavenotbeenresolvedyet. Thepart

oftheskyvisiblefromthesouthernhemispherehoststheGalacticCentreandmanyother

galacticsourcesobservedinGeVandTeVgamma-rays. Detectionofneutrinosfromthese

sourceswouldidentifythemasaccelerationsitesandleadtoabetterunderstandingof

theenvironmentoftheaccelerationsitesandtheacceleration mechanisms. However,this

isdifficultduetothevastbackgroundofatmosphericmuonsalsodetectedintheIceCube

detector. Forthisthesisadataselection wasdevelopedthatreducesthisbackground

byusingtheouterpartofthedetectorasvetoregionandthetopologyoftheevent.

Thisselectionfocussesontheselectionof muon-tracksfrom muon-neutrinointeractions

insidethedetectorvolume. Thedirectionandtheenergy-profileofthesetrackscanbe

reconstructed. Thisinformationisusedtosearchforpotentialsourcesofneutrinosusing

anunbinnedlikelihood method. Thisanalysisusesdatatakenbetween2011and2015.

IncontrasttoearlierIceCubeanalysesthisanalysisisoptimizedforenergiesbetweena

fewTeVand100TeVandimprovesthesensitivityofthedetectorforapoint-likesource

byfactoroftwo(orbetter)inthisenergyrangecomparedtootherIceCubeanalyses

withsimilarlivetime. Resultsforalistof96sourcesobservedinTeVgamma-raysand

asky-scanarepresented. Nosignificantoverfluctuationhasbeenobservedandlimitson

theneutrinoemissionofthesourcesaregiven.





Contents

1.Introduction 1

2. Thehighenergyuniverse 3

2.1. Thediscoveryofcosmicrays.......................... 3

2.2. Messengers.................................... 3

2.2.1. Chargedparticles............................. 4

2.2.2. Neutrons................................. 8

2.2.3. Veryhigh-energetic(VHE)Gammarays................ 8

2.2.4. Neutrinos................................. 10

2.3. Cosmicaccelerators................................ 11

2.3.1. Accelerationmechanism......................... 11

2.3.2. Galacticsourcecandidatesforcosmicrays............... 12

2.3.3. Extra-galacticsourcecandidatesforcosmicrays........... 15

2.4. Observedgammasources............................ 15

2.5. Prospectsofneutrinoastronomyanditsimpact................ 19

2.5.1. Expectedneutrinosfromthegalaxy.................. 21

2.5.2. Expectedneutrinosfromextra-galacticsourcecandidates...... 23

3. Theprincipleofhigh-energyneutrinodetectionandneutrinotelescopes 25

3.1. Physicsofneutrinodetection.......................... 25

3.1.1. Theneutrinoasanelementaryparticle................. 25

3.1.2. TheCerenkoveffect........................... 27

3.1.3. Energylossesofchargedparticles.................... 28

3.1.4. Signatures................................. 28

3.1.5. Propagationofphotons......................... 31

3.2. Neutrinotelescopeprojects........................... 31

3.2.1. DUMAND,ANTARESandKM3NeT................. 32

3.2.2. Baikalexperiment,NT200andGVD.................. 33

3.2.3. AMANDA................................. 33

3.3. TheIceCubeNeutrinoObservatory....................... 34

3.3.1. DeploymentandlayoutoftheIceCubedetector............ 34

3.3.2. TheDigitalOpticalModule-DOM.................. 34

3.3.3.IcepropertiesattheSouthpole..................... 36

3.3.4. DataacquisitionattheSouthPole................... 37

3.4. Detectorsimulationandbackgroundestimationusedforthisanalysis... 38

v



4.STeVE–asearchforpoint-likeTeVneutrinosourcesinthesouthernsky 41

4.1. Gammaraysourcesinthesouthernsky.................... 41

4.2. ChallengesforIceCube.............................. 42

4.3.Strategyofthiswork............................... 43

4.3.1. Startingtracks.............................. 43

4.3.2. Atmosphericselfveto.......................... 44

4.3.3. SearchingforTeVeutrinosfrompoint-likesources.......... 44

4.4. Previousmeasurements............................. 45

4.4.1. ANTARESresults............................ 45

4.4.2.IceCubesearcheswiththrough-goingevents.............. 46

4.4.3.IceCubesearcheswithstartingevents................. 47

5.Eventselectionandreconstruction 51

5.1. Motivation.................................... 51

5.2. Eventreconstructionandvariables....................... 51

5.2.1. Whichpropertiesofaneventneedtobereconstructed?....... 51

5.2.2. Angularreconstruction ......................... 52

5.2.3. Lengthreconstruction.......................... 56

5.2.4. Firstguessenergyreconstruction.................... 57

5.2.5. Topologyandenergyreconstruction.................. 58

5.2.6. Excludingcoincidentevents....................... 59

5.3. Eventselection.................................. 60

5.3.1. Level2.................................. 60

5.3.2. Level3.................................. 61

5.3.3. Furtherreconstructionandfinaleventselection............ 63

5.3.4. EventsinSTeVEthatappearinHESE,MESEorLESE....... 74

5.3.5. Dataquality............................... 76

6. Point-likesourceanalysisandresults 79

6.1. Theunbinnedlikelihoodmethod........................ 79

6.2.Sensitivities.................................... 82

6.3.Studiesofsystematicuncertainties....................... 86

6.4. ResultsfortheSourceCatalog......................... 89

6.5. Resultsfortheall-skyscan........................... 90

6.5.1. Discussionoftheresults......................... 96

6.6. FutureapplicationoftheSTeVEeventsample................101

6.6.1. PathtoacombinedsouthernskyIceCubesample..........103

7. ConclusionsandOutlook 105

7.1.Summaryandimplications...........................105

7.2. Outlook......................................106

8. Acknowledgements 109

vi



Bibliography 111

A. OvertrainingplotsforIC86-Iselection 129

B. BDTvariablesforIC86-Iselection 133

C. BDTvariablesforIC86-II+selection 145

vii





Listof Tables

3.1.Initialcompositionof(νe:νµ :ντ)andcompositionafter mixing..... 27

5.1. AngularreconstructionsusedforSTeVE ................... 55

5.2. VariablesusedinBDTtraining. Therankiscalculatedbycountinghow

oftenitisusedinthefinaltrees(afterpruning)andorderingthevariables

fromoftenusedtorarelyused.......................... 67

5.3. Parametrizationparametersforangularerrorestimatorcorrection ..... 74

6.1. Resultsforbinaries................................ 91

6.2. ResultsforSNR.................................. 91

6.3. ResultsforPWN................................. 92

6.4. Resultsforclusters................................ 93

6.5. Resultsforunidentifiedsources......................... 93

6.6. Resultsforextragalacticsources........................ 94

6.7. Resultsfor miscellaneoussources........................ 95

ix





ListofFigures

2.1. Cosmicrayspectrum............................... 4

2.2. Hillas’plot.................................... 6

2.3. Atmosphericleptonspectra........................... 7

2.4. VHE-γdetectors................................. 10

2.5. GalacticplanewithFermi-LATandHESS................... 16

2.6.SED W51C.................................... 17

2.7.SEDCrabNebula................................ 18

2.8.SED3C279.................................... 19

2.9. VHEgammaraysmeanfreepath........................ 20

2.10.FermiandIceCubediffuseflux......................... 21

2.11.SecondaryparticleSED............................. 22

2.12.GalacticTeVsources............................... 23

3.1. FeynmandiagramDIS.............................. 25

3.2. Cross-sectionsforCCandNC.......................... 26

3.3. Energyloss.................................... 28

3.4.InteractionSignatures.............................. 29

3.5. Rangeofmuonsinwater............................. 31

3.6. ANTARESlayout................................. 33

3.7. DrawingofIceCube............................... 35

3.8. DrawingoftheDOM............................... 36

3.9. Opticaliceproperties.............................. 37

4.1. TeVCatsourcesskymap............................. 41

4.2. TeVCatsourceshistogram............................ 42

4.3. Atmosphericmuonsandneutrinos....................... 43

4.4. Vetoprobability................................. 45

4.5.SensitivityANTARESandIceCubethrough-going.............. 46

4.6.IceCubevetoregion............................... 47

4.7.SensitivityANTARESandIceCubethrough-goingandMESEcombined... 49

5.1. Eventtopologyandvariables.......................... 52

5.2. Energylossratio................................. 53

5.3. Arrivaltimedistribution............................. 54

5.4. Angularreconstructioncomparison....................... 55

5.5. LengthreconstructionstepI........................... 57

5.6. LengthreconstructionstepII.......................... 57

xi



5.7. Coincidentevents................................. 60

5.8. FSSvetoregion.................................. 61

5.9. Comparisonleveltwoandthree......................... 62

5.10.Levelthreevariables............................... 62

5.11.BDTvariablescorrelationMatrix(Signal)................... 64

5.12.BDTvariablescorrelationMatrix(Background)................ 65

5.13.BDTsketch.................................... 65

5.14.Cos(zenith)variable............................... 67

5.15.BDTscoredistribution.............................. 70

5.16.BDTscoreselection............................... 70

5.17.Overtraincheck.................................. 71

5.18.EffectiveareaandangularresolutionoftheSTeVEsample......... 72

5.19.ZenithdependenceoftheeffectiveareaoftheSTeVEsample........ 72

5.20.NumberofsimulatedneutrinoanddataeventsinSTeVE .......... 73

5.21.Errorestimatorcorrection............................ 73

5.22.Energyreconstructionperformance....................... 74

5.23.BDTscoresofMESEevents........................... 75

5.24.BDTscoresofLESEevents........................... 76

5.25.Eventtopologyforhalfdisableddetector................... 77

5.26.Filterrate(partial)................................ 78

5.27.Cumulativelivetime............................... 78

6.1.SketchofTS,sensitivity,upperlimitanddiscoverypotential........ 81

6.2.χ✷-FittobackgroundTS............................ 82

6.3. ZenithdependenceofηandNd✳o✳f ....................... 82

6.4.STeVEsensitivities-differentcutoffscenarios................. 83

6.5.Sensitivity100TeVcutoff............................ 84

6.6. Differentialsensitivities............................. 84

6.7. Differentialsensitivities(STeVE) ....................... 85

6.8. LLHcomparison................................. 85

6.9.Statisticsstudyrandomseed.......................... 86

6.10.SystematicstudyOMefficiency-10% ..................... 87

6.11.SystematicstudynominalOMefficiency ................... 87

6.12.SystematicstudyOMefficiency+10%..................... 88

6.13.Systematicstudystartingnessandabsorption................. 89

6.14.Sourcelistpost-trialp-value........................... 90

6.15.Allskypost-trialp-value............................. 95

6.16.Fouryearskymap................................. 96

6.17.Upperlimitsforspecificsourcemodels(SNR)................. 98

6.18.Upperlimitsforspecificsourcemodels(PWN)................ 99

6.19.DMRFexplanation................................ 99

6.20.UpperlimitsforGalacticCentre........................100

6.21.STeVEdiscoverypotentialandtheastrophysicalflux.............100

xii



6.22.STeVEupperlimitsandtheastrophysicalflux ................101

6.23.Improvedangularreconstruction........................102

6.24.Sketchof mergingscheme............................104

7.1. Sensitivitygaininfollowingyears........................107

A.1. Overtraincheck..................................129

A.2. BDTvariablescorrelation Matrix(SignalIC86-I)...............130

A.3. BDTvariablescorrelation Matrix(Background,IC86-I)...........131

B.1.splinedirtracklength..............................133

B.2.anglediff......................................133

B.3.rlogl........................................134

B.4.energyindetector ................................134

B.5.lengthtostartcont................................135

B.6.splinendirdoms.................................135

B.7.preenergy.....................................136

B.8.cogz........................................136

B.9.cogy........................................137

B.10.halflength.....................................137

B.11.hlcdis.......................................138

B.12.trackhitsseparationlength...........................138

B.13.prelength.....................................139

B.14.trackhitsdistributionsmoothness .......................139

B.15.startenergy....................................140

B.16.length.......................................140

B.17.splinecoszenith .................................141

B.18.lfspeed......................................141

B.19.lengthtoleave ..................................142

B.20.cogx........................................142

B.21.avgdomdistqtotdom.............................143

C.1.splinedirtracklength..............................145

C.2.anglediff......................................145

C.3.rlogl........................................146

C.4.energyindetector ................................146

C.5.lengthtostartcont................................147

C.6.splinendirdoms.................................147

C.7.preenergy.....................................148

C.8.cogz........................................148

C.9.cogy........................................149

C.10.halflength.....................................149

C.11.hlcdis.......................................150

C.12.trackhitsseparationlength...........................150

xiii



C.13.prelength.....................................151

C.14.trackhitsdistributionsmoothness .......................151

C.15.startenergy....................................152

C.16.length.......................................152

C.17.splinecoszenith .................................153

C.18.lengthtoleave ..................................153

C.19.cogx........................................154

C.20.avgdomdistqtotdom.............................154

xiv



1.Introduction

MeasurementsoftheionizationofEarth’satmospheretakenby ViktorFranzHess

in1912leadtotheawarenessthatEarthisbombardedbychargedparticlesfromspace

(cosmicrays). Thismotivatedmanyfollow-upexperiments,whichtriedtoanswerthe

mostfundamentalquestionsonecanimagineifanewthingisdiscovered. Wheredothese

particlescomefrom,whichenergydotheycarrywiththem,wheredotheygettheenergy

from,whatistheabundanceofchemicalelementsamongthecosmicraysarejustsomeof

them? Whilesomeofthesequestionsliketheenergyandchemicalcompositionofthepar-

ticlesarenowsomewhatanswered,otherquestionsliketheoriginofcosmicraysandtheir

accelerationmechanismsremainunansweredproblemsinthefieldofastroparticlephysics.

Neutrinoscanbeusedtoanswerthesequestions. Theirabilitytotravellargedis-

tanceswithoutsufferingabsorptionanddeflectionmakesthemideal.However,thesame

propertiesmakethemchallengingtodetect.Largevolumesofinstrumentedmaterialare

requiredtodetectasufficientnumberofhigh-energyastrophysicalneutrinos.Neutrinos

canbereconstructedbythedetectionoflightemittedbythepropagationofsecondary

particlesthroughthismaterialproducedwhentheyinteractwithmatter.Thelargestof

thesedetectorsistheIceCubedetectorbuiltattheSouthPole.Itusestheglacialice

between1450mto2450masmediumwithaninstrumentedvolumeof1km3.IceCube

hasdetectedastrophysicalneutrinos,buttheirsourcesarestillunknown.

Theaimofthisthesis, writtenroughly30kmawayfromthetownofBadSaarow

whereHesslandedafterhismeasurementsin1912,istofindorconstrainthepotential

sitesofproductionforastrophysicalneutrinosmeasuredbyIceCubeusingfouryearsof

dataofIceCubetakenbetweenMay2011andMay2015.ThefocusliesontheSouthern

sky,whichhostsalargenumberofgalacticsourcecandidatesforcosmicrayandneutrino

production.Herethemainchallengeisthesuppressionofthebackgroundofatmospheric

muons,amountingtoalmost100billiondetectedeventseachyear–comparedtoonlya

handfulofeventsexpectedfromagalacticsource.Thisanalysisachievesthisbyfocussing

on"startingtrack"–muonneutrinosinteractingwithinthedetectorvolume,produc-

ingamuontrackthatcanbeusedtoestimatetheneutrinodirectionwithgoodresolution.

Followingthisintroductionchapter2providesasummaryoverthedetectedcos-

micrays,gammaraysandneutrinos,discusseshowtheseobservationscanbeconnected

andintroducespredictionsforneutrinoemissionfrompotentialsources. Chapter3

describeshowneutrinosinteractandhowtheycanbedetected. Severaldetectors,

amongthemtheIceCubedetector,usedforthisanalysis,arecompared. Theprincipal

1



searchstrategyofthissearchandtheresultsofprevioussearchesforneutrinoemission

arediscussedinsection4. Chapter5focussesontheeventselectionandsumsup

thepropertiesoftheselectedeventsusedforthisanalysis.Inchapter6theunbinned

likelihood methodusedinthissearchandtheresultsofthisanalysisareexplained

anddiscussed. Thelastchapter,chapter7,summarizesthisworkandpresentsabrief

overviewoverfuturedevelopments.
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2. Thehighenergyuniverse

2.1. Thediscoveryofcosmicrays

In1912VictorFranz HessinvestigatedthenumberofchargedparticlesintheEarth’s

atmosphereviaionization measurements.Earlier measurementsindicatedthattheirrate

woulddecrease,ifthe measurementwastakenonahighbuildingorinaballoon. This

wasunderstoodtobeduetothelargerdistancetotheground,wherechargedparticles

areexpectedduetothenaturalradioactivityoftheEarth.

Goingtoaltitudesofover 5000mHess foundthattherate was notcontinuously

decreasing–asone wouldexpectby Earth-boundradioactivityalone,butincreasing

inaltitudesabove1500m[1]. Heinterpretedthisastheexistenceofanothersourceof

chargedparticlesarrivingfromoutsidetheEarth’satmospherewhichbecameknownas

cosmicrays.

His measurements weresubsequentlyverifiedand he wasawardedthe Nobel Prize

inPhysics1937forhisdiscovery. Overthecomingdecadesthestudyofcosmicraysled

tothediscoveryofseveralnewparticles,likepositronsin1930, muonsin1936,andboth

pionsandkaonsin1947[1]. By measuringtheircomposition,energiesandabundance

theunderstandingofouruniversewasgreatlyimproved. However,thesourcesofcosmic

rayshavenotbeenidentifiedyet.

2.2. Messengers

Inadditiontothechargedparticlesmentionedabove,neutralparticles,photonsandneu-

trinos,fromoutsidetheEarth’satmospherehavebeenobserved. Itissuspectedthat

thesamesitesthatacceleratechargedparticlesarealsoresponsiblefortheproductionof

highenergeticneutralparticles. Accordingly,thissectiondiscussesfirstpropertiesofthe

measuredionspectrumandhowtodetectcosmicrays. Adiscussiononhowgammarays

canbeproducedanddetectedfollowsinsection2.2.3.Electrons,positrons,neutronsand

neutrinosarebrieflydiscussed.

3



2. Thehighenergyuniverse

2.2.1. Chargedparticles

Ions

Magneticfieldsbothingalaxiesandininter-galacticspacedeflectchargedparticles.Thus,

thereconstructeddirectionoftheparticledoeslikelynotpointtothesourceoftheparticle

andtheirarrivaldirectioncannotbeusedtoestablishtheirorigin. However,energy

distributionandcomposition1canbeestimated.Ingeneraltheenergydistributionfollows

apower-law[1],seeeq.2.1:

N(E)dE=KE−γdE✳ (2.1)

Theexponent γisalsoknownasthe"spectralindex". AscanbeseeninFig. 2.1

the measuredspectralindexoftheenergyspectrumvaries withenergy. Aspectral

Figure2.1:Theenergyspectrumofcosmicraysasmeasuredbyseveralexperimentsand

threepopulations modelsofcosmicraysfittedtothedata. Twochangesin

thespectralindexatthe"knee"andthe"ankle"areindicatedbyarrows.

Thisplotisa modifiedversionfromFig.4bin[2].

changeatabout1015✳5eV,theso-called"knee",canbeinterpretedasthetransition

betweentwogalacticcomponents(population1andpopulation2inFig. 2.1)ofthe

1Theabundanceofionsofchemicalelements(likeH,HEorFE)

4



2.2. Messengers

spectrum[2]. Theregionbetween"knee"and"ankle"(population2)canbeexplained

bytheheavierelementsacceleratedinthegalaxy[2,3]. Theregionatthe"ankle"and

above(population3)isthoughttobeofextra-galacticorigin[4]. Thisisbecauseat

theseenergiesthemagneticfieldsofthegalaxywouldbetoosmalltocontaintheparticles.

Thefeatures ofthecosmicrayspectrumcould also beexplained with a purely

galacticoriginofcosmicrays[5].

It was pointed out byHillas thattheenergy ofthe observedcosmicraycan

limitthepossibleaccelerationsites[6]. Theassumptionisthattheparticlehasto

remaininthesiteduringacceleration. Thus,thesizeofthesiteandthe magneticfields

inithavetobesufficientlylargetosatisfythisassumption. Arelativisticparticlein

astatic magneticfieldnormaltotheparticalsvelocity willfollowacycle withradius

r= ✶✳✵✽E[1×1015eV]
ZB[µG] [pc][6]. Here,Eistheenergyoftheparticle,Bisthe magnetic

fieldandZtheatomicnumberoftheelement. Thediameterofthecircledefinedbyr

isthe minimalsize(dsite = ✷r)foranaccelerationsiteandgivesadirectconnection

between maximalpossibleenergyandthe magneticfieldsandsizeofanaccelerationsite

Emax ∼dsiteZB–heavierelementscanreachhigherenergiesinanaccelerationsite.

Thisargumentby Hillas canbeusedtoplotsourceclassesbasedontheir mag-

neticfieldsandsizes(seeFig. 2.2). Followingthisargumentsomesourceclasses,like

supernovaremnantsarealreadyexcludedasproductionsitesforultrahigh-energetic

cosmicrays(UHECRs;E>10×1018eV).

Electronsandpositrons

Duetotheirsmall masselectrons(andpositrons)looseenergyquicklycomparedtoions

inthepresenceof magneticfields,radiationor matter[8]. Measurementsoftheelectron

andpositronspectrumhavebeenperformedbyseveralexperiments[9–11]. Anobserved

riseinthepositron-electronratioatafew100GeVisoftenseenasanindicatorforalocal

acceleratorofelectronsandpositrons,likeanearby2pulsarwindnebula[12],orahint

fordark matter[13,14].

Atmosphericinteractions

IfchargedparticlesarriveatEarththeycanpenetratetheEarth’satmosphere. Eventu-

ally,theprimaryparticlesinteractwithaparticleoftheatmosphereandproduceseveral

secondaryparticles, whichissimilartoparticleinteractionsin man-madeaccelerators

[1]. Thesesecondaryparticlescaninteractagainanda"shower"ofparticlesisproduced.

Secondaryproducedelectronsandphotonspropagateinaso-called"electro-magnetic

cascade"in whichelectron-positronpairsareproducedandthechargedleptonslose

energyvia Bremsstrahlunguntilthecreatedphotonsdonothaveenoughenergyto

2Intheworkof[12]theVelapulsarwithadistanceofabout300pcfromEarth.
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2. Thehighenergyuniverse

Figure2.2:Possibleaccelerationsitesplacedaccordingtotheir magneticfieldsandsize

shownforneutronstars(ns), whitedwarfs(wd),sunspots(ss), magnetic

stars(ms),activegalacticnuclei(ag),interstellarspace(is),SNRs(sn),ra-

diogalaxylobes(rg),galacticdisk(d)andhalo(h),clustersofgalaxies(cl),

blazars(bl)andgammarayburst(gb)andintergalactic medium(ig). Di-

agonaldashedlinesindicatethe maximumenergytowhichprotonscanbe

acceleratedbythegivencombinationof magneticfieldsandsize.Solidlines

showthe maximumenergytowhichaprotoncanbeacceleratedbyshock

accelerationofdifferentefficiency(see[7]andsection2.3for moredetail.

Takenfrom[7].

createnewelectron-positronpairs.Suchanelectro-magneticcascadeisalsoproducedif

acosmicgammarayorelectron/positronpenetratestheatmosphere.

The produced hadronsinteract again with particlesinthe atmosphere or decay.

The mostabundanthadronicdecaysarethedecaysof Pionsand Kaons,in which

neutrinosandchargedleptons,suchas muons,canbecreated. Muonshavealivetime

ofabout2✳2×10−6s[15]. Sincetheyoftenarehighlyrelativistictheycanreachthe

surfaceandevenpenetratetheEarthseveralkmdeep. Thespectrumofatmospheric

muons[16],andbothatmospheric muonneutrinos[17]andelectronneutrinos[18]has

been measured,seeFig.2.3.
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Figure2.3:Measurementsoftheatosphericmuon(left)andneutrino(right)spectrum.

Takenfrom:left[19]right[18]

Duetoenergy-dependentenergylossesintheatmospheretheobservedspectrum

forneutrinosandmuonsissteeperthantheprimarycosmicrayspectrum3. Athigher

primaryparticleenergiesnotonlyPionsand Kaonsbutalsoheavier Mesons(like

theD-Meson)canbeproducedinsignificantnumbers[20]. These Mesonsdecayso

rapidly("prompt")thattheirenergylossduringpropagationthroughtheatmosphereis

small.Thus,theirspectrumisexpectedtofollowthespectrumoftheprimarycosmicrays.

However,this"prompt"fluxhasnotbeen measuredconclusively[16,18]. An

overalldecreaseinstatisticduetothesteepspectralindexathigherenergiesandthe

evensteeperspectralindexforenergieshigherthanthe"knee"ofthecosmicrays–and

inthecaseofneutrinostheexistenceoftheastrophysicalneutrinoflux–makethisa

challengingtask.

Detection

Therearetwodifferentapproachestodetectcosmicrays. Atlowenergiesfluxesare

stillhighenoughtobedetecteddirectlywiththelimiteddetectorareaofabout1m2

ofballoonshighintheatmosphereorsatellites. Moderndetectorscandetermineboth

theelementtypeofionsdetectedandtheirenergy.Directdetectioncanbeusedupto∼

100TeV[21].

Athigherenergiesdirectdetectionbecomes morechallenging. Withthedecrease

influxthenumberofexpectedeventschangesfromabout10eventspersecondwith

a100cm2detectorintherangeof1GeV[21]tooneparticleayearperkm2atthe

3Aspectralindexof3.7comparedto2.7forprimarycosmicrayswithenergiesbelowthe"knee".
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2.Thehighenergyuniverse

energyofthe"ankle"[22]. Cosmicraysattheseenergiesandabovearethenusually

detectedbymeasuringpropertiesoftheparticleshowertheyproduce(seesection2.2.1).

Theelectro-magneticcomponent,thenumberofproduced muonsortheobservation

ofthefluorescencelightproducedintheatmospherebytheshower[21]areallbe

usedtoreconstructtheenergyoftheparticlethatproducedtheshower. However,the

indirectdetectionmakesitdifficulttodeterminethechemicalelementofthecosmicray.

Currentlythisisonlypossibleonastatisticalbasis[21].

2.2.2. Neutrons

Astrophysicalneutronscouldbeproducedbytheinteractionsofbothprotonswith

protonsandprotonswithphotons[23]. Heaviernucleicanalsocreateneutronsvia

spallationorphotodisintegration. Infirstordertheenergyoftheproducedneutron

dependsontheenergypernucleon. Hence,anironnucleushastohave56timesthe

energyofaprotonnucleustocreateaneutronofsameenergy.

Sinceneutronsarecharge-lesstheyarenotdeflectedby magneticfields. There-

fore,thedirectionalreconstructionofaneutronwouldpointtoitssource. However,

its meanlifetimeof886sputsconstrainsonthedistancefromwhichneutronsare

expectedtoreachEarthbeforetheydecay. Takingrelativisticeffectsintoaccountits

meantraveldistanceisabout 9✳2pcat1PeV.Inairshowerexperimentsapotential

neutronsignalwouldmanifestitselfinanaccessofprotonlikeeventsindirectionofits

source.However,adedicatedsearchesbyboththePierreAugerObservatory[24]andthe

IceCubeObservatory[25]havenotyetdiscoveredanyneutronsource.

2.2.3. Veryhigh-energetic(VHE)Gammarays

Gammaraysarenotdeflectedbymagneticfields.Thus,theirreconstructeddirectionis

morelikelytopointtotheirsource.

Production

Despitethefactthatover150sourcesofVeryHighEnergy(VHE)gammarays(Eγ>

100GeV)havebeenidentified[26],itisoftenunclearhowtheyproducethesegamma

rays.Inthefollowingparagraphstwosuspectedproductionmechanismsarediscussed.

