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To my family andto the memory of my father...



SamenvattingVolgens versheidene experimentele waarnemingen moet ons heelaldoordrongen zijn van een onbekende soort materie, de zogenaamdedonkere materie. Volgens de moderne kosmologie moeten deze deelt-jes stabiel en zwaar zijn en enkel met materie interageren via dezwaartekraht of zwakke wisselwerking. Daarom worden zulke deelt-jes ook WIMP's (Weak Interative Massive Partiles of zwak inter-agerende massieve deeltjes) genoemd.Een van de beste WIMP kandidaten is het neutralino zoals gepos-tuleerd in de supersymmetrishe uitbreiding van het Standaard Modelvan de deeltjesfysia; het kan op zihzelf de volledige donkere materievormen, of het is misshien een van de ingrediënten. Als neutralino'sdoor middel van de zwaartekraht door de zon werden gevangen, kon-den ze zih ophopen in de kern en vervolgens paarsgewijs annihileren.Een mogelijke manier om de neutralino donkere materie te onthullenis daarom het deteteren van hun Standaard Model vervalproduten,zoals het neutrino. In dat geval wordt een mogelijke overshrijdingboven de atmosferishe ahtergrond verwaht van neutrino's die uitde rihting van de zon komen.We zijn dit werk begonnen met als doel het zoeken naar neutrino'safkomstig uit neutralino-interaties in het entrum van de zon. Degegevens verzameld gedurende de periode van 2001 tot 2006 met deAMANDA neutrino telesoop, die gelegen is op de Zuidpool, werdenbenut voor dit werk. Daarvan hebben we ongeveer het equivalentevan 812 dagen opnametijd gebruikt die geshikt zijn voor de spei�ekevereisten van deze analyse.Het belangrijkste doel van onze analyse was de indirete waarne-ming van het neutralino, maar alvorens dit punt te bereiken wasvoorbereidend werk nodig om de ontaminatie door de atmosferisheahtergrond te verwijderen uit de experimentele data. Vanwege depositie van de zon op de Zuidpool verwahtten we bijna horizontalesporen van laag-energetishe gebeurtenissen, die een ehte uitdagingvoor het reonstrutie-algoritme vormde. Een ander belangrijk as-



pet was de aanwezigheid van de string trigger die de drempel omdeze gebeurtenissen te aepteren verlaagde.Wij introdueerden een multivariate tehniek, de zogenaamde BoostedDeision Trees (BDT), om het grootste deel van deze ahtergrond vanatmosferishe muonen te verwijderen, en tegelijkertijd zo veel mogelijksignaal over te houden.De prestaties van deze methode stonden met kop en shouders boveneen eenvoudige een-dimensionale seletie methode, die in de voor-gaande AMANDA analyses werd gebruikt. Na het toepassen van deBDT seletie hebben we gekozen om een nieuwe en ver�jnde methodeaan te nemen om de signaalsterkte te onttrekken uit de resterendeexperimentele gegevens.Het uiteindelijke resultaat van onze analyse was dat in de uiteindelijkesteekproef geen statistish signi�ante toename van gebeurtenissen uitde rihting van de Zon werd gevonden. Een bovenlimiet met 90% be-trouwbaarheidsniveau voor het aantal verwahte signaalgebeurtenis-sen werd verstrekt voor de seleties van vershillende neutralinomod-ellen. Deze bovengrens werd benut om een bovenlimiet af te leidenvoor het neutrino-muon onversietempo in de detetor, het annihi-latietempo van het neutralino in de zon, de neutrino-geïndueerdemuon�ux door de detetor en de spinafhankelijke en -onafhankelijkeneutralino-proton werkzame doorsneden.Globaal gezien presteert onze analyse zeer goed; de resultaten ge-iteerd voor de harde-kanaalmodellen met lage neutralinomassa envoor alle zahte-kanaalmodellen, zijn tot dusver de meest gevoeligeAMANDA/IeCube resultaten met betrekking tot donkere materie.De belangrijkste reden is het gebruik van de multidimensionale meth-ode die een betere sheiding tussen signaal en ahtergrond mogelijkmaakt. Een onderzoek naar donkere materie uitgevoerd met IeCubegegevens (met slehts 22 strings) reikt niet tot de lage-energieregio,omdat deze een hogere energiedrempel had in vergelijking met AMANDA.Onze resultaten, vergeleken met een andere analyse van donkere ma-terie uitgevoerd op AMANDA gegevens uit 2000 tot 2006 (geopti-maliseerd voor hoog-energetishe neutrino's), presteren nog beter alswe denken dat we een jaar minder gegevens hebben gebruikt.De ge�lterde dataset gebruikt in de laatste fase van deze analyse kanook nog worden benut om een zoektoht naar andere WIMP kan-didaten, zoals het lihtste Kaluza-Kleindeeltje in het kader van uni-versele extra dimensies, na te streven.
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Introdution
The twentieth-entury started with a period of great disoveries for physis,both in the theoretial and experimental parts. Einstein's speial and generalrelativity theories and quantum mehanis laid the foundations of a new way tounderstand Nature. In the experimental part, the disovery of the extraterrestrialnature of osmi rays was fundamental to start to understand the phenomena ofthe deep Universe.It was just by studying the orbital veloities of galaxies in lusters that FritzZwiky, in 1934, postulated the existene of an unknown kind of matter, theso-alled dark matter, to aount for evidene of missing mass in the orbital ve-loities. Over the time other observations have indiated the presene of darkmatter in the Universe; these observations inlude the rotational speeds of galax-ies, gravitational lensing of bakground objets by galaxy lusters suh as theBullet Cluster.One possible senario to explain the mismath between the required mass,needed to supply the derived gravitational potential, and the observed mass isrepresented by the Cold Dark Matter (CDM) model, i.e. non-relativisti massive(GeV or heavier) partiles produed in the Big Bang. This CDM makes up 23% ofthe energy density of the Universe, aording to the WMAP measurements of thetemperature anisotropies in the Cosmi Mirowave Bakground, in ombinationwith data on the Hubble expansion and the density �utuations in the Universe.The thermally averaged ross setion for sattering of the dark matter (DM)partiles at the freeze-out temperature explains why the DM an only have weakand gravitational interations. Therefore, the DM partiles are generially alledWIMPs, Weakly Interating Massive Partiles.One of the most popular and widely studied WIMP andidates is the lightestsupersymmetri neutralino χ̃0

1 (or simply χ̃). In the Minimal Supersymmetriextension of the Standard Model (MSSM), where the multipliative quantumnumber R-parity is onserved, the neutralino is the mixture of the superpartnersof the B and W3 gauge bosons and the neutral Higgs bosons, H0
1 and H0

2 . Theattrativeness of this andidate stems from the fat that it is eletrially neutral,and thus neither absorbs nor emits light, is stable, and an only disappear viapair annihilation (it is a Majorana partile) or oannihilation with the next-to-lightest supersymmetri partile; therefore the neutralinos may have survivedsine the Big Bang. Consequently, reli neutralinos in the galati halo will passthrough massive bodies like the Sun or the Earth, where they an lose energy bysattering o� nulei. Over time, the neutralinos onentrate near the entres ofthese elestial bodies and annihilate produing Standard Model partiles. Theproduts of these annihilations will, in general, deay and produe neutrinos.The latter will be able to esape and would potentially be visible in a high energy
1



INTRODUCTIONneutrino telesope at the surfae of the Earth as an exess over the atmospherineutrino �ux.We started this work with the aim of disovering indeed neutrinos from anni-hilations of neutralino dark matter partiles in the Sun, using the data olletedduring six years (from 2001 to 2006) by the AMANDA (Antarti Muon AndNeutrino Detetor Array) neutrino detetor loated at the South Pole, near theAmundsen-Sott station. The events olleted during the live-time of the dete-tor (about 7 billion in 812 e�etive days) were mostly muons indued by osmiray interations in the atmosphere. Hene, we introdued a multivariate teh-nique, the so-alled Boosted Deision Trees (BDTs), to remove the bulk of thisatmospheri muon bakground and in the same time preserve as muh signal aspossible. The performane of this method stood head and shoulders above asimple one-dimensional seletion method, whih was used in previous AMANDAanalyses. After applying the BDT seletion, we adopted a new and re�ned methodto extrat the signal strength from the remaining experimental data. This is a-tually the outome of our analysis, whih an be exploited to get an estimationof the neutrino-to-muon onversion rate, the neutralino annihilation rate in theSun, the neutralino-indued muon �ux at the detetor and the neutralino-protonelasti sattering ross setion.This thesis is strutured in the following way:In Chapter 1 we will review the experimental evidenes that give a strong hintfor the existene of dark matter in the Universe, from galati to osmologialsale. Then, we will fous our attention on the neutralino whih, as we havealready mentioned, is one of the best andidates for dark matter. At the end ofthe hapter we will disuss about the possible methods to detet neutralinos, viaa diret or indiret way, and the status of the related experiments. We will alsobrie�y disuss how ollider results ould onstrain Supersymmetri parameterspae, from whih our neutralino omposition depends.In Chapter 2 we will disuss the underlying physis related to indiret de-tetion of dark matter from the Sun using muon neutrinos as neutralino probe.We will disuss about its interation with matter (e.g. ie), and subsequent pro-dution of harged partiles like muons, whih in turn will produe a Cherenkovlight one at a well-de�ned angle. At the end of the hapter we will present theatmospheri bakground onerning this searh, i.e. atmospheri neutrinos andatmospheri muons.In Chapter 3 we will talk about the AMANDA neutrino telesope, loated2000 m below the polar South Pole ie ap. We will desribe its tehnology,alibration and operation. At the end of the hapter we will desribe the ieproperties, essential to understand the e�et of sattering and absorption of thelight in the medium, along with their measurements.In the �rst part of Chapter 4 we will fous our attention on the experimental
2



data olleted from 2001 to 2006 by AMANDA, whih were used for this work.The data to be analysed were subjet to a further hek to verify the stabilityof the detetor, whih ould be altered by some trigger issues, and in that aserejet bad data. In the seond part we explain how we performed our MonteCarlo simulations, from generator to detetor simulation level, both for the neu-tralino signal and for the atmospheri bakground. We have hosen 14 di�erentneutralino models to analyse; in more detail, 7 di�erent neutralino masses1, from50 GeV to 5 TeV, whih in turn annihilate in two extreme hannels, yielding asoft and hard neutrino spetrum.Chapter 5 onsists of several setions related to the event proessing and anal-ysis. After giving some basi elements of event reonstrution, we pass to desribeevent �ltering with the aim of removing badly reonstruted traks, mostly dueto the dominant atmospheri muon bakground. We have divided this event �l-tering in two main steps. The �rst, alled low level �ltering, required a onditionon only one observed variable, usually the reonstruted theta angle, to seletthe event. The seond step, the high level �ltering, onsisted in a more re�nedmethod whih ombined several variables to distinguish signal from bakground.This multivariate approah, as we have already mentioned, has been pursuedthrough the lassi�er alled Boosted Deision Trees (BDTs).In Chapter 6 we desribe a onsolidated method, to extrat the signal strengthfrom the ombined 2001-2006 �nal sample, whih passed all the �ltering steps.Next, we investigate all the possible soures of systemati unertainties whihould a�et our �nal results. Then, through our signal estimation, we an infersome relevant physial quantities like the neutrino-to-muon onversion rate, themuon �ux at the detetor, the neutralino annihilation rate in the Sun, and theelasti neutralino-proton ross setion.In the last Chapter, number 7, we will summarise the work done in this searhand put forward the more interesting parts of the analysis and possible lessonsfor future improvements.As �nal remark, we have to point out that sine 2009 AMANDA has �nishedits operation. Now the detetion of extraterrestrial neutrinos is entirely in thehands of the AMANDA suessor alled IeCube, a kilometre-ube detetor alsoloated at the South Pole whose ompletion is foreseen in 2011, and of its lowenergy extension alled DeepCore.
1Over this work we will use natural units adopted in partile physis, hene c = 1
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INTRODUCTION
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...È dunque l'universo uno, in�nito,immobile; una è la possibilità assoluta,uno l'atto, una la forma o anima, una lamateria o orpo, una la osa, uno lo ente,uno il massimo et ottimo;...De la ausa, prinipio et unoGiordano Bruno (1548 - 1600) 1The dark matter question
We start this work reviewing the experimental evidenes that give a stronghint for the existene of dark matter in the Universe, from galati to osmolog-ial sale. Then, we will fous our attention on the neutralino whih is one ofthe best andidates for dark matter. At the end of the hapter we will disussabout the possible methods to detet neutralinos, via a diret or indiret way,and the status of the related experiments. We will also brie�y disuss how ol-lider results ould onstrain Supersymmetri parameter spae, from whih ourneutralino omposition depends1.1 Standard osmologyIn the past, osmology was onsidered a pure speulative and theologialdotrine. Nowadays it has beome a sienti� branh of knowledge whih isapproahing to a phase of full maturity, thanks to the progress of the observationaltehniques along with the development of the theoretial model, like the urrentonordane model ΛCDM (see next setion).Modern osmology is based upon the so-alled Big Bang senario, in whihthe Universe evolved from a highly ompressed state around 1010 years ago.Hubble's law [1℄, disovered at the beginning of the past entury, is the frame ofthe fundamental piture whih desribes our expanding Universe. Distant galax-ies, indeed, move away from us with a reessional veloity v whih is proportionalto the intervening distane d:

v = H0 · d (1.1)where H0 is the present value1 of the Hubble parameter H(t).If we assume the isotropy and homogeneity2 of the Universe, Einstein's �eldequations [3℄ an be solved, one of its omponents leading to the Friedmann1A reent estimate [2℄ gives H0 = 70.5± 1.3 km s−1 Mp−12These hypotheses are orroborated by the observations of the Cosmi Mirowave Bak-ground and by galaxy surveys (see se. 1.2.3).
5



1. THE DARK MATTER QUESTIONequation: (
ȧ

a

)2

+
k

a2
=

8πGN

3
ρtot (1.2)where GN is the Newton's onstant, a(t) is the so-alled sale fator, the onstant

k desribes the spatial urvature (being k = −1,0,+1) and ρtot is the total averageenergy density1 of the Universe. Writing the Hubble parameter as H(t) = ȧ(t)
a(t)

,we see from eq. 1.2 that the Universe is �at (k = 0) if the total average energydensity is equal to the ritial density
ρc ≡

3H2

8πGN

(1.3)Introduing then a quantity:
Ω =

∑

i

Ωi ≡
∑

i

ρi
ρc

(1.4)where Ωi desribes the abundane of a substane (matter, radiation or vauumenergy) of density ρi in units of ρc, eq. 1.2 an be written as follows:
Ω− 1 =

k

H2a2
(1.5)The values of k are onsequently determined following the sheme below:

Ω < 1 ⇒ k = −1 (open Universe)
Ω = 1 ⇒ k = 0 (�at Universe)
Ω > 1 ⇒ k = +1 (losed Universe)The reli density of a generi partile speies X (for instane neutralinos) anbe expressed in terms of the ritial density and in the dimensionless parameter

h = H0/100 km s−1Mp−1[4℄:
ΩXh

2 ≈ 3 · 10−27cm3s−1

〈σv〉 (1.6)where the thermal average of the annihilation ross setion should be alulatedtaking into aount, in the Boltzmann equation, the oannihilations with thenext-to-lightest partile [5℄.1ρtot = ρm+ρrad+ρvac, where ρm and ρrad are the energy densities in matter and radiation,and ρvac = Λ

8πGN

is the vauum energy density.
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1.2 Evidene for dark matter1.1.1 The onordane model: ΛCDM
ΛCDM or Lambda-CDM is an abbreviation for Lambda-Cold Dark Matter.It is referred to as the onordane model of big bang osmology, sine it en-deavours to interpret osmi mirowave bakground observations, as well as largesale struture observations and supernovae observations of the aelerating ex-pansion of the universe. Further, it is the simplest known model that is in generalagreement with observed phenomena [6℄.In the ΛCDM model, the Universe is spatially �at, homogeneous and isotropion large sales. It is omposed of atoms, dark matter, and dark energy, withnearly sale-invariant adiabati Gaussian �utuations.The term Λ stands for the osmologial onstant whih is onneted witha vauum energy or dark energy, whih aounts for the urrent aeleratingexpansion of the universe. Currently the fration of the energy density ΩΛ ≃ 0.74,suggesting that 74% of the energy density of the present universe is dark energy[2, 7℄.Cold dark matter is a form of matter neessary to aount for gravitationale�ets observed in all astrophysial sale strutures (see next setions) that annotbe interpreted by the quantity of observed matter. Dark matter is desribed asbeing old (i.e. its veloity is non-relativisti at the epoh of radiation-matterequality), and possibly non-baryoni (onsisting of matter other than protons andneutrons), interating only weakly or gravitationally with eah other and otherpartiles. This omponent is urrently estimated to onstitute about 23% of themass-energy density of the universe [2, 7℄.The ΛCDM model has six primary parameters: physial baryon density Ωb,physial dark matter density Ωc, dark energy density ΩΛ, salar spetral index

ns, urvature �utuation amplitude ∆2
R and reionisation optial depth τ . Fromthese the other model values, inluding the Hubble onstant H0 and age of theuniverse t0, an be derived. The optial depth to reionisation determines theredshift of reionisation. Information about the density �utuations is determinedby the amplitude of the primordial �utuations (from osmi in�ation) and thespetral index, whih measures how the �utuations hange with sale (ns = 1orresponds to a sale-invariant spetrum).1.2 Evidene for dark matter1.2.1 The Galati saleThe observations of the rotation urves of galaxies (i.e. the irular veloitiesof stars and gas as a funtion of their distane from the galati entre) representthe most strit evidene for the existene of dark matter on galati sales. In
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1. THE DARK MATTER QUESTION

Figure 1.1: Graph of the irular veloities of objets in NGC 6503 as a funtionof the distane to the entre. The di�erent lines show the ontributions of gas(dotted line), disk (dashed line) and dark matter (dash-dotted line). Figure takenfrom ref. [8℄the Newtonian dynamis frame, the irular veloity is expressed by:
v(r) =

√
GNM(r)

r
(1.7)where M(r) ≡ 4π

∫
ρ(r)r2dr and ρ(r) is the mass density pro�le.From eq. 1.7, the irular veloity should be falling as 1√

r
beyond the edge ofthe visible disk; but what is observed, instead, is a �at behaviour of v(r) at largedistane whih hints to the existene of a dark halo (see �g. 1.1) with M(r) ∝ rand ρ ∝ 1

r2
.Some numerial simulations, the so alled N-body simulations, have proposeda universal dark matter pro�le with the same shape for all masses, epoh andinput power spetra [9, 10, 11℄. The slope of the density pro�le should inreaseif we move from the entre of a galaxy to the external region; however, the exatvalue of the power-law index in the innermost galati regions is still questionableas the various simulation groups ended up with di�erent results for the spetralshape in those galati regions.The dark matter pro�le in the inner region of our galaxy, the Milky Way,is even more unertain. Several observations suggest the presene of a SuperMassive Blak Hole (SMBH) in the entre of our galaxy [12, 13℄; then the proessof adiabati aretion of dark matter on it would produe a �spike� in the darkmatter density pro�le in this region [14℄.
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1.2 Evidene for dark matter1.2.1.1 The loal densityThe density of dark matter in the region of our solar system is a quantitywhih is substantially better known than the density near the galati entre, andit is alulated by observing the rotation urves of our galaxy. This observation isdi�ult to perform from our loation within the Milky Way; moreover to alulatewith auray the dark matter pro�le we need to take into aount the densitydistributions of the galati bulge and disk.Throughout this thesis, as anonial value for the loal dark matter density wewill use ρ0 = 0.3 GeV m−3; for a detailed disussion about the loal dark matterdistribution, see refs. [4, 15℄.Another quantity that is inferred from the observation of rotation urves, is theveloity distribution of the dark matter in the loal region, whih is typiallydesribed by its average veloity v̄ = 〈v2〉1/2 ∼= 270 km s−1.These two quantities, ρ0 and v̄, are ruial to both the diret and indiretmethods of dark matter searhes.1.2.2 The Galaxy Clusters saleThe mass of a galaxy luster an be inferred via several tehniques, like theappliation of the virial theorem to the distribution of the radial veloities. FritzZwiky, in 1933, by measuring the veloity dispersion of galaxies in the Comaluster, derived that the observed mass-to-light ratio exeeded the ratio in thesolar neighbourhood by two orders of magnitude [16℄; this was the �rst strongindiation of the existene of a large amount of non-luminous (or dark) matter.Gravitational lensing is one of the on�rmed preditions of Einstein's theoryof general relativity; in presene of an intense gravitational �eld, light propagatesalong geodesis whih deviate from straight lines. The shape of the potentialwell, and thus the mass of the luster, an be then drawn from the distortion ofthe images of bakground objets due to the gravitational �eld produed by theluster. The luster of galaxies 1E0657-56 , alled Bullet luster, is one of thehottest, most X-ray luminous luster known and it is still subjet to intense ongo-ing studies. Chandra X-ray Observatory showed that the luster is a supersonimerger in the plane of the sky [17℄. Due to its unique geometry and physialstate, the Bullet luster is the best known system to test the dark matter hy-pothesis [18℄. The ombined weak and strong lensing mass reonstrutions showtwo substrutures that are o�set with respet to the baryon distribution (hot gas)observed in X-ray by the Chandra Observatory (see �g. 1.2 ). In ontrast, theluster galaxy population follows the dark matter distribution.
9



1. THE DARK MATTER QUESTION

Figure 1.2: The joined strong and weak lensing mass reonstrution (blue on-tours) of the luster 1E0657-56. The X-ray emission (shown in red ontours) islearly o�set from the total mass distribution. Piture taken from [19℄1.2.3 The Cosmologial saleIn the previous setions we have shown how, in galaxy and in luster of galaxiessales, the need of dark matter appears to be ompelling to explain some exper-imental observations; however, through these observations, we annot determinethe total amount of the dark matter in the Universe.The existene of the Cosmi Mirowave Bakground (CMB) [20, 21℄, whihwas predited as reli radiation from the early Universe, was on�rmed in 1965.Further studies have established that the CMB is isotropi at the 10−5 level, andthat it follows the spetrum of a blak body with a temperature T = 2.73 K.Through the study of CMB anisotropies, aurate tests of osmologial modelsan be performed, whih, in turn, an put stringent onstraints on osmologialparameters.The observed temperature anisotropies an be deomposed in spherial har-monis:
∆T (n̂)
T

=
∑

lm

almYlm(n̂) (1.8)and if the temperature �utuations are assumed to be Gaussian, the informationinluded in the CMB maps an be ompressed into the power spetrum. Givena osmologial model with a �xed number of parameters, the best-�t parametersare extrated from the peak of the N-dimensional likelihood surfae (see �g. 1.3).The simple six-parameter power-law ΛCDM osmologial model �ts not only the
10
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1.3 Dark matter andidates

Figure 1.3: WMAP �ve-year angular power spetrum along with reent resultsfrom other experiments. The red urve is the best-�t ΛCDM model to the WMAPdata, whih agrees well with all datasets when extrapolated to higher ℓ. Pituretaken from [24℄.Wilkinson Mirowave Anisotropy Probe (WMAP) data, but also a wide range ofastronomial data [22, 23℄.The WMAP has put the most stringent onstraints on the abundanes ofbaryons (Ωbh2) and matter (Ωmh2) in the Universe. Indeed, from the analysisof WMAP �ve years data, ombined with the distane measurements from theType Ia supernovae (SN) and the Baryon Aousti Osillations (BAO) in thedistribution of galaxies, the following values1 are found [2℄:
Ωbh