Leptonicproduction Thefirstmechanismhowgammarayscanbeproducedis"leptonic

production".Electronsareacceleratedinasourceregion.Theinteractionsbetweenthese

electronsandphotonsormagneticfieldscanproducegammaraysinvariousways. When

theyscatterwithphotonsintheambientenvironmenttheycantransferpartoftheir

energytothephoton.ThisprocessisalsocalledinverseCompton(IC)scattering(see[1]).

AspecialcaseofICscatteringisself-synchrotronComptonradiation.Heretheelectron

8
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interactswithaphotonthatwasproducedviasynchrotron. Gammarayscanalsobe

emittedbyelectronssufferingBremsstrahlunglossesoremittingsynchrotronradiation.

Hadronicproduction ThesecondoptionofVHEgammarayproductionistheinteraction

ofhigh-energychargedhadronicparticles,likeprotons,withothermatter(pp)orradiation

(pγ). Neutralmesonslikeπ✵✱K✵✱D✵✱✳✳✳✳canbeproducedassecondaryparticles. When

thesemesonsdecaytheycanproduceVHEgammarays.Ifinsteadchargedmesonsare

produced,theirdirectdecayproductscanbeneutrinos,duetochargeandlepton-number

conservation.Atsomepointinthedecaychainofachargedmesonaneutrinohastobe

produced.Thefollowingexamples,takenfrom[27],showtheproductionoflightmesons

inpγandppinteractionsaswellastheexemplaryproductionofneutrinosinthedecay

ofachargedmesonsandphotonsinthedecayofneutralmesons:

p+p

p+γ
→π✵+π±✱K±+✳✳✳ (2.2)

π✵→ ✷γ (2.3)

π+→ µ++νµ→e
++νµ+✖νµ+νe (2.4)

π−→ µ−+✖νµ→e
−+✖νµ+νµ+✖νe (2.5)

Detection

Atthemomentthreedistinctmethodsforthesearchofastrophysicalgammaraysexist.

SincetheVHEgammaraysinteractwiththeatmosphereofEarthdirectdetectionisonly

possibleinspace. TheFermi-LATsatellite[28]waslaunchedin2008.Itcanmeasure

gammaraysintheenergyrangebetween20MeVand2TeV. Thedetectionprinciple

ispairconversion. Thegammarayproducesanelectronpositronpair. Thispairthen

propagatesthroughthedetectorallowingforbothangularandenergyreconstruction.At

higherenergiesthenumberofexpectedeventsislower. Thusitistoosmalltodetect

gammaraysasenergiesaboveafewTeV.

Attheseenergiesair Cerenkovtelescopesareused. Theydetectthe Cerenkov

light(detailswillbediscussedin3.1.2)emittedbythesecondaryparticleswhichare

producedwhenthephotoninteractswiththeEarth’satmosphere(seesection2.2.1).

Threemajortelescopearraysareoperatedatthemoment. HESS[29]islocatedinthe

southernhemisphereandVERITAS[30]and MAGIC[31]arelocatedinthenorthern

hemisphere.

Thenumberofproduced Cerenkovphotonsissmall. Therefore, observationis

onlypossibleatnightandinregionswithoutlightpollution.Inadditioncloudscan

reducetheavailableobservationtime,sincethesourceofthelightisathighaltitudein

theatmosphere.Thisleadstoanactiveperiodofdatatakingofabout10%perannum[32].
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2. Thehighenergyuniverse

One possibilityto detecttheinteractionsofgammarays withtheatmospherein-

dependentofdaytimeandothereffectslikecloudsisthedetectionoftheelectro-magnetic

showerontheground. Thiscanbedonewithlargerinstrumentedvolumesoftransparent

material(usuallywater). TheCerenkovlightemittedinthis materialisthendetected

andusedtoreconstructenergyanddirectionofthegammaraythatproducedtheshower.

ThiswaterCerenkovtechniquehasbeenusedsuccessfulinthe Milagrodetector[33]and

isnowusedinHAWCdetector[34].

While angular reconstruction and higher background compared to air Cerenkov

telescopesaredisadvantageous,thedetectoruptimeisnotlimitedby weatherorlight

conditions. Thus,itcanoperatewithanon-stopdutycycle. Anotheradvantageisthe

largerfieldofview. AirCerenkovtelescopesonlyobserveasmallpartofthesky(about

5°forthe12mdiameterHESStelescopes[29]). WaterCerenkovtelescopesontheother

handarealwaysobservingtheentireoverheadsky(2sr)[35]. Thedifferentenergyranges

ofthethreedetection methodsandrequiredobservationtimestodetectaspecificflux

arevisualizedinFig.2.4.

Figure2.4:Differentialgammaraysensitivityforsatellites(Fermi),aircerenkovdetec-

tors(Veritas/HESS)andairshowergammaraydetectors(HAWC).Taken

from[34].

2.2.4. Neutrinos

Asalreadydiscussedinsection2.2.3,if VHEgammaraysareproducedhadronically

neutrinosareexpectedaswell. Hence,predictionscanbe madeontheexpectedneutrino

fluxbasedonthe measured VHEgammarayflux. Thedetectionornon-detectionof

neutrinosfromasourcecanthenbeusedtoverifyordisfavourhadronicproduction

incomparisontoleptonicproduction. Additionally,neutrinoscanbea messengerfrom
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2.3. Cosmicaccelerators

environmentswhichgammarayscannotleave. Neutrinosarediscussedin moredetailin

section2.5andchapter3.

2.3. Cosmicaccelerators

2.3.1. Acceleration mechanism

Asdiscussedinsection2.2.1,chargedparticlesfromspaceareobservedovermanydecades

ofenergies. Theirenergydistributionfollowsapower-law. Apotentialacceleration

mechanismneedstobothpredictapower-lawlikeshapeofthespectrumandaccelerate

uptothehighestenergies.

A mechanism, first proposed by Enrico Fermi ("Fermi acceleration")in 1949

[36],seemstofulfiltheserequirements. Thefollowingexplanationsandformulanotations

areinspiredby[8].Fermishowedthatparticlescouldgainenergybythecollisionand

reflection with moving molecularclouds withinourgalaxy. Onaverage,theparticle

wouldgainenergyproportionaltothesquareofthevelocityofthecloudV:

∆E

E
=

✽

✸

V

c

✷

✳ (2.6)

Hereandinthefollowing,itisassumedthattheaccelerated particlesare highly

relativistic(v∼c). Acrucialpointisthegainonastochasticbasis.Ifacloudmovesaway

fromtheparticle,theparticlewillloseenergyinsteadofgainingenergyinthecaseofa

cloud movingtowardstheparticle. Duetothehigherrelativevelocityinthelattercase

theparticlegainsenergyonaverage[36]. Additionally,thespectralenergydistribution

willfollowapower-law.

However,itseemslikethe proposed mechanismistooslow, both duetothelow

velocityofthecloudandthefollowingcollisions.Iftheparticleweretoonlyexperience

head-oncollisions,theenergygainwouldbeproportionaltotheV
c andnotthesquare.

Thus,itwouldbe much moreefficient.

Oneenvironmentin whichcosmicrayscan beacceleratedinthisefficient manner

areshocks. Ashockistheborderbetweentworegionsofdifferentplasmaconfiguration.

Infrontoftheshockwave(upstreamregion)gasisatrestorslowly moving. Behindthe

shock(downstreamregion)wavethegasis movingwithavelocityhigherthenthespeed

ofsoundinthis medium.

Ifarelativistic particlecrossestheshockfrom downstreamto upstreamand vice

versa,itwillgainenergyintheprocess. Theaverageenergygainforaparticlecrossing
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2. Thehighenergyuniverse

oncefromupstreamtodownstreamandbackis:

∆E

E
=

✹

✸

V

c
✳ (2.7)

Comparingequations2.6and2.7,accelerationinshocksis moreefficientduetothe

first-orderterminV
c comparedtothesecond-orderterm.

Theaccelerated particlecanalwaysleavetheregionofacceleration withacertain

probability. Repeatedaccelerationandescapeprobabilityleadtoaresultingspectral

energydistributionthatfollowsapower-law[8]. Thespectralindexistwo–harderthan

theobservedspectralindexofthecosmicrays. Ifonecorrectsforenergy-dependent

energylossesbetweentheaccelerationsiteandEarth[37],theexpectedspectralindex

willbecomesofterandcanexplaintheobservedone4.

Theveryefficientacceleration,thecorrectspectralindexandthepredictionofac-

celerationsitesandenvironments makefirst-ordershockaccelerationahighlyfavoured

model withintheastrophysicalcommunity. However,theentire mechanismpresented

assumesrelativisticparticlesinthefirstplace.Thus,itcannotexplainhowtheseparticles

wereaccelerateduptothispoint. Thespectralindexoftwoisalsonotfixed[38]–by

varyingparametersoftheaccelerationsite,likeassumingrelativisticshocks,theindex

canvary[39].

Ingeneral,particlescanalsobeacceleratedinelectricfields. However,theabundance

ofunboundelectronsandionsinspacemakesitverychallengingtobuiltupelectricfields

thatarecapableofacceleratingparticlesuptothehighestenergies. Oneenvironmentin

whichthiscouldbepossibleareareaswithstrong magneticfields.Ifzonesofdifferent

magneticpolarityareclosetoeachother, magneticreconnectioncanoccur. Whilethe

entireprocesswouldrequireanexplanationofmagnetohydrodynamicsinmoredetailthan

feasibleinthescopeofthischapter,acomprehensivereviewofthetopiccanbefoundin

[40].Brieflysummarizedthephenomenoncanbedescribedasaconversionfrommagnetic

fieldenergyintothekineticenergyofaparticleviaelectricfieldsinthereconnectionlayer.

Itcanbeshown[41]thatthisprocessiscapableofacceleratingparticlestothehighest

energies.

2.3.2. Galacticsourcecandidatesforcosmicrays

Thegalacticcenterandthe majorityofobservedgalacticgammaraysourcesislocated

inthesouthernsky. Asalready mentionedinsection2.2.1,cosmicraysuptoatleast

1015✳5eVaresuspectedtobeacceleratedinourgalaxy.

4Observedspectralindexbelowtheknee:2.7,spectralindexbyfirst-orderfermiaccelerationandenergy-

dependentenergylossesduringpropagation:2.6.
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Supernova mechanisms Severalgalacticobjectclasseswhicharesuspectedtobesites

ofcosmicraysaccelerationaredescendantsofastarexplodinginasupernova. Aftera

starhasdepleteditsfusionfuelresources,itcannotkeepupthepressureagainstthe

gravitationalforcesinitsinnerpart(core)andasaresultitsouterpartscollapses[8].

Dependingonthe massofthestar( 8M ),thegravitationalforcesinthecoreofthe

starcanbecomestrongenoughfortheelectronsoftheatomstoovercometheelectron

degeneracypressure. Theyarethenpushedinthenucleusandcreate,withtheprotonsin

thenucleus,neutronsandneutrinoswithenergiesintheMeV range[42]. Theneutrons

formaneutronstar. Thisneutronstarissodensethatadditionalfermionswouldhave

toovercometheneutrondegeneracypressure.Ifthestaris massiveenough,ablackhole

willbecreated. Otherwise,theouterpartsofthestarwhicharefallinginwards,bounce

oftheneutronstarandpropagateawayfromitandformasupernovaremnant.

Theremnantparts’kineticenergyofabout 1051ergsissmallcomparedtotheen-

ergythatiscarriedawaybyMeV neutrinos(about1053ergs)[27]. Forablackholeto

emergethe massoftheprogenitorstarhastobelargerthan∼25M [42]. Sincethe

coreofthestarcollapsedeithertoaneutronstarortoablackhole,thisprocessiscalled

acorecollapsesupernovae.In1987,neutrinosfromasupernovaintheLarge Magellanic

Cloud5weredetected[43]. Uptotodaytheseneutrinosaretheonlyneutrinosthatwere

associatedwithaspecificsourceoutsideoursolarsystem.

Alsolighterstars’lifecanend withasupernovaexplosion. Ifastaris,attheend

ofhislifecycle,toolighttoovercometheelectrondegeneracypressure,awhitedwarfwill

beformed.Inasystemwith morethanonestarthiswhitedwarfthencanaccrete mass

fromanearbycompanion. Theaccreted massincreasesthepressureinsidethe white

dwarfandreignitesthefusionofremainingcarbon[44]. Thisincreasesthetemperature

insidethewhitedwarfandstartsadditionalfusionprocesses.Thereleasedenergyinthese

reignitedfusionprocessesislargeenoughtoovercomethegravitationalbindingenergy

ofthestar(0✳5×1051ergs)andtoaccelerate massejectauptoabout1×104kms−1,

whichcorrespondstoabout1×1051ergs[44].

Supernovaeofthistype(alsoknownas TypeIa)arethoughttoemitverysimilar

luminosityprofiles. Thiscanbeusedtocalculatethedistanceofthesupernovaby

comparingtheluminosityobservedonEarthtotheemittedluminosity[45].

Supernovaremnants(SNR) Afterasupernovaexplosiontheejectais movingradially

awayfromitathighvelocities.Itpropagatesthroughthevicinityaroundtheexploded

star, whichcontainsinterstellar matter(ISM)andcancontain molecularclouds. This

systemnowcanfulfiltherequirementsforshockaccelerationasdiscussedinsection2.3.1.

Intriguingly,thekineticenergyreleasedinasupernova(1×1051ergs)canprovideenough

5Anearbysatellitegalaxyofourowngalaxy.
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energyforcosmicraysuptothe"knee"if3%to30%ofthereleasedenergyareusedto

acceleratecosmicrays[46].

Pulsar WindNebulae(PWN) Whenasupernovaexplosionresultsinthecreationof

aneutronstar,mostoftheangularmomentumoftheprogenitorstarremainswiththe

neutronstar. Duetoits muchsmallersize(10kmto15km[47]radiuscomparedto

7×105km[48]ofoursunasanexample.)itstartstorotateveryfast.Ifapulsedradio

emissionfromthisneutronstarisdetecteditiscalleda"pulsar". Atthesametime,

largerotatingmagneticfields(upto1×1012G)createstrongpotentialdifferencesinthe

electricfieldbetweenthepoleandtheequatoroftheneutronstar.Thiselectricfieldis

sostrongthatitstripsawayelectronsandions[49]fromthesurfaceoftheneutronstar.

Chargedparticlesthatarestrippedawayfillthevicinityaroundthepulsarand

arecalledthepulsarwind[50].TheyemitsynchrotronradiationintheradioandX-ray

bandwhentheyaredeflectedbythemagneticfieldofthepulsar[47]. Theintereseted

readercanfindadditionalinformationinthesereviews[51–53]andadetaileddescription

ofthemagneticfieldsandtheconversionfromelectro-magneticintokineticenergyin

[54]. DuetotheirstrongmagneticfieldsPWNarecandidatesforparticleacceleration

throughmagneticreconnection.

Binarysystem/Microquasar Abinarysystemthatconsistsofacompactobject(likea

neutronstarorablackhole)andacompanionstaroranothercompactobjectcanaccelerate

particlestohighenergies. Thecompactobjectcanaccretemassfromthecompanion

star.Itisbelievedthatitconvertspartsoftheenergygainedbythisaccretionintothe

accelerationofparticlesinjetsalongitsrotationalaxes[55]orthroughinteractionsof

winds[56].

The Galactic Centre Thecentreofthisgalaxyhostsasuper-massiveblackhole,

SagittariusA*. Thisblackholeisproposedassourceofthegalacticcosmicraysin

[57].Today,theobservedluminosityistoosmalltobeacandidateforsufficientparticle

acceleration.However,largestructures,so-calledbubbles,observedaboveandbelowthe

galacticcentre[58]areanindicationforamoreactivephaseoftheblackholeinthepast.

Theblackholecouldhaveacceleratedparticlesinjetsbyusingenergyreleasedbymass

accretiononit.

Thesizeandpositionofthebubblescanbeusedtoestimatethetimewindowof

thishighactivityphaseoftheblackhole. Thisyieldsanactivityphaseofabout

1×107yrswhichstartedabout2✳4×107yrsago.Thisissimilartotheaverageescape

timeofacosmicrayfromoutgalaxy,1✳5×107yrs[59]. Aspointedoutin[60],the

averageescapetimecanalsobelargerbyfactortwotofourifdifferentassumptionsabout

thecosmicraypropagationaremade.
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Similartoshock acceleration aspectralindex oftwo atthesourceis predicted.

Hence,aphaseofhighactivityinthephaseofSagittarius A*isonepossibleoriginof

galacticcosmicrays.

2.3.3. Extra-galacticsourcecandidatesforcosmicrays

Activegalacticnuclei Activegalacticnuclei(AGNs)areinnerpartsofgalaxieswitha

veryhighluminosity[61].Itisassumedthattheiremissionisfuelledbytheaccretion

of massonasupermassiveblackhole. AGNsareprimecandidatesfortheacceleration

ofUHEcosmicraysascanalsobeseeninFig.2.2. Dueto massaccretedbytheblack

holeanaccretiondiskisformed.Sometimesonealsoobservestwohighlyrelativisticjets

orthogonaltothedisk.SomemodelsexpecttheUHEcosmicraystobeacceleratedinthe

jets[3]. DependingontheviewingangleanAGNisidentifiedindifferentsourceclasses.

Anexampleare AGNs withoneoftheirjetspointingdirectlytous, whicharecalled

blazars.

Gammaraybursts Gammaraybursts(GRBs)areshort(secondsorless)burstsof

photonspeakingat10keVto1×104keV[62].Inthisshortperiodtheirluminosityis

comparabletotheentireuniverseintegratedoverall wavelengths. GRBsareusually

separatedintwoclassesbasedonthedistributionofGRBdurations.

Short GRBs peak at a duration of about 0✳3s whilelong GRBs peak at about

30s. GRBswithadurationsmallerthan2sareclassifiedasshortGRBs,otherwise,they

areclassifiedaslong GRBs. The mostcommoninterpretationofthisfeaturearetwo

differentsourceclasses. Thecollapseofmassivestars(mass>✶✺M )hasbeenidentified

astheprogenitorforsomeofthelong GRBs. Likewise,forshort GRBsthe mergingof

twocompactobjectsinabinarysystemhasbeendiscussed[63]. However,therearestill

manyopenquestions whenitcomestotheprogenitorsof GRBs. Theobservationof

VHEgammaraysfromtheseobjects mightbeanindicatorforhadronicprocesses. Thus,

GRBsareapossiblesiteofcosmicrayacceleration.

2.4. Observedgammasources

Asdiscussedinsection2.2.3VHEgammarayscanbeproducedbytheinteractionofcosmic

rayswithambient matterorphotonfields. Unlikethechargedcosmicraystheneutral

gammaraysarenotdeflected. Hence,theobservationofVHEgammarayemissionfrom

anastrophysicalobjectorregioncanbeseenasanindicatorthatitisalsoasiteofcosmic

rayacceleration. However,aVHEgammaraycanalsobeproducedbyleptonicprocesses

(alsodiscussedinsection2.2.3).InthefollowingbothobservationsofVHEgammarays

fromthegalacticandextra-galacticoriginarediscussed.
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GalacticVHEgammarays BothHESS[64]andtheFermi-LATsatellitehavesurveyed

thegalacticplane6 andfoundnumerousgalacticsources(see Fig. 2.5). Depending

ontheirpositiononthesky, manyofthesealsohavebeenobservedby MAGICand

VERITAS. Thediffuseemissionfromthegalacticplaneisalso measuredby FERMI

[66]and HESS[67]. Whilesomesourcesseemtoproducetheobservedgammarays

leptonically,forothersthereisevidenceofhadronicproduction.Forsupernovaremnants,

Figure2.5:ResultsfromthegalacticplanescanwithHESSandtheFermi-LATsatelite.

Takenfrom[68].

onepossibleexplanationisacorrelationbetweentheageoftheremnantandthedensity

inwhichinteractionstakeplace[69].Itisbelievedthatleptonicproductionofgamma

raysoccursinlowdensityenvironmentsandhadronicproductioninenvironmentswitha

higherdensity.

In manycasesasourceis notonlyobservedinGeV andTeV gammarays, but

alsoinradioandX-raybands. Theemissioninthesebandsisgenerallyinterpretedas

synchrotronradiationofelectrons. Thus,a modeldescribingtheGeV andTeVemission

byelectronslosingtheirenergyviainverse-comptonscatteringor Bremsstrahlunghas

tobeconsistentwiththeradioandX-rayobservations[70].InFig. 2.6thesupernova

remnant W51Cisusedasanexampleforthedifferentiationbetween models. Whilethe

observedGeV andTeVemissionfitsbothhadronic(modela)andleptonic(modelb+c)

modelswell,thepredictedradioemissionfortheleptonic modelsisindisagreementwith

thedata. Thegammarayemissionisthereforelikelyhadronicinorigin.

Forsomesupernovaremnantstheenvironmentalconditionsandobservedspectra

stronglysuggestahadronicoriginoftheobservedGeV andTeVgammarays(examples:

6Thishasalsobedoneby MILAGRO, mainlyinthenorthernsky[65].
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Figure2.6:Spectralenergydistributionfor W51C. Measureddata(radioontheleft,

VHEgammaraysontheright)andthreedifferentmodelsareshown.Figure

a)showsamodelwithadominanthadronicproductionofVHEgammarays

andFigureb)andc)showmodelsthatpredictleptonicprocessestodominate

theproductionofVHEgammarays. Takenfrom[70]

IC443and W44[46]). Thecrabnebula,apulsarwindnebulaassociatedwiththeobserva-

tionofasupernovain1054,ontheotherhand,iswellknownforbeingaverybrightsource

intheskyforbothradioandX-raysaswellasgammaraysuptoafewTeV[71]. Due

toitsbrightnessinthesebandsthespectralenergydistribution(SED)iswell measured

andcanbeverywellfittedwithapureleptonicscenario[72–74]ascanbeseeninFig.2.7.

For mostofthesourcestheSEDsarenotas well measuredasinthepreviousex-

amples.Ifanobservationinanenergyrangeis missingthiscanbebothduetolackof

experimentalsensitivityorlackofemission. Additionally,theargumentsusedinfavour

andagainstthehadronic/leptoniccasearenotalwaysabsolute. Agoodexampleisthe

supernovaremnantRXJ1713.7-3946. TheemissionintheGeV rangeshowsaveryhard

spectralindexofaboutγ=✶✳✺[75]. ThisandthelackofX-raylineemissionexpected

ofhigherprotonnumberdensitiesinhadronicproduction[76]werelongthoughttobe

argumentsforaleptonicproductionoftheobservedgammarays[76,77].

Whilesimplehadronic modelsseemtobedisfavoured[78],itispossibletoexplain

theobservedGeVandTeVemissionbyhadronicinteractionswithanadditionalremnant

shellupstream[78]or withaclumpy mediumlikeadense molecularcloud[79,80].

Theobservationornon-observationofneutrinoscouldhelptoeithersupporthadronic

scenariosorlimittheircontributiontotheobservedgammarays.

The HESStelescopesalsodetected TeVgamma-raysfromthe Galactic Centre[81].
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2.Thehighenergyuniverse
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Figure2.7:Spectralenergydistributionforthecrabnebula.Datapointsandpredicted

emissionfromvariousleptonicproductionmechanisms.Takenfrom[74].

Inits molecularcloudhigh-energeticelectronswillsufferlargeradiativelosses. This

disfavoursaleptonicoriginbecauseitischallengingtoexplainthelargeemissionregion

withaleptonicmodelasitislargerthantheirexpectedrange.Thegamma-rayemission

inthisregionisalsoa magnitudelargerthanexpectationsfromtheinteractionsof

the"‘sea’ofcosmicrays"[81]thatfillsthegalaxy. Thisindicatesintrinsiccosmic-ray

accelerationintheGalacticCentreandsupportsthetheoryofahighactivityphaseof

SagittariusA*inthepast.

Extra-galactic VHEgammarays VHEgammarayshavealsobeendetectedfrom

extra-galacticobjects. ObservationofTeVgammaraysfromAGNscanbeseenasan

indicatorfortheirabilitytoacceleratechargedionsuptoenergiesabove1×1017eV[82]

–iftheyareofhadronicorigin. However,asshownexamplaryforsomeblazarsin[82],

theirVHEgammarayemissioncanalsobeexplainedbybothhadronicandleptonic

processes(seeFig.2.8).

Blazarscanvaryintheiremissiondependentoftime,seeFig.2.8and[83].3C279,the

exemplaryblazarshownabove,wasinabrightstateoverafewhoursobservedbythe

FermisatelliteinDecember2013.Inthisstatethedetectedfluxwasabouttentimes

higherfluxthaninitsgroundstate.Thisemissioncanbeexplainedbyemissionofproton

synchrotronradiationorbyapureleptonicscenario[83].

As mentionedbefore,photonscaninteractwithotherphotonsandcreateelectron-

positronpairs. PeVphotonscaninteractwiththephotonsofthecosmic microwace

background. Duetotheabundanceofthisbackgroundlighttheirmeanfreepathisas
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Figure2.8:Left: Modelwithhadronicemission(dot-dot-dashed)andvariousleptonic

emissions(othernon-solidlines). Right:Leptonicmodelwithvariouslep-

tonicemissions.Inbothfiguresthedottedcurverepresentsthesynchrotron

emissionfromelectrons.Redpointscorrespondtodatatakenintoaccount

forthefit.Theotherdatapointsshowthevariabilityoftheblazaratdiffer-

entpointsintime.Takenfrom[82]

smallas1×10−2Mpc7[84].

At TeVenergiesthe VHEgammaraysdonotinteract withthe CMBphotons,

butwiththeinfraredextra-galacticbackgroundlight(EBL)[85].Theyhaveameanfree

pathof100Mpcto1000Mpc(seeFig.2.9).Hence,theirobservedspectrumneedstobe

correctedforthisattenuation.ThisrequiresbothknowledgeoftheEBLandthesource

spectrum.Neutrinoscanagainhelptodistinguishhadronicandleptonicscenariosandin

thecaseofahadronicscenariotodeterminewhetherachangeintheobservedspectrum

isduetoachangeintheinitialspectrumorabsorption.Additionally,inthePeVregime

theyopenthewindowtoauniverse(almost)opaqueforgammarays.

2.5. Prospectsofneutrinoastronomyanditsimpact

Neutrinosareanunambiguoustraceofhadronicprocessesinasource. Thus,the

detectionofastrophysicalneutrinosisastrongindicatorthatatleastpartofthedetected

gammarayfluxisofhadronicorigin. Oneadvantageofneutrinoscomparedtogamma

raysistheirlimitationtoweakinteractions(andgravitationalforces)whilegammarays

canalsoundergoelectro-magneticinteractions. Hence,VHEgammarayscaninteract

withphotonsintheproductionsite[86]ortheextra-galacticbackgroundlight[85]on

theirwaytoEarth.Therefore,itisnotexpectedtodetectthesegammaraysfromsources

7AboutthedistanceofEarthtothegalacticcenterof8✳4±0✳6kpc[15].3C279theexamplatoryblazar

ofFig.2.8hasadistancefromEarthofabout1✳8+0✳5−0✳3Mpc
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Figure2.9:ThemeanfreepathforVHEgammarays.InteractionwithCMBphotons

arerepresentedbythesolidline.Thedashedlinescorrespondtointeractions

withdifferentmodelsoftheEBL.Takenfrom[84]

thatarefarawayorproducedinaphoton-denseenvironment.Aboutfivepercentofthe

energyofacosmicrayinteractingisonaveragetransferredtoasingleneutrino[87,88].

Therefore,ifacosmicraybelowthe"knee"at1×1015✳5eVinteracts,neutrinosuptoa

few100TeVcanbeexcepted.

IceCube,aneutrinodetectorthatwillbediscussedindetailinchapter3,hasde-

tectedadiffuseastrophysicalneutrinoflux[89–91]atneutrinoenergiesabove25TeV[92].