2 = 0.02267+0.00058
−0.00059 Ωmh

2 = 0.1358+0.0037
−0.0036 (1.9)The obtained value of Ωbh2 is onsistent with preditions from Bing Bang nule-osynthesis (BBN) [25℄.WMAP has measured the basi parameters of ΛCDM osmology to high pre-ision: with the WMAP 5-year data alone, a dark matter density of 21.4%, andan atoms density of 4.4% were found.1.3 Dark matter andidatesIn the previous setions, we have shown that dark matter is ompelling atall observed astrophysial sales. Among the various dark matter andidates1For other relevant osmologial parameters, see the referene [2℄.
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1. THE DARK MATTER QUESTION(see ref. [5℄ for a general review), we fous our attention on those whih are (inpriniple) detetable with present or near-future tehnology.One possible exellent andidate, the neutrino, whih has the �undisputedvirtue of being known to exist� [26℄, is simply not abundant enough to be thedominant omponent of dark matter, sine urrent upper bounds on its massfrom partile physis and from osmology give as reli density Ων . 0.012 [7℄.Besides, due to their tiny mass, neutrinos onstitute what is alled Hot DarkMatter (HDM), as they deouple from the radiation equilibrium in the earlyUniverse at relativisti energies and move with high veloities. Hot dark matterannot aount for struture formation in the Universe, hene most DM shouldbe �old�, i.e. non-relativisti at the onset of galaxy formation [27℄.From the measurement of the baryon reli density (see previous setion), weinfer that we annot aount for all of the dark matter with old massive objets ofordinary matter (suh matter lumps in galati halos are alled MACHOs, Mas-sive Compat Halo Objets). Hene, the partile andidates for Cold Dark Matter(CDM) that are best motivated remain supersymmetri non-baryoni Weakly In-terating Massive Partiles (WIMPs), and we will fous our searh on the mostwidely studied andidate: the supersymmetri neutralino (see next setions).Other non-baryoni CDM noteworthy andidates are WIMPs in universal ex-tra dimension models and the axion (see se. 1.3.3).1.3.1 SupersymmetryFrom the Standard Model of partile physis we know that fermions are theonstituents of matter while bosons are the mediators of interations. At thispoint one ould ask if a (super)symmetry exists whih relates bosons and fermionsthus providing a frame whih uni�es matter and interations. Another argumentin favour of a supersymmetri model is its role in understanding the so-alledhierarhy problem, whih is linked to the huge di�erene between the eletroweakand Plank energy sales1. One possible solution to this problem is to postulatethe existene of new partiles with similar masses but with spin di�erent by one-half. The orresponding algebra of supersymmetry (SUSY) naturally ensures theexistene of new partiles with the required properties: to all of the SM partilesare assoiated superpartners with the same mass but opposite spin-type.The new generators of SUSY hange fermions into bosons and vie versa:
Q|fermion〉 = |boson〉; Q|boson〉 = |fermion〉 (1.10)The operators Q, sine their fermioni nature, must arry spin 1/2, whih hintsthat SUSY must be a spaetime symmetry.1The Plank sale is the energy sale at whih gravitational interations beome omparablein strength to eletroweak and strong interations, roughly MP ∼ (GN )−

1

2 ∼ 1019 GeV.
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1.3 Dark matter andidatesThe SUSY model is also interesting beause by introduing supersymmetryat the TeV sale the gauge ouplings unify at a sale MU ∼ 2 · 1016 GeV [28℄,whih is a strong hint in favour of a Grand Uni�ed Theory (GUT).1.3.1.1 The minimal supersymmetri extension of the SM: MSSMThe minimal supersymmetri extension of the SM (MSSM) ontains the small-est possible �eld ontent neessary to generate all the SM �elds. In table 1.1 thereis a sketh of the resulting partile ontent of MSSM.One fundamental omponent of the MSSM is a onserved multipliative quantumnumber, the R-parity1, whih is de�ned as:
R ≡ (−1)3B+L+2S (1.11)where B is the baryon number, L the lepton number and S the spin of thepartile. This implies that R = +1 for SM partiles and R = -1 for SUSYpartiles. This means that SUSY partiles an only be reated or annihilatedin pairs in reations of SM partiles. Consequently, a single SUSY partile anonly deay into �nal states ontaining an odd number of SUSY partiles (plusSM partiles). In partiular the lightest supersymmetri partile (LSP) is stable,sine there is no kinematially allowed state with negative R-parity whih it andeay to. Therefore, the LSP an be onsidered as an exellent dark matterandidate [30℄.Several observations have put some onstrains on the nature of the LSP, forinstane it annot have an eletri harge di�erent from zero or olour, otherwiseit would have ondensed with baryoni matter to generate heavy isotopes.1.3.2 The lightest neutralino as dark matter andidateIn the MSSM the four Majorana fermioni mass eigenstates alled neutralinos,are the result of the admixture of the superpartners of B,W3 gauge bosons (or thephoton and the Z, equivalently) and the neutral Higgs bosons, H0

1 and H0
2 , whihare alled binos (B̃), winos (W̃3) and higgsinos (H̃0

1 and H̃0
2 ) respetively. Thefour neutralinos are typially labelled χ̃0

1, χ̃0
2, χ̃0

3 and χ̃0
4, sorted with inreasingmass. In this work we fous our attention on the lightest of the neutralinos, χ̃0

1,whih we an simply denote as χ and refer to as the neutralino.The neutralino is therefore a linear ombination of B̃, W̃3 H̃
0
1 and H̃0

2 :
χ = N11B̃ +N12W̃3 +N13H̃

0
1 +N14H̃

0
2 (1.12)We an de�ne the gaugino fration, fG, and the higgsino fration, fH , as:

fG = N2
11 +N2

12 (1.13)1R-parity was atually �rst introdued to suppress the rate of proton deay [29℄.
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1. THE DARK MATTER QUESTIONNormal partiles/�elds Supersymmetri partnersInteration eigenstates Mass eigenstatesSymbol Name Symbol Name Symbol Name
q = d, c, b, u, s, t quark q̃L, q̃R squark q̃1, q̃2 squark
l = e, µ, τ lepton l̃L, l̃R slepton l̃1, l̃2 slepton
ν = νe, νµ, ντ neutrino ν̃ sneutrino ν̃ sneutrino
g gluon g̃ gluino g̃ gluino
W± W -boson W̃± wino
H− Higgs boson H̃−

1 higgsino 



χ̃±
1,2 hargino

H+ Higgs boson H̃+
2 higgsino

B B-�eld B̃ bino
W 3 W 3-�eld W̃ 3 wino
H0

1 Higgs boson
H̃0

1 higgsino 



χ̃0
1,2,3,4 neutralino

H0
2 Higgs boson

H̃0
2 higgsino

H0
3 Higgs bosonTable 1.1: Standard model partiles and their superpartners in the MSSM(adapted from [31℄).and

fH = N2
13 +N2

14 (1.14)The neutralino is an exellent andidate for Cold Dark Matter, whih is one ofthe ingredients of ΛCDM osmologial model, sine it is a non-relativisti partileprodued as a thermal reli of Big Bang. In the stage when the Universe, inaddition to ooling, is also expanding and thus beoming so large, the neutralinosare so dilute that they annot self-annihilate. Then the neutralinos �freeze out�approahing their reli density Ωχh
2. From equation 1.6 and from the WMAPresults (see values in 1.9) we infer that the total ross setion at the freeze-outtemperature is typial for weak interations, whih is simply too small to havelarge energy losses when falling towards the enter of galaxies, and thus lusteringlike baryons do. Therefore the neutralinos are generially alled WIMPs, WeaklyInterating Massive Partiles.1.3.3 Alternative andidatesIn this setion we will give a brief report on two of the best motivated andstudied alternative andidates: the axion and the lightest Kaluza-Klein partile.Axions are partiles introdued to solve the CP violation problem in the stronginterations [32, 33℄. Several observations have onstrained the mass of the axionto be very light, ma < 0.01 eV [34℄, and sine it ouples very weakly to ordinarymatter [35℄, it was never in thermal equilibrium in the early Universe, thus behav-
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1.3 Dark matter andidatesing as CDM today. A large part of the available parameter spae has, however,been ruled out by searhes for axion onversion to photons in magneti �elds [36℄.The suggestive and original idea of the possible existene of extra-dimensionsat high energy sales, was proposed in 1921 by Kaluza [37℄ in an attempt tounify eletromagnetism and gravity. More reently, extra-dimensional modelswere proposed, alled Universal Extra Dimensions (UED) [38℄, where all the par-tiles propagate in �at, ompat extra dimensions. The simplest UED modelpredits one extra dimension of size R ompati�ed on a irle, and, based uponthis, all the �elds propagating in the bulk have their momentum quantised (inunits of p2 ∼ 1/R2). Thus, for eah bulk �eld, a set of so-alled Kaluza-Klein(KK) states appear as a Fourier series (alled a tower) with masses mn = n/R,where n is the mode number. The UED model provides a viable dark matterandidate as a onsequene of the onservation of momentum in higher dimen-sional spae whih leads to the onservation of KK number. All odd-level KKpartiles are harged under this symmetry alled KK-parity, thus ensuring thatthe lightest (�rst level) KK state, the Lightest Kaluza-Klein Partile (LKP), isstable and a possible dark matter andidate [39℄.The LKP is assoiated with the �rst KK exitation of the photon (or the �rstKK exitation of the hyperharge gauge boson), labelled as B1. The regions ofparameter spae, to aount for the orret reli density of the B1, have beeninvestigated by several groups [40, 41, 42℄; these studies give a LKP mass rangeof 600 GeV . mB1 . 1400 GeV.1.3.4 Alternative theory, hanging the law of gravity?The ΛCDM osmologial model has ahieved a remarkable suess to explainand to predit di�erent data sets at large sales. However, several observations atgalati sales [43℄, whih show that the baryons dominate kinematially in theinner parts of rotation urves, are in on�it with the predited �uspy� halo by
ΛCDM model. The Modi�ed Newtonian Dynamis (MOND) is an alternate the-ory [44℄ whih explains the mass disrepany with a modi�ation of Newtoniangravity and not requiring any dark matter halo. The observed kinematis at thelow gravitational aelerations in the outer region of the galaxies, is desribed inMOND theory assuming that below a ertain aeleration, a0 ∼10−8m s−2, New-tonian gravity is no longer valid. The atual gravitational aeleration gMOND isrelated with the Newtonian one gN as following:

gMOND =
gN

µ(gMOND/a0)
(1.15)where µ(x) is an interpolation funtion whih regulates the transition betweenNewtonian regime and deep MOND regime (for gMOND ≫ a0, µ(x) −→ 1 andfor gMOND ≪ a0, µ(x) −→ gMOND/a0).
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1. THE DARK MATTER QUESTIONAlthough the preditions of MOND are very suessful at galati sale, thisphenomenologial theory omes upon serious di�ulties when it is applied tolarger sales. A large amount of dark matter is still neessary to interpret orretlythe data to fully explain the lensing and dynamis of lusters of galaxies [45℄.1.4 Detetion of dark matterWhat we know about dark matter, urrently, stems only from its marosopigravitational e�ets. The way to understand the distribution of dark matter atthe galati sale and smaller, is to try to detet dark matter partiles individu-ally. We have to point out that urrent experiments, whih aim to detet diretly(se. 1.4.2) or indiretly (se. 1.4.3) WIMPs as dark matter, need more informa-tion to disentangle their nature, either supersymmetri or extra-dimension, sineandidates like LSP or LKP have the same signature.Collider experiments (se. 1.4.1) are probing signi�ant regions of the param-eter spae of these hypothetial partiles, but are not able to set onlusivelytheir stability or reli density. Conversely, a positive astrophysial detetion ofdark matter would provide remarkable information about the physis �beyond theStandard Model�.Hene, only by ombining all the ontributions, that ame from these di�erentexperimental approahes and osmologial observations, we hope to shed light onthe dark matter mystery.1.4.1 Collider onstraintsThe Large Hadron Collider (LHC) has produed its �rst pp ollision at CERNin 2009 at √
s = 900 GeV, reahing 2.36 TeV at the end of the same year [46℄;then at the beginning of 2010, the energy has been inreased to 7 TeV.After a long shut-down foreseen in 2012, to prepare design-energy running, in 2013it will reah energies up to 14 TeV, with a predited luminosity of 1033 m−2s−1.Given this energy, and the requirement that WIMPs have mass ∼ mweak, thenpartiles like the weakly interating neutralino will be almost ertainly produed;but unfortunately diret prodution of χχ pairs is invisible. Therefore the indi-ret prodution is the only feasible searh at the LHC, for instane SUSY pairprodution of squarks and gluinos followed by their deay through some asadehain, and ending up to neutralinos. The existene of these latter, whih esapethe detetor, is inferred then by the missing energy /ET in the transverse plane.The observation of missing partiles in ollider experiments, however, is not su�-ient to laim evidene, sine this observation will tell us only that the produedpartile was stable enough to exit the detetor, typially with a lifetime τ & 10−7s,too far from τ & 1017s required for dark matter. Hene, the WIMP's thermal
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1.4 Detetion of dark matter

Figure 1.4: Constraints from the LHC and the ILC in the LCC1 frame, in on-juntion with WMAP and Plank experiments. WMAP and Plank measure Ωχbut are insensitive to mχ, while ollider experiments bound both. Piture takenfrom [49℄.reli density, alulated through the ollider's onstraints, should be onsistentwith the osmologially observed density to prove that the partile produed atolliders is indeed the dark matter.The International Linear Collider (ILC) is a proposed high energy e+e− ol-lider and it is designed to operate with √
s from 250 GeV to 500 GeV, whihould be upgradable to ∼ 1 TeV [47℄. The WIMP is not diretly observable inlepton ollider experiments (as at hadron olliders), therefore its mass has to beinferred through some indiret methods. One possible and preise tehnique isthe san for the threshold of the e+e− → XX̄ pair prodution proess tuningthe entre of mass energy. The mass of the SUSY partile X and its width anbe extrated from a �t to the signal event yield as a funtion of √s [48℄. Usinga threshold san at √

s ∼ 2MX to determine the mass of X , the mass relationbetween the lightest neutralino and X an be settled by running at higher entreof mass energy.Currently, the strongest lower limit on SUSY partiles were set by the LEP
e+e− ollider at CERN, whih ran at √

s ≤ 208 GeV. The LEP experimentsrestrit eletrially harged SUSY partiles to have a mass above 100 GeV [50℄and a lower bound on the lightest neutralino mass, mχ ≥ 47 GeV, was set byombining searhes for sleptons, harginos and Higgs bosons, in the mSUGRA11This is a restrited subspae of the MSSM (alled also onstrained MSSM), where thesoft-SUSY breaking parameters are uni�ed at the grand uni�ation sale.
17

Chapter1/Chapter1Figs/eps/coll_constr.eps


1. THE DARK MATTER QUESTIONsenario [51℄.The possible performanes of the LHC on dark matter senario have beenstudied by di�erent groups [52, 53, 54℄; the results of one exemplary study in theLCC11 frame are shown in �gure 1.4, along with the onstraints fromWMAP andits suessor Plank [55℄. The LHC an determine so many of the SUSY modelparameters that the neutralino mass an be evaluated with ± 5 GeV unertainty,and the reli density with a preision of ± 20%. The ILC ould improve theseonstraints on mass and reli density to ± 50 MeV and ± 3%, respetively.1.4.2 Diret searhesIf the galaxy is �lled with WIMPs, then plenty of them should pass throughthe Earth and eventually interat with matter. The basi idea underlying thedark matter diret searh experiments, is to reord the reoil energy of nuleias WIMPs satter o� them [56℄. The density and the veloity distributions ofWIMPs in the solar neighbourhood, and the WIMP-nuleon ross setion are themain ingredients to alulate the signal rate, R, whih is approximately given by:
R ≈

∑

i

Ninχ〈σiχ〉 (1.16)where the index i runs over nulei speies in the detetor, Ni =
Detetor mass of speies iAtomi mass of speies iis the number of target nulei in the detetor of speies i, nχ ≡ WIMP energy densityWIMP mass isthe loal WIMP density and 〈σiχ〉 is the averaged ross setion2 for the satteringof WIMPs o� nulei of speies i.Elasti sattering of WIMPs o� nulei is usually desribed in the ontext oftwo lasses of ouplings. One lass is the axial-vetor or spin-dependent (SD) in-teration whih results from oupling to the spin ontent of a nuleon. The rosssetions for SD sattering are proportional to J(J + 1) rather than the numberof nuleons, hene the gain is little if heavier target nulei are used.The other lass is the salar or spin-independent (SI) interation whose ross se-tion inreases rapidly with the mass of the target nulei, and normally dominatesover the SD sattering in the experiments whih use heavy atoms as target.Several experiments are urrently operating; among others we ite XENON100[58℄, ZEPLIN III [59℄, whih use both sintillation and ionisation tehniques,EDELWEISS II [60℄ and CDMS II [61℄ whih use both ionisation and photontehniques. The DAMA/LIBRA experiment [62℄, whih uses the sintillationtehnique, attempts to separate WIMP signature from bakground by looking1This is a partiular mSUGRA model with parameters:

(m0,M1/2, tanβ,A0, sign(µ)) = (100 GeV, 250 GeV, 10, -100 GeV, +).2The ross setion is averaged over the relative WIMP veloity with respet to the detetor.
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1.4 Detetion of dark matter

Figure 1.5: The 90% on�dene upper limits on the spin-independent elastiWIMP-nuleon ross setion (solid and long dashed lines) from XENON100, to-gether with the best limit to date from CDMS (dotted line), realulated assumingan esape veloity of 544 km/s and v0 = 220 km/s. Expetations from a on-strained MSSM model [57℄, and the areas (90% C.L.) favoured by CoGeNT (green)and DAMA (red/orange) are also shown. Piture taken from [58℄.at the annual modulation in their rate; this e�et is due to the Earth's annualmotion around the Sun. The DAMA/LIBRA experiment laimed to have found asignal in annual modulation with period and maximum at the expeted values1,but other experiments have explored the parameter spae favoured by DAMAwithout �nding any evidene of dark matter. Some solutions to this diatribehave been proposed, like the possible inelasti sattering of the dark matter [63℄;hannelling e�et [64, 65℄ and astrophysis arguments [66℄ have been put forwardin pursuit of explaining the DAMA results with elasti sattering, and withoutviolating other onstraints. The CoGeNT ollaboration has reently reported arising low energy spetrum in their ultra low noise germanium detetor. This ispartiularly interesting as the energy range probed by CoGeNT overlaps with theenergy region in whih DAMA has observed their annual modulation signal [67℄.The urrent limits on spin-independent sattering, from some diret dete-tion experiments, are summarised in �g. 1.5; these results assume an isothermalWIMP halo with v0 = 220 km/s, a loal dark matter density ρχ = 0.3 GeV/m3,1The Earth should be rossed by a larger �ux of DM partiles around roughly June 2nd(when its orbital speed is summed to the one of the Solar System with respet to the Galaxy).
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1. THE DARK MATTER QUESTION
Figure 1.6: Contributions to the annihilation ross-setion for neutralino darkmatter from (a) slepton and squark exhange, (b) near-resonant annihilationthrough a Higgs boson and () hargino exhange. Adapted from [70℄.and esape veloity 544 km/s [58℄. The XENON100 limit, below 20 GeV, on-strains the interpretation of the CoGeNT and DAMA signals as being due tolight mass WIMPs.The urrent diret detetion experiments whih are looking at the spin-dependentsattering, suh as CDMS, COUPP [68℄ and KIMS [69℄, give less performanesin term of probing the ore of SUSY parameter spae.1.4.3 Indiret searhesDark matter an be deteted indiretly by observing the radiation produedin dark matter annihilations. Dark matter indeed ontinues to annihilate afterfreeze out in high density regions, and the �ux of the radiation is proportionalto the annihilation rate whih in turn depends on the square root of the darkmatter density: ΓA ∝ ρ2χ. Hene, the regions whih we should look for signi�ant�uxes, sine large dark matter density aumulate there, are the galati entreor astrophysial objets like the Sun, the Earth or the Milky Way halo. It ouldbe also possible to observe annihilation radiation from galaxies outside the MilkyWay (even if they are far more distant than the galati entre, the emittingregion is muh larger) or from dwarf galaxies within the Milky Way.Some of the neutralino annihilation hannels are:

χχ −→
{
qq̄, l+l−,W+W−, Z0Z0, ... (tree level)
gg, Zγ, γγ, ... (one loop level) (1.17)and three of these mehanisms are illustrated in �g. 1.6.The �uxes of positrons and eletrons are possible radiations produed by neu-tralino annihilation in the galati halo, and some indiret detetion experimentshave reported anomalies in the measured �ux whih ould be interpreted as ev-idene for dark matter. The most signi�ant reent observations ome from thePAMELA [71℄, ATIC [72℄ and Fermi LAT [73℄ ollaborations, whih have de-teted positrons and eletrons with energies between 10 GeV and 1 TeV. These
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1.4 Detetion of dark matterdata, displayed in �g. 1.7, learly show an exess above the expeted bakground,whih was estimated by the ode GALPROP [74℄.However, as we an see from the piture, the ATIC �bump� is not on�rmed bythe Fermi LAT experiment, whih has muh higher statistis. These latter dataould be explained by modifying the spetral index of the osmi ray bakground[75℄, even if this explanation worsens the PAMELA disrepany whih in turnseems to be onsistent with expetation from pulsar radiation [76, 77℄, and mayhave also other astrophysial explanations [78℄.The possibility that the positron exess has an origin in dark matter annihila-tion has been widely reviewed as well; the energies of the exess (around mweak)are as expeted for the neutralino, but the positron �uxes result far larger toaommodate the neutralino thermal reli density. Thus the annihilation rosssetion should be enhaned by two or three orders of magnitude to explain thepositron data [79℄. Some exoti dark matter explanations have been put forward:the annihilation ross setion may be boosted by resonanes from states withmass 2mχ [80℄ or by the Sommerfeld enhanement fator [81℄, or the dark mattermay be produed by deays and not by thermal freeze out [82℄.Colleting more data from Fermi or from the AMS experiment (an anti-matterdetetor to be set on the International Spae Station [83℄) ould maybe disentan-gle the senarios for the positron exess. Searhes for gamma rays by spae-basedexperiments like Fermi and AMS, or by ground-based atmospheri Cherenkovtelesopes (e.g. MAGIC [84℄, VERITAS [85℄ and H.E.S.S. [86℄) are also promis-ing. The most evident gamma ray signal would be photons from χχ→ γγ whihare mono-energeti, but sine the neutralino is a hargeless partile, these pro-esses are loop-indued and highly suppressed. More usually gamma rays areprodued when neutralinos annihilate to other partiles whih radiate photons,leading to a smooth gamma ray energy spetrum; however, an advantage fromphotons is that they point bak to their soure providing a powerful signature.The spae-based telesope EGRET [87℄, on-board the Compton Gamma RayObservatory (CGRO), has measured an exess of gamma rays in the region ofthe galati entre whih ould be interpreted as the produt of dark matterannihilation [88℄. However, preliminary studies with Fermi LAT are onsistentwith the expeted bakground and suggest that the EGRET exess may have aninstrumental origin [89℄.Searhes for neutrinos are really unique among the indiret detetion teh-niques and, given some assumptions, they an be ompetitive with diret searhes.The underlying idea of neutrino searhes revolves around the following: if neu-tralinos in the galati halo pass through massive bodies like the Sun (or theEarth, or the galati entre), they an lose energy by sattering o� nulei andeventually be gravitationally trapped. One aptured, they settle to the entrewhere their density inreases greatly, thus they annihilate produing SM partiles
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1. THE DARK MATTER QUESTION