Itwaspointedoutin[86]thatthisfluxalreadyputsconstrainsontheproductionsites

forthediffuseemissionofgammaraysandneutrinos.Iftheobserveddiffuseemissionof

astrophysicalneutrinosoriginatedfromppinteractionstheexpectedgamma-rayfluxin

theGeVrangewouldbemuchhigherthanobserved,asshowninFig.2.10.

Thesameargumentissomewhatweakerforpγinteractions[86]. Forthisscenario

itisarguedthatasourcethatproducesneutrinosefficientlyrequirestargetphotonfields

ofsuchintensitythatthesourcewouldbecomeopaqueforgammaraysinthe1GeV

to100GeVduetoγγinteractions. Thus,assumingcorrelationbetweengammaraysat

theseenergiesandtheastrophysicalneutrinosobservedbyIceCubemightnotbefruitful.

TheyconcludethattheseargumentsdonotholdforobservationsofTeVgamma-rays–

makingthemaprimemessengertousecombinedwithneutrinoobservations. However,

inbothcases(ppandpγ)assumptionsabouttheneutrinospectrumbelow10TeVare

made.Inthisenergyrangetheshapeoftheastrophysicalneutrinospectrumisstill

unknown.
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Figure2.10:ThemeasureddiffusegammaandneutrinoemissionbyFermiandIceCube.

Alsoshownaregenericmodelsforppandpγproductionofthegammarays

andneutrinos,assumingthattheyareproducedinthesamesites.Taken

from[86]

2.5.1.Expectedneutrinosfromthegalaxy

Forallsourceclassesdiscussedinsection2.3.2modelscanbefound[55,93–96]predictinga

contributionofneutrinos.Inthecontextofthisthesisthesesourcesarepoint-likesources–

sourceswithaspatialextensionbelowtheangularresolutionoftheexperiment.Inmany

casesthesemodelsareeitherconstrainedbytheobservedgammarayspectrumofthe

sourceorbythemeasuredfluxorupperlimitsfromboththeIceCubeandtheANTARES8

collaborations.Asdiscussedinsection2.2.1andshowninFig.2.1cosmicraysatleastup

tothe"knee"at1×1015✳5eVarethoughttobeofgalacticorigin. Neutrinosproduced

inan1PeVppinteractionhaveanaverageenergybelow100TeV,seeFig.2.11.

Connectinggammaraysandneutrinos Ifthehadronicproduction(pp)oftheobserved

gammarayfluxisbelievedin,thecorrespondingexpectedneutrinofluxonEarthcanbe

calculated[97]usingtheparametrizationofppinteractionsdescribedin[88].Oneobtains:

❞Nγ/ν

❞Eγ/ν
≈kγ/ν

Eγ/ν

1TeV

−Γγ/ν

❡①♣ −
Eγ/ν

γ/ν
(2.8)

Inthismodelthespectraofgammaraysandneutrinoshavethesamespectralindex

Γ. Theneutrinofluxparameterkν isrelatedtothegammarayfluxparameterkγ:

kν≈(✵✳✼✶−✵✳✶✻α)kγ,withαasthecosmicrayspectralindexandΓγ/ν≈α−✵✳✶.Ifa

8Aneutrinodetectordiscussedinsection3.2.1.

21



2.Thehighenergyuniverse

Figure2.11:SEDofsecondaryparticlesproducedbyappinteractionofa1PeVproton

andthedecayoftheresultingmesons.ν
(✶)
µ correspondstothecontribution

ofmuonneutrinosproducedbytheinitialdecayofchargedpions. The

spectrumforelectronneutrinosisnotshown,butisverysimilartothe

electronspectrumdepicted.Takenfrom[88].

cutoffcanbefittedtothegammarayspectrum,itisparametrizedbythe❡①♣ −
Eγ/ν

γ/ν

termand ν ≈✵✳✺✾γ.Inthecaseofnopublishedcutoffapurepowerlowisfitted

(γ/ν=∞).Forfiveofthesourcesdiscussedin[97]acutoffisprovidedwith γbetween

0✳21TeVand4✳24TeV.

Inthis modelsomeassumptionshavetobe madeconcerningthesourceandits

environment. Examplesaretheexclusiveproductionofgammaraysviahadronic

production(whichmightnotbetrueformanyofthediscussedsources)orthatboth

pionsandmuonsdonotlosesignificantpartsoftheirenergybeforetheirdecaycreates

neutrinos. ThepredictedneutrinofluxfortwostronggalacticgammaraysourcesSNR

RXJ1713.7-3946andPWNVelaXisshowninFig. 2.12. However,evenwiththese

optimisticassumptionsthenumberofexpectedneutrinosproducedbytheseprocessesis

smallcomparedtothebackgroundofneutrinosproducedininteractionsofcosmicrays

withouratmosphere9.

Galacticplane Thegalacticplanehasbeenobservedingammarayswithenergiesup

toafewTeV[67,98].Atleastapartofthisobservedfluxisthoughttobeofhadronic

origin[66],comingfrominteractionsofcosmicrayswithinterstellarmatter.Inthiscase

9Example:AhypotheticalKM3NeTdetectorwouldexpecttomeasureabout11signalneutrinosand41

backgroundneutrinosabove1TeVfortheSNRRXJ1713.7-3946overafiveyearperiodofdatataking.
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Figure2.12:Measuredandfittedgammarayspectrumandpredictedneutrinospectrum

foragivensource.TheleftplotshowsthisfortheSNRRXJ1713.7-3946and

therightplotforthePWNVelaX.Additionally,thepredictedatmospheric

neutrinofluxforadetectorintheMediterraneanseaisshown.Takenfrom

[97].

notonlygammaraysfromthedecayofπ✵areexpected,butalsoneutrinosfromthe

decayofchargedpions. Whilesomeauthorsclaimthatthenumberofexpectedneutrino

eventsisbothsmallandtheirenergiesratherlow(90%oftheintegralfluxfromneutrinos

withEν<10TeV)[98],othersclaimthatdiffuseemissionfromthegalaxycouldmakeup

between10%to40%oftheastrophysicalneutrinofluxdetectedbyIceCube[99].

Unidentifiedgammaraysources Ithasbeendiscussedin[94]thatsourcesobserved

onlyinTeVgammaraysmightbeoldgalactichypernovae.Hypernovaeareverybright,

"hyper-energetic"supernovae[100].ThesesourcescanproduceVHEgammaraysand,if

oneassumeshadronicprocesses,alsoneutrinos. Whiletheycouldproduceneutrinoswith

energiesuptoaboutonePeVtheexpectednumberofeventswouldbesmall.

Darkmatter Bothfrommeasurementofthecosmicmicrowavebackgroundandtherota-

tioncurvesofgalaxiesthereisevidencefortheexistenceofanadditionalmasscomponent

inouruniverse[101]–darkmatter.Usually,itisthoughttointeractonlyviatheweak

forceandgravity.Itsillusivecharactermakesitdifficulttobedetected.Twopossibilities

todetectitarethedecayofsuchadarkmatterparticleinsideadetectororthedetection

ofparticlesproducedwhentwodarkmatterparticlesannihilate.Insomemodelsboth

gammaraysandneutrinosfromannihilationofdarkmatterinthegalaxy,inparticular

theGalacticCenter,arepredicted[102].

2.5.2.Expectedneutrinosfromextra-galacticsourcecandidates

Likethegalacticsourcecandidatesaboveextra-galacticsourcesareassumedtobepoint-

likeinthescopeofthisthesis.
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2. Thehighenergyuniverse

GRBs TheIceCubeneutrinotelescopewasalreadyabletoputstronglimits(aboutone

orderof magnitudebelowthedetectedneutrinoflux)ontheneutrinofluxfrom GRBs

[103],excludingalargecontributiontotheoverallastrophysicalneutrinoflux[90].

AGNs ForAGNsthevicinityoftheblackhole[104]andthejetcanbeproductionsites

ofastrophysicalneutrinos[105,106]. Acceleratedprotonscouldinteractwith matterin

thehostgalaxyandproduceneutrinos[106]. RecentIceCuberesults[107,108]restrict

thecontributionofAGNswithjetspointingtoEarth(so-calledblazars)tothe measured

astrophysicalfluxtobeabout20%orless10[108].

Starburstgalaxies Supernovaremnantsareprimecandidatesforcosmicrayacceleration

siteswithinourgalaxy. Somegalaxies, moreluminousthanours,haveregionswithan

increasedrateofstarformationandthus,anincreasedrateofsupernovas.Theobservation

ofsynchrotronemissionbyGeV electronsisanindicatorforstrong(∼✶✵✵timesstronger

thaninourgalaxy) magneticfields. Duetothelarge magneticfieldsandthedense

environmentneutrinosbyppinteractionsareexpected[87,109,110]. Sincethecosmic

raysareacceleratedintheremnantshocks,cosmicrayenergiesarenotexpectedtobe

muchhigherthaninourgalaxy. Therefore,itseemsunlikelythattheyarethesources

of UHEcosmicrays. Theexpectedneutrinoenergiesgouptoabout100TeV–ifone

doesnotassume moreextremescenariossuchasgalaxy mergers,supermassiveblackhole

activitiesorhypernovae[110].

Cosmogenicneutrinos ShortlyafterthediscoveryoftheCosmic MicrowaveBackground

(CMB),interactionsofCMBphotonswithUHECRswerepredictedbothbyGreisen[111]

andZatsepinandKuzmin[112].ThislatercalledGZK-effectcouldproduceneutrinosat

energiesbetween1016eVand1021eV. However,thereareexperimentalandtheoretical

uncertaintiesonthe maximumenergyandcompositionofsuch UHECRsandevenin

optimisticscenariostheexpectednumberofeventsisverysmallforneutrinotelescopes

likeIceCube: About1.3eventsforapureprotonspectrumand >0.1eventsforapure

ironspectruminoneyearofdataforEν >1PeV [113].

10Forasampleof862Fermi-LATobservedblazars.
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3. Theprincipleofhigh-energyneutrino
detectionandneutrinotelescopes

Mostexperimentssearchingforhigh-energetic(Eν >10GeV)neutrinoshavedonethisby

lookingforthelightpatternsproducedbysecondaryparticlesthatarecreatedinneutrino

interactionswithnucleiinsideorinthevicinityofthedetector. Thischapterdiscusses

firsttheinteractionsofneutrinosandmatter,secondtheproductionoflightbysecondary

particlesoftheneutrinoandthirdthepropagationofthelightinatransparent medium.

Thenthedetectorsarediscussed.

3.1. Physicsofneutrinodetection

3.1.1. Theneutrinoasanelementaryparticle

Neutrinosarechargelessleptons. Duetothisfacttheycanonlyexperiencetheweak-force

(andgravitation). Therearetwopossiblekindsofinteractionsbetweenneutrinosand

nucleons. TheycanexchangeaW± (charged-current)orexchangeaZ✵(neutral-current)

[114]. Forneutrinos withenergieslargerthan15GeVdeepinelasticscattering(DIS)

isthedominantprocess[114]. DISistheinteractionoftheneutrino withaquark

inthenucleon. Aneutral-currentprocessgivesaneutrinointhefinalstate whilea

charged-currentprocess(showninFig.3.1)givesachargedlepton.

Figure3.1:Feynmandiagramforacharged-currentDISprocess. Takenfrom[114]
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3.Theprincipleofhigh-energyneutrinodetectionandneutrinotelescopes

Atlowerenergiesthecross-sectionsforanti-neutrinosaresmallerthanthoseof

neutrinos.Thisdifferencealmostvanishesforveryhighenergies(aboutthesameatEν>

1PeV(seeFig.3.2)).AthighenergiesEarthbecomesopaqueforneutrinos[115,116].

Figure3.2:Cross-sectionsforcharged-current(CC)andneutral-current(NC)interac-

tionsofneutrinoswithanisoscalartarget.Takenfrom[116].

Neutrinoshaveaflavoranda masseigenstate. Aflavoreigenstatedoesnothavea

corresponding masseigenstate,butisa mixtureofall masseigenstates. Neutrinos

oscillatebetweentheirflavorstatesduetotheirnon-zeromass.Theseoscillationsoccur

betweenallthreeflavorstates.However,inagoodapproximationtheprobabilityforthis

canbeexpressedasatwoflavoroscillationandisproportionalto[87]:

Pνα→νβ∼✐♥
✷
δm✷ijL

✹E
✳ (3.1)

Hereαandβaretwoflavoreigenstatesandδmijisthedifferenceofthesquaredmasses,

ListhedistanceforwhichtheoscillationprobabilityiscalculatedandEtheenergyof

theneutrino.

Eveniftheneutrinoenergycanbedetermined withgoodprecision,thedistance

betweenthepointofneutrinoemissioninanastrophysicalsourceanddetectionwill

beimpossibletobedetermined. Theusualastrophysicalsourceisofsuchlargesize

comparedtotheoscillationlengththat✐♥✷terminequation3.1averagesto✶✷. Hence,

adirectcalculationofwhichneutrinomixingisexpectedonEarth,dependingonthe

initialneutrinoflavorcompositionatthesourceandthe mixtureandthedegreeto

whichthemassandflavoreigenstatesaremixedbutindependentfromEandL,ispossible.

Asdiscussedinsection2.2.3neutrinosareexpectedfromthedecaysofpionsand

muons. Withoutanyotherassumptionsthisgivesaratioof(νe=✶:νµ=✷:ντ=✵)

atthesource.AtEarththeratiobecomes(✶:✶:✶)afteraccountingformixing[117].
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3.1. Physicsofneutrinodetection

Most modelspredicttheproductionof ντ atthesourcetobeverysmalloreven

neglectit. Duetothe mixinghowever,acontributionofντ atEarthisexpectedforall

modelsdiscussedhere.

Ifthe muonsproducedinthepiondecaylosesignificantenergyin magneticfields

atthesource(dampedmuons)theνµ andνeproducedintheirdecayareoflowerenergy.

Thus,theratiofor HEneutrinosbecomes(✵:✶:✵)atthesource. Anotherpossible

scenarioaresourceswherethedominantprocessofneutrinoproductionisthedecayof

neutrons–leadingtoa(✶:✵:✵)ratio. Table3.1showstherelationbetweentheneutrino

fluxatthesourceandtheEarth.

Table3.1.: Initialcompositionof(νe:νµ :ντ )andcompositionafter mixing. Values

takenfrom[117]

Initial After mixing

normalpiondecay 1:2:0 1:1:1

damped muons 0:1:0 4:7:7

neutrondecay 1:0:0 5:2:2

Dependingontheenergyandthenecessaryenvironmentalconditions(density, magnetic

fields)somesourceclassescanbefavouredorexcludedforcertainflavorcompositions

[118].

3.1.2. TheCerenkoveffect

Ifaparticle movesthrougha mediumwithavelocityvhigherthanthespeedoflight

inthis mediumitbeginstoemitphotons[119]. Thiseffectisnamedafteritsdiscoverer

Pavel Cherenkov. Thespeedoflightinthe mediumisdefinedbythespeedoflight

invacuumcovertherefractiveindexn. Thesephotonsareemittedinaspecificangle,

thesocalledCerenkovanglecos(θ)= c
vn . Thenumberandwavelengthoftheemitted

photonsaredependentonthechargeoftheparticle. Asonecanseein3.2thenumberof

photonsisdependentondE=hdν=hcdλ
λ✷ [120]:

d✷Nγ

dxdE
=

αz✷

hc
✶−

✶

β✷n✷
(3.2)

Thus,photonswithsmallerwavelengthsareproducedinhighernumbersthanphotons

withlargerones.Forwater(n=1.33)andice(n=1.31)thepropertiesarerathersimilar.

Roughly200emittedphotonsper cmintherangeofthevisiblelight(λ= 400nmto

700nm)areexpected. TheenergylossduetotheCerenkoveffectissmallcomparedto

theoverallenergylossofthechargedparticle[120]. Therefractiveindexisnotconstant,

butchangesforlightwithdifferentwavelength.ForX-raystherefractiveindexapproaches

one[121]andnoCerenkovlightisemitted.
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3.Theprincipleofhigh-energyneutrinodetectionandneutrinotelescopes

3.1.3.Energylossesofchargedparticles

Theenergylossesofrelativisticchargedparticlesheavierthantheelectroninmattercan

beseparatedintotwoparts[122].Ontheonehand,thechargedparticlelosesenergyby

ionizationofthetargetmaterial. Ontheotherhand,itlosesenergyovertheso-called

radiativeprocessesBremsstrahlung,pairproduction,andphoto-nuclearinteractions.For

muons,whichareofparticularinterestinthescopeofthisthesis,theaverageenergyloss

forEµ>1GeVcanbeparametrizedasfollows:

−
dE

dx
=a(E)+b(E)E✱ (3.3)

wheretheparametera(E)representstheionizationpartandb(E)theradiativeone.The

"criticalenergy"isdefinedastheenergyforwhichthecontributionofbothpartsto

thetotalenergylossisequal(about1TeV
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radiativelossesdominatethetotalenergyloss,seeFig.3.3.Thishasalargeinfluenceon

the"topology"orprofileoftheoverallenergylossesalongaparticletrack. Whilelosses

ofionizationareratherconstant,theparticlecanloosealargepartofitsenergyina

singleradiativeinteraction.Therefore,theradiativelossesperunitdistanceareofamore

stochasticnature.

Figure3.3:Energylossofmuonsinwaterdependingonthemuonsmomentum.Taken

from[123].

3.1.4.Signatures

DependingonthetypeofinteractionandneutrinodifferentlightpatternsofCerenkov

lightareproducedfromtheenergylossesofsecondaryparticlesdiscussedinthetwo

sectionsabove.

Inanyinteractionhadronicparticlesareproduced whichinteractfastagain with
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3.1. Physics of neutrino detection

nucleons and cascade down to lower energies [124]. Such a cascade extends for a few

meters at100 T eVneutrino energy and about200 mat10 EeV[125]. As long as secondary

charged particles in these interactions are fast enough, they emit Cerenkov light. Similar

to the air showers discussed in section 2.2.1 an electo-magnetic component is produced

as well, increasing the light yield [124]. Scattering of photons leads to an almost

isotropic light distribution after25 min the ice of the IceCube detector [125]. Hence,

for larger distances from the interaction vertex the emission appears almost spheric. A

neutral-current cascade is depicted in Fig. 3.4 A.

In a neutral-current interaction the neutrino can carry a large part of its energy

away. While in charged-current interactions the median of the sum of the energies of the

produced lepton and the hadronic cascade at the interaction vertex is larger than 90% of

the neutrino energy, for neutral-current interactions its about 30% [126].
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Figure 3.4:Schematic representation of the four neutrino interaction signatures of neu-

trinos detectable with an IceCube-like detector.

For charged-current interactions of electron- and tau-neutrinos the produced pat-

terns of photons are very similar to the case of neutral interactions. However, in case of

the electron there is an additional electromagnetic cascade (see Fig. 3.4 B). In case of the

tau-neutrino the pattern depends on the energy of the neutrino. For subPeVenergies

the tau decays fast1. If a muon is produced in this decay, the pattern will look similar to

that of the interaction of the muon neutrino discussed below. In the other cases the addi-

tional hadronic and electromagnetic cascade of particles just adds more Cerenkov photons.

At very high energies the produced tau can travel for distances that are outside

1cτ=8703µm mτ=1776 GeV[15]. Hence, a tau with energy [1 T eV,10 T eV,100 T eV,1 PeV,10 T eV]

can travel is (about) [005 m,05m,5m,50 m,500 m]. This calculation ignores the influence of energy

losses.
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3. Theprincipleofhigh-energyneutrinodetectionandneutrinotelescopes

therangeoftheelectromagneticorhadroniccascade. This wouldleadtoaso-called

"doublebang"event(see[127]andFig. 3.4C)withtwobrightcascade-likesignatures

connectedbyatrack.

Incaseofa muon neutrinointeracting witha nucleonoveracharged-currentin-

teractiona muonisproducedassecondaryparticle. Usually,alargepartoftheneutrino

energyistransferredtothis muon. Thesehigh-energetic muonscantravelforseveral

kilometresthrougha mediumlikeiceorwaterbeforetheylosetheirenergyasdescribed

insection3.1.3. Alongthistracktheyemit Cerenkovphotons. Additionally,they

caninteract withthe matteralongthistrackandloseenergythroughprocesseslike

pair-buildingorionization[128].

Alongthetrackofthe muonsecondaryparticlesarecreatedintheseprocesses. It

isknownfromsimulations[129]that mostofthesecondaryparticlestravelinthe

directionofthe muon. Hence,alsothe majorityoftheirCerenkovlightisemittedinthe

sameangleasfortheinitial muontrack,increasingtheoveralllightyield.Someofthese

processescanleadtothe momentumtransferofalargepartofthe muons momentumto

thenucleonitisinteractingwithonastochasticbasis. Atthesepositionscascadelike

patternsemerge(seeFig.3.4D).Thisleadstoatrack-likesignaturewithhighstochastic

lossesalongit[130].

Ingeneral,thelongtrack-likesignaturescreatedincharged-current muon-neutrino

interactionscanbeusedtoreconstructthedirectionoftheinteractionbetterthan

thesphericsignaturesofneutral-currentinteractionsorcharged-currentinteractionsof

electron-andtau-neutrinos. Anexceptionisthecaseoftau-neutrinosproducingatau/

muonwithalongtrack-likesignature.

Additionally, muons with TeV energies cantravelseveral kilometers beforethey

decay(seeFig. 3.5). Thishastwoconsequences: Muonsproducedintheatmosphere

(seesection2.2.1)canpenetratetheEarthseveralkilometresdeepand muonsproduced

inneutrinocharged-currentinteractionscanpropagatethrougha mediumandreachthe

detectorfromtheoutside,increasingthenumberofsignaturesofthistypeinthedetector

volumecomparedtosphericinteractions.Boththelargernumberoftrack-likesignatures

andtheirsuperiorangularreconstructionmakesthemthepreferredchoiceinsearchesfor

point-likesources.

Whiletheneutrinodirectioncannotbereconstructedaswellfromthesphericemission

(typesAandBinFig.3.4),theenergyreconstructioniseasiersincetheentireenergy

depositedintheinitialneutrinointeractionandthesecondaryprocessesisinsideorin

thevicinityofthedetector.Forthelongtrack-likesignaturesthisisnotthecase.Inthis

case,thedepositedenergyinthedetectorisnotequivalenttothetotalenergydeposited

30



3.2.Neutrinotelescopeprojects

2.0 2.5 3.0 3.5 4.0 4.5 5.0
 log10(Eµ  / GeV)

0

2

4

6

8

10

12

14

16

r
a
n
g
e 
(
w
at
er
) 
[
k
m]

Figure3.5:Rangeofmuonsinwater,dependentonenergy.Valuestakenfrom[122].

makinganestimateontheinitialneutrinoenergymorechallenging.Adiscussiononhow

toreconstructbothenergyanddirectionofamuontrackcanbefoundinsection5.2.

3.1.5.Propagationofphotons

Asseeninthesectionabove,theneutrinopropertiessuchasenergyanddirectioncan

beestimatedonlyifoneisabletodetectenoughofthephotonsthatareproduced.The

numberofexpectedVHEneutrinosissmall.Thus,largedetectorvolumesarerequired.

Bothfinanciallyandtechnically,thenumberofdetectionunitsonecandeployinthis

largevolumeisrestricted.Therefore,photonshavetopropagateforseveraltensofmeters

inthecurrentdetectorgeneration,iftheyarefarawayfromadetectionmodule.Forsuch

longdistancesbothscatteringandabsorptionareimportantpropertiesofanypotential

detectormaterial.

Volume-wise Mtonsoreven Gtonsof materialarerequired. Thislimitsdetector

designstoregionsoftheEarthweresuchquantitiesofapotentialmaterialarealreadyin

place.Boththeneededsizeandthenecessaryopticalpropertiesmakewateroricestrong

choicesasdetectormaterial. Additionalrequirementsarepower-supply,datatransfer,

andenoughdepthtoreducethebackgroundofmuonsproducedintheatmospherewhich

cancreatesignaturessimilartothoseofmuonneutrinosatamuchhigherrate. The

combinationofalltheserequirementsleadstotwokindsofenvironmentsforpotential

experimentalsites: Deepwaterlikethesea(nottoofarawayfromtheshore)ordeep

lakes(likelakeBaikal)andtheglaciersofGreenlandandtheAntarcticcontinent[131].

3.2. Neutrinotelescopeprojects

AlltelescopesdiscussedhereoperateviathedetectionofCerenkovlightviaphoto-

multipliertubes(PMT)thatarepartofoptical modules(OMs). These OMsare

connectedviacablesforfixation,datatransferandpowersupply.Aunitofthesecables

andOMsiscalledastring.Inthefollowing,afewmilestoneexperimentslookingfor

astrophysicalneutrinosarediscussed.
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Allexperimentshavetoovercomethebackgroundofatmosphericneutrinosand

muonsdiscussedinsection2.2.1todetectastrophysicalneutrinos.Additionally,thereare

otherprocesseslikebioluminescence(notinice)aswellasradioactivedecayintheOMs

andtheirvicinitythatcanalsoproducelightandhinderdetectoroperationsas"noise".

InthecaseofANTARES,adetectordiscussedinthesectionbelow,theadditionallight

emittedbybiologicalluminescencecanincreasetheamountofdatatakenbyafactor

ofteninphasesofhighbiologicalactivityandultimativelyleadstophaseswithlower

sensitivitytoastrophysicalneutrinos[132]. Fora morecomprehensiveoverviewthe

historicalreviewbySpiering[133]isrecommended.

3.2.1. DUMAND,ANTARESandKM3NeT

Withbothlargedepthandvolume,theoceansareasomewhatnaturalchoiceforneutrino

telescopes.FirstplannedwastheDUMANDdetectornearHawaii[134].Designedtobe

akm3-volumedetectorseveralthousandmeterbelowthesurfacetheprojectruninboth

technicalandfinancialproblemsandwasabandonedin1995–afterthefirstdeployed

stringceasedtoworkshortlyafterdeployment.

Experimentsinthe Mediterraneanseawere moresuccessful. Startingwiththede-

ploymentin2001neartheshoreofToulon,France,ANTARESiscompletedsince2008

[132].AgroupofthreeOMsisinstalledonaopticalmoduleframe(OMF).Thedistance

alongastringbetweentwoOMFsisabout14✳5m(seeFig.3.6).ANTARESisformedby

13strings.Elevenofthemhave24OMFs,starting100mabovetheocean’sfloor(2475m

belowsealevel). Onehasonly20OMFsandadditionalsensorsforacousticneutrino

detection.Thelaststringisusedforthemeasuringofenvironmentvariables.

Duetoseacurrentsthepositionofthe OMFsisnotfixed. However,theposition

is monitoredbyanacousticsensorsystemcontinuously. While measurementsof

atmospheric muonsandneutrinosarepossible,thesmallsizeofthedetector(about

0✳01km3)severelylimitsthepotentialtomeasureanastrophysicalneutrinoflux[135].

Decommissioningofthedetectorisplannedin2016.

ANTARESwillbefollowedupbytheKM3NeTdetector[136,137]. Itwillconsist

outofseveralbuildingblocks. Thebuildingblocksareoptimizedfordifferentscience

goals. Oneblockisplannedforlowenergy measurements(GeV)ofparticlephysics

propertiesoftheneutrino(ORCA).ItwillbebuiltinvicinityoftheANTARESdetector.

AnotherbuildingblockisplannedneartheshoreofSicily. Thisoneisoptimizedfor

thedetectionofhigh-energyneutrinos(ARCA).Constructionofbothsiteshasbegun.

Dependingonfundinguptosixbuildingblocksareenvisioned.
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3.2. Neutrinotelescopeprojects

Figure3.6:LayoutoftheANTARESdetector. Takenfrom[132].

3.2.2. Baikalexperiment, NT200andGVD

Thedetectionofneutrinosinwaterisnotlimitedtotheoceans. However,therequire-

mentslimitthepossiblesitesinlakes. Sofar,onlyinlakeBaikalaneutrinotelescope

hasbeensuccessfullyoperated.In1981,firstexperimentsstartedinshallowwater[138].

TheywerefollowedbytheconstructionoftheNT200detector. Deployedatthebottom

ofthelakeinapartwithdepthsofabout1370m,192optical modulesareattachedto

eightstrings. Thedistancebetweenthesestringsis21✳5mandtheheightofthestring

72m. Thus,theinstrumentedvolumeisabout0✳0001km3 –aboutafactor100smaller

thantheANTARESdetector.

The deployment of a muchlarger detector, the Baikal Gigaton Volume Detector

(GVD)hasbegun. GVDisplannedtohave216strings,eachstringholding48OMs. The

completeddetectorwouldthenhaveaninstrumentedvolumeofabout1✳4km3[139].

3.2.3. AMANDA

ThelastenvironmentforneutrinotelescopesdiscussedhereistheAntarcticice. Deploy-

mentofthe Antarctic Muonand Neutrino Detector Array(AMANDA)startedinthe

1990s.FirstAMANDAAwasdeployed,consistingoffourstringseachcarrying20OMs.

TheOMsweredeployedindepthsbetween800mand1000m. However,airbubblesled

tolargescatteringofphotonsintheiceatthesedepthsand madeareconstructionof

muontracksinfeasible.

Thus,thenexttenstrings, AMANDA B, weredeployedindepthsbetween 1545m
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and1978m. Deploymentended withtheadditionaleightstringsof AMANDAII

positionedaroundAMANDAB.ThreeofthesestringshadOMsdeployedasdeepas

2350m. Therebyicepropertiesatthesedepthscouldbeinvestigated–aforeshadowof

thealreadyplannedIceCubedetector. AMANDAwassuccessfulinshowingthatthe

detectionofneutrinosiniceispossible. However,similartoANTARES,itssize(about

0✳02km3)limitedittothedetectionofatmosphericneutrinos[140,141].

3.3. TheIceCubeNeutrinoObservatory

AfterthesuccessfuloperationofthepredecessorAMANDA,plansforamuchlargerdetec-

torweremade.Finishingthedeploymentofopticalmodulesin2010theIceCubedetector

isnowadaysthelargestdetectorofthistypeintheworld.Thedetectorisequippedwith

5400modules.Eachmoduleconsistsofa25cmPMT2[142]andamainboardfordata

acquisition.ThemeasuredanaloguesignalbythePMTisdigitalizedbeforeitissentto

thesurface.ThemoduleasawholeiscalledDOM(DigitalOpticalModule)andwillbe

discussedafterandescriptionofthedetectorlayout.

3.3.1. DeploymentandlayoutoftheIceCubedetector

TheDOMsarefixedtoa2500mlongcable,thestring.Thestringprovidespower-supply

andcommunicationfortheattachedDOMs.Eachstringholds60DOMs[143]. Mostof

thestrings(78)areorientedinatriagonalgridwith125mspacingandthe60DOMsare

deployedindepthsbetween1450mand2450m(seeFig.3.7).

InthecenterofIceCubeeightstringsaredeployed moredensely(between40m

and70mapart).IncontrasttotheotherstringstheirDOMsareequippedwithPMTs

withahigherquantumefficiency. Additionally,theseDOMsarenotdeployedbetween

1450mand2450m. TenoftheDOMsaredeployedbetween1760mand1850m;the

otherfiftyaredeployedbetween2100mand2450mdeepintheice. Thispartof

thedetectorisoptimizedforalowerthresholdenergy(about10GeVinsteadofabout

100GeV)andiscalledDeepCore.TheIceCubeNeutrinoObservatoryiscompletedbya

surfacearraycalledIceTop.Itconsistsof81stationsinatriangulargridwiththesame

125mspacingasIceCube. Eachstationismadeoftwotankswithcleariceinthem.

EverytankhoststwoDOMs.Thearraycandetecttheshowersofcosmicrays.

3.3.2. TheDigitalOptical Module-DOM

Theenvironmentin whichthe DOMsaredeployeddictatesseveralofthe DOMs

properties.Itshouldnotrequiremorethanfive Wattsofelectricalenergyduetohigh

fuelcostsattheSouthPole.Additionally,ithastobebuiltrobustenoughtowithstand

thepressureandtemperatureconditionspresentdeepintheice. Forpracticalreasons

2HamamatsuR7081-02
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3.3.TheIceCubeNeutrinoObservatory

Figure3.7:TheIceCube Neutrinoobservatory,consistingoftheIceCubedetector,

thelow-energyextensionDeepCoreandtheairshowerdetectorIceTop,

isdeployedathegeographicSouthPole. Alsoshownisthepredecessor

AMANDA.Takenfrom[144].

theDOMhastoworkatroomtemperature(20◦C)duringtestingaswellasat−55◦C

whenitistransportedtoanddeployedattheSouthPole[143]. Tominimizethedark

noisebynaturalradioactivitythematerial(mainlytheglasssphere)theDOMismade

ofhadtobechosenaccordingly. Anotherimportantpropertyisthereliability. Since

theicerefreezesafterdeployment,theDOMscannotbephysicallyaccessedafterwards.

Therefore,everyDOMwithafatalhardwareorsoftwareerrorremainslost.

Theserequirementsare metbythechosendesign. Toresistthehighpressurein

thedeepicetheDOMshousingismadeoutoftwoglasshalf-sphereswithathicknessof

13mmandadiameterof35✳6cm. ThePMT,pointingdownwards,andthemainboard

arefixedinthesphere,seeFig.3.8.ToimprovetheopticalcouplingbetweenPMTand

sphereaspecialsilicone-basedgelisused.

Lightemittedatapositionhigherthanthe DOMhastobescatteredbeforede-

tection.IfaphotonreachestheDOM,itcanbedetectedbythePMTascharge. The

chargeovertime,measuredbythePMT,isthendigitized.Therearetwowaysasignal
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canbedigitized[145,146].

Figure3.8:SchematicdrawingoftheDigitalOptical Module. Takenfrom[142].

Oneis digitization by afast Analogueto Digital Converter(fADC). ThisfADC

samplesthesignaltakenbythePMTwitharateof40 Megasamplespersecond(MSPS).

IfthefADCgetstriggered,256samplesarerecorded,coveringatimeintervalof6✳4µs.

For a highertime-resolutiontwo Analog Transient Waveform Digitizer(ATWDs)

areused. TheysamplethePMTsignal with300 MSPSandcanrecord128samples,

coveringatimeintervalofabout400ns. ThreeATWDchannelsareoperatedinparallel

withdifferentamplifiergains,toimprovethedynamicrangethatcanberecorded. The

secondATWDcandigitize,ifthefirstoneisindeadtime.

The detector was plannedassuminga DOMsurvivalrate of 90 percentafter 15

years. UptodatethenumberoflostDOMsisabout120(abouttwopercent)–eleven

yearsafterthedeploymentofthefirststringandalmostsixyearsafterthedeployment

ofthelast.

3.3.3.IcepropertiesattheSouthpole

Theicebetween1450mand2450misveryclearleadingtoaneffectiveabsorptionlength

largerthan70mandaneffectivescatteringlengthlargerthan20min mostpartsofthe

detector(see[147,148])andFig.3.9). However,theice-propertiesarenothomogeneous.

InthepasttherewereseveralperiodsofhighconcentrationofdustparticlesintheEarth’s

atmosphere. Nowadaysthiscanbeobservedas"dustlayers"intheice.Intheselayers
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3.3.TheIceCubeNeutrinoObservatory

thescatteringandabsorptionlengtharemuchsmallerduetotheuncleanice(seethe

rangebetween1800mand2000m
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inFig.3.9). Therefore,lesslightisdetectedfrom

interactionsofmuons/neutrinosinthisregion.
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Figure3.9:Effectivescatteringcoefficient(left)andabsorption(right),dependenton

depth,fortwomodelsdescribingtheopticalpropertiesoftheiceinIceCube.

Takenfrom[148].

3.3.4. DataacquisitionattheSouthPole

EachDOMisconnectedtothetwoDOMsbelowandaboveit.IfoneDOMdetects

chargeoverathresholdof0.25Photoelectrons(PE)withadiscriminatortrigger,itwill

startdatasamplingwiththefADCandoneoftheATWDs.Itwillalsocheckifits

neighbours(thetwoDOMsaboveandbelowhim)registeredchargeabovethisthreshold

inatimewindowof1µsaswell.Ifthisistrue,thesereadoutswillbethenmarkedas

"local-coincident"orLC.

Betweenthreeandeight DOMs musthaveobservedLCreadouts within 5µsfor

aneventtobetriggered.Ifthetriggerconditionisfulfilledthereadoutsfromtheentire

detectorwillberecorded,whichdefinesanevent.ReadoutsthatfulfiltheLCcondition

arestoredcompletely(bothATWDandfADCdata). Forallotherreadoutsonlythe

threehighestsamplesofthefirst16fADCsamplesarekept.

Thedataofthereadoutisthensenttoafacilityatthesurface. Thetotaltrigger

rateisabout2✳5kHz[149]. Thisratecanvaryby∼±✶✵✪duetoyearlyatmospheric

variations[150]. TheinterpretationofrawATWDandfADCischallengingfor most

usedreconstructionalgorithms. Hence,fortriggeredeventsthisinformationisused

todeconvolvespecificsinglePEshapes[151]. Afterwardstheeventsarereconstructed

withrelativelysimple,butfastalgorithmsappliedonthisextractedtimeandcharge

information(pulses)andafterwardspre-selected(filtered). Thefilteredeventsaresent

viasatelliteforfurtherprocessingwithmoretimeconsumingreconstructions.
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3.4. Detectorsimulationandbackgroundestimationusedfor

thisanalysis

Simulatedneutrinosarerequiredtoestimatethequalityoftheusedreconstruction

methods,todesigntheeventselectionandtocalculatesensitivitiesandupperlimits.The

backgroundofatmosphericeventsisestimatedusingdata.Thishastheadvantagethat

systematicuncertainties(forexamplethenormalizationoftheatmosphericmuonfluxin

IceCube)donothavetobetakenintoaccountforthebackgroundestimation.Theaimof

thisanalysisistomeasureemissionfrompoint-likesources,notadiffuseemission.Since

itisnotexpectedtoclusterinspace,apreciseestimationoftheatmosphericbackground

isnotnecessary. Theinfluenceofsystematicuncertaintiesonthesignalsimulationis

discussedinsection6.3.

However,toverifythevariablesusedintheeventselectionsimulatedairshowers

areusedforcomparison.Inthisanalysisseveralsimulationdatasetsareused. While

someofthereparametersdiffer,forexamplethetypeofparticlesimulated(neutrinos/

muons)orthegeneratedenergyspectrum,theoverallsimulationchainremainsthesame.

First,eithersimulated muonsorneutrinosare"created"usingagenerator. For

neutrinosageneratorbasedonthesoftwarepackagediscussedin[152]isused. The

probabilityofaneutrinotointeractinthesimulatedvolumeisverysmall. Toavoid

simulating manyeventsthatleavenotraceinthedetectorthegeneratorforcesthe

neutrinotointeractinsidethedetectororinthevicinityofit. Atmosphericmuonsare

takenfromtheairshowersimulationsoftwareCORSIKA[153].

Inasecondstep,thepropagationofthe muonscreatedineitherofthegenerators

issimulatedusingthesoftwaredescribedin[128,154]3. Theenergylossesinsideand

inthevicinityofthedetectorarethenusedtoestimatethelightyieldofanevent.

Usingparametrizationsofthenumberofexpectedphotonsfromanenergydeposition

thesephotonsarethenpropagated. Thispropagationdependsonbothscatteringand

absorptionlengthoftheice. ForthesimulationsusedinIC86-ItheSpiceMIEmodel

from[148]isused. ForIC86-II+animprovedversionofthis modelwhichincludes

theobservedanisotropy4[155]oftheicewhereIceCubesitsisused. For mostsimu-

lationdatasetsallphotonswerepropagatedusingthepropagationcodedescribedin[156].

InIC86-Isignalsimulation withhighstatisticsforneutrinoeventsabove1PeVis

used. Thepropagationofallsinglephotonsiscomputationalveryexpensive. Hence,

parametrizedlook-uptables[157]areusedherethatarefaster,butlessprecise.

3[128]isusedforsimulationofthefirstyearofthisanalysisand[154]forthefollowingyearstwotofour.

Themaindifferenceistheprogramminglanguageofthepropagation.
4Anazimuthdependenceofthelightyield.
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Theresponseofthe OMstoarrivingphotonsandnoiseissimulatednextandina

laststepthesametriggersthatareappliedondataarealsoappliedonthesimulation.
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4.STeVE–asearchforpoint-likeTeV
neutrinosourcesinthesouthernsky

ThischapterstartswithadescriptionoftheobservedVHEgammaraysources.Aswill

beshowninsection4.1,themajorityofgalacticVHEgammasourceshasbeendiscovered

inthesouthernsky.TheimplicationsofthisforIceCubewillbediscussedinsection4.2.

Thesearchstrategydescribedinthisthesis,asearchforneutrinoemissionfrompoint-like

sourceswithStartingTeVEvents(STeVE),ispresentedinsection4.3andanoverview

ofprevioussearchesforpoint-likesourcesinthesouthernskyisgiveninsection4.4.

4.1. Gammaraysourcesinthesouthernsky

AboutfiftypercentofknownTeVsources,listedintheTeVCat1[26]catalogueare

foundinthesouthernsky.From90sourcesthatarelocatedinthegalaxy,57areinthe

southernsky2

−75◦
−45◦

−15◦

+15◦

+45◦
+75◦

24h 0h

extra-galactic unidentified galactic

. ThisincludesthecenterofourgalaxyandthetwoexamplesRXJ1713

andVelaXdiscussedinsection2.5.1. AsdemonstratedinFig.4.1theobservedobjects

arenotequallydistributedoverthesky. WhiletheHESScolloborationsurveyed

Figure4.1:SkymapofsourcesinTeVCat. Thegalacticplaneisindicatedbythesolid

blackband.

mostofthegalacticplane[64]VERITASand MAGICdidnot. Thus,theyhadmore

observationtimeavailableforothersources. Thisisrepresentedbythefactthatmore

extra-galacticsourceshavebeenfoundinthenorthernskysofar,whileanisotropic

distributionofthesesourceswouldbeexpected. Thesecondimportantfeatureisthe

1http://tevcat.uchicago.edu/
2ThenumbersquotedherearebasedonthestatusoftheTeVCatinAugust2015.
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Figure4.2:DeclinationofsourcesinTeVCatandgammaraytelescopes.

largenumberofobjectsdetectedaround−60°,seeFig.4.2.Alikelyexplanationisthein-

creasedcoverageofthegalacticplaneinatthatdeclination(equatorialcoordinates). Most

oftheunidentifiedobjectsareveryclosetothegalacticplane;suggestingagalacticorigin.

TheabundanceofgalacticTeVgammarayemittersandthefactthattheycanbe

seenasanindicatorforTeVneutrinoemissioninthecaseofanhadronicorigin(see

section2.5)arestrongargumentstofocusasearchforthesourcesoftheastrophysical

neutrinofluxonthesouthernsky.

4.2. ChallengesforIceCube

MuonscannotcrossEarth. Thus,amuontrackthatgoesupthroughthedetector,as

ifitwouldcomefromthenorthernsky,mustcomefromaneutrinointeraction. Most

oftheseneutrinosareproducedininteractionsofcosmicraysinEarth’satmosphere,

asdiscussedinsection2.2.1. InthesouthernskyIceCubeloosestheEarthasa

shieldagainstatmosphericmuons.Here,themainbackgroundforsearchesofastrophysi-

calneutrinosisnotatmosphericneutrinos,asinthenorthernsky,butatmosphericmuons.

These muonsareaboutafacto✶✵✻times moreabundantthanatmosphericneutri-

nos(seeFig.4.3),buttheatmosphericmuonshaveaverysteepspectrum.Thisandthe

factthatopaquenessofEarthforhighenergyneutrinosdoesnotplayaroleinthesouthern

skysearchesforneutrinoswithenergiesofPeVorhigherwiththrough-going3muontracks

leadstocomparablesensitivitywithsearchesinthenorthernskyinthisenergyrange[158].

Forneutrinoenergiesbelow 100TeVhowever,thesesearchesareaboutafactor

1000worsethaninthenorthernsky[159]. Duetothefactthatmanyofthegalactic

sourcesinthesouthernskyareexpectedtohaveeitheracutoffinenergysomewhere

3Atrack-likesignaturethatentersandleavesthedetectorvolume.
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Figure4.3:Numberofatmosphericmuonsandneutrinosexpectedinoneyearoflive-

timeoftheIceCubedetector. Thenumbersaretakenfrom MonteCarlo

simulation.

4.3.Strategyofthiswork

4.3.1.Startingtracks

Ifoneormoremuons,producedinacosmicrayairshower,areofsufficientenergyto

produceahitpatternthatappearstoenterandleavethedetectorvolume,thiswillbe

calledathrough-goingevent.Similarmuonscreatedininteractionofneutrinosoutside

thedetectorvolumecanproducesuchahitpattern.Asaresultforasinglemuontrackin

thiscaseitwillnotbepossibletosaywhetheritoriginsfromacosmicrayoraneutrino

interaction4.

Atmospheric muonscanonlybeproducedintheatmosphereandhavetoenter

thedetectorvolume. Theneutrinoonthecontraryhasnotrack-likesignature,thus,a

trackthatstartswithinthedetectorvolume–astartingtrack–canbeobserved.Ifthe

scopeissettoonlytheseeventswheretheneutrinointeractswithinthedetectorvolume,

ideally,anunambiguoussignatureforaneutrinointeractionwillbeathand.

Thisuniquesignaturecomes withadrawback. Through-goingtrackscanbede-

4Giventhattheinitialneutrinointeractionissufficientlyfarawayfromthedetectorvolume.
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4.STeVE–asearchforpoint-likeTeVneutrinosourcesinthesouthernsky

tectedeveniftheinitialinteractionisseveralkilometersaway,dependingontheenergy

andthus,rangeofthemuon.Forstartingtracksthisisnotlongertrue.Thisdecreases

thevolumethatisavailablefortheneutrinoanalysis.

4.3.2. Atmosphericselfveto

Oneadvantageofstartingtracksisthepotentialsuppressionofatmosphericneutrinos.

Thishasbeendiscussedindetailin[160,161]andissummarizedhere.Thehitpatterns

inthedetectorforneutrinosfromthenorthernskyarethesameforastrophysicaland

atmosphericneutrinos. Aseparationisonlypossibleonastatisticalbasisduetothe

differentexpectedenergyspectra(andposition,inthecaseofsourcesearches).

Inthesouthernskyhowever,alsotracksproducedbythe muonsfromthecosmic

rayshowerthatproducedtheneutrinoareexpectedtobevisible. Thesemuonswould

overlaywiththestartingtrackoftheatmosphericneutrinoanditwouldbeeasytoreject

thecombinedtrackasthrough-going. Therefore,aperfectrejectionofthrough-going

trackswouldprovideasampleofpureastrophysicalevents.AscanbeseeninFig.4.4,

theefficiencyofsuchavetoisbothdependentonenergyandzenithangleoftheevent.

Themorehorizontalaneventis,thelessefficientbecomestheveto.Likewise,ahigher

energeticatmosphericneutrinohasalargerprobabilitytobeaccompaniedbya more

energeticmuon. Thismuonhasahigherchancetobothreachthedetectorandtobe

energeticenoughtomakeavetopossible.

4.3.3.SearchingforTeVeutrinosfrompoint-likesources

Inthesouthernskythebackgroundbyatmosphericmuonsexceedsthesecondlargest

backgroundofatmosphericneutrinosbyroughlyafactor✶✵✻(seeFig.4.3).Thesemuons

arestillabundantinlargenumberattheTeVenergieswheregalacticneutrinosare

expected.Thus,aseparationbasedontheenergyalonedoesnotseemtobepromising.

Inalmostallsearchesforpoint-likesourcesinthesouthernskywithIceCubethemajority

ofeventsareatmosphericmuons–seeforexample[149].Thechallengeistosuppressthe

numberofmuonsenoughforaclusteringofneutrinoeventsfromapoint-likesourceto

bestatisticallysignificant,butitisnotrequiredtoobtainasampleofpureastrophysical

neutrinosinducedstartingmuontracksattheseenergiesinasearchforpoint-likesources.

Starting-tracksareapromisingeventtopologyhere. Therefore,thisanalysisfo-

cussesontheirselectiontomakeusedofboththeirgoodangularresolutionandposssible

suppressionofatmosphericbackground.
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Figure4.4:Atmosphericneutrinoforthreereferenceenergies,dependingondeclination.

Solidlinesshowthetotalflux. Dashedlinesshowthepartoffluxfrom

neutrinoswithoutamuonproducedinthesameairshowerreachingIceCube.

Top: Muonneutrinosfrompionandkaondecays. Mid:Electronneutrinos

frompionandkaondecays.Bottom: Muonandelectronneutrinosproduced

in"prompt"decays.Takenfrom[161].

4.4. Previousmeasurements

STeVEisnotthefirstsearchforpoint-likesourcesofneutrinoemissioninthesouthern

sky.InthefollowingsectionbothresultsfromtheANTARESdetectorandprevious

searcheswiththeIceCubedetectorarediscussed.

4.4.1. ANTARESresults

Asdescribedinsection3.2,theANTAREStelescopeoperatesintheMediterraneansea.

Therefore,itcanusetheEarthasashieldagainstatmosphericmuonsfromthesouthern

sky.TheANTAREScollaborationcangivethemostcompetitivelimitsontheneutrino

fluxfrommanyastrophysicalobjectsobservedinTeVgammaraysinthesouthernsky,if

theconnectionbetweengammaraysandneutrinosasdiscussedinsection2.5.1isassumed
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4.STeVE–asearchforpoint-likeTeVneutrinosourcesinthesouthernsky

[159,162].EvenifanE−✷neutrinospectrumwithoutacutoffinenergyisthehypothesis

theresultsremaincomparabletothoseofIceCube.Theabilitytocompetewithadetector

a100timeslargerimpressivelyshowsthepoweroftheEarthasamuonshield(seeFig.

4.5).

4.4.2.IceCubesearcheswiththrough-goingevents

InthesouthernskyIceCubehassearchedforpoint-likesourceswiththrough-goingtracks

[149]. Thenumberofbackgroundeventsisreducedtoabout70,000events(almosten-

tirelymuons)peryear,byselectingeventswithalargecharge. ForanunbrokenE−✷

spectrumtheresultofthissearchiscomparablewiththeANTARESsearchmentioned

above.However,ifamorerealisticscenarioofacutoffinenergyata100TeVisassumed,

theIceCubeanalysiswilllosemorethanafactor100inmagnitudeinsensitivity,while

ANTARESwillloseafactorofabouttwo.Giventheobservedspectralenergydistribution

oftheobservedTeV
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gammasourcesthisisnotverypromisingfortheIceCubeanalysis

(seeFig.4.5).

Figure4.5:Sensitivityforpoint-likesourcesindependenceofdeclinationforANTARES

andtheIceCubesearchusingthrough-goingevents.Takenfrom[159]
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4.4.Previousmeasurements

4.4.3.IceCubesearcheswithstartingevents

High-energystartingevents(HESE) Motivatedbyboththepromisingsuppressionof

atmosphericbackgroundandthelackofevidenceinthesearchforastrophysicalneutrinos

withthrough-goingtracksananalysiswasdesignedtospecificallyselecteventswitha

startinghit-pattern. TheIceCubeCollaborationusedstartinghit-patternsbefore,but

thesesearcheswerefocusedonthecascade-likechannel[163]orthedetectionofneutrino

oscillationsatthelower-energythresholdoftheDeepCorepartofthedetector[164].

Thus,anewselectionhadtobedesignedtoalsoallowforhigh-energy(Eν >

30TeV)startingevents,bothtrack-likeandcascade-like.Abothverysimpleandefficient

waytosuppressatmosphericbackgroundisacutonthechargedetectedbytheDOMs.

Inthisanalysiseacheventwasrequiredtodepositenergyequivalentto6000PEormore

withinthedetector. Toselectonlystarting-eventsitisrequiredthatwithinthetime

ofthedetectionofthefirst250PElessthan3PEaredetectedinsidethevetoregion.

ThevetoregioniscomposedbytheouterlayerofstringsandthehighestfiveDOMson

eachIceCube(notDeepCore)stringaswellasthelowestDOMoneachstring,seeFig4.6.

Figure4.6:Vetoregion,takenfrom[89].Thedarkgreystringswereaddedinthesecond

yearusedinthisanalysis. TheycompletedtheIceCubedetectorwith86

strings.Thegreyshadedregionshowsthevetoregionusedforthecompleted

IceCubedetector.Thebluedotsindicatethelayerofcrosssectionchosenin

therightplot.

Thisanalysis wasfirstperformedontwoyearsofIceCubedata. Oneyear with

thealmostcompleteddetectorandthefirstyearofthecompletedIceCubedetector
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4.STeVE–asearchforpoint-likeTeVneutrinosourcesinthesouthernsky

(additionalsevenstrings).Simulationsshowthatoneexpects✶✵✳✻+✺✳✻−✸✳✻backgroundevents

fromatmosphericmuonsandneutrinosinthesetwoyears.28eventsweredetected.If

theenergyandzenithdistributionoftheseeventsisconsideredthisamountstoanexcess

of4.8σoverthebackground-onlyhypothesis[89]. Thisresultwasstrengthenedbythe

additionofmoreyearsofIceCubedata[90].

Thesampleconsists mainlyofcascade-likeevents(21outof28). Theseevents

havearatherpoorangularresolution(estimatedbetween∼6°to∼50°). Thus,evenifa

point-likesourcehadbeendetected,whichwasnotthecase,anidentificationwouldhave

beenverychallengingduetothelargeuncertaintyconcerningitsposition.

Medium-energystartingevents(MESE) Motivatedbythesuccessandthelimitsof

HESEasearchforstartingtrack-likeeventswasdesignedtoimprovethesensitivityfor

point-likesourcesinthesouthernskyatenergiesEν<1PeV. Thisanalysisallowsfor

alargercontaminationofatmosphericbackgroundbyloweringthechargethresholdof

theeventselectionto1500PE. Thus, MESEfocusesonmedium-energystartingevents

(MESE).Adetaileddescriptionoftheanalysiscanbefoundin[165]. Additionalcuts

selectonlytrack-likehitpatterns.Thesecutsexclude77%ofallcascade-likeeventswhile

95%ofallcharged-currentνµwithanopeninganglebetweenreconstructionandMonte

Carlotruth(Ψ)oflessthanfivedegreearekept. Asalaststep,atwo-dimensionalcut

onreconstructedenergyanddistanceofthereconstructedstartingvertextothedetector

boundariesisapplied.

Thissearchyields549eventswiththreeyearsofIceCubedata(IC79andtwoyearsof

IC86).Theanalysismainlyimprovesthesensitivityforscenarioswithacutoffenergy.For

anE−✷power-lawwithanenergycutoffat1PeVthesensitivityofthecombinedthrough-

goingandstartingtrackselectionimprovesbyafactor∼✷−✸andforanenergycutoffat

100TeVbyafactor∼✺−✷✵comparedtothethrough-goinganalysis.InFig.4.7thesensi-

tivitiesofthiscombinedselectionareshownandcomparedtotheresultsfromANTARES.

Whiletherequirementonthedepositedchargeisveryefficientinsuppressingat-

mosphericbackgrounds,italsoreducestheefficiencyforastrophysicalneutrinoswith

energiesEν<100TeV.