Figure 1.7: The osmi positron fration measured by PAMELA and other ex-periments is showed on the left, along with preditions of pulsars with di�erentparameters (grey ontours); the disrepanies at energies below 10 GeV are laimedto be due to the solar modulation. On the right, the plot of the total e+ + e− �uxas measured by ATIC, Fermi and other experiments; the dashed band represent thebakground predition from GALPROP.whih, in general, deay and produe neutrinos. These latter are not immediatelyabsorbed, unlike the other produed partiles, thus esaping from the entre andtravelling to the surfae of the Earth, where they may be deteted through theonversion to harged leptons.We will disuss in more details about this tehnique in the next hapter, sinethe subjet of this thesis is the searh for neutralino dark matter using six yearof data taken by the AMANDA-II neutrino telesope.
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Liebe Radioaktive Damen und Herren,...Nämlih die Möglihkeit, es könntenelektrish neutrale Teilhen, die ihNeutronen nennen will, in den Kernenexistieren,...Letter to a group of physiists meeting inTübingenWolfgang Ernst Pauli (1900-1958) 2Neutrino as neutralino probe
In this hapter we will disuss the underlying physis related to indiret de-tetion of dark matter from the Sun using muon neutrinos as neutralino probe.We will disuss about its interation with matter (e.g. ie), and subsequent pro-dution of harged partiles like muons, whih in turn will produe a Cherenkovlight one at a well-de�ned angle. At the end of the hapter we will present theatmospheri bakground onerning this searh, i.e. atmospheri neutrinos andatmospheri muons.2.1 Neutrinos from neutralino annihilation in theSun: apture and annihilation rateThe neutralino apture rate in the Sun an be approximated by the followingexpression [90℄:

C⊙ ≃ 3.35× 1020s−1

(
ρχ

0.3GeV/cm3

)(
270 km/s

v̄χ

)3

×
(
σSDχH + σSIχH + 0.07σSIχHe

10−6 pb

)(
100GeV

mχ

)2

, (2.1)where ρχ is the loal neutralino density, v̄χ is the loal neutralino veloity dis-persion and mχ the neutralino mass. The neutralino loses its energy throughspin-dependent (SD) and spin-independent (SI) elasti sattering with hydrogennulei and, in less measure, through spin-independent elasti satterring withhelium nulei. The apture rate suppression is regulated by two fators whihdepend on the neutralino mass; one of these is the kinemati suppression of neu-tralinos muh heavier than the target nulei, and the seond fator is the numberdensity of the neutralinos (nχ ∝ 1/mχ).The evolution equation for N neutralinos in the Sun is given by
dN

dt
= C⊙ − CAN

2 − CEN (2.2)
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2. NEUTRINO AS NEUTRALINO PROBEwhere in addition to the apture rate C⊙, we have twie the annihilation rate(ΓA = 1
2
CAN

2) and the last term whih is the neutralino thermal evaporation.This last one an be safely negleted in our analysis (indeed it holds for neutralinosbelow 10 GeV [91℄), and if we solve equ. 2.2 for the annihilation rate ΓA we obtain:
ΓA =

1

2
C⊙ tanh2 t

τ
(2.3)where τ = (C⊙CA)

− 1
2 is the time sale for apture and annihilation equilibriumto our. In the Sun, equilibrium will have ourred for many neutralino modelsand the annihilation rate is at �full strength�, ΓA ≃ 1

2
C⊙. Indeed, this ourswhen √

C⊙CAt⊙ ≫ 1, where t⊙ ≃ 4.5 × 109 years is the age of the solar system.Hene, at the equilibrium, the annihilation rate (and orresponding neutrino �uxand event rate) does not depend on the neutralino annihilation ross setion, butit is diretly proportional to the apture rate.The neutralinos an annihilate to heavy quarks, tau leptons, gauge bosons andHiggs bosons thus produing neutrinos in the subsequent deay. These neutrinosan esape from the entre of the Sun and travel to the Earth where they an beeventually deteted. The neutrino di�erential �ux at the Earth from neutralinosannihilating in the Sun is given by
dΦ

dEν
=

ΓA
4πD2

⊙

∑

X

BX

(
dNν

dEν

)

X

(2.4)where D⊙ is the Earth-Sun distane, BX is the branhing ratio of annihilationhannel X and (dNν

dEν

)
X
its di�erential neutrino spetrum.The annihilation hannel χχ → νν̄ is strongly suppressed by the tiny neutrinomass, therefore neutrino �uxes ome from deays of primary annihilation prod-uts, with a mean energy 〈Eν〉 ≃ mχ

2
to mχ

3
. The most energeti spetra, referredas �hard�, ome from neutralino annihilations into W+W−, ZZ, τ+τ−, while theless energeti ones, referred as �soft�, ome from bb̄. The reason is beause inhard hannels, neutrinos are produed diretly from the neutralino deay prod-uts. The softest spetra ome from the quark hannels where most neutrinosare produed indiretly in deays of hadrons reated in the quark jets. Due to

νµ − ντ vauum osillations, the muon neutrino �ux observed at the Earth is theaverage of the νµ and ντ omponents. In �g. 2.1 are shown the muon neutrinospetra1 at prodution in the Sun, after propagation to the Sun's surfae and atthe Earth's surfae for two partiular neutralino masses [92℄.1The energy spetra are a ombination of several annihilation hannels: W+W−, ZZ, Zh, tt̄.
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2.2 Neutrino detetion

Figure 2.1: The neutrino energy spetra at prodution in the Sun, after propaga-tion to the Sun's surfae, and at the Earth's surfae (piture adapted from [92℄).2.2 Neutrino detetionThe �rst proposal, about the possibility of deteting high-energy osmi neu-trinos in underground experiments, was submitted to the international sienti�ommunity around the '60s [93℄. Suh equipments should permit the identi�ationof the neutrino soure and therefore they are usually named neutrino telesopes.In order to detet the harateristi signatures of high energy neutrino intera-tions, the proposal foresaw the instrumentation of large volumes of ie (or wateras well) with di�erent sensors, optial or aousti. This is due both to the lowintensity of expeted neutrino �uxes and to the low neutrino interation rosssetion.The most disriminating information of a neutrino detetor, when searhingfor neutrinos from point-like soures like the entre of the Sun, omes from thereonstruted diretion of the observed events. The proposed tehnique to pin-point the neutrino soure onsists in deteting the optial signals emitted by themuons generated in harged urrent neutrino interations (see se. 2.3). Themuons, indeed, an propagate with a veloity greater than the speed of light inthe medium, and thus emit Cherenkov radiation at �xed angle with respet tothe muon trak (see se. 2.5). Hene, the muons provide ample diretional infor-mation for the reonstrution methods, while asade signatures from νe and ντare too short for a reliable angular reonstrution. Further, the lifetime of taus(below 106 GeV) is too short to produe traks of signi�ant length.
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2. NEUTRINO AS NEUTRALINO PROBEThis kind of neutrino-indued muon detetors have to be shielded from theintense �ux of atmospheri muons, whih originate in osmi ray interationswith the atmosphere (see se. 2.6). That's why the neutrino telesopes shouldbe deployed deep under the ie (or underwater). However, even at great depths(∼ 4000 m), the atmospheri muon �ux at the detetor is about 6 orders of mag-nitude more intense than the neutrino-indued �ux. This is the reason why theso-alled downgoing muon events are not useful in the searh for astrophysialsoures, like in our ase where we searh for neutralino annihilations in the Sun.However, a downward looking neutrino telesope still su�ers from the atmospherimuon bakground beause of down-going muons misreonstruted as upgoingones.In onlusion, the ie (water) surrounding the detetor has a triple funtion:
• it sreens the detetor from the atmospheri muon bakground
• it is a target for neutrino interations produing muons
• it ats as a transparent radiator where Cherenkov light is emitted and prop-agatedThe AMANDA (Antarti Muon And Neutrino Detetor Array) neutrino tele-sope, desribed in hapter 3, meets the requirements of a large-volume (200 mwide, 500 m high) sparse-instrumentation (optial sensors separated by ∼ 30 mhorizontally, ∼ 15 m vertially) equipment, whih is deployed deep in the Antar-ti ie ap with the attempt to detet astrophysial neutrinos.2.3 Neutrino interationsThe neutrino an interat weakly with matter exhanging a harged W bo-son with a quark in nuleon N . This proess is alled harged-urrent (CC)interation:

νℓ(ν̄ℓ) +N −→ ℓ−(ℓ+) +X (2.5)where a harged lepton ℓ and a hadroni shower X are produed (see �g. 2.2(a)).The neutrino an exhange a neutral Z boson as well, and in this ase the proessis referred to as a neutral-urrent (NC) interation (see �g. 2.2(b)):
νℓ(ν̄ℓ) +N −→ νℓ(ν̄ℓ) +X (2.6)where the neutrino satters o� the nuleon N and a hadroni shower X is pro-dued.
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2.3 Neutrino interations

Figure 2.2: Charged-urrent interation (a). The neutrino (antineutrino) onvertsa down (up) quark to an up (down) quark by exhange of a W+ (W−) boson. A ℓ−(ℓ+) lepton is reated and the nuleon produes a hadroni shower. Neutral-urrentinteration (b). The neutrino satters o� the nuleon through a Z boson exhangeand a hadroni shower is produed. (Piture adapted from [94℄.)The di�erential ross setion for the neutrino CC interation with an isosalarnuleon (i.e. N ≡ n+p
2
), onsidering ℓ ≡ µ, an be written in terms of the Bjorkensaling variables x = Q2/2M(Eν −Eµ) and y = 1− (Eµ/Eν) as

d2σ

dxdy
=

2G2
FMEν
π

(
M2

W

Q2 +M2
W

)2 [
xq(x,Q2) + xq̄(x,Q2)(1− y)2

] (2.7)where −Q2 is the invariant squared four-momentum transfer between the inidentneutrino and the outgoing muon,M andMW are the nuleon and intermediate Wboson masses, q(x,Q2) and q̄(x,Q2) are the parton distributions of the nuleon,and GF is the Fermi onstant.Muons produed in suh a proess are not ollinear with the generating neutrinos;the mean sattering angle between the neutrinos and the muons, indeed, dereasewith inreasing neutrino energy and it is about 1.5◦ at Eν = 1 TeV and it reduesto ∼ 0.3◦ at Eν = 10 TeV, following the law 〈θνµ〉 ∝ E−0.5
ν (this last relation isobtained integrating eq. 2.7 with respet to x).A similar expression, like eq. 2.7, an be derived for the neutrino NC interationas well, onsidering the Z as the intermediate (neutral) boson and a partondistribution funtions.The CC and NC ross setions are well desribed by a linear funtion ofenergy, in the range 1 GeV < Eν < 10 TeV, while at high energies the inrease inross setion beomes suppressed by the W boson propagator. The results of aalulation [95℄ with the CTEQ6 [96℄ parton distribution funtions, for a proton(p), neutron (n) and isosalar Nuleon (N) target, are shown in �g. 2.3.
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2. NEUTRINO AS NEUTRALINO PROBE

Figure 2.3: On the left, the CC interation ross setions for neutrinos (top) andanti-neutrinos (bottom); one should notie the kinemati suppression due to the
τ mass. On the right, the NC interation ross setions for all the three �avours.(Pitures taken from [95℄.)If the CC interation on one hand permits the neutrino detetion, on the otherhand it redues the �ux of neutrinos on their way out of the Sun, an e�et beingpartiularly important for Eν > 100 GeV (see �g. 2.1). The NC interation,does not absorb the neutrinos, but redues their energy instead, and hene theirfurther interation probability.The probability of neutrino transmission through the Earth is given by

PEarth(Eν , θ
zen
ν ) = e−NA×σ(Eν)×ρl(θzenν ) (2.8)where NA is the Avogadro number, Eν and θzenν are the energy and the zenithangle of the neutrino, σ is the neutrino interation ross-setion, and ρl is theintegrated olumn density of the Earth [97℄. This probability is shown in �g. 2.4for three di�erent neutrino energies; notie that the neutrino absorption in theEarth is negligible in the sub-TeV energy domain.2.4 Muon propagation in ie and energy lossHigh energy muons whih propagate in a transparent medium like the ie, losea small amount of their energy through Cherenkov radiation (see se. 2.5).The main muon energy loss, indeed, is due to ionisation and radiative proesses(bremsstrahlung, e+e− pair produtions, photo-nulear interations). These pro-esses settle the muon path (the so-alled muon range), and may generate se-ondary high energy partiles (mostly eletrons), whih an emit Cherenkov radi-ation too.
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2.4 Muon propagation in ie and energy loss