Low-energystartingevents(LESE) TheshortcomingofthethreeIceCubeanalyses

presentedaboveistheirlackinsensitivityforpoint-likeTeVneutrinoemission-which

ispredictedinhadronicmodelsofgalacticTeVgammasources,asdiscussedinsection

2.5.TheeventselectionofLESEisbasedonavetoconditionsimilartotheHESE/MESE

conditiondiscussedabove.Themaindifferenceisthelackofachargethreshold-making

thisselectionalsoviableforeventsoflowerenergydepositinglessenergyinthedetector

volume[166,167].STeVEusesthisinitialselectiondevelopedforLESE,whichwillbe
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4.4. Previous measurements

Figure4.7:Sensitivityforpoint-likesourcesindependenceofdeclinationforANTARES

andtheIceCubesearchusingthrough-goingeventsincombination with

MESEevents. Takenfrom[165]

explainedinmoredetailinsection5.3.1. Usingadditionalselectionlevelstosuppressthe

backgroundfurthertheLESEanalysisisoptimizedtobesensitivebelowafewTeV.
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5. Eventselectionandreconstruction

5.1. Motivation

Itwaspresentedinsection4.3thatselectingstartingmuontracksisapromisingselection

tolookforgalacticneutrinopointsourcesinthesouthernsky.Thischapterdiscusseshow

togettoadatasetsuitableforapointsourceanalysis.First,themethodstoreconstruct

eventtopology,energyanddirectionaredescribed.Second,theindividualselectionsteps

arepresented.Theobjectiveistoobtainasampleofwellreconstructedsignaleventswhile

suppressingbackgroundevents. Thelastpartofthischapterfocussesonthepropertiesof

theeventselectionusedinthepointsourceanalysis.STeVEusesfouryearsofdatataken

bythecompletedIceCubedetector. Oneoftheenergyestimatorsusedvariesbetweenthe

firstyear(May2011- May2012)andthefollowing(May2012- May2015). Thisleadsto

twoeventselections. DatatakeninthefirstyearwillbecalledIC86-Iandtheadditional

yearsIC86-II+.Ifnotexplicitly mentioned,theprovideddescriptionsapplytoalldata.

5.2. Eventreconstructionandvariables

5.2.1. Whichpropertiesofaneventneedtobereconstructed?

The STeVE analysisintroducedinthepreviouschapterrequiresestimatorsofthe

energy,directionandtopologyoftheevent. Topologyhereisusedasasummaryoftrack

properties. Thefocusofthisanalysisis,asdiscussedinsection4.3,onstartingTeV

muontracks(seeFig.5.1a). Thelocationoftheinitialinteractioncanbereconstructed

basedonthehitpatternwiththe methodsdescribedinsection5.2.3andsection5.2.5.

Thedistancebetweentheedgesofthedetectorvolumeandthereconstructedinitial

interactionpoint(lengthtostart,lightredlineinFig. 5.1)isexpectedtobepositive

ifthevertexisinsidethedetectorvolumeandnegativeifitisoutside. ATeVmuon

producedbyaneutrinointeractioninsidethedetectorvolumeisexpectedtoleavethe

detectorvolume(lengthtoleave,bluelineinFig.5.1).

Theenergy depositedalongthetrackcanalso be usedtocharacterizeastarting

event. Theenergyspectrumofbothatmospheric muonsandneutrinosissteep(see

section2.2.1). Thus,aneventwithhigherenergyis morelikelytobeofastrophysical

origin. Thehadroniccascadeoftheinitialneutrinointeractionisalsoexpectedtobe

bright. Usingsimulatedneutrinointeractionsandmuonpropagationshowsthatinabout

80 %ofallchargedcurrent muonneutrinointeractionstheinitialcascadeisthe most

energeticone(seeFig.5.2). Atlowerenergies,below10TeV,thischangestoalmost90%.
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Figure 5.1:Topology of events in IceCube. a): Starting muon track b): Through-going

muon track c): Low energy muon bundle. Shown are the quasi-continuous

and stochastic energy losses and three track length variables.

Muons produced in an air shower often arrive in a group, a muon bundle [21].

These bundles have a more equally distributed light yield. They are on average of lower

energy and a larger part of their energy is emitted continuously (see section 3.1.3 and

Fig. 5.1 c).

If an atmospheric bundle consists of few, or only one, muon that carries most of the

bundle’s energy, the energy losses of this muon will be very similar to the neutrino

induced track (see Fig. 5.1 b). If by chance this event lacks a large stochastic energy

loss in the veto region of the detector, it will be very challenging to separate it from a

"starting" neutrino event.

Muons from bundles produced in the atmosphere can have enough energy to pene-

trate the ice and enter the instrumented volume of IceCube. Some of these muons then

decay inside the detector. AT eVmuon produced by a neutrino interaction inside the

detector volume, however, leaves the detector volume (see Fig. 3.5). Thus, a hit pattern

which stops inside the detector, see Fig. 5.1 c, is an indicator for an atmospheric muon

(bundle).

5.2.2. Angular reconstruction

This section about angular reconstruction is in large parts a summary of the paper

describing the reconstruction methods used for the AMANDA detector [168]. Where

used, additional references are given.

The direction of a muon is reconstructed with the help of likelihood reconstruc-
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Figure5.2:Differencebetweentheinitialenergylossatthepointofneutrinointeraction

andthemostenergeticenergylossalongthemuontrack,normalizedwith

theenergyoftheinitialenergyloss.Simulatedeventsinwhichtheinitial

energylossismoreenergeticthananysingleenergylossalongthemuontrack

giveavaluelargerthanzero.Thecumulativedistributioninfourdifferent

energybandsisshown,indicatedbythedifferentcolors.Thedashedlineof

eachcolorindicatestheratioofeventsinthisbandwithanenergylosslarger

thanthelossattheinitialinteractionpointoftheneutrino.Theeventsin

eachenergybandareweightedtofollowanE−✷spectrum.

tions. Thesereconstructionsrequireafirstguessestimatortoavoidlandinginlocal

minimaofthenegativeloglikelihood(LLH)function-log(L).Thefirstguessisprovided

byanalgorithmthatminimizesthedistanceinspaceandtimebetweenahypothetical

trackwithavertexandvelocityvectorandthepositionsandtimeoftheopticalmodules

observingcharge.Theangularresolutionofthefirstguessestimatorcanbeimprovedby

about60✪byrejectingdetectedchargethatisunlikelytobeincausalconnectionto

thetrack[169].ThisimprovedversionoftheanalyticalreconstructionisusedforIC86-II+.

InanextsteptheestimatedtrackinformationcanbeusedasaseedfortheLLH

trackreconstruction.Theopticalmodulesthatdetectedchargecanbeseenasindepen-

dentmeasurementsofthetrackhypothesis.AlikelihoodLcanbedefinedbymultiplying

theprobabilitydensityfunctionsp(PDFs)foreachindividualmeasurementxi:

L(x|Θ)=
i

p(xi|Θ)✳ (5.1)

Here,xisthevectorofallmeasurementsandΘcontainsthefreeparametersofthetrack

hypothesis,thevertexposition(x✱y✱z)andthedirectionofthetrack(zenith:θand

azimuth:Ψ).ThePDFusesamuontrackwithoutstochasticlossesashypothesis.The

impactoftheselosses,PMTresponseandscatteringonthearrivaltimedistributionare

visualizedinFig.5.3. Onlythetimeinformationofthechargeassociatedwiththefirst

photonthathittheOMisconsidered.Ifonlytheinformationforasinglephotonhitis
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Figure5.3:DistributionofdetectionarrivaltimesinanOMfromCerenkovlightemitted

byamuon.Topleft:ArrivaltimetakingintoaccountthePMTjitter.Top

right: Withaddedrandomnoise. Bottomleft:Effectofconsideringlight

yieldbystochasticenergylossesalongthemuontrack.Bottomright:Impact

ofscatteringonthearrivaltimedistributionforanearandafartrack.Taken

from[168]

used,thisPDFwillbecalledaSinglePhotoelectronPDF,shortSPE1.Thisapproach

ignoresavailableinformationfromlaterhitsinanOM.However,itprovidesafastand

goodreconstructionthatcanbeusedtoseedmoresophisticatedtrackhypotheses.Itcan

beimprovedbyconsideringtheinformationthatNhit(s)followedintheLikelihoodfor

thefirsthit.ThisistakenintoaccountbytheMultiplePhotoelectronPDF,MPEinshort.

Toaccountforrandomhits(noise)detectedinoptical modulesasmallnoiseterm

isaddedtothelikelihood.Theiceproperties,discussedinsection3.3.3,havetobetaken

intoaccountaswell. Twoapproachescanbeusedforthis.Ifcomputationalspeedis

requiredananalyticaldescriptionoftheexpectedlightyieldwillbeused[170].Thiscan

beimprovedbysimulatingthelightpropagationintheiceandsavingtheinformation

intables.However,thesetablesoccupyabout20GB[107]whichmakestheirusagevery

demandingintermsofcomputationalresources.

Asolutionforthisproblemisthefitofpolynomialfunctionstotheiceproperties.

Thefunctionsusedaredescribedin[171]. Moredetailonthefittingprocedurecan

befoundin[107]. Theusageofthispolynomialfunctions,calledsplines,reducesthe

requiredmemorystoragetoabout200MB[107].Ithasbeenshownin[107]thatfor

thedataselectiondiscussedinthatworktheusageofsplinesimprovesthe median

angularresolutionfora10TeVmuontrackfromabout1°withtheanalyticallightyield

1InIceCube"slang"SPEfirst.
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5.2.Eventreconstructionandvariables

Table5.1.:AngularreconstructionsusedforSTeVE

Reconstruction seed method

analyticalreco. none analyticalminimization

SPELLHreco. analyticalreco. LLHwithSPEPDF

MPELLHreco. SPELLHreco. LLHwithMPEPDF

MPELLHreco.(spline) MPELLHreco. LLHwithMPEPDF(spline)

descriptiontoabout0✳7°(bothtimestheMPEPDFisused).

Startingwithafirstguessparticletrackthe minimizersearchesfortheoptimaldi-

rectionalreconstruction.Inthisanalysisfirstananalyticreconstructionisappliedand

usedasfirstguessestimatorforthelikelihood-basedreconstructionusingtheanalytical

descriptionofthelightyieldandaSPEPDF.Forthis methodthereconstructionis

appliedtwice,withdifferentstartingparameters,toreducetheriskoffallinginalocal

minimum. Theresultofthisreconstructionisthenusedforalikelihoodminimization

usinganMPEPDFandtheanalyticallightyielddescription.Thelatterinturnisused

asaseedforaMPEPDFusingsplines.Thischainofreconstructionsissummarizedin

Table5.1.

Themedianangularresolutionofthesereconstructionsforthefinalselectionlevel(that

alsoisusedinthepoint-likesourcesearchforSTeVE
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SPE LLH reco. 2 iterations
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andselectsonlywellreconstructed

events)forIC86-IisshowninFig.5.4. Largervaluesofthelikelihood,orequivalent

Figure5.4:MedianangularerrorΨforthedifferentreconstructionsusedinthisanalysis.

Thedistributionisshownforthefinallevelselection,seesection5.3.3.The

behaviourbelow∼3TeVislikelycausedbyalackofMonteCarlostatistics

duetofeweventspassingtheeventselectionandpossiblyachangeinthe

eventtopology.

thesmaller-log(L)usuallycorrespondtoacloserfittothetruedirection.However,the

absolutevalueofthisquantitydependsonthenumberofdatapointstakenintoaccount.

Tocomparethefitqualitybetweendifferenthypothesesthe"reduced"logarithmofthe
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5.Eventselectionandreconstruction

likelihood,shortrlogl= −❧♦❣✶✵(L)
Nd✳o✳f✳

canbeused,withNd✳o✳f✳(thenumberofdegreesof

freedom),thenumberofpulsesmeasuredonopticalmodules,reducedbythenumberof

parametersforthefit.Hence,rloglcanbeusedasatrackqualityparameter2.

Angularerroruncertainty

Inasearchforpoint-likesourcesitisnotonlythedirectionalinformationofanevent

thatisimportantbutalsotheuncertaintyonit.Here,amethodisusedminimizingthe

loglikelihoodatdirectionssurroundingthebestfitdirection. Aparabolaisfittedto

theseLLHvalues.Theparametersofthisparabolacanbeusedtoestimatetheangular

uncertainty[172].

Inseveralanalysis[107,173]ithasbeenobservedthattheestimatorunderesti-

matesthedirectionalerror. Thiseffectisenergy-dependent. Oneexplanationforthis

behaviourisdiscussedin[174]. Itcanbeshownthatthestochasticenergylosses,

whicharenotpartoftheLikelihooddescriptionusedtoreconstructmuontracks,lead

totheunderestimationofthedirectionalerror. Thiscanalsoexplainwhytheeffect

isenergy-dependent withanincreasingunderestimationforhigherenergies, where

stochasticenergylossesdominatethetotalenergyloss.

Bothangularreconstructionandestimationoftheangularerroruncertaintycan

beverifiedwiththenon-observationofatmospheric muonsfromthedirectionofthe

moon[175].ThemoonshieldsEarthagainstcosmicrays.Inconsequencenomuonsare

producedandtheirabsencecanbefitted. Withthesizeofthemoonbeenwellknown

onlytheangularresolutionisafreeparameter.Thefittedangularerrorisinagreement

withtheerrorobservedfromreconstructedMonteCarloevents(aftercorrectingforthe

energy-dependentoverestimation). Anysystematicuncertaintypresentinthe Monte

Carlomusthaveanimpactof0✳2°orless[175]. Therefore, MonteCarloeventscanbe

usedtotestthedirectionalerrorestimator.

5.2.3.Lengthreconstruction

Theangularreconstructionandthefirstguessenergyestimatorbothassumeaninfinite

muontrack.Toreconstructthestartingvertexandthestoppingvertexthisassumption

hastobechanged. Thealgorithmusedhereisdiscussedinmoredetailin[176].Ina

firststep,allopticalmodulesinaradiusof200maroundthetrackareselected.Ofthese

modules,forallthatdetectedchargeitisassumedthatthephotonsarrivefromthetrack

intheCerenkovanglewithoutscatteringintheice.Theearliestandlatestpointonthe

infinitetrackfromwhichthesetheoreticalphotonscouldhavearrivedarethenusedasfirst

guessforthestartvertexandthestopvertex,asshowninFig.5.5.Inasecondstep,the

opticalmodulesupstreamoftheconeshapedbythefirstopticalmoduletodetectcharge

2Itisnotmathematicallymotivated,butavariablethathasshowntobecorrelatedwithreconstruction

qualityinpreviousanalyses.
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5.2. Eventreconstructionandvariables

Figure5.5:Firststepoflengthreconstruction;: Thestartingandstoppointofatrack

areestimated. Takenfrom[176]

theCerenkovangleandthe muontrackasrotationalaxisareselected,seeFig.5.6. Two

hypothesesarecompared. Thefirsthypothesisisamuontrackwithoutadetectedcharge

(no-hit)whilethesecondhypothesisisnotrackandnodetectedcharge. Maximizingthe

ratiooftheno-hitLikelihoodsofthesehypothesesreturnsanimprovedestimatorforthe

startingvertex. Thesameprocedurerepeateddownstreamgivesthestoppingvertex.

Figure5.6:Secondstepoflengthreconstruction:Twohypothesesarecompared(notrack

andnolightdetectedversusatrackandnolightdetectedusingaLikelihood

ratiotest. Takenfrom[176]

5.2.4. Firstguessenergyreconstruction

ThissectionisasummaryfromanIceCubepaper[126]. Theenergyofaneventis

reconstructedbycomparingthelightyieldofahypotheticalenergydepositionEwith

the measurednumberofphotonsk,whichareexpectedtofollowaPoissondistribution.

Atemplate, Λ,isusedto modelthedetectorandiceproperties. The meannumberof

expectedphotonsλ= EΛforanoptical modulecanthenbecomparedwithkusinga
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LLHapproach,

L =
(EΛ)k

k✦
·❡−EΛ✱ (5.2)

❧♥(L) = k❧♥(EΛ)−EΛ−❧♥(k✦)✳ (5.3)

Equation5.3canbegeneralizedtoallowforanadditionalnoisetermρ:

❧♥(L)=k❧♥(EΛ+ρ)−(EΛ+ρ)−❧♥(k✦)✳ (5.4)

AsfortheangularLLHreconstructionthedetectorisevaluatedbybuildingtheproduct

ofallthesingle OMLLHexpressions. MaximizingthisLikelihoodandaddingthe

contributionsfromalloptical modulesprovidesthebestfitenergyestimator. The

qualityofthisestimatorisdirectlyconnectedtothequalityofΛ. Duetothenon-

trivialiceproperties,intermofwavelengthdependingscatteringandabsorptionsas

wellasinhomogeneities,apreciseanalyticaldescriptionofΛ isnotfeasible. Asa

firstguessapproximationaninfinitemuontrackwithevenemissionofphotonsatthe

CerenkovangleisassumedforΛ.Theicepropertiesaremodelledbyananalyticalformula.

Thisreconstruction methodisusedinIC86-I.ForIC86-II+animprovedversionis

used,addingaprobabilitydensityfunctionthatisconvolvedonthemeanlightyieldλ,

allowingforlargerfluctuations,likealargeBremsstrahlung’slossalongthetrack.Itis

shownin[107]thatthisimprovestheoverallenergyestimation.However,theunderlying

assumptionofanevenemissionalonganinfinite muontrackdoesnotrepresentthe

realityofaTeVtrackstartinginsidethedetectorverywell.

5.2.5. Topologyandenergyreconstruction

Insection5.2.4thetemplateΛisaninfinite muontrack. Thiscanbeimprovedby

changingthetemplatetoaseriesofcascade-likeenergylossesalongatrack. Thesum

ofthemisfittedtomatchtheobservedphotons.Technically,thisisrealizedbyplacing

1GeVsimulatedcascadesalongthetrack,inthisanalysiswithaspacingof15m.Thelight

yieldofacascadescaleslinearwithenergy[129]andtheshapeoftheemissionremains

thesame–thisassumptionsholdsuptoPeVcascadeenergies[177]wheretheLandau-

Pomeranchuk-Migdaleffect[178–180]suppressesenergylossesofsecondaryparticlesin

thecascadeoverBremsstrahlungandpair-production. Thisiswellabovetheexpected

energylossesalongamuontrackfromaTeVneutrino.Thelightyieldforeach1GeVin

eachopticalmoduleisthenstoredinamatrixΛ.AllsimulatedcascadesEcanbescaled

upanddown.Thesumofalllightemissionshastomatchtheobservedlightyieldineach

opticalmoduleN:

ΛE=N✳ (5.5)

Equation5.5canbesolvedwithanon-negativeleastsquarealgorithm. Usingthis

methodcascadescanbefittedwithzeroenergy,butnon-physicalnegativeenergiesare
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5.2.Eventreconstructionandvariables

notallowed.Thesumofallthecalculatedenergylossesalongthetrackcanbeusedto

estimatetheenergydepositedbythetrack.Thelocationofthefirstandlastcascadenot

fittedtozerocanbeusedasanestimatorforthestartandstopvertexofthetrack,also

providingalengthestimator. Additionally,estimatorsfortheenergyatthestart,the

maximalenergylossalongthetrackanditspositioncanbeusedbypickingtheaccording

cascadealongthetrack.

Thealgorithmcanbeextendedtobeusedforangularreconstruction. However,

foreachhypothesistestedthepositionsofthesimulatedcascadesalongthetrackvary

andhavetoberepeated. Thismakesthisreconstructioncomputationalexpensive.In

addition,anangularerrorestimatorfurtherincreasesthenumberofiterationsrequired.

Therefore,itisnotusedasangularreconstructionforthiseventselection.

5.2.6.Excludingcoincidentevents

Duetothelengthofthetriggerwindow(readoutcontinuesaslongasthetriggercondition

wasfulfilledinthelast5µs),multipleeventcanberecordedinasinglereadout.These

eventsarelabeled"coincident". The mostcommoncasearetwoatmospheric muons,

butthesameprobabilityalsoappliesforneutrinoevents.Simulationsshowthatabout

everytentheventtriggeredinIceCubeisacoincidentevent. Thesecoincidentevents

canbeproblematicingeneralandforasearchusingstartingeventsinparticular. All

thereconstructionsdescribedaboveuseonemuontrackashypothesis.Ifthereismore

thanonetrack,thishypothesiswillbewrongand mayresultinbadreconstruction

performance. Twoatmospheric muonsarrivinginthe"right"ordercanleadtoa

reconstructionasanup-goingtrack,asignaturethatwouldonlybeexpectedfroma

neutrinoinducedtrack,ifthetrackreconstructionweretrue.

Forstartingeventsearchesanotherproblemcanarise. Ifthefirsteventislowen-

ergeticenoughtopassvetoconditions,asdiscussedinsection4.4.3,another more

energeticmuoncanenterthedetectorwithoutbeingvetoed.Thismuon,however,would

beofhigherenergy-anotherdiscriminatorvariableusedtosplitastrophysicalneutrinos

andatmosphericmuons.

Analgorithmusingtimeandspaceinformationofthefirstpulsedetectedinthe

OMsisusedtodetectcoincidentevents[181].Ifthealgorithmindicatescoincidence,the

eventwillbediscarded. Forthefinalleveleventselection(seebelow)ofasimulation

datasetboththeratioofcoincidenteventsandtheperformanceofthealgorithmare

showninFig.5.7. Apartofthecoincidenteventsisbadlyreconstructedanddoesnot

passtheselectioncriteria. Outoftheeventspassingabouthalfofthecoincidentevents

areidentifiedcorrectly.Theoverall"contamination"ofcoincidenteventsonfinallevelin

signalsimulationis3✳5✪.
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Figure5.7:Multiplicity(numberofcoincidentevents)forthefinallevelselectionof

STeVE.

5.3.Eventselection

Theeventselectionusedinthepoint-likesourcesearchistheresultofseveralstepsof

selection,herecalledlevels. Thefirstlevel,L1,isthetriggeringofeventsdescribedin

section3.3.4. Onthefollowinglevelsthenumberofbackgroundeventsisreducedand

thepassingeventsarereconstructedwithmoresophisticated,butalsomoreexpensive

algorithmscomputational-wise.Atthesametimetheselectionisoptimizedtokeepsignal

eventsusingsignalsimulations.

5.3.1.Level2

Thedetectortriggerseventswitharateofabout2800persecond. Thegoalofthe

Level2procesingistopreselectpotentialstartingmuontracksoutofthislargenumber

(almost100billioneventsayear). Thefirstselection,calledafilter,isappliedatthe

SouthPoleaftereventsaretriggered. Thisgeneratestwolimitations: Computational

power(notalleventscanbereconstructedwithsophisticated methods"on-the-fly")

andtransmissionbandwidthtotheNorth(notalleventscanbesenttotheNorthvia

satellite).Severalfiltersareappliedonthetriggereddata.Forthepurposeofselecting

startingeventsaspecificfilter("Full-skystarting"filter/FSS)hasbeendevelopedfor

ananalysisoptimizedtosearchforeventswithenergiesbelowafewTeV(LESE)[166]

(seesection4.4.3). Theselectionisoptimizedforstartingtracksandandcanalsobe

usedhere. OnedifferencetotheselectioncriteriaoftheHESEand MESEsearchesis

thelackofachargecutinthisfilterrenderingitsuitableforstartingeventsofallenergies.

TheFSSfilteroperatesintwosteps. Inthefirststep,theinformationofpulses

fulfillingthe"localcoincidence"condition(LC,seesection3.3.4)isused. Theposition

ofthefirstofthesepulsesintimeisusedtodiscardeventsthatareenteringthedetector

bydemandingthatthispulseisnotdetectedontheouterlayerofstrings(seeFig.

5.8). Additionally,noneofthefivetop-mostopticalmodulesinregular,nonDeepCore,

stringsisallowedtohavedetectedchargeinLC.Thisrequirementrejectsdown-going

atmospheric muons,butcanalsorejectup-goingneutrinoevents. Rejectingneutrino
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eventsthatappeartocomefromthenorthernskyisacceptable,asthefocusofthis

analysisliesonthesouthernsky-assuch,onlydown-goingeventsareofinterest.

Figure5.8:VetoregionofouterlayerstringsthatisusedinbothstepsoftheFSSfilter.

Inthesecondstep,thelengthreconstructiondescribedinsection5.2.3isusedto

reconstructthestartingvertexoftheevent.Ifthestartingvertexisreconstructedoutside

ofthedetectororinthevetoregion,thentheeventwillberejected.

About190eventspersecondpasstheselectiondescribedsofar. Theseeventsare

reconstructedusingtheSPELLHangularreconstructionwithtwoiterationsdescribedin

section5.2.2andtheenergyreconstructiondescribedinsection5.2.4. Moresophisticated

reconstructionsarenotfeasibleatthislevelduetotheircomputationalcost.

5.3.2.Level3

Tofurtherreducethenumberofbackgroundeventstheenergyandtopologyofthe

eventsisusedtodiscriminatebackgroundfromdata. Asdiscussedinsection2.2.1the

spectrumofatmospheric muonsisverysteep(γ∼✸✳✼)comparedtoanastrophysical

signal(γ∼✷✳✵). Thus,rejectingtheselow-energyeventsprovidesaselectionthatloses

almostnoneutrinoeventswithenergieslargerthan10TeVcomparedtotheprevious

selectionlevel(seeFig.5.9).

DuetothefactthattheenergyestimatorchangedbetweenIC86-IandIC86-II+

twodifferenteventselectionsareused. Bothselectionsusetheestimatedenergy,the

maximaldistancebetweeneachpairofOMswithpulsesthatfulfiltheLCconditionand

theinformationwhetherthesecondouterlayerofstringswashit.Additionally,inIC86-I
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5. Event selection and reconstruction

Figure 5.9:Impact of the Level 3 cut for the IC86-II+ selection: Compared are simu-

lated atmospheric muon events (green curves) and simulated down-going and

starting neutrino events (brown curves). The majority of background events

(light green curve) is reconstructed with low energies. The contribution of

neutrino events above10 T eVis indicated by the dashed lines. The signal

simulation is upscaled to the rate of the atmospheric muon simulation.

the summed up charge of the OMs on the string which carries the first OM reporting a

pulse in LC is used. The charge and distance conditions are implemented to reject events

in which the energy estimator is misled by a large charge deposition in a single OM very

near to the reconstructed track. The additional layer two condition allows for events

starting deeper inside the detector, thus less likely to be an atmospheric muon, to have a

lower reconstructed energy. A visualization of these variables and the pass condition can

be found in Fig. 5.10. For IC86-I one of the following two conditions has to be full filled

 









Figure 5.10:Level 3 variables. The grey dashed lines indicate the first outer two layers.

for an event to pass the level three selection:

•log (Ereco /GeV)>4and:

–first OMnotin layer 2 or :

–log (QfirstLCstring/ PE) > 1.5

•log (E reco/GeV) > 3.5 and LC distance >150 mand :
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5.3.Eventselection

–firstOMnotinlayer2or:

–log✶✵(QfirstLCstring/PE)>1.5

ForIC86-II+thisischangedduetothechangedenergyestimatorandoneofthefollowing

threeconditionshastobetrue:

•log✶✵(Ereco✶✷/GeV)>4

•log✶✵(Ereco✶✷/GeV)>3.5andLCdistance>150m

•log✶✵(Ereco✶✷/GeV)>3andfirstOMnotinlayer2

5.3.3.Furtherreconstructionandfinaleventselection

SincethenumberofbackgroundeventswasdescreasedbytheLevel3selectiondescribed

intheprevioussection,moresophisticatedreconstructionscanbeused. Atthisstage,

theMPElikelihoodwithsplines(splineMPE,discussedinsection5.2)isusedforangular

reconstruction.Topologyandenergyarereconstructedapplyingthealgorithmdescribed

insection5.2.5usingthereconstructedsplineMPEtrackhypothesis.

Thesereconstructionsprovidevariablesthatfollowdifferentdistributionsfor well

reconstructedandbadlyreconstructedevents,orforsignal-likeandbackground-like

events. Twentyandnineteenofthevariablesavailablewereincludedintheselectionof

IC86-IandIC86-II+respectively.ThesevariablesaredescribedinTable5.2.Onevariable

wasexcludedfromtheIC86-II+selectionduetounsatisfyingdatatoatmosphericmuon

MonteCarlosimulationagreement.

Thecorrelationcoefficientsbetweenthevariablesareshownbothforsignal,see

Fig.5.11,andbackground,seeFig.5.12. ThesameplotsfortheIC86-Iselectioncan

befoundinappendixA.Thereiscorrelation-forexamplebetweenenergyvariables-as

wellasanti-correlationsforexamplebetweenanglediffandthelengthvariables.angle

diffistheanglebetweenfirst-guessandfinalangularreconstruction. Alargevaluecan

becausedbyshorttracksthatarepoorlyreconstructedbythefirstguessestimator.

Asthevariablesusedinthisselectionarenotindependentofeachother,theuse

ofmultivariatemethodsissuitable.ForthisanalysisBoostedDecisionTrees(BDT)are

used.ThismethodhasbeenusedinotherIceCubeanalysesbefore[182].

Here,thePyBDT[183]toolisused. BDTswerechosenbecauseoftheirgood"out

ofthebox"performanceandthegeneralsimplicityofthemethod,whichmakesthem

botheasytouseandtounderstand[184]. Theprincipalideabehindadecisiontreeis

sketchedinFig.5.13.Atrainingsampleofsignalandbackgroundeventsiscreated.One

variableisthenusedtosplitthesample(rootnodeinFig.5.13)withaone-dimensional

cut.
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Figure5.11:BDTvariablescorrelationMatrix(SignalfortheIC86-II+selection.

Forbothbackgroundandsignalahistogramforthisvariableiscreatedandfor

eachbinboundarythesignalbackgroundseparationisevaluatedtodeterminethe

maximalseparationinthisvariable. Here,the Ginicriterion[185]isusedwhichis

definedasg=p·(✶−p)withpbeingthesignalpurity. Signalpurityisdefinedas
ws

ws+wb
withwsandwb assumoversignalandbackgroundweightsofthesample

normedtoone–thesumofbothdefinesW.Themaximalseparationgainforthesplitof

thesampleinaleftandarightsub-sample∆S=W·g(p)−WL·g(pL)−WR·g(pR)ischosen.

Alleventsareseparatedinthechosenvariableaccordingtothiscutvalueandtwo

subsamples(nodes)arecreated. Itischecked, whetherthisnodefulfillsanexit

condition.Inthiscasethisso-calledleafnodeisclassifiedassignal-orbackground-like,

dependingonapuritycriterionp. Theexitconditionwillbesatisfiedifthemaximal

numberofiterationsteps(depthofthetree,herethree)isreached,ifanodehasless

thanapredefinednumberofevents(here20)orifitisapuresignalorbackgroundnode.

Ifonlyleafnodesremain,eachofthem willbeclassifiedeitherasasignal-or

background-likenode. Thisdecisiontreecanthenbeusedtoclassifyevents.Foritself
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Figure5.12:BDTvariablescorrelation Matrix(Background)fortheIC86-II+selection.

Figure5.13:SketchofaBDT:Ateachnodethesampleisseparatedintwowithrespect

tothe maximalseparationgainTakenfrom[184].
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suchadecisiontreeisnotaveryefficientselectiontool. However,adaptiveboostingcan

improvetheperformance.Inthis method miss-classifiedeventsaregivenalargerweight

andthedecisiontreeisbuiltagain. Thisisrepeatedoverandover(inthisanalysis400

times)withtheresultofalltreesultimatelybeingcombinedinasingleclassifier.

Additionally,thetreescan be"pruned"tosimplifytheselectionandavoidover-

training. Over-training willhappenifaclassifierperforms wellonthespecificevents

usedfortraining,butfailstoclassifycorrectlyotherdatabecauseitusedstatistical

fluctuationsinthetrainingsampleforseparation. Pruningeliminatesleafnodesthat

providenooronlysmallseparationpower. Theseleafnodesarethendestroyedandtheir

parentnodeisclassifiedassignalorbackgroundleafnode. Here,twopruningoperations

areapplied.First,everynodethathastwoleafswiththesameclassificationisprunedas

itdoesnotaddseparationpower. Then,foreverynodeitsseparationgainiscalculated.

Inthesettingusedinthisanalysisthenodes withthe30✪ smallestgainsarethen

pruned. Theclassifierreturnsavaluebetween-1to1, withlargervaluesbeing more

signal-like.

Inthiseventselectionsignalevents aretakenfrom Monte Carlosimulations, as

describedinsection3.4. Forbackgroundeventsrealdataisused. Thesignalsimulation

isweightedtoanE−✷spectrumandnormedtoone;thesumofalldataeventsisalso

normedtoone. Whileexperimentaldataatthisselectionlevel mostlikelycontainssome

astrophysicalneutrinoevents,itisdominatedbyatmospheric muons.

Inananalysis usingstartingeventsofall flavorsto measurethe diffuse neutrino

flux[186]frombothatmosphericandastrophysicalneutrinos,388eventsin641dwere

detected, withabout90ofthemexpectedtobeofastrophysicalorigin. Thiscanbe

comparedtoaboutabillioneventsafterLevel3cutsinthisanalysis. Hence,itisnot

expectedfortheseeventstohavea majorimpactonanybackgrounddistributiondrawn

fromexperimentaldataatthislevel. Theuseofexperimentaldata makestheanalysis

also morerobustagainsttheinfluenceofunknownsystematiceffectsastheycanonly

affectsimulatedsignaleventsbutdonotaffectthebackgroundevents. Whilethiscreates

independencefromthequalityoftheatmosphericsimulation,systematicuncertainties

stillplayacrucialroleforthetheinterpretationoftheresults–whichdependsonthe

simulatedneutrinos.

Forthisanalysisthefocuslieson wellreconstructedand down-goingtracksfrom

CC muon-neutrinointeractionsthatstartinsidethedetectorboundaries. Hence,non-

startingneutrinoeventsorthosewhointeractoveraneutral-currentorareareexcluded

fromthetrainingselection.

Additionally, both neutrinos at energies above 100TeV and neutrinosfrom the

NorthernskycanleadtoeventsthatareeasytoselectbytheBDTduetothesmall
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numberofbackgroundeventsforthisenergyandzenithrange. However,theseare

alreadypartofotherdedicatedIceCubesearchesforpoint-likeneutrinoemissionanddo

notreflecttheexpectedspectrumandpositionintheskyfromgalacticpoint-likesources,

whicharethefocusofthiswork.

Hence,simulatedsignaleventsthatareup-goingareexcludedas wellasevents

withatrueneutrinoenergylog✶✵(Eν/GeV)>✹✳✺inIC86-I.InIC86-II+,thiscondition

wassomewhatsoftenedtoexcludeneutrinoswithlog✶✵(Eν/GeV)>✺. Asalastsignal

pre-selectioncriterionneutrinoswithenergieslog✶✵(Eν/GeV)< ✸
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areexcludedfrom

trainingselectiontoavoidbadlyreconstructedlowenergysignaleventsinfluencingthe

training.Thispre-selectionresultsinasubstantialchangeofthesignalsample,ascanbe

seenforoneofthetrainingvariables,thereconstructedzenith,inFig.5.14.

Figure5.14:Cos(zenith)variablebothforIC86-II+.Belowtheplotstheratiobetween

dataandatmosphericmuonMonteCarloisshown. Theoverallratiobe-

tweendataandatmosphericmuon MonteCarloisindicatedbythelight

reddashedline.

ThevariablesusedforBDTtrainingarepresentedinappendixBandappendixC

andaresummarizedintable5.2.In2012,the"lfspeed"variablewasexcludedfrom

trainingduetobaddata/MCagreement.Ascanbeseenintable5.2,thisvariablehad

thesmallestseparationpowerofthattraining.Theoverallclassificationisnotnegatively

influencedbyitsexclusionforIC86-II+.

Table5.2.:VariablesusedinBDTtraining. Therankiscalculatedbycountinghow

oftenitisusedinthefinaltrees(afterpruning)andorderingthevariables

fromoftenusedtorarelyused.
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5.Eventselectionandreconstruction

Variablenameanddescription Rank

(IC86-I)

Rank

(IC86-II+)

splinedirtracklengthBasedonthetrackreconstruc-

tionusingan MPELLHwithsplinesallhitscompatible

intimewithemissionfromthereconstructedtrackalong

theCerenkovanglewithoutscattering(direct)areselected.

Themaximaldistancealongthetrackbetweenthesepoints

ofhypotheticalemissiongivesthe"directtracklength".

8 8

anglediffOpeninganglebetweenfirstguessanalyticalre-

constructionandLLHreconstructionusinga MPELLH

withsplines.

18 12

energyindetectorSumofthereconstructedenergylosses

insidethedetectorvolumeasgivenbythealgorithminsec-

tion5.2.5.

1 1

lengthtostartcontDistancebetweenvetolayerandfirst

energyloss.

4 4

splinendirdomsNumberofOMswith"direct"hits. 2 3

preenergySumoverthereconstructedenergylossesprior

tothemaximalenergyloss.

10 5

halflengthThedetectedhitsaresplitintimeinthemid-

dleoftheevent.Forbothhalfsthe"centerofgravity"(cog),

theaveragepositioninx,y,ziscalculated.Thedistancebe-

tweenbothcalculationsgivesthehalflength.

14 9

cogxAverageposition(x-coordinate)overallOMswith

detectedcharge.

9 15

cogyAverageposition(y-coordinate)overallOMswith

detectedcharge.

13 17

cogzAverageposition(z-coordinate)overallOMswith

detectedcharge.

15 16

hlcdisMaximaldistancebetweentwoOMswithhitsful-

fillingtheLCconditon,seealsoFig.5.10.

5 7
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separationlengthSimilartohalflengthbutwiththecog

differencebetweenfirstandlastquartile. Here,valuescan

bepositiveandnegative,alsoprovidingseparationpower

betweenup-goinganddown-goingevents.

11 10

prelengthDistancebetweenfirstreconstructedenergyloss

andmaximalenergyloss.

6 11

distributionsmoothnessDescribesthehitpatternalong

thetrack.Ityields0foratrackwithanuniformhitpattern

andvaluesapproaching-1/1fortrackswithamajorityof

hitsatthebeginning/endofthetrack.

19 13

startenergyFirstreconstructedenergyloss. 18 19

lengthReconstructedlengthoftheevent. Definedbythe

distancebetweenthefirstandlastreconstructedenergyloss

alongthetrack.

17 12

splinecoszenithCosineofthereconstructedzenithangle

usinganMPEsplineLLH.

3 2

lfspeedReconstructedvelocityofthetrackusingthefirst

guessanalyticalreconstructionpresentedinsection5.2.2.

20 –

lengthtoleaveDistancebetweenlastreconstructedenergy

lossandprojectedexitpointoftheinnerdetectorvolume.

16 6

avgdomdistqtotdomAveragedistancebetweenthe

OMsdetectinghitsandtheOMwiththelargestdetected

charge.

7 14

TheresultofthetrainingisshowninFig. 5.15. Theoptimalvalueforthefinal

eventselectionisfoundbyoptimizingthecutintermsofsensitivity.Sensitivitywillbe

explainedindetailinsection6.1butsummarizedbriefly,itisameasureforthelowest

possiblefluxdetectablewiththisanalysis.Asdiscussedabovethisanalysisistargetedat

muonneutrinoswithEν<100TeV.

InFig. 5.16thesensitivityforthisscenarioanddifferentcutvaluesfortheBDT

areshown.InadditiontothecutontheBDTvalueeventsindataandsignal Monte
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Figure5.15:BDTscoredistributionforIC86-II+. Belowtheplottheratiobetween

dataandatmosphericmuonMonteCarloisshown. Theoverallratiobe-

tweendataandatmosphericmuon MonteCarloisindicatedbythelight

reddashedline.

Carlohadtofulfilsometrackqualityparameters,bereconstructedasdown-goingand

haveareconstructedenergyinthedetectorlargerthan1TeV
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 E−2100 TeV hard cut off

bdt > 0.3

bdt > 0.31

bdt > 0.32

bdt > 0.33

bdt > 0.27

bdt > 0.26

bdt > 0.25

bdt > 0.29

bdt >0.28

. ThisyieldedaBDTcut

valueof0.15forIC86-Iand0.28forIC86-II+.

Figure5.16:PerformanceintermsofsensitivityfordifferentBDTcutvaluesforIC86-

II+.

BDTqualitychecks Theusageofmultivariatemethods,liketheBDTusedhere,comes

withtheriskofovertraining,asmentionedabove.Toestimatethisrisktheusedsample

canbesplitwithonepartusedfortrainingandtheotherpartbeingusedastestsample.

AftertheBDTistrainedbothtestandtrainingsampleeventsareclassified. Thisis

showninFig.5.17forIC86-II+andinappendixAforIC86-I.
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Figure5.17:ComparisonbetweentrainingandtestsampleforsignalanddataforIC86-

II+. Thehistogramsforsignalandtestsignalarescaleduptofitthe

numberofeventsindata.

Tocomparethesesamplesa KolgomorovSmirnov(KS)test[187]isused. For

IC86-II+bothdata(background)andsignaltrainingandtestsignalagreereasonably

well(KSpdata=0.95andKSpsignal=0.64).ForIC86-I(KSpdata=0.69andKS

psignal=0.05)signalhasapoorperformanceintheKStest.However,thedisagreement

originsmainlyatlowBDTscoreswheretherelativeabundancecomparedtothetotal

signaldistributionissmall(seeFig.A.1).Hence,eveniftheclassifierdoesnotperform

aswellontestsignalasontrainingsignalit,willstillprovidegoodseparationpower.

Propertiesofthefinaleventselection TheselectionsusedinIC86-IandIC86-II+

performsimilarintermsofsensitivity. However,theyalsodifferinanumberofpoints

likethenumberofevents,theeffectiveareaandtheangularresolutioninthesample.

ThefinalsampleofIC86-I(337dayslivetime)contains15043events, whereasthe

followingthreeyearsofIC86-II+(1031dayslivetime)yield7005events.Inbothcases

thevastmajorityoftheseeventsareatmosphericmuons.Theeffectiveareaiscomparable

betweenbothselections,buttheIC86-Ieventselectionprovidesabettermedianangular

resolution,seeFig.5.18.

Theeffectiveareaiszenithdependent,seeFig. 5.19. Hence,thenumberofneu-

trinoeventsexpectedtointeractwithinIceCubevaries. Thisdependenceisstrongest

atlowestenergies. Atenergiesabove30TeVtheeffectiveareais(almost)zenithangle

independent. Theeffectiveareabelow30TeVislargestforthe mostverticalangles.

Apossibleexplanationwouldbethatverticalbackgroundeventsareeasiertoreject–

leadingtohigherBDTscoresforsignaleventsfromthisregionintheskyonaverage.

Theeffectiveareascanbeusedtocalculatethenumberofexpectedeventsfrom

bothatmosphericandastrophysicalneutrinos(seeFig. 5.20). Fortheatmospheric

neutrinosthemodelwithself-vetoprobabilitydiscussedinsection4.3.2and[160,161]
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Top:EffectiveareaforIC86-IandIC86-II+comparedtothethrough-going

muonanalysesofIceCube[149]andANTARES[162]. Bottom: Median

angularresolutionforIC86-IandIC86-II+.

Figure5.19:EffectiveareaforIC86-Iforthreedifferentzenithbands.

isused.Fortheastrophysicalneutrinofluxthecombinedbest-fitfrom[92]isused.In

bothselectionsthenumberofexpectedneutrinosissmallcomparedtothenumberof

dataevents(whichareexpectedtobemostlyatmosphericmuons). Alsovisibleisthe

significantlargernumberofdataeventsatlowerenergiesinIC86-I.

Asdiscussedinsection5.2.2,theangularerrorestimatorhastobecorrectedsince

itoverestimatestheresolutionathighenergies. Thisisachievedbyplottingtheratio

(pull)ofreconstructeddirectionover MonteCarlotrueneutrinodirectionversusthe
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Figure5.20:ExpectednumberofatmosphericandastrophysicalneutrinosforIC86-Iand

IC86-II+selection,dependentonreconstructedenergy,forthefinalevent

selection.Alsoshownisthedistributionofthedataevents.
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andparametrizingtheoverestimationby

eye(seeFig.5.21).
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Figure5.21:Twodimensionalhistogramofthedifferencebetweenestimatedangular

errorandtrueerrorbetweenreconstructionandsimulatedneutrinointhe

dependenceoflogarithmofthechargedepositedinthedetector.Left:Pull

uncorrectedRight:Pullcorrected.

BothforIC86-IandIC86-II+acompositefunctionofasteadyratio aatsmall

charge(lessthan1000PEforIC86-Iandlessthan100PEforIC86-I)andaslope

a+b·log✶✵(Qtot/PE)−cd athigherchargesdescribesthechargedependentoverestimation

wellandisusedtocorrectforit(seeFig.5.21). TheparametervaluesusedinIC86-I

andIC86-II+areshowninTable5.3.
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5.Eventselectionandreconstruction

Table5.3.:Parametrizationparametersforangularerrorestimatorcorrection

Eventselection a b c d

IC86-I 1.1 1.9 3 4

IC86-II+ 1.1 1.9 2 5

Theenergyofanevent willbeusedasaterminthelikelihood-basedsearchfor

point-likeneutrinoemissioninthefollowingchapter.InFig.5.22neutrinoenergyand

reconstructedenergyinsidethedetector(usingthereconstructionfromsection5.2.5)

arecompared. Forbothyearsthereisaclearcorrelationbetweenneutrinoenergyand

reconstructedenergy.Additionally,theeffectofthedifferentMonteCarlousedinIC86-I

andIC86-II+canbeseen. ForIC86-I,neutrinoeventsaregeneratedfollowinganE−✶

spectrum,providinggoodstatisticsevenatthehighestenergies.ForIC86-II+adataset

withneutrinoeventsgeneratedtofollowanE−✷spectrumisused. Thisleadstoalack

ofstatisticsatenergiesabove1PeV. Atenergiesbelow10TeVtheneutrinoenergyis

overestimatedforasmallfractionofeventsinIC86-II+. Aprobableexplanationisthe

largerstatisticfortheE−✷
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Figure5.22:NeutrinoenergyversusreconstructedenergyinthedetectorforIC86-I(left)

andIC86-II+(right)atfinalselectionlevel.Theenergydependentdiffer-

enceinstatisticsforbothsamplesisvisible.

5.3.4.EventsinSTeVEthatappearinHESE, MESEorLESE

Withfoursearchesdedicatedtodetectstartingeventssomeoverlapistobeexpected.

First,theoverlapbetweenSTeVEandtheHESEsampleisinvestigated. Herethefour

yearHESEsample[188],takenbetween2010and2014,consistingof54eventsisused.

IntheperiodpriortoMay2011theFSSwasnotimplementedandtheSTeVEanalysis

hasnodata. Fromtheremaining45eventstwoalsoappearintheSTeVEsample.

Bothevents(HESEevent19and51inorderoftime)areclassifiedasshower-like.Both
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5.3.Eventselection

interactinthelowerpartofthedetectorandaretosomedegreeextended.

Theirreconstructedenergyinthe HESEanalysisis (71±7)TeVand(66±6)TeV.

ThiscanbecomparedtothevaluesfromtheSTeVEreconstructiongiving68TeVand

56TeV. Thegoodenergyreconstructionconsideringthewrongtrackhypothesisshows

thestrengthoftheusedtopologyandenergyreconstruction.Itcanreconstructthe

initialenergylosswell-independentifitisfollowedupbyamuontrack.Intermsof

reconstructeddirectiontheresultsoftheSTeVEreconstructionshowstrongdeviations

fromtheHESEresults.Giventhewrongeventhypothesisofatrackinsteadofacascade

thisisnosurprise.

Thequestionarises whynotrack-likeeventdetectedin HESEbetween2011and

2013appearintheSTeVEsample. Ofall45eventsinthesethreeyearselevenare

classifiedastrack-likeandintotal22passtheFSSfilter. Ofthese22eventsfourare

classifiedastrack-like. Oneofthesefoureventsisdown-going. Thisistheonlyevent

thatcouldpasstheBDTselection.AnevaluationoftheBDTscoreforthiseventshowsa

valueof0.08–slightlybelowthechosenoptimalcutvalueof0.15.Asfortheseventracks

thatdonotpasstheFSSconditionitisinterestingthatsixofthemarereconstructedas

down-going. Hence,itseemschallengingfordown-goingHESEtrackstoevenpassthe

firstselectionstepoftheLESEandSTeVEanalysis.

The MESEeventsampleconsistsof546Events. 167Eventsweretakenbeforethe

implementationoftheFSSfilter.Oftheremaining379events85passtheFSSfilter.In

total48 MESEevents(23inIC86-Iand25inIC86-II+)passthelevelthreecondition

ofSTeVEandarescoredwithavaluelargerthanzerobythecorrespondingBDTfor

IC86-IorIC86-II+. OftheseeventssevenpassthefinalSTeVE
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inIC86-Iand3inIC86-II+).ThedistributionoftheseeventsisvisualizedinFigure5.23.

Figure5.23:BDTscoresofMESEeventsandselectioncutsforfinaleventselectionof

IC86-IandIC86-II.

Thesizeoftheoverlap mightdifferinsignalsimulation. Ifitwascomparableto
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5.Eventselectionandreconstruction

thebackgroundoverlap,thesampleswouldbealmostdisjoint–increasingthegainofa

jointanalysis.

AsfortheotherstartingeventsearchestheoverlapbetweenLESEand STeVEis

small.86eventsappearinbothsamplesleadingtoanoverlapofroughly1✪.Intotal

330eventsoftheLESEeventsamplepasstheLevel3conditionofSTeVE

0.0 0.1 0.2 0.3 0.4 0.5
BDT score

0

5

10

15

20

25

# 
L
E
S
E 
E
v
e
nt
s

IC86-I cut (0.15) LESE IC86-I

andarescored

withavaluelargerthanzerobyIC86-IBDT.TheBDTscoredistributionoftheseevents

isshowninFig.5.24.

Figure5.24:BDTscoresofLESEeventsandselectioncutsforfinaleventselectionof

IC86-I.

Ingeneraltheseresults wereexpected. MESE,LESEandSTeVEarealldomi-

natedbyatmosphericmuons.Duetotheirvastnumber(about100billiondetectedeach

year)andthefocusondifferentenergyrangesitseemsreasonabletoarguethatalarge

numberofthemshowatopologysimilartostartingevents. Thesearchesthendraw

eventsfromthisvastpool,eachhavingadifferentfocus.Thisleadstothesmalloverlap.

Forallthreeotherstartingsamples(HESE,MESEandLESE)additionaleventsareclose

totheoptimalBDTscorecutselectedinSTeVE.Thiscanbeseenascross-validationof

thefoursamplesusedtoidentifyeventswithastarting-liketopology.

5.3.5. Dataquality

TheIceCubedetectorcanbeoperatedindifferentmodesofdatataking.Themosttrivial

modeisoff. Thiscanhappenincaseofmaintenancetosolvetechnicalproblems. The

detectorcanbecalibratedusingemissionofLEDsontheOMs. Duetothisadditional

lightsourcetheseperiodsofdatatakingarenotused. Datatakenoverseveralhours

(typicaleighthours)iscombinedinarun.Sometimespartsofthedetectorstopdata

takingduetohardwareproblems. Whiletheseproblemspersist,thedetectorisoperated

excludingthenon-workingopticalmodulesanddataissavedinnewruns.

Thesecasesarepotentiallyharmfulfortheanalysispresentedheresinceitdependsonthe

outerlayerofthedetectorbeingcapabletodetecttracksenteringthedetectorvolume.
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5.3. Event selection

One simple example: The detector is split in half. One half is operational while the other

one is off. For the filter and the reconstruction events arriving from the off direction

appear to start inside the volume, see Fig 5.25.

 

Figure 5.25:Impact of a partial detector configuration. If parts of the detector are

disabled (grey OMs), it can be very challenging to distinguish atmospheric

muons from starting tracks.

To avoid such a scenario and the corresponding increase in background events, all

runs that are taken during periods in which 50 or more optical modules in the veto region

are deactivated are excluded. As shown in Fig. 5.26 this cut eliminates the vast majority

of runs with an atypical rate variation. The remaining modulation is due to the annual

atmospheric changes leading to a variation in the overall muon flux.

42 OMs in the veto region are out of service permanently. While partial detector

operation should only increase the number of detected events from a broad region in

most of the cases, a scenario can be constructed in which only a few OMs on one veto

layer string are deactivated. Muons could then arrive primarily from this direction. If a

run during such a partial detector operation lasts for several hours, the rotation of the

Earth should smear out this effect. However, for very short periods of partial detector

configuration it might be problematic since the smearing might not occur. Since short

runs are typically related to some problems during data taking, all runs that last for

less than thirty minutes are excluded. While these measures avoid potential harm, the

livetime of the sample after these cuts is almost identical to the total livetime (see Fig.

5.27).
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Figure5.26:RateoftheFSSFilter.Verticallinesindicatethebeginningofanewyearof

data-taking.Runsareclassifiedinfourcategories.Runsduringwhichthe

detectorwascalibratedoroperatedinafaultystatearemarkedasexcluded.

Partialruns(morethan50OMsinvetoregiondeactivated)arerunsduring

whichthedetectorwasoperatedwithasubsetofOMsbutotherwiseworked

asintended.Shortrunsarerunsthattooklessthan30minutes. Good

runsareallremainingruns.Theincreasednumberofpartialrunsinwinter

months(Northernhemispherewinter,AntarcticsummerfromNovember

toFebruary)canbeexplainedbyincreasedmaintenanceandcalibrationof

thedetectorinthistime.Thefilterratecalculationshownhereisnotvery

preciseforrunswithverysmallruntime-leadingtooutliersthatarenot

partial.Forsomegoodrunstheshownrateisunexpectedlylow.Thishas

beenidentifiedasfaultyentriesintheusedmonitoringdatabaseandnotin

thedata.

Figure5.27:CumulativelivetimeoftheIC86-Iselectionnormalizedtooneforboththe

partial(left)andshort(right)runexclusion.
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Thischapterdiscusseshowtosearchforaneutrinopoint-likesourceinthedataprovided

bytheeventselectionpresentedinthepreviouschapter. First,thestatistical method

used,theunbinnedmaximumlikelihoodmethod,isexplainedbothingeneralandforthe

IceCube-specificimplementation. Thisisfollowedbyadiscussiononhowtotranslate

theseresultsintoanexpressionofprobabilityforapoint-likeemissionofneutrinosfrom

acertainpointinthesky. Thisanalysisisappliedbothforalistofinterestingobjects,

discussedinsection6.4,andinanunbiasedsearchoftheentiresouthernhemisphere,

discussedinsection6.5.

6.1. Theunbinnedlikelihood method

Thesimpleapproachtosearchforapoint-likeemissionistodefineasearchbinaround

aninvestigatedpointinthesky,counttheeventsinitandcomparethisnumberwith

theexpectednumberofbackgroundevents. However,ithasbeenshownin[189]that

thenumberofeventsrequiredforadetectioncanbedecreasedbyusingtheunbinned

likelihoodapproachwhichincludesenergyinformationasdescribednext1. Thebinned

approachcanbeimprovedbycalculatingtheprobabilitydensitySitooriginfromthe

investigatedsourceandtheprobabilitydensityBitobeabackgroundeventforeach

event.Bothprobabilitydensitiesarecomposedofaspacialandanenergyterm:

Si=Si(|xi−xs|✱σi)Ei(Ei✱δi✱γi) (6.1)

Bi=Bi(δ)Ei(Ei✱δi) (6.2)

Thespacialtermofthesignal PDF Si usedinthisanalysistakesintoaccountthe

distancebetweenthereconstructedpositionintheskyoftheeventxithepositionofthe

investigatedsourcexsaswellastheestimatederroroftheangularreconstructionσ:

Si(|xi−xs|✱σi)=
✶

✷πσ✷
i

e
−

|xi−xs|✷

✷σ✷
i ✳ (6.3)

DuetoitspositionattheSouthpoletherotationalaxisofthedetectorcoordinatesystem

andtheequatorialcoordinatesystemarealigned. Hence,theacceptanceofthedetector

1Intheexamplegivenin[189]therequiredfluxforadiscoverywilldecreaseby10 %anduptoabout

50 %ifanadditionalenergyPDFisused.
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averagedoveralongdatatakingperiodlikeayearisindependentofrightascensionand

onlydependentonthedeclinationδofthesource.Thenumberofexpectedbackground

eventsneartheinvestigatedsourcecanbeestimatedbyaveragingoverthenumberof

eventsinadeclinationband.Inthisanalysis40bandsinsin(δ)areusedinthesouthern

sky. Theacceptanceofthedetectorisdependentbothonenergyanddeclination,as

shownfortheeffectiveareasdiscussedinsection5.3.3andFig.5.19.