Figure 2.4: Neutrino transmission probability through the Earth in funtion ofthe zenith angle, for three di�erent neutrino energies.Muons whih traverse the medium, an also undergo multiple elasti Coulombsattering o� nulei, although the energy loss is small or negligible. At smallsattering angles, the spae angle distribution per solid angle is well approximatedby a Gaussian, while as the angle inreases a long broad tail is observed [98℄.However, the e�ets of multiple Coulomb sattering an be negleted in thisanalysis, sine θCoulRMS ≪ 〈θνµ〉.2.4.1 Ionisation energy lossThe mean rate of energy loss (or stopping power) of a moderate relativistiharged partile is given by the Bethe-Bloh formula [51℄:
− dE

dx
= Kz2

Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Tmax
I2

− β2 − δ(βγ)

2

] (2.9)where K ≃ 0.307 MeV m2 mol−1, z and β are the harge (in units of e) andveloity (in units of c) of the partile, Z and A are the atomi number and massnumber of the atoms of the medium, and x is the path length in the mediummeasured in g m−2 (or kg m−2). The quantity I is an e�etive ionisation poten-tial, averaged over all eletrons, whose value is ≃ 10Z eV; Tmax is the maximumkineti energy whih an be imparted to a free eletron in a single ollision, and
δ(βγ)/2 is a density e�et orretion to the ionisation energy loss.The inident partile produes primary ionisation in atomi ollisions. Highenergy eletrons knoked out in this proess (alled δ-rays), an themselves pro-due fresh ions in traversing the medium (seondary ionisation).
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2. NEUTRINO AS NEUTRALINO PROBE2.4.2 Radiative proessesAt su�iently high energy, radiative proesses, suh as bremsstrahlung, pairprodution and photo-nulear interations, beome more important than ioni-sation for all harged partiles. These proesses of stohasti nature, are har-aterised by small ross setions, hard spetra, large energy �utuations, andthe assoiated generation of eletromagneti and (in the ase of photo-nulearinterations) hadroni showers [51℄.The average rate of muon energy loss an be written in a more onvenientform [99℄:
− dE

dx
= a(E) + b(E)E (2.10)where a(E) is the ionisation energy loss given by eq. 2.9 and b(E) is the sum of

e+e− pair prodution, bremsstrahlung and photo-nulear ontributions. Underthe approximation that these slowly-varying funtions are onstant, the meanrange Rµ of a muon with initial energy Eµ an be found solving eq. 2.10:
Rµ ≈ 1

b
ln

(
1 +

Eµ
Eµrit) (2.11)where Eµrit = a/b is the muon ritial energy, de�ned as the energy at whihradiative and ionisation losses are equal.For stohasti losses, a ≃ 2.68 MeV g−1 m2 and b ≃ 4.7 × 10−6 g−1 m2, henethe average muon range varies between ∼ 300 m w.e.1 at Eµ = 100 GeV and

∼ 31 km w.e. at Eµ = 109 GeV.Figure 2.5 illustrates the survival probability for a muon at a ertain distane,indiating the range alulated by means of eq. 2.11. The large �utuations ofthe atual muon range around the mean value are learly visible.BremsstrahlungThe eletri �eld of a nuleus, or atomi eletrons, deelerate the muons whihtraverse the medium, and the energy hange appears in the form of photons; henethe term bremsstrahlung, �braking radiation�. The alulation of the ross setionof this proess was �rst derived by Bethe and Heitler [101℄, and subsequentlyimproved by the work of Petrukhin and Shestakov [102℄.Diret eletron pair produtionA muon an radiate a virtual photon, whih in the eletri �eld of a nuleus,an onvert into a real e+e− pair. A parametrisation of the di�erential ross1The e�et of medium densities normally resales out by working in �water equivalent�(w.e.) units, where the density of all materials is set to one. Resaling the resulting waterequivalent distanes by 1/ρ, we an then obtain the physial distanes.
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2.5 The Cherenkov e�et

Figure 2.5: Survival probabilities for muons of di�erent energies (1 TeV−106 TeV,indiated by the numbers besides the urves) in rok. The arrows point to theaverage range resulting from eq. 2.11. Figure taken from [100℄.setion of diret pair prodution was derived by Kokoulin and Petrukhin [103℄.Photo-nulear interationA muon an also radiate a virtual photon whih diretly interats with anuleus. The di�erential ross setion of this proess is proportional to the totalross setion σγN , for absorption of a real photon of energy Eγ = s/2mN = νEby a nuleon. A parametrisation of the di�erential ross setion was derived byBezrukov and Bugaev [104℄.Figure 2.6 shows the di�erent ontributions to the average energy loss of amuon when travelling through the ie. Deay energy loss is shown for omparison,and it is evaluated by multiplying the probability of deay by the energy of thepartile. In the region below 1 GeV, bremsstrahlung energy loss has a double ut-o� struture. This is due to a di�erene in the kinemati restritions for muoninteration with oxygen and hydrogen atoms.2.5 The Cherenkov e�etWhen high-energy harged partiles traverse dieletri media, part of the lightemitted by exited atoms appears in the form of a oherent wavefront at �xed
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2. NEUTRINO AS NEUTRALINO PROBE
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11Figure 2.6: Ionisation (upper solid urve), bremsstrahlung (dashed), photo-nulear (dotted), e+e− pair prodution (dashed-dotted) and deay (lower solidurve) losses in ie. Figure taken from [105℄angle with respet to the trajetory. This phenomenon is known as Cherenkove�et, after its disoverer. Suh radiation is produed whenever the veloity ofthe partile, βc, exeeds c/n, where n is the refrative index of the medium.From the Huygens onstrution of �g. 2.7, we an see that the wavefront formsthe surfae of a one around the trajetory as axis, suh that
cos θc =

ct/n

βct
=

1

βn
(2.12)For muons passing through the ie (n = 1.32 at 400 nm) the energy threshold1for the Cherenkov e�et is approximately 160 MeV. For our onerns, we ansafely assume β ≃ 1, hene θc ≃ 41◦.Cherenkov radiation appears as a ontinuous spetrum; in a dispersive medium,both n and θc will be funtions of the frequeny ν. The total energy ontent ofthe radiation, per unit trak length, is given by [98℄ (harge z = 1)

dE

dx
=

4π2e2

c2

∫ (
1− 1

β2n2

)
νdν (2.13)The spetral distribution of the emitted photons is given by the Frank-Tamm1The veloity threshold is βt = 1/n, hene Et = γtmµ = mµ/

√
1− n−2
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2.6 Partiles bakground

Figure 2.7: Illustration of the formation of a oherent Cherenkov light wavefrontfrom spherial waves emitted along the partile trajetory. The Cherenkov angle θcis de�ned as the angle between the partile trajetory and the propagation diretionof the light.formula [51℄ (harge z = 1)
d2N

dxdλ
=

2πα

λ2

(
1− 1

β2n2(λ)

) (2.14)where α = 1/137 is the �ne struture onstant. The number of photons at apartiular frequeny or wavelength is proportional to dν or dλ/λ2, thus the bluelight predominates. From integration of eq. 2.14, we an infer the total numberof photons expeted per unit trak length. In the range between 300 nm and 500nm, 2.6×104 photons are emitted by a muon in one meter. The energy loss due tothe radiation of these photons is approximately 86 keV/m, negligible omparedto the dominant proesses of energy loss of the muon desribed in se. 2.4.2.6 Partiles bakgroundCharged partiles aelerated by astrophysial soures that reah the Earth,the so-alled primary osmi rays, are mainly omposed of protons and α-partiles.These partiles interat with nulei in the atmosphere produing jets of hadrons,like pions and kaons, whih in turn an deay into muons and neutrinos. Hene,aording to their origin, these partiles are alled atmospheri muons and neu-trinos. The latter onstitute then a bakground to the searh for astrophysialneutrinos.The deay length of the π- and K-mesons (dm = βγcτm) might be larger thantheir interation length λm, depending on their lifetime τm. The turnover point
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2. NEUTRINO AS NEUTRALINO PROBE

Figure 2.8: Illustration of the possible proesses whih produe muons that anbe deteted by an underground telesope.where dm = λm, is alled the ritial energy ǫm: above that energy interationdominates over deay; we have ǫπ± = 115 GeV, ǫK± = 850 GeV. Hene, below
∼ 100 GeV, where deay dominates over interation, the atmospheri muon en-ergy spetrum follow that of the primary osmi rays, dφ/dE ∝ E−2.7. Abovethe ritial energy, on the ontrary, the interation dominates, steepening thespetrum by one power in energy, dφ/dE ∝ E−3.7. For atmospheri neutrinosthe same steepening of the spetrum an be observed. Above E ≃ 1 PeV, thespetrum �attens again due to the ontributions of the �prompt� �ux, originatingfrom the deay of harmed mesons, whih have very short lifetimes and orre-spondingly high ritial energies (ǫc > 107 GeV).The angular spetrum below ∼ 10 GeV is proportional to cos2 θz and �attensat higher energies approahing a sec θz distribution, where the zenith angle θzspans the angle between the vertial and the bundle axis. At large zenith anglesthe π- and K-mesons traverse a lower density atmosphere, hene they deay evenat larger energies; this explain the so-alled seant theta e�et.The �ux of atmospheri muons is strongly redued one they reah the Earth'ssurfae and start to travel through it. The Earth, hene, an be used as a muon�lter if the neutrino telesopes are installed deep underground. The energythreshold for a vertial downward-going atmospheri muon, whih ould reahthe AMANDA-II detetor (loated at 1730 m below the Antarti ie ap) isabout Etr = 400 GeV. The energy threshold inreases with zenith angle, sinemore matter should be passed to reah the detetor. This suppresses the highzenith angles in the atmospheri muon �ux at the detetor, until they vanish ataround θz ≃ 85◦. This means that upward-going and horizontal muons an only
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2.6 Partiles bakgroundbe generated lose to the detetor and not in the atmosphere.Atmospheri neutrinos follow the same angular and energy diretives as theatmospheri muons. However, neutrinos have a small probability to be absorbedduring their path through the Earth (see �g. 2.4). Therefore they are ableto produe horizontal and upward-going muons in a detetor, that is the samesignature left by neutrinos from astrophysial soures. Hene, the atmospherineutrinos represent an irreduible bakground, espeially in the GeV-TeV energyrange, where the �ux is still strong.An illustration of the possible proesses, whih produe muons that an bedeteted by an underground telesope, are shown in �g. 2.8.The primary osmi rays an interat with the Sun's atmosphere as well,whih, ompletely analogous to the Earth's ase, subsequently generate solaratmosphere neutrinos. This an be seen as a third soure of bakground; however,the number of events expeted is rather small, less than one event per year in adetetor like AMANDA-II [106℄. This should be ompared to the trigger rate ofatmospheri muons (∼ 100 Hz), and atmospheri neutrinos (∼ 3.5× 10−4 Hz).Finally we should mention that nulear fusion reations in the entre of theSun produe neutrinos in the MeV energy domain, whih is muh lower than theenergy threshold of a neutrino telesope, around O(15 GeV).
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Lo 'mperador del doloroso regnoda mezzo 'l petto usia fuor de la ghiaia;e più on un gigante io mi onvegno,he i giganti non fan on le sue braia;vedi oggimai quant' esser dee quel tuttoh'a osì fatta parte si onfaia.Inferno - Canto XXXIVDante Alighieri (1265 - 1321) 3The AMANDA-II neutrino telesope
In this hapter we will talk about the AMANDA neutrino telesope, loated2000 m below the polar South Pole ie ap. We will desribe its tehnology,alibration and operation. At the end of the hapter we will desribe the ieproperties, essential to understand the e�et of sattering and absorption of thelight in the medium, along with their measurements.3.1 Development and struture of the detetorAs we will disuss in se. 3.3, below 1500 m the Antarti glaier is very purewith good optial properties for the detetion and reonstrution of high energyneutrinos. The use of the existing researh station and established infrastrutureloated at the Amundsen-Sott South Pole base, represented the appropriate wayof getting aess to deep glaier ie.The onstrution of the AMANDA (Antarti Muon And Neutrino DetetorArray) neutrino telesope, near the Amundsen-Sott base, started in the australsummer season1 of 1995/96. The deployment in the ie of the detetor ables(referred as strings), involved the drilling of 60 m wide holes using hot water (at