Thus,atwodimensionalPDFisusedestimatingbothenergyandzenithforsignal

andbackground.ForsignalthisPDFdependsadditionallyontheassumedspectralindex

ofthesignalγ.ThePDFsaregeneratedbycreatingtwo-dimensionalhistogramsinunits

ofsinusofdeclinationandlog✶✵ofthereconstructedenergyandinterpolatingbetween

thehistogramvaluesusingasplinefunction. ThePDFsforsignalandbackgroundare

thencombinedinasinglePDFf(ns):

fi(ns)=
ns
N
Si+ ✶−

ns
N
Bi✳ (6.4)

Here,Nisthenumberofeventsinthesampleandthesignalstrengthisexpressedinns,

afreeparameter.nsiscorrelated,butnotequivalenttothenumberofsignaleventsdue

totheenergydependenceofSiandBi.Thisenergytermcanleadtohighenergyevents

yieldinghighernsvaluesthantheirinjectednumberandvice-versaforlow-energyevents.

TheproductoftheindividualPDFsofalleventsNmultiplieddefinesthelikelihoodL:

L(ns)=

N

i

[fi(ns)] (6.5)

Twohypothesesarecompared:Thelikelihoodofthedatasettoconsistofbackground-

onlyeventsandthus,a"signalness"parameterns=✵iscomparedwiththemaximized

likelihoodforthedatasetwithnsandγasfreeparameters.Thelatteryieldstheoptimal

combinationofbothparameters❫nsand❫γ. Theratiobetweenthenullhypothesisand

maximizedlikelihooddefinestheteststatisticTS:

❚❙=−✷❧♦❣
L(ns=✵)

L(❫ns✱❫γ)
(6.6)

Largervaluesof TSarelesscompatible withthebackground-onlyhypothesis. If

therightascensionofthedataisscrambled,itwillbepossibletogeneratemanyskiesfor

whichanycorrelationbetweeneventsispurelycoincidental. Thisisdonebyreplacing

thereconstructedrightascensionbyarandomvalue. BycalculatingtheTSatthe

investigatedpointforeachoftheseskiesitcanbeestimatedhowlikelyitistomeasurea
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6.1.Theunbinnedlikelihoodmethod

certainTSunderthebackground-onlyhypothesis.

Byinjectingsignaleventsaccordingtoacertainfluxstrengththesensitivity,dis-

coverypotentialandupperlimitsforacertainpointintheskycanbeestimated. The

sensitivityisdefinedastheneutrinofluxfromapoint-likesourceforwhichin90%of

thecasestheTSislargerthanthemedianofthebackground-onlyTSdistribution(see

Fig.6.1foravisualization).ThefollowingdefinitionsarealsodepictedinFig.6.1.The

discoverypotentialisdefinedasthefluxyieldingamedianTSwithabackgroundonly

probabilityforaTSthislargeorlargerof2.87·✶✵−✼(5σ)orless. Theupperlimitis

definedfollowingtheclassicalapproachbyNeyman[190]asaninjectedfluxthatyieldsa

higherTSvaluethanthecalculatedonefortheunscrambledskyatthispointin90%of

thecases.Inthisanalysisthelikelihoodcalculationsareprovidedbytheskylabpackage2
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Figure6.1:Sketchofbackground-onlyTSdistributionandTSdistributionsforaneu-

trinofluxfromapoint-likesourcecorrespondingtosensitivityflux,upper

limitfluxanddiscoverypotentialflux.

Whileitispossibletoobtainsufficientstatisticsin TSdistributionstoevaluate

upperlimitanddiscoverypotential,thiscanbecomputationallyexpensive.Onesolution

isthedescriptionoftheTSdistributionbyaχ✷function[191].Duetotherestrictionof

ns ✵underfluctuationsintheskywillyieldaTSofzero.Thisiscorrectedbyaddingan

additionalparameterη,definedbytheratiooftrialsyieldingaTSlargerthan0.Hence,

theTSvalueslargerthanzerocanbedescribedbyη·χ✷(Nd✳o✳f). Astwoparameters

(nsandγ)arefitted,theexpectedNd✳o✳fistwo.Inarandomsky,underfluctuations

arenaivelyexpectedforfiftypercentofcases(η=✵✳✺).Ifthenumberoftrialsinwhich

nsisfittedto0,equallingaTSvalueof0,isevaluateditisfoundthatthisvaluedif-

fersfrom0.5andseemstopreferlowervaluesofη,largerpercentageofunderfluctuations.

2https://github.com/coenders/skylab
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6. Point-like source analysis and results

One likely explanation for the observed abundance of underfluctuations is the use

of the energy term in the LLH. It has been shown in more detail in [192] that the number

of data events used in IceCube analyses is too small to sample the background PDF

correctly. An example of such a TS distribution and a comparison of a fittedχ and the

expectedχ can be found in Fig. 6.2 for−30°declination.

Figure 6.2:χ- fit to the background-only TS distribution.

Both ηandNdof are zenith-dependent, see Fig. 6.3. For this analysis spline

functions are fitted to both distributions in order to estimateηandNdoffor every

declination. The values of these spline are then used to convert the evaluated TS values

into p-values.

Figure 6.3:Zenith dependence of the twoχ parametersηandNdof

6.2. Sensitivities

The sensitivity of this analysis is shown in Fig. 6.4. Here, both the sensitivity for a

point-like source with an unbrokenE−ν spectrum and for different cutoff scenarios is
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6.2.Sensitivities

shown.Asexpectedanunbrokenspectrumgivesthebestsensitivity.Noteworthyisalso

thealmostzenith-independentbehaviourforall,butthe10TeVsensitivitycurve.Anex-

planationforthezenithdependencebelow10TeV
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canbethelowernumberofbackground

eventsnearthehorizonduetothezenith-dependenceoftheatmosphericmuonflux.As

themuonspectrumissteeperthantheexpectedneutrinospectrum,thiseffectismore

prominentatlowerenergieswheretheenergytermintheLLHfunctionbringslittlegain.

Figure6.4:SensitivityoftheSTeVEanalysisforanE−✷ν fluxwithdifferentcutoffsin

neutrinoenergy.

ThisanalysiswasoptimizedforneutrinoswithEν <100TeV. Therefore,acutoff

isimplementedexcludingallneutrinoswithEν>100TeVfromthelikelihoodcalcula-

tion.InFig.6.5thesensitivityofSTeVEiscomparedtothesensitivityofthecombined

MESEandthrough-goingsearchandthesensitivityofANTARES,alldiscussedinsection

4.4. While,STeVEperformsbetterthanthepreviousIceCubesearches(aboutafactor

twoimprovementforthisscenario),itisoutmatchedbytheANTARESsearchbyabout

afactor3.5. Thisisnotsurprisingtakingthebetterangularresolution,equalorlarger

effectiveareaandlowernumberofbackgroundeventsoftheANTARESsearchinto

account,whichcanusetheEarthasshieldagainstatmosphericmuonswhenlookingat

thesouthernsky.

Notonlythezenith-dependencebutalsotheenergydependenceofthesensitivity

isofinterest.Inthesectionabove,the100TeVcutoffscenariohasbeenpresented. To

getamoredetaileddescriptionoftheenergydependencethedifferentialsensitivityis

calculatedaswell.Forthisanupperandlowercutoffinenergyisused.Inthisstudyfour

binsperenergydecadeareused.IneachbintheeventsareweightedtoanE−✷spectrum.

ThedifferentialsensitivityiscalculatedforSTeVEandthethreeotherIceCubesearches

forpoint-likesourcesdiscussedinsection4.4. Forabettercomparisonthedataofthe

through-goingandLESEanalysisarescaleduptothelivetimeofthe MESEanalysis

(about1000days).Togetherthesefouranalysescovermorethansixdecadesofenergies,

asshowninFig.6.6.STeVEisthemostsensitiveanalysisofthesefourbetween10TeV
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6.Point-likesourceanalysisandresults
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Figure6.5:Sensitivityforapoint-likesourceforSTeVEandcombinedthrough-going

+MESEIceCubesearchandtheANTARESsearch.AllshownforanE−✷

neutrinofluxwithacutoffat100TeV.
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Figure6.6:ThedifferentialsensitivitiesforfourIceCubepoint-likesourcesearchesinthe

southernskyandANTARES[193].ThesensitivitiesforLESE[166]andthe

through-goinganalysis[149]areestimatedsimulatingeventswithalivetime

ofMESE[165].ForSTeVEthethreeyearsofIC86-II+areused.

Acomparisonofthedifferentialsensitivityofallsingleyearsandthecombined

fouryeardifferentialsensitivityareshowninFig. 6.7. ThethreeyearsofIC86-II+

selectionperformbetterthanthefirstyear–possiblyduetothesignificantreduction

ofbackgroundevents(about7.5timesless)incombinationwithcomparableeffective

areaandmedianangularresolutioninthemostsensitiveenergyrangebetween10TeV

to1000TeV.ThisiscausedbythedifferentandimprovedeventselectionforIC86-II+.

Thereisnolargedifferencevisiblebetweenthem–notunexpectedgiventheidentical

eventselectionandcomparablenumberoflivetime(324d,345d,362d).

Whileit wouldbepossibletoredotheIC86-IselectionbasedonIC86-II+recon-
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6.2.Sensitivities
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Figure6.7:Comparisonofthedifferentialsensitivitiesforthefouryearsofdataandthe

combinedfouryearset.ThethreeIC86-II+yearsarealmostindistinguish-

able.

structionalgorithmsandvariables,thegainwouldnotjustifytheresourcesrequiredto

doso.

Canonedobetterthananenergy-zenithPDF? Theusageofanenergy-zenithPDF

asadditionalLLHtermhasbeenusedinIceCubesearchesforpoint-likeemissionbefore.

However,duetothesimilarenergyrangeofbackgroundanddatafortheSTeVEanalysis

othervariablecombinationscouldyieldbetterresultsintermsofperformance. Three

additionalLLHimplementationswereconsideredandtested:Usingonlyaspatialterm,

replacingtheenergywiththeBDTscoreandreplacingenergywithlengthtostart
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sensitivityusingtheseimplementationsisshowninFig.6.8.Astheperformanceisnot

increasedsignificantlythe"traditional"LLHimplementationisused. Thesetestswere

performedfortheIC86-Isample.

Figure6.8:Zenith-dependentsensitivityforfourLLHimplementationsfortheSTeVE

sample(hereonlyIC86-II(324days)). Fororientationalsothesensitivity

curvesoftheMESE+through-goinganalysisandtheANTARESEanalysis

areshown.AllsensitivitiesaregivenforanE−✷ν 100TeVcutoffscenario.
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6.Point-likesourceanalysisandresults

6.3.Studiesofsystematicuncertainties

Forthegenerationoftherandomskies,usedtocalculatethesensitivity,aseededrandom

generatorisused. Thesensitivitycalculationsdifferifdifferentseedsareused. The

sizeofthisvariationisestimatedbycalculatingthesensitivityforonedeclination5,000

times(seeFig.6.9).Onaveragethecalculationsdifferbylessthan1✪
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Figure6.9:Statisticstudywith5,000differentseedsusedtocalculatethesensitivityof

theIC86-II+sampleat−60°declination(bluehistogram). Alsoshownis

theresultofaGaussianfunction(solidredline)a·e
−(x−µ)✷

✷σ✷ fittedtothis

histogram(a=✼✸✺✱µ=✽✳✼✺·✶✵−✶✶✱σ=✹✳✼✾·✶✵−✶✸(indicatedbydashed

lightredlines)).

thebackgroundisestimatedbyscramblingdataevents. Thepresentedp-valuesare

calculatedusingonlythesedataevents.IfthecalculatedTSorp-valueistranslatedinto

asensitivityorupperlimit,signalsimulationwillberequiredandwiththiscomethe

uncertaintiesondetectorproperties,iceproperties,cross-sections,energylossesofmuons

andpropertiesoftherockbelowtheAntarcticice.

Here,theuncertaintiesregardingdetectorpropertiesareexpressedbyconsidering

threescenarios.OnewiththenominalquantumefficiencyoftheOMtoconvertarriving

photonsintocharge,onewithaquantumefficiencydecreasedby10✪andonewitha

quantumefficiencyincreasedby10✪.Theuncertaintiesontheicepropertiesofscattering

andabsorptionareexpressedbyfourscenarios.Onewiththeicepropertiesobtainedby

thebestfitin[155],onewiththescatteringlengthunchangedbuttheabsorptionlength

decreasedby10✪,onewiththescatteringlengthdecreasedby10✪andtheabsorption

lengthunchangedandonewithbothabsorptionandscatteringlengthincreasedby

7✳1✪. Thesethreeicescenariosarethoughttobeveryconservativeestimationsofthe

uncertainties. BothOMefficiencyandicepropertiesarealsoinvestigatedcombined

leadingtoatotaloftwelvedatasets. Forcomputationalreasonsthissystematiccheck

wasperformedfortheIC86-II+selectiononly.However,astheselectionsperformsimilar

intermsofoverallneutrinopropertiessuchaseffectiveareaandresolution,theresults

canalsobeusedtoestimatetheerrorfortheIC86-Iselection.
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6.3.Studiesofsystematicuncertainties

ThetwelvesimulationdatasetswereprocessedwiththeIC86-II+scheme. Toes-

timatetheimpactofthesesystematicchangesthezenith-dependentsensitivityfora

100TeV
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cutoffwascalculatedandcomparedtothebasesettings.Statisticvariationsinthe

sensitivitycalculationareminimizedbyrepeatingthesensitivitycalculationa100times

withdifferentseedsfortherandomskygenerationandaveragingtheresultandproviding

astandarderror.TheratioofsensitivitiesisshowninFig.6.10,Fig.6.11,andFig.6.12.

Figure6.10:
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Systematicstudywith-10%OMefficiencyandfourdifferentrealizationsof

theicemodel.Shownistheratioofthesensitivityoverthesensitivityof

thebaselinedataset.

Figure6.11:SystematicstudywithnominalOMefficiencyandfourdifferentrealizations

oftheicemodel.Shownistheratioofthesensitivityoverthesensitivity

ofthebaselinedataset.

Ingeneral,lowerquantumefficiencyleadstolowersensitivity. Thisisexpectedas

thisanalysisusesenergyasadiscriminatoronseveraloccasions. Thedepositedenergy

isusuallyassociatedwiththedetectedchargeinthevicinityoftheenergydeposition.

Hence,moredetectedchargeleadstohigherenergyestimatesand,hence,leadstohigher

chancesofpassingtheLevel3andBDTselection.
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Figure6.12:Systematicstudywith+10%OMefficiencyandfourdifferentrealizations

oftheicemodel.Shownistheratioofthesensitivityoverthesensitivity

ofthebaselinedataset.

Fortheicepropertiesasimilarbehaviorcanbeobserved. Similartothequantum

efficiencyashorterabsorptionlengthleadstolessdetectedchargeand,hence,tolower

reconstructedenergy–reducingtheprobabilityofasignaleventtopasstheevent

selection.Fortheincreasedscatteringlengthtwoeffectshavetobetakenintoaccount.

Ontheonehand morescatteringshould,onaverage,leadtolessdetectedlight-

decreasingthesensitivity.Ontheotherhand,increasedscatteringcankeepmorephotons

closetotheenergylossofthemuonleadingtoahigherchargedepositioninOMsclose

tothetrack.ThiscouldhaveapositiveimpactonsomeofthevariablesintheBDT(like

energydepositedinthelargestenergydeposition).

Acloserlookatthepresentedratiosrevealssomeinconsistencies. Asanexample,

inFig.6.11atsin(δ)=-0.25thesamplewithmoreabsorptionyieldsabettersensitvity

thanthebaselinesample. Thisisnotanexpectedbehavior. Onepossibleexplanation

ofincreasingabsorptionenables muonsfromnon-startingeventstoeasierpassthe

vetoconditionsisdisfavoredwhenthenumberoftotalsimulatedeventsiscompared

tothenumberofsimulatedstartingevents(seeFig. 6.13). Bothsimulationdatasets

aredominatedbystartingeventsandatsin(δ)=-0.25thebaselinedatasethasless

eventsthanthedatasetwith+10%absorptionlength. Thisleavestwopossibleexpla-

nations. Firstalackinstatisticsinsimulatedevents. Forthisanalysisthebaseline

datasetconsistsof45621simulatedeventsandthedataset with +10%absorption

lengthof47437events. Alternatively,thisdifferencecanbeexplainedbyaselection

effectoftheBDTthatpreferseventssimulatedwithmoreabsorptionforthisdeclination.

Clarificationofthisissuerequireseither morestatisticsinthepresentsystematic

datasetsoradditionaldatasetswithintermediateicepropertiestobetterunderstandthe

transitioninsensitivitybetweenthem. Asbothoptionsarenotavailableatthistimea

conservativeestimateofthecombinedsystematicuncertaintiesoniceandopticalmodule

propertiesof20✪isassumed.
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Figure6.13:Comparisonbetweentheexpectedneutrinoeventsweightedtoanarbitrary

E−✷fluxbetweenthebaselineicemodelandanicemodelwith+10%absorp-

tionlength.Boththeentiresimulatedneutrinosampleandthesubsample

ofeventsstartinginsidethedetector(lightercolors)areshown.Addition-

ally,thedeclinationonwhichthe+10%absorptionlengthicemodelsyields

abettersensitivityinFig.6.11isindicated.

Uncertaintiesonneutrinocross-sectionsareestimatedtobelessthan 5✪ following

thestudyin[167].

Tau-neutrinosinteractinginsidethedetectorproduceatau. Whilenosuchevent

hasbeenidentifiedyet,inprincipleacontributiontotheSTeVEselectioncanbe

expectedfromtheseevents.Twoscenariosarepossiblehere.Forveryhighenergetictaus

(Eτ>10PeV)thetrackofthetauitselfcouldbereconstructedandtheeventcouldbe

subsequentlyusedintheanalysis.Forenergiesbelowthetauisexpectedtodecayvery

fast.17✪ofthetausdecaydirectlyintoamuon(andthecorrespondingneutrinos)[15]

whichintermcanproducealongtrack. Thislongtrackandthelargeinitialenergy

depositioncausedbyboththeinitialneutrinointeractionandthetaudecaycanlead

toasignaturethatisdetectablebytheSTeVEselection. Fornowthecontributionof

tau-neutrinosisneglectedasitsoverallcontributionisexpectedtobesmall(14✳5✪orless

ifeuqalnumbersofmuon-andtau-neutrinosareexpectedatEarth.).Implementation

oftau-neutrinocontributionisexpectedtoslightlyimprovetheresultsasthenumberof

expectedeventsfromapoint-likesourcewouldbeincreased.

6.4. ResultsfortheSourceCatalog

Ashasbeenshowninsection2.5,TeVgammarayemissioncouldbeaccompaniedby

neutrinoemissionfromthesamesources. Hence,TeVgammaraysourcesareanatural

choicetolookforpoint-likeemissionofneutrinos. TheTeVCatpresentedinsection

4.1providesthesesources. Toensurecompatibilitybetweenthedifferentyearsofdata

selectionthesourcecandidatesusedintheanalysisofIC86-IareusedalsoforIC86-II+.
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6.Point-likesourceanalysisandresults

Additionally,twelvesourcecandidatesusedinpreviousIceCubesearchesareadded.The

resultsoftheLLHminimizationforeachsourceandupperlimitsforanE✷νspectrumas

wellasforthreecutoffscenarioscanbefoundintables6.1(Binaries),6.2(SNRs),6.3

(PWNs),6.4(Clusters),6.5(Unidentifiedsources),6.6(Extra-galacticsources)and6.7

(Others).ThetwelvesourcesnotpresentintheTeVCatareindicatedbyanasterisk.A

specialcasearethethreeobjectsfoundintheLargeMagellanicCloud,asatellitedwarf

galaxyofthe Milky Way. Forthisanalysistheyareaddedinthecategory"Others".

Atadistanceofabout50kpc[8]thesesourcesareinanintermediatedistancebetween

galacticandextra-galactic.

HESSJ1616-508isthesourcecandidate withthelowestbackgroundprobability.

Ityieldsap-valueof0✳2✪.Nonetheless,theprobabilitytodetectsuchanoverfluctuation

inasampleof96pointsbychancehastobeaccountedfor. Thiscanbeestimated

byscramblingtherightascensionofthefinalleveleventsrandomly. Byfollowing

thisapproachrandomskiesonwhicheveryover-fluctuationispurelycoincidentalare

generated. Theusageofmanythousandrandomskies,here20,000randomskies,helps

toestimatethebackgroundprobability.Aftercorrectingforthesetrialsthebackground

probabilityforHESSJ1616-508becomes19✳8✪
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Figure6.14:Distributionofpre-trialp-valuesfor20,000randomskies.Thisdistribution

isusedtoevaluatethesignificanceofthemeasuredp-valueoftherealsky.

Hence, noindicationfor neutrinoemissionfromanyoftheinvestigatedsource

candidateshasbeenfound.

6.5. Resultsfortheall-skyscan

Thisapproachis motivatedbythepossibilityofpoint-likeneutrinoemissionfroman

objectthathasnotbeendetectedbyobservationofothermessengerparticles. Thisis

implementedbyevaluatingtheteststatisticonagridwithabinningbelowtheangular

resolutionoftheanalysis. Thecoordinatesofthepointsinvestigatedareprovidedbya

HEALpix[194]gridwithabinwidthof0✳46°.
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6.5.Resultsfortheall-skyscan

Table6.1.:TableofallsourcesclassifiedasbinariesaccordingtoTeVCat. Asterisks

indicatethesourcecandidateswhicharenotpresentinTeVCatbutinpre-

viousIceCubesearches. Listedarethesignalnessparameter❫ns,thefitted

spectralindex❫γ,thecalculatedbackgroundprobabilitybeforeandaftertrial-

correctionandtheupperlimitonthefluxforanE−✷spectrumwithoutacut-

offandthreescenarioswithahardcutoffinunitsof✶✵−✶✷TeV−✶cm−✷s−✶.

Adashinthe❫nscolumnindicatesacalculatedTSof0.Inthiscasep-values

arenotgivenasthisisanunderfluctuation.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

PSRB1259-63 – – – – 36 42 91 1372

HESSJ1018-589 – – – – 40 44 92 1233

GX339-4* – – – – 33 37 72 639

LS5039 – – – – 47 51 82 432

CirX-1* – – – – 34 36 76 1001

Table6.2.:TableofallsourcesclassifiedassupernovaremnantsaccordingtoTeVCat.

SeeTab.6.1foramoredetaileddescription.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

RCW86 – – – – 37 43 91 1301

HESSJ1800-240B <0.1 4.0 0.267 1.0 53 60 110 950

SNRG015.4+00.1 – – – – 45 52 85 476

RXJ0852.0-4622 – – – – 38 45 81 741

W28 – – – – 53 57 110 766

SN1006SW – – – – 42 45 80 650

CTB37A – – – – 48 49 94 830

CTB37B – – – – 47 49 92 781

RXJ1713.7-3946 – – – – 45 47 91 832

HESSJ1800-240A 1.2 4.0 0.239 1.0 54 61 111 938

SNRG349.7+00.2 1.0 2.5 0.23 1.0 51 54 93 801

HESSJ1731-347 – – – – 45 48 81 539

SN1006NE – – – – 41 43 79 628

SNRG318.2+00.1 – – – – 42 47 99 1343

HESSJ1745-303 – – – – 41 51 87 690
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6.Point-likesourceanalysisandresults

Table6.3.:TableofallsourcesclassifiedaspulsarwindnebulaaccordingtoTeVCat.See

Tab.6.1foramoredetaileddescription.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

HESSJ1825-137 – – – – 36 39 61 339

VelaX 2.2 4.0 0.201 1.0 42 48 90 933

HESSJ1303-631 – – – – 36 41 89 1355

HESSJ1813-178 – – – – 43 50 91 598

HESSJ1458-608 0.8 2.3 0.237 1.0 44 51 108 1583

HESSJ1718-385 – – – – 48 50 95 829

Kookaburra(PWN) – – – – 44 50 108 1512

HESSJ1708-443 1.5 4.0 0.294 1.0 43 47 86 835

HESSJ1831-098 5.4 2.9 0.034 0.973 59 61 90 486

HESSJ1640-465 – – – – 38 45 82 726

SNRG327.1-01.1 – – – – 36 40 79 998

HESSJ1837-069 – – – – 34 35 50 202

HESSJ1026-582 – – – – 36 40 83 1097

HESSJ1632-478 3.6 4.0 0.115 1.0 44 50 94 992

Kookaburra(Rabbit) – – – – 43 49 106 1496

SNRG292.2-00.5 3.6 4.0 0.134 1.0 48 53 111 1757

HESSJ1809-193 – – – – 50 57 100 654

HESSJ1356-645 – – – – 40 47 99 1464

SNRG000.9+00.1 9.2 3.9 0.007 0.5 76 90 162 1591

MSH15-52 1.9 4.0 0.166 1.0 43 48 99 1400

HESSJ1616-508 4.4 2.2 0.002 0.198 70 79 157 1963

IGRJ18490-0000 0.4 4.0 0.117 1.0 97 98 142 477

HESSJ1846-029 – – – – 32 32 47 164
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6.5.Resultsfortheall-skyscan

Table6.4.:TableofallsourcesclassifiedasclustersaccordingtoTeVCat.SeeTab.6.1

foramoredetaileddescription.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

HESSJ1614-518 3.1 2.2 0.013 0.742 58 64 127 1702

Westerlund2 – – – – 36 38 80 1032

Westerlund1 – – – – 38 43 85 739

HESSJ1848-018 – – – – 43 44 64 225

Terzan5 – – – – 54 61 113 1068

Table6.5.:TableofallsourcesclassifiedasunidentifiedaccordingtoTeVCat.SeeTab.

6.1foramoredetaileddescription.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

HESSJ1626-490 2.8 3.2 0.218 1.0 37 42 82 857

HESSJ1634-472 2.1 4.0 0.18 1.0 41 48 89 883

HESSJ1804-216 – – – – 48 52 101 583

HESSJ1808-204 – – – – 51 57 102 630

HESSJ1729-345 – – – – 45 48 82 541

HESSJ1708-410 1.9 2.6 0.286 1.0 45 48 87 777

HESSJ1834-087 – – – – 37 38 55 245

HESSJ1641-463 – – – – 38 44 82 753

HESSJ1841-055 – – – – 33 34 47 171

HESSJ1427-608 – – – – 43 49 107 1536

HESSJ1843-033 – – – – 31 32 46 157

HESSJ1507-622 4.4 2.3 0.039 0.986 38 44 92 1328

HESSJ1741-302 – – – – 41 51 88 702

HESSJ1702-420 – – – – 40 43 78 629

GalacticCentre – – – – 41 48 84 656

HESSJ1832-093 – – – – 39 39 55 258

HESSJ1503-582 – – – – 37 40 83 1103
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6.Point-likesourceanalysisandresults

Table6.6.:TableofallsourcesclassifiedasextragalacticaccordingtoTeVCat.SeeTab.

6.1foramoredetaileddescription.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

PKS1454-354* – – – – 43 47 78 562

PKS1622-297* 1.2 4.0 0.278 1.0 43 53 92 795

H2356-309 0.6 4.0 0.33 1.0 42 51 88 728

CentaurusA – – – – 40 43 79 645

1ES0347-121 – – – – 36 36 54 304

APLib – – – – 54 61 110 973

PKS1406-076* – – – – 37 37 53 217

PKS0727-11* – – – – 36 37 54 304

SHBLJ0013-188 <0.1 3.3 0.425 1.0 47 54 94 609

KUV00311-1938 6.7 2.8 0.05 0.995 79 89 159 1059

QSO1730-130* 1.6 2.5 0.45 1.0 38 39 59 359

ESO139-G12* – – – – 44 49 105 1449

1ES1101-232 <0.1 4.0 0.308 1.0 54 58 108 811

1RXSJ1010-311 4.9 4.0 0.051 0.996 59 69 122 1213

PKS0454-234* – – – – 55 59 110 802

PKS0548-322 <0.1 4.0 0.437 1.0 39 45 75 568

NGC253 – – – – 54 61 118 1095

PKS2155-304 0.7 3.5 0.324 1.0 43 51 89 743

PKS1510-089 – – – – 37 38 55 257

PKS0426-380* – – – – 46 47 90 753

PKS0301-243 – – – – 54 60 108 932

QSO2022-077* – – – – 35 36 51 216

1ES1312-423 – – – – 39 42 77 646

3C279 – – – – 34 35 48 174

PKS2005-489 6.9 3.2 0.037 0.982 51 58 115 1301

PKS0447-439 – – – – 39 43 79 655

PKS0537-441* – – – – 39 43 80 685
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6.5.Resultsfortheall-skyscan

Table6.7.:Tableofallsourcesthatdonotbelongtoanyofthecategoriesabove.These

aretheVelaPulsarandthethreeobjectsintheLarge MagellanicCloud:

SNRLMCN132D,supperbubble30DorCandPWNLHA120-N157B.See

Tab.6.1foramoredetaileddescription.

Source ❫ns ❫γ p-valpre p-valpost

Φ✾✵✪νµ+✖νµ×✶✵
−✶✷TeV−✶cm−✷s−✶

Ecut
None 1PeV 100TeV 10TeV

VelaPulsar 1.1 4.0 0.293 1.0 40 45 86 836

LMCN132D – – – – 43 56 129 1943

LHA120-N157B – – – – 46 57 132 2015

30DorC – – – – 46 57 132 2013

Afterevaluatingthelikelihoodateverypointoftheskythepointwiththelowest

backgroundprobabilitydefinesthe"hottestspot". Whilethebackgroundprobabilityof

suchapointbeingsignificantduetobackgroundfluctuationsisverylow,inthecombined

fouryearsofSTeVEaslowas✶✵−✹✳✾✸,thishastoberelatedtothelargenumberof

analysedpoints(trials)inthesky(here983043points). Asdiscussedaboverandomly

generatedskiescanbeusedbyscramblingtheevent’srightascensionandcalculatingthe

hottestspotforeachofthem.Now,itcanbeevaluatedhowsignificantthe"hottestspot"

oftherealskymapisincomparison.Ahistogramofthep-valuesfor20,000randomskies

andthemeasured"hottestspot"isshowninFig.6.15. With34✳4✪
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generatinga"hottestspot"equalormoresignificantthisiswellwithintheexpectations

ofabackground-onlyhypothesis.

Figure6.15:Distributionofpre-trialp-valuesfor20,000randomskies.Thisdistribution

isusedtoevaluatethesignificanceofthemeasuredp-valueoftherealsky.

3Halfofthegridpointofahealpymapwithabinwidthof0✳46°/nside=128.
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6. Point-like source analysis and results

Hence, there is no indication for a point-like source of neutrino emission. The p-

value map of the southern sky is shown in Fig. 6.16. Three additional points of

comparable significance are also visible by eye. With the most significant point described

well by the background only hypothesis this is also true for them. Additionally, three of

four points are close to the horizon. In this region, the search with through-going events

and the search combining MESE and through-going events provide a better sensitivity

thanSTeVE.

−7 5◦

−45◦

−15◦

E quatorial

24h 0h

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

- log10( pre- trial p- value)

Figure 6.16:Four year skymap of the Southern sky withSTeVE. The point with the

lowest background probability is indicated by the black box.

6.5.1. Discussion of the results

Comparison with other IceCube searches

This search improves the sensitivity of IceCube for sources of point-like neutrino emission

below100 T eVin the southern sky by about50 to100 . For very horizontal points,

closer than10°to the horizon, the combined through-going and MESE search is more

sensitive. Below10 T eVSTeVEperforms worse than the LESE search - optimized for

this energy range. The results of all IceCube analyses presented here (through-going,

MESE,STeVEand LESE) are in agreement with the background-only hypothesis.

Comparison with other ANTARES searches

The sensitivity of ANTARES for a100 T eVcutoff scenario is a factor two to four better

than the sensitivity ofSTeVE. Similar to the other IceCube searches, the ANTARES data
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6.5. Resultsfortheall-skyscan

isinagreementwiththebackground-onlyhypothesis. DirectcomparisonoftheANTARES

andtheSTeVEsampleprovidesexplanationofthedifferenceinsensitivity. Whileboth

haveacomparableeffectiveareaabove3TeV,theANTARESselectionprofitsfromboth

alowernumberofbackgroundevents–4136in1338daysforANTARES[195]compared

to15043eventsin337daysfortheIC86-Iselectionor7005eventsin1030daysforthe

IC86-II+ofSTeVEandabettermedianangularresolutionof∼0✳4°[195]. Thedifference

insensitivitybecomes moresignificantforenergiesbelow10TeV. Here,theeffectivearea

ofSTeVEissmallerandthe medianangularresolutionworsens(largerthan2°).

Revisitingthegamma-neutrinoconnection

Thegamma-neutrino modelsdiscussedinsection2.5.1canbeusedandandrelatedto

thecalculatedTS. AsimilarapproachhasbeenchosenfortheE−✷
ν scenarioswithand

withoutenergycutoffgiveninsection6.4. Usingtheparametrizationgivenin[97]a

modelrejectionfactor(MRF)canbecalculated. The MRFisdefinedastheupperlimit

overthefluxprediction. Valuessmallerthanonerestrictthe model,largeronesdonot

restrictthemodel.Forsomeofthesourcesdiscussedinthepaper(PWNVelaXandSNR

RXJ1713.7-3946)theANTAREScollaborationgivesupperlimits,e.g.in[162]. These

andtheupperlimitsprovidedbySTeVEforboththe mostpromisingSNRandPWN

candidatesareshownandcomparedtothemodelpredictionsinFig.6.17andinFig.6.18.

Neithertheanalysis bythe ANTAREScollaboration northisanalysiscanrestrict

the models. GiventhesmallsensitivityofSTeVE forneutrinosbelow10TeVand

thesteepspectraand/orcutoffinenergyatafewTeVorbelowforthesources

itseemsverychallengingtorestrictthese models withSTeVEeven withadditional

years. Here,againthefocusoftheanalysisonenergiesbetween10TeVandafew

100TeVbecomesvisible. Both PWNhaveahigherexpectedneutrinofluxbetween

50TeVto500TeVyieldingbetterrejectionsfactorswhilethelargecontributionofneutri-

nosinthe10GeVto1000GeVfortheSNRisalmostinaccessiblefortheSTeVEanalysis.

The differentialsensitivityatthesource declinationforthefoursources discussed

herecanbeusedtoestimateto whichpartofthepredictedfluxtheSTeVEanalysis

is mostsensitive. Forthisthedifferentialsensitivitywascalculatedwithafinebinning

oftwentybinsperenergydecade,fivetimesasfineasforthediscussioninsection6.2.

Invertedand multiplied withthefluxpredictionthisyieldsaunit-lessquantity,here

calleddifferential modelrejectionfactor(DMRF),seeFig.6.19.

Whiletheabsolute valueofthis quantityisarbitrary dueits dependenceonthe

widthofbinsforthedifferentialsensitivityonecanrankthebinsaccordingtoit.Inspired

by[196]theDMRFsoftheserankedbinsareaddedupuntilthesumislargerthan90✪

ofthetotalDMRF.Theenergyrangeprovidedbythismethodcanbeseenasanestimate

ofthesensitivityrangeofSTeVEtoacertainflux modelandisindicatedbyaredline

inFig.6.17andFig.6.18. Thisquantitycanhelptovisualizethe"peak-sensitivity"of
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6.Point-likesourceanalysisandresults
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Figure6.17:UpperlimitsandMRFsonneutrinoemissionpredictedfromthehadronic

productionmodeldiscussedin[97]fortwosupernovaremnants.Theresults

forANTARESaretakenfrom[162].

theanalysis.

SimilartotheSNRsandPWNsdiscussedabovetheobservedgammarayemission

fromtheGalacticCentrecanalsobeusedtopredictaneutrinoflux[81]. However,

similartoothergalacticcandidatestheSTeVEanalysiscannotconfirmorrestrictthese

modelswiththegivensensitivity,seeFig.6.20. Asexpected,thelimitsforscenarios

withahighercutoffyieldbetterMRFasbothmoreandhigherenergeticneutrinosare

predicted.

HowdotheresultsofSTeVErelatetotheobserveddiffuseneutrinoflux?

IceCubehas measuredafluxofastrophysicalneutrinos. Toinvestigatetherelation

betweenthisfluxandtheresultsfromSTeVEsomeassumptionsaboutitsproperties

havetobe made. First,theoriginfromapiondecayscenario. Everychargedpion

decayyieldstwo(anti-)muon-neutrinosandone(anti-)electron-neutrino.Asdiscussedin

section3.1.1,thisbecomesonaverageoneofeachflavoratEarth.Hence,ameasurement

ofmuonneutrinoscanaccountforonethirdofthetotalastrophysicalneutrinoflux.
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Figure6.18:
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UpperlimitsandMRFsonneutrinoemissionpredictedfromthehadronic

productionmodeldiscussedin[97]fortwopulsarwindnebulae.Theresults

forANTARESaretakenfrom[162].

Figure6.19:Examplefortheprocedurethatyieldsthedifferentialmodelrejectionfactor

(DMRF).Thedifferentialsensitivityatsourcepositionisinverted(brown

line)andmultipliedwiththefluxprediction(lightblueline)inthecenter

ofthedifferentialsensitivitybin,yieldingtheDMRF(redline).Forthis

plotthethreecurvesarescaledtofitinthesameplot. Therangeofthe

binsyielding90✪ofthetotalDMRFisindicatedbytwodashedredlines.
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Figure6.20:UpperlimitsandMRFsonneutrinoemissionpredictedfromthehadronic

productionmodeldiscussedin[81]fortheGalacticCentre.Thethreemod-

elsshownhereassumeanexponentialcutoffintheparentprotonspectrum

at1PeV(brown),10PeV(turquoise)or100PeV(red).

Asalreadydiscussedabove, STeVEis mostsensitivebelow100TeV. Thus,here

thediscoverypotentialforSTeVEina100TeVcutoffscenarioiscomparedtothe

averagediffusefluxbelow100TeV. Here,itisassumedthatapoint-likesourceisjust

belowtheaveragediscoverypotentialofSTeVE,seeFig.6.5.Thispoint-likesourceflux

isthendividedby✹πtotranslateitintoadiffuseflux. AscanbeseeninFig.6.21,a

potentialpointsourcejustbelowtheSTeVEdiscoveryfluxwouldcontribute30✪to

50✪tothemeasuredoveralldiffuseneutrinoflux.Thisisindisagreementwithisotropy

measurementsofthediffuseneutrinoflux. Sincethe STeVE
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goodagreementwiththebackground-onlyanalysis,thereisnoindicationforanysingle

point-likesource"aroundthecorner".Atthemomentthedifferentialdiffusefluxisonly

providedfortheentiresky,duetoloweventcounts.

Figure6.21:Shownherearethemeasureddifferentialastrophysicalneutrinoflux,taken

from[92],afitofanE−✷spectrumtothedatapointsbelow100TeV,andthe

predictedcontributionofmuonneutrinostothisflux.Thisiscomparedto

theaveragediscoverypotentialofSTeVEtransformedintoadiffuseall-sky

flux.
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6.6.FutureapplicationoftheSTeVEeventsample

Thecalculatedupperlimitsforthesourcesinvestigatedinsection6.4canalsobe

relatedtothediffuseastrophysicalneutrinoflux.Here,thesumofallupperlimitsofone

sourceclassiscomparedtothediffuseastrophysicalmuonneutrinofluxbelow100TeV
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AsshowninFig.6.22,onlyforthesmallsourceclassesofbinariesandgalacticclusters

(bothconsistoffivesources)thesumofallupperlimitsisofthesamemagnitudeasthe

measureddiffuseflux.Incombinationwiththeobservedisotropyofthediffusefluxit

canbearguedthatthesespecificfivesourcescannotaccountfortheobserveddiffuseflux.

Figure6.22:LikeinFig.6.21thedifferentialdiffusefluxandthepredictedcontribution

ofmuonneutrinostoafittedE−✷spectrumbelow100TeVareshown.Also

shownarethesumofallupperlimitsforcertainsourceclassesoftheSTeVE

analysis.

Itshouldbenotedthatthe methodofsummingupindividualupperlimitsisinfe-

riortoadedicatedstackinganalysiscalculatingthecontributiontothediffusefluxas

usedin[149,182,197].

6.6.FutureapplicationoftheSTeVEeventsample

Theanalysispresentedherefocusedonpotentialneutrinoemissionfrombothknown

(sourcelist)andunknown(all-skyscan)steadypoint-likesources. Threepossible

extensionstothissourcehypothesisdeservefurtherinvestigation.

First,theeventselectioncanbeusedtosearchfortime-dependentemission. As

brieflydiscussedinsection2.3, manysourceshavephasesofhighgammaemission.

Time-dependentsearches[198–200]takeadvantageofthistoreducethenumberof

backgroundevents.

Second,extendedregionsofneutrinoemissionlikethegalacticplaneortheFermi

bubbles,largesphericalstructureswitharadiusoftheorder50°aboveandbelowthe

centerofourGalaxy[58]canbeinvestigated. Thesizeoftheseregionsincreasesthe

101



6.Point-likesourceanalysisandresults

numberofbackgroundevents.Poorangularresolutioncomparedtoothersearchesfrom

ANTARESorIceCubemightleadtorelativesmallerlossesinsensitivity-makingthe

STeVEsampleinterestingforextendedsourceregions.

Third,usingtheeventselectionforastackinganalysiscanhelptofindorrestrict

contributionofentiresourceclassestothediffuseneutrinoflux.Supernovaremnantsare

anobviouscandidateduetoobservedgammaraysintheTeVrangeandtheevidencefor

hadronicprocesseswithinthem,asdiscussedinsection2.4.

OnedisadvantagecomparedtotheANTARESanalysisistheworseangularresolu-

tion. Thishas(atleast)threereasons. First,theopticalpropertiesofseawater

andthedeepglacialiceattheSouthPolearedifferent. Whiletheicehasalonger

absorptionlength,itsscatteringlengthisshorter. Hence,moredirectionalinformation

islostinice.Second,thereisadecreasedleverarmofastartingtrackcomparedtoa

through-goingtrack. Thiscannotbechangedifstartingtracksareusedasseparation

betweenatmosphericmuonsandastrophysicalneutrinos.

Thelastpointistheperformanceofthealgorithm. Thehypothesisusedatthe

momentisathrough-goingmuontrackwithoutstochasticenergylosses. Thisdoesnot

representthetruthrealistically. Oneotheralgorithmthatmightbesuitedtoimprove

theangularreconstructionisthetopologyenergyreconstructiondescribedinsection

5.2.5. Theresultsoftheenergylossfitcanbeusedtocalculatealikelihood. This

likelihoodcanthenbeusedasparameterforaminimizertofindthebestfittingparticle

track. Thisalgorithmprovidesabettermedianangularresolutionthanthe MPELLH

algorithmusingsplines(about0✳4°below10TeVandabout0✳1°above1PeV
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),seeFig.

6.23. Adisadvantageisthatitiscomputationallyexpensive. Thiswouldbecomemore

problematic,ifadditionalfitstoestimateitserrorareneeded. Nonetheless,incaseof

averylowbackgroundprobabilityforasourceit mightbeofworthtoinvestthese

computationalresources.

Figure6.23:Medianangularreconstructionforthe MPELLHalgorithmusingsplines

thatisusedfortheSTeVEanalysisandfortheenergyandtopologyre-

constructiondiscussedinsection5.2.5usedasangularreconstruction.
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6.6.FutureapplicationoftheSTeVEeventsample

6.6.1.PathtoacombinedsouthernskyIceCubesample

FourgeneralpurposeeventselectionsinthesouthernskyexistforIceCubeinthe86string

configuration.Allofthemprovidepeaksensitivityatdifferentenergyrangesasdiscussed

insection6.2andvisibleinFig.6.6.FortheMESEandthrough-goingeventselection

ajointsamplewascreatedbyexcludingeveryeventpassingthe MESEeventselection

fromthethrough-goingsampleforbothsignalanddata.Sincethethrough-goingevent

samplereliesonenergytodiscriminatebackgroundandsignal,theaverageMESEsignal

eventhasonlyalowcontributiontothesensitivityinthethrough-goingsample.

Onetrivialwaytoadd STeVEtothiscombinedeventselectionistheexclusionof

eventswithmorethan1500PEofdepositedchargeinthedetector. Duetothecharge

thresholdof MESEatthisvaluethesampleswouldbedisjunct. Forthe mergingof

thethrough-goingandtheSTeVEanalyses,ithastobeinvestigatedhowdisjoint

thetwosamplesare. Iftheseparationof MESEandSTeVEsearchisachievedby

achargecut,theoverlapbetweenthethrough-goingandtheSTeVEsamplewillbe

expectedtobesmallforallbuthorizontaleventsduetotheenergy-dependentselection

ofthethrough-goingsample[149]. Atthehorizonthebackgroundofatmospheric

muonsisverysmall, makingthethrough-goingsampleviableevenforlowerenergies.

Here,thechargecutalone mightnotbeasufficientseparatorasitwouldalsoreject

through-goingtrackswithdepositedenergyintheTeVrange. Discardingallevents

thatpasstheFSSfilterfromthethrough-goingtracksearchcanbeanadditionalcriterion.

CombiningLESEandSTeVEcanbeachievedbyexcludingeventsfromtheLESE

eventsamplethatpasstheLevel3cutsofSTeVE.Theproposeddecisiontreeonhow

toseparatetheeventsamplescanbefoundinFig.6.24.Thisschemehastheadvantage

thatitissimpleandreliesonvariablesalreadyavailableonLevel2–makingitintheory

alsoviableforfastsearcheslikeanopticalfollow-upprogram.Adisadvantageisthatit

isverylikelytonotseparateoptimallyintermsofoverallsensitivity.
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Figure 6.24:Sketch of the proposed scheme to merge the four IceCube point-like source

search event samples.
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7.1. Summaryandimplications

Theanalysispresentedhere, STeVE,aimedatdetectingneutrinoemissionfroma

point-likesourceinthesouthernsky. Thisregionoftheskyhoststhe GalacticCenter

andmanyothergalacticsourcesofTeVgammarayemissionwhichmightbeconnectedto

astrophysicalneutrinosandarecandidatesitesforcosmicrayacceleration. Thedetection

ofneutrinosfromthesesiteswouldbea"smokinggun"forhadronicacceleration. While

theastrophysicalneutrinofluxhasbeenmeasuredbytheIceCubedetector,therehasnot

beenanyindicationofanoriginfromoneor morepoint-likesources. Hence,thesources

ofastrophysicalneutrinosarestillunknown.

Forthissearch, datataken bytheIceCube neutrinotelescope between May2011

and May2015hasbeenused. The mainchallengeofthis workissuppressingthe

backgroundofatmospheric muons, whichoutmatchesthesecondlargestbackground

ofatmosphericneutrinosbyaboutafactor✶✵✻ andamountstoalmosta100billion

eventstriggeredandreconstructedwithfastalgorithmsbythedetectoreachyear. The

reconstructionsdifferentbetweenthedatatakenbetween May2011and May2012and

thedatatakenbetween May2012and May2015. Thus,twodifferenteventselections

wereusedinthisanalysis.

Thestrategytosuppressbackgroundfollowedinthisstudyistheselectionofeventswith

astartingtracktopology. Theseeventsoccurwhena muonneutrinointeractswithinthe

detectorvolumeandatrackisdetectedthatstartsinsidethedetector. Afilterdeveloped

tosearchforstartingtracksisusedtopreselecttheseevents.Incombinationwiththis

filtertheenergyoftheeventisusedtodiscriminatelowenergeticatmospheric muons

fromneutrinoswithenergiesbetween10TeVto100TeV.Thesetwoselectionstepsreduce

thenumberofbackgroundeventsbyaboutafactor100whilekeeping morethan50✪ of

allstarting muonneutrinoeventswithEν >10TeV.

Theremainingeventsarethenreconstructed withbetter,butcomputationally more

expensivealgorithms. Variablescalculatedonthebasisofthesereconstructionsare

thenusedtotrainaboosteddecisiontreesalgorithmtofurtherreducethenumberof

backgroundevents. Thisfinalselectionleadstoanumberof15043eventsforthefirst

yearofdatausedhereand7005eventsforthesumofthethreefollowingyears. Almost

alloftheseeventsareexpectedtobeatmospheric muons– withexceptionofafew

hundredatmospheric muonsandabout37expectedastrophysicalneutrinosfromthe
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diffuseflux. The medianangularresolutionisabout2°at10TeVandtheeffectivearea

for muonneutrinosiscomparable withthatofthe ANTARESdetector,locatedinthe

MediterraneanSea,aboveafew TeV.

Thesearchforpoint-likeemissionisperformedusinganunbinnedlikelihoodmethod. No

indicationforapoint-likesourcehasbeenfoundinbothascanoftheskyandalistof

sourcecandidates. WhilethissearchimprovedthesensitivityforIceCubeinthesouthern

skyforenergiesbelow100TeV,the ANTARESdetectorprovidesbettersensitivityfor

equallivetime. Thisisnotunexpectedas ANTARESbenefitsfromabetterangular

resolutionandcanusetheEarthasshieldagainstatmospheric muons. Beingdominated

byatmosphericneutrinosthisyieldsanumberofbackgroundeventsroughlyhalftheone

oftheIC86-II+selection.

The findingsofthissearch were usedtorelatethem bothtothe detected diffuse

astrophysicalneutrinofluxandtoa modelconnectingdetectedgammarayspectrato

neutrinoemission.Ifthissearchhaddetectedasourceofpoint-likeneutrinoemission,it

wouldhavesignificantlycontributedtothedetectedastrophysicalflux(about50%). The

predictedneutrinofluxfroma modelconnectinggammaraysandneutrinosisingeneral

toolowtobeconstrainedbythisanalysis.

7.2. Outlook

Thecurrentgenerationofneutrinotelescopesisapproachingalimitintermsofsensitivity

forpoint-likesources. Additionalyearsofdatawillonlyslowlyimprovethesensitivity.

Improvementsindataselectionandreconstructioncanhappen,butthelevelofimprove-

mentishardtopredict.

ThefutureforSTeVE Additionalyearsofdatawillimprovethesensitivity,asshown

inFig.7.1.Itseemstobeverychallengingtoevenreachthecurrentsensitivityofthe

ANTARESsearch. However,foreveryyearofdatatakingthe STeVEsearchwilladd

moredaysduetothebetteruptime.
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Figure7.1:Thegaininsensitivitybyaddingadditionaldaysoryearstothecurrent

livetimeoftheSTeVEandANTARESanalyses.ForSTeVEboththeex-

pectedsensitivitybysimulatingadditionallivetimeandbyassumingagain

proportionalto ✶√
t
areshown.ForANTARES[159]onlythegainpropor-

tionalto ✶√
t
isshownasitdoesnotrequireaccesstotheunderlyingdata.

Thesensitivityiscalculatedat−60°foranE−✷spectrumwithacutoffat

100TeV.

Anewgenerationofdetectorswillenterthefield Eventually,anewgenerationof

neutrinotelescopesisrequiredforfurtherimprovementintermsofsensitivity. Atthe

momentthreeprojectsareeitherinplanningorconstructionstagewhichareexpected

toimprovesensitivityforboththedetecteddiffuseastrophysicalneutrinofluxandthe

searchforpoint-likesources. Twoofthem,KM3NeTinthe MediterraneanSea,and

GVDinlakeBaikalaretobeoperatedintheNorthernhemisphere.Hence,theycanuse

theEarthasshieldagainstatmosphericmuonsforobjectsinthesouthernhemisphere.

Thishasthelargebenefitthatanalysesarenotlimitedtouseonlystartingorveryhigh

energeticneutrinoeventsinasearchforpoint-likesources.

Thestrengthofthiseffectisalreadyvisiblewhencomparingthesensitivityofthe

ANTARESdetectorandtheIceCubesearchesforneutrinoenergiesbelow100TeV.The

ANTARESdetectorisaboutafactor100smallerthanIceCubeandstilloutperformsit

byafactoroffive. Anotherpotentialadvantageistheuseofcascade-likesignaturesfor

point-likesources. WhiletheresolutionispoorinIceCube,thereareindicationsthata

2°resolutionmightbefeasibleinwater[137]duetoitsbettersuitedopticalproperties.

IntheirLetterofIntent[137]the KM3NeTcollaborationpresentstheprospectsto

detectSNRRXJ1713andPWNVelaXusingcomparablemodelsasdiscussedinthis

thesisinsection2.5.1andsection6.5.1. Forthese models,theyexpectarequired

observationtimetodetectaneutrinofluxofsevenyearsforthePWNandtwelveyears

fortheSNRatthe5σlevel.

Inthesouthernhemisphereanextension/successoroftheIceCubedetectorisplanned
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[201]. PartoftheseplansaretheadditionofstringsaroundtheIceCubedetector,but

withincreasedspacing,andalargersurfacearraytodetectandvetocosmicrayshowers.

Theincreasedvolumeofthedetector willincreasethevolumeusableforasearch

forstartingevents. However,startingeventsareonlyausefuleventtopologyifthe

numberofbackgroundeventscanbereducedtoafewthousandorless. Theincreased

spacingbetweenthenewstrings might makeiteasierforatmospheric muonstopassthe

vetoregionwithoutdepositingchargeinoneofthe OMs. ForgalacticTeVsourcesthe

vetoingofatmospheric muonscouldbecomeeven morechallengingthanitisnow.

TheenlargedsurfacearraycouldbeusedtovetomuonsinIceCubethatareaccompanied

byadetectedcosmicrayshower.Ifthevetoefficiencyisveryhigh(approaching100✪)

anydown-goingeventdetectedwillalmostcertainlybeanastrophysicalneutrino. For

galacticTeVsourcesasurfacevetoisconfrontedwithtwodifficulties.First,theGalactic

Centreand manysourcesalongtheGalacticPlanearearound−30°declinationorbelow.

Hence,asurfacevetocapabletodetectcosmicraysfromthisdirectionhastoextend

severalkilometresoverthefootprintofIceCubeanditsextension.Second,thedetection

efficiencyhastobeveryhigh.Inmostdesignstudiesforthesurfacearrayitonlyachieves

highsignalpurityabove100TeVneutrinoenergy whileTeVneutrinosfrom(most)

galacticsourcesareexpected.

WhileanextensionoftheIceCubedetector wouldgivehigherstatisticsforneutri-

nos withenergiesabove100TeV,itseemsverychallengingtofindadesignthatcan

providesignificantimprovementforsouthernTeVsources withoutbeingprohibitory

expensive.

Thediscoveryofagalacticpoint-likesourceof TeV neutrinoemissionisinreach,

but mighttakeanotherdecade.
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FigureB.19:
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FigureC.5:
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FigureC.7:
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FigureC.9:
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FigureC.11:
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FigureC.13:
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FigureC.15:
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FigureC.17:
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FigureC.19:
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