∼ 80◦ C), down to a depth of about 2000 m. Eah string equipped with severaloptial modules (OMs), was then lowered into the water �lled hole, whih after-wards fully refroze. The �nal detetor on�guration was reahed in February of2000: an instrumented ylindri array of 19 strings arranged over three onentrirings (see �g. 3.2 top), with 677 OMs. It was loated at depths between 1500m and 2000 m, with a height of 500 m and a diameter of 200 m, and its entrewas 1730 m below the surfae. All the supply and readout ables in the stringswere bundled at the surfae and onneted to the data aquisition system loatedin the Martin A. Pomerantz Observatory (MAPO). The layout of AMANDA in1The harsh limate a�eted the onstrution shedules, and naturally divided the develop-ment into stages de�ned to one season. During the winter (no transports ame to or from thePole), the station was manned only by a small rew to do maintenane work and data-taking.
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3. THE AMANDA-II NEUTRINO TELESCOPEthe ie is shown in �g. 3.1, along with the historial development of the detetorarray, whih we will brie�y disuss below.In 1993/94 a prototype detetor with four strings, alled AMANDA-A, wasinstalled at 800-1000 m depth. AMANDA-A is not part of the detetor usedfor this analysis. Beause of the presene of air bubbles at shallow depths, theresulting sattering length of light in the ie was too short to allow aurate trakreonstrution; however the prototype has ontributed to the understanding ofthe ie properties [107℄.The �rst and innermost four strings of the detetor were installed in the season1995/96. The optial modules on these strings were separated by 20 meters andonneted to the surfae eletronis by oaxial ables.In the season 1996/97 strings 5 to 10 were installed; these ones were deployedwith an OM separation of only 10 meters and twisted pair quad ables. We referto the detetor on�guration reahed in this ampaign as AMANDA-B10.The strings installed in the season 1997/98 were number 11 to 13. From string11 on, analog �ber-opti signal transmission was used. Unfortunately about 10%of the �bers were destroyed in the refreezing, due to their frailty and those oftheir onnetions. Additional modules, loated in pairs above and below the bulkof the detetor (see �g. 3.2, bottom), were used for studies of the ie properties;however they were exluded from the trigger and also from the urrent analysis.The season 1999/2000 marked the �nal on�guration of the detetor as wesaid before, with the deployment of the last six strings, the numbers 14 to 19.We refer to this 19 string on�guration as AMANDA-II, and, sine we only usedata taken with the whole detetor array, we will use its shorthand notation,AMANDA, in the following.A lose look at �g. 3.2 (bottom) indiates that the entre of string 17 is 500 mhigher than the rest of the array. That is the result of a deployment inident:the string got stuk while lowering it into the molten hole and froze in abovethe designated position. The modules in string 17 were thus exluded from thetrigger as well as from the analysis.3.2 AMANDA detetor tehnology3.2.1 The optial moduleThe optial module is omposed of an 8-inh Hamamatsu photo-multipliertube (PMT), enlosed in a pressure resistant glass sphere together with somebasi eletronis. The photo-athode is optially onneted by silion gel to thepressure sphere to redue light re�etion. Apart these ommon aspets, the OMsin the di�erent strings were quite heterogeneous. The di�erent generations of
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3.2 AMANDA detetor tehnology

Figure 3.1: Shemati overview of the development of the detetor in di�erentstages, from AMANDA-A to the �nal on�guration AMANDA-II. On the bottomright, a zoom on one optial module.
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3. THE AMANDA-II NEUTRINO TELESCOPE

Figure 3.2: On the top, geometry of the 19 AMANDA strings in the horizontalplane, aording to the AMANDA oordinate system (see se. 4.2). On the bottom,the depth and the Z oordinate of the OMs along eah string.
40

Chapter3/Chapter3Figs/eps/amacirc.eps
Chapter3/Chapter3Figs/eps/amastring.eps


3.2 AMANDA detetor tehnologyOMs deployed over the years, re�et the e�orts of improvement of the tehnologyused before. A short desription of the various OM generations follows below.In the strings 1 to 4, the high voltage power supply and transmission of thePMT pulses to the surfae was ful�lled by oaxial eletrial ables, whih wereinsensitive to noise pik-up from indution, but su�ered from high dispersion.Single photo-eletron pulses were broadened to 200 ns - 400 ns, thus ontiguouspulses ould not be resolved. The dark noise rate of these OMs (about 0.5 kHz)was quite low, sine the glass sphere manufatured by the Billings ompany wasmade of low radioative material. When the PMT operated at high gain of 109the OM was sensitive to single photo-eletrons in the wavelength range between300 nm and 600 nm. The glass beame opaque below 350 nm, thus reduing theOM quantum e�ieny by about 25% ompared to the glass sphere manufaturedby the Benthos ompany, whih was used later.The introdution of twisted pair eletri ables in the strings 5 to 10, redueddispersion to about 100 ns - 200 ns. However, the sub-optimal shielding led torosstalk pulses, i.e. pulses from one OM indued fake signals in a neighbouringable of another OM. The Benthos glass spheres were used with improved UVtranspareny, but on the other hand the rate of the dark noise inreased to about1 kHz, due to the presene of radioative material.As we have disussed in the previous setion, optial �bers were deployed fromthe strings 11 onwards; therefore a LED was used to onvert the eletrial PMTpulse into an optial pulse. In this way the dispersion was eliminated and thepulse-width was around 20 ns. The optial �bers, however, had a high failurerate from mehanial stress, hene to guarantee the signal transmission, twistedpair eletrial ables were used as bakup solution.String 18 was equipped with Digital Optial Modules (DOMs); they wereative modules generating HV loally and, in addition, the PMT pulses weredigitised at the OM and transmitted to the surfae as binary data via eletrialables. Analog optial signal transmission was provided as bakup. String 19 wasequipped with dAOMs, digital-analog optial modules, providing analog optialand eletrial readout, but digital module ontrol.Not all pulses transmitted to the surfae originated from harged leptons;besides non-photon pulses produed by the detetor hardware itself, like therosstalk and the dark noise, we an mention afterpulses aused by ionisationof residual gas in the PMT tubes. And more, an unidenti�ed oasional soureof non-photon pulses was outside the detetor, so-alled �are events. Anyhow,most of these bakground pulses an be afterwards removed from raw data (moredetails in se. 5.2).
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3. THE AMANDA-II NEUTRINO TELESCOPE3.2.2 Data aquisition systemThe pulses transmitted to the surfae were proessed by the data aquisitionsystem (DAQ). An illustration of the AMANDA DAQ is skethed in �g. 3.3. Thenumbers in the following desription refer to the numbers in this �gure.The pulses that travel through the eletrial able were ampli�ed by theSWAMP (SWedish AMPli�er) that delivered one prompt and one delayed versionof 2 µs of the ampli�ed signal (2). Optial signals instead went �rst to the Op-tial Reeiver Boards (ORB) that generated orresponding prompt and delayedeletrial pulses of 2 µs as well (3).The prompt signals were then sent to the ombined disriminator and triggereletronis, the Disriminator and Multipliity ADder (DMAD) (4,9,10), and tothe Transient Waveform Reorder (TWR) (4)1. Besides the MuonDaq urrentlydesribed, the TWRDaq was a seond more advaned system that sampled thefull wave form of the pulses [108, 109℄; however, sine this information has notbeen used in the analysis disussed in this thesis, we will not add more details.The seond omponent of the DMAD, the multipliity adder, added the dis-riminated pulses of all OMs in a sliding window of 2.5 µs and veri�ed whetherthey were above a ertain threshold. The timings of the disriminated signalswere reorded with a Time to Digital Converter (TDC) (5); it measured the timeof the leading (LE) and trailing edge (TE) of the pulse, orresponding to the pos-itive and negative rossing point with the disriminator threshold (see �g. 3.4).The TDC was apable to store at most 16 edges in its 32 µs bu�er, or 8 ompletepulses whih arrived between -22 µs and +10 µs around the time of the issuedtrigger (see desription in the next setion). A peak sensing Analog to Digitalonverter (pADC) (6) reeived the delayed SWAMP/ORB output and registeredthe maximum pulse amplitude among the pulses arriving within a 10 µs timewindow, [-2 µs, +8 µs℄, around the trigger time.The DAQ system olleted all the information from the pADCs and TDCsand ombined them with the absolute time reeived from a GPS lok (7,8); thetriggered events were thus red out and eventually stored on tape. During readoutof an event, TDCs and pADCs were not able to ollet data, hene the detetorwas unable to reord information: this period was the so-alled dead-time. Thefration of dead-time was a funtion of the overall trigger rate, i.e. higher triggerrate led to higher dead time. The true trigger rate was about 100 Hz whihyielded about 80 reorded events per seond with 20% dead-time.1Note that label 4 is used in two plaes in �g. 3.3.
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3.2 AMANDA detetor tehnology

Figure 3.3: Shemati layout of the data aquisition system. Piture takenfrom [108℄.
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3. THE AMANDA-II NEUTRINO TELESCOPE

Figure 3.4: A pulse from the PMT (thin red urve) beomes a hit when it passesthe disriminator threshold (blue dashed line). The TDC reords the time of theleading edge ti and trailing edge t′i of up to eight hits (thik red lines). The reordedpADC value is ommon for all hits in a given OM: that of the maximum pADC(VADC) of all pulses (horizontal green line). Piture taken from [110℄.3.2.3 Event triggerThe hoie of the trigger ondition for the detetor should be set arefully, if wewant to �nd a good balane between tehnial onstraints and physis interests.For instane, a higher trigger rate would inrease the number of readout yles,hene the detetor dead-time. Another fat that should be taken into aount isthe storage apaity, whih ould restrit the number of events to be proessed.On the other hand, a too limiting trigger would result in the loss of many lowenergy events, potentially interesting for dark matter searhes.As a ompromise in the period onerning our analysis, i.e. during 2001-2006,two main trigger onditions were available.The �rst trigger ondition, the multipliity trigger, required a minimum num-ber M = 24 of OMs hit within a time window of 2.5 µs (see �g. 3.5 on theleft).The seond trigger ondition, the string orrelation trigger, was implementedto improve the sensitivity for low energy events, without inluding too manyfake events due to noise in the detetors. By using a orrelation riterion onneighbouring hits, the number of hits needed for a trigger an be lowered. Thestring orrelation trigger required at least M out of N onseutive modules �redon a string within a time window of 2.5 µs. For the inner four stringsM/N = 6/9(see �g. 3.5 on the right), while on the remaining strings (whih have a smallervertial spaing between OMs), the ondition was set to 7/11. To keep the dead-time as low as possible, it was deided in 2002 to downsale the string trigger by
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3.2 AMANDA detetor tehnology

Figure 3.5: Sketh of the AMANDA triggers: on the left the M = 24 multipliitytrigger ondition, on the right the string trigger ondition (M/N = 6/9). Pituretaken from [111℄.a fator of two, i.e. only half of the events whih exlusively satis�ed the stringtrigger were stored to the disk.A third trigger, more preisely, an external trigger from SPASE (South PoleAir Shower Experiment) loated on the surfae above AMANDA [112℄, was alsoavailable during 2001-2006. Other external triggers might be applied for examplewhen performing alibration or other detetor diagnostis. These triggers werenot useful for our searh for low energy neutrino from the Sun, and thus disardedfrom our analysis.3.2.4 CalibrationThe information reorded for every hit onsisted of: the time of the leading(tLE) and trailing edge (tTE) measured by the TDC on surfae, the maximumamplitude VADC reorded by the pADC, and the hannel number (nOM) whihdeteted the photon.In hapter 5 we will see how the hit information of a triggered event was usedby the reonstrution algorithm for the data analysis. Basially, the informationneeded to reonstrut the events was the arrival time of the photon at the OptialModule (tOM), and the photo-eletron multipliity npe, whih produed the pulse.Moreover, the geometrial loation of the Optial Modules had to be known withhigh preision. Hene, an aurate alibration in time, amplitude and geometrywas performed to get the previous quantities from the reorded information.
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3. THE AMANDA-II NEUTRINO TELESCOPETime alibrationThe time of arrival of a photon at the Optial Module was alulated throughthe formula:
tOM = tLE − t0 −

α√
VADC (3.1)where the time t0 aounted for all the delays of the pulses along the able andin the eletronis. The last term, α/√VADC, was a orretion for the amplitudedependent time interval between pulse start and disriminator threshold rossing,so-alled �amplitude time walk�. The pulse width was due to the dispersion of theable, hene larger pulses rossed the �xed disriminator threshold earlier thansmaller pulses.The two alibration onstants, t0 and α, were derived using frequeny doubledNd:YAG laser light pulses, sent out through the ie via optial �bers and emittedby di�user balls loated below the OM (see �g. 3.1). During the alibrationrun, su�ient statistis of the tLE and VADC were olleted. Hene a linear �tto equ. 3.1, in form of y = mx + q (x = 1/

√
VADC, y = tLE), was performed toextrapolate the parameters m = α and q = t0 + tOM. The value of t0 was thenalulated subtrating from this last parameter the value of tOM, whih was thesum of the time when the laser pulse was emitted, tlaser, the travel time of thelight pulse inside the optial �bers, t�ber, and the travel time, between the di�userball and the OM, of the light pulse in the ie, tie. The time tlaser was alulatedusing a photodiode on the surfae to trigger the data aquisition system, t�ber wasmeasured for eah individual �ber from the round trip time of light re�eted atthe end of the �ber using an Optial Time-Domain Re�etometer (OTDM), and

tie was alulated from the known speed of light in ie and the known distaneOM-di�user ball. Suh a proedure was repeated for all OMs in the detetor[113℄; however t0 and α hanged with the years due to the maintenane, tuningor upgrade of the surfae hardware and its relative setting.A seond alibration method, the so alled �muon-alibration�, whih useddown-going muons from osmi ray indued air showers, seleted well reon-struted muon traks to iteratively �ne-tune the t0 onstants, omparing thetime distribution of the reorded hits to their expeted time distribution. In ad-dition to have an independent ross hek of the laser alibration, this methodwas used for hannels whih ould not be alibrated by the laser method [114℄.The time resolution of the registered pulses after alibration was about 5 nsfor the strings with oaxial or twisted pair ables, and about 3.5 ns for stringswith optial readout, aurate enough to get a negligible systemati e�et on thereonstrution results [115℄.
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3.3 South Pole ie propertiesAmplitude alibrationThe merged pulses of photons whih arrived nearly simultaneously at thePMT, resulted in a pulse of amplitude VADC (see �g. 3.4). The number of photo-eletrons whih produed the pulse depended on the gain of the ampli�er, thePMT gain and the signal attenuation in ables and eletronis. Mainly the pulsesin downgoing muon data were single photo-eletron (spe) pulses from either dark-noise or distant traks. The pADC distribution of suh events was a Gaussianspe-peak superimposed on a rapidly falling exponential ontribution from PMTnoise. The mean amplitude for single photo-eletrons Vspe was found from a �t tothe position of the Gaussian peak in the pADC spetrum, and was di�erent foreah OM. Assuming a linear response (in the range where saturation did not playa signi�ant role) the measured VADC value ould be onverted to the number ofphoto-eletrons:
npe = VADC

Vspe (3.2)Geometry alibrationThe surfae position of the holes was determined by triangulation before thedeployment. Pressure sensors loated at the lowest and highest part of the OMswere used to determine their Z-position in the melted hole, and the string ex-pansion during deployment. With this method an auray of about 1 m inX-Y-diretion and about 2 m in Z-diretion was reahed [116℄.After deployment, intra-module light soures were used to obtain the relativepositions of the OMs in the array; these laser pulses were sent from at least �veloations on every string. The distanes were then aurately determined byobserving the propagation time of unsattered photons to neighbouring strings.The auray reahed by both methods ombined was about 50 m [117℄.3.3 South Pole ie propertiesThe knowledge of the optial properties of glaial ie, like the deep ie at theSouth Pole, is of striking importane to sienti� endeavours beyond �elds likeoptis and glaiology. One of this sienti� endeavour is neutrino astrophysis,whih we investigated by means of the AMANDA detetor; hene, sine theoptial sensors in AMANDA were sensitive to light with wavelengths between300 and 600 nm, we need to understand and take into aount the e�ets ofsattering and absorption of light in the ie at wavelengths in the visible andnear ultraviolet.Antartia, on average, is the oldest, driest, and windiest ontinent, andit is almost onsidered a desert with very low preipitation, espeially inland.
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3. THE AMANDA-II NEUTRINO TELESCOPEAbout 98% of Antartia is overed by the Antarti ie sheet, a sheet of ieaveraging at least 1.6 km thik, being 2820 meters deep at the detetor site.The iing of Antartia began with ie-rafting1 about 45.5 million years ago andesalated inland widely about 34 million years ago [118℄. Ie enters the sheetthrough preipitation as snow. This snow is then ompated to form glaier iewhih moves under gravity towards the oast. The bulk of AMANDA was in adepth region where the ie moves as a rigid blok, and only the lowest modulesat 2300 m (whih were used for investigation of ie properties but not for dataanalysis) might lag behind the rest of the detetor [119℄.Antarti ie is a quite and lean medium with very low biologial ativity,if any, and the only noise registered by the OMs ame from deays of 40K inthe pressure spheres and from the dark noise of the photomultipliers. Mineraldust, sea salt, biologial material, debris thrown into the atmosphere by volanieruptions, or meteorites, are the only impurities arried by air from other regionsof the Earth, or that ome from spae. The amount of suh impurities, whihsettle with the growing ie, varies with limate and geologial onditions; thisan be seen in form of layers with di�erent optial properties. Figure 3.6b shows,for one wavelength, the sattering oe�ient as a funtion of depth found byAMANDA [119℄. The measurements of absorption and sattering were madeusing pulsed and steady light soures in the ie. Besides the Na:YAG laser, therewere also two in situ nitrogen lasers and several LED ��ashers�. One of the steadylight soures was a UV lamp at 313 nm with variable intensity. The other one wasthe rainbow module, a halogen lamp with variable wavelength between 340 and560 nm, used to investigate the wavelength dependene of the ie parameters.At depths in South Pole ie shallower than ∼1300 m, sattering by air bubblesdominates sattering by dust, inluding most of the dust peak orresponding tothe Last Glaial Maximum2 (LGM). Sine air bubbles sattered light withoutabsorbing it, analysis of sattering as a funtion of depth showed a strong peakat a depth of 1300 m orresponding to the LGM. Figure 3.6a shows the relevantdust peaks at Vostok [121℄, obtained using Ca2+ onentration as a proxy fordust. A rough age versus depth relationship for South Pole ie for the last 70ka (kiloyears before present) was obtained by Prie et al. [122℄, who identi�edthe peaks at LGM, A, B, C, and D with the Vostok ages at the orrespondingpeaks and inluded the age versus depth relationship obtained from analysis of a200-m South Pole ore [123℄. Figure 3.6 shows the high-resolution signal fromthe �dust-logger� devie lowered in the �rst IeCube borehole at the South Polefor the age interval ∼25 to ∼70 ka [124℄. For omparison, �g. 3.6d shows the1Ie-rafting is the transport of various material by ie.2The Last Glaial Maximum refers to the time of maximum extent of the ie sheets duringthe last glaial period, approximately 20,000 years ago [120℄.
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3.3 South Pole ie properties

Figure 3.6: Comparison of dust (a) measured in a Vostok ie ore with a Coulterounter; (b) inferred from travel time of light from emitters and reeivers in theAMANDA array in South Pole ie; () with a new dust logger in a water-�lledIeCube borehole; and (d) inferred from analyses of alium ions in the GISP2 ieore. Piture taken from [124℄.GISP21 alium reord for the same time interval [125℄.As the pressure inreases with depth, air bubbles ompress and eventuallybeome unstable against a transition from the gas phase to the solid air-hydratelathrate phase [126℄. Sine the rate of transformation is slow, bubbles and airhydrate rystals oexist over a depth range of several hundred meters [127℄.The AMANDA sattering results led to preditions [128℄, later on�rmed [122℄,that all bubbles have transformed into the solid phase at 1500 m, and that atgreater depths the optial properties in the visible region depend almost solelyon the onentration of dust in the ie.1The Greenland Ie Sheet Projet (GISP) was a deade-long projet to drill ie ores inGreenland, GISP2 was the follow-up projet.
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3. THE AMANDA-II NEUTRINO TELESCOPE3.3.1 SatteringSattering of photons o� the dust partiles in the ie is, hene, the predomi-nant ompliation in the reonstrution of partile trak diretions from the pat-terns of Cherenkov light. The sattering ours predominantly on submillimeter-sized air bubbles and miron-sized dust grains, but not on air hydrate rystalswhih have a refrative index very similar to that of ie.The sattering length (or geometri sattering length) λs is partiularly short(of the order of a few meters), and alulations based on Mie sattering theoryshow that air bubbles and dust grains tend to satter photons in the forwarddiretion, respetively with 〈cos θ〉 = 0.75 [107℄ and 〈cos θ〉 = 0.94 [119℄. Thisproess is hene not isotropi, and the sattering length, λs, does not representthe length sale over whih the photon diretion beomes randomised. It is moreonvenient to de�ne then an e�etive sattering length:
λe =

λs
1− 〈cos θ〉 (3.3)Hene when light propagates through a dense medium, the entre of the photonloud moves along the inident diretion at a dereasing step until it omes to ahalt at one λe from the point of injetion. The e�etive sattering length is thusfor anisotropi sattering what the geometri sattering length is for isotropisattering.It is often more appropriate to disuss sattering in terms of the reiproal of

λe, the e�etive sattering oe�ient be = 1/λe. From Mie sattering theory weexpet a simple power law relation between e�etive sattering oe�ient andwavelength of the form be ∝ λ−α, with α lose to one. This last relation wason�rmed by measurements; longer wavelengths su�er less sattering on dust,while sattering on air bubbles an be onsidered wavelength independent. Theresults of these measurements are shown on the left of �g. 3.7, as a map of thevariation of be in funtion of the depth and the wavelength.3.3.2 AbsorptionThe absorptivity of a medium a desribes the fration of light whih is ab-sorbed in the material per unit length, and it is de�ned as the reiproal of theabsorption length (the distane at whih the survival probability drops to 1/e),
a = 1/λa. It is well parameterised in the ie by a three omponents empirialmodel [129℄

a(λ) = AUe
−BUλ + Cdustλ−κ + AIRe−λ0/λ (3.4)where the seond term is due to insoluble dust partiles in the ie, and the twoexponentials haraterise light absorption by the ie itself and are independent
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3.3 South Pole ie properties

Figure 3.7: Maps of optial sattering and absorption for deep South Pole ie.The depth dependene between 1100 and 2300 m and the wavelength dependenebetween 300 and 600 nm (left) for the e�etive sattering oe�ient and (right)for absorptivity are shown as shaded surfaes, with the bubble ontribution tosattering and the pure ie ontribution to absorption superimposed as (partiallyobsured) steeply sloping surfaes. The dashed lines at 2300 m show the wavelengthdependenes: a power law due to dust for sattering and a sum of two omponents (apower law due to dust and an exponential due to ie) for absorption. The dashedline for sattering at 1100 m shows how sattering on bubbles is independent ofwavelength. The slope in the solid line for absorptivity at 600 nm is aused by thetemperature dependene of intrinsi ie absorption. Piture and aption text takenfrom [119℄.of dust ontent. The absorption inreases exponentially at short wavelengths(λ < 200 nm) due to the eletroni band struture of the ie rystal. Above500 nm the absorption is dominated by exitation of the H2O moleules. Between200 nm and 500 nm pure ie is extremely transparent and the main omponentausing absorption is the dust. The �g. 3.7, on the right, shows the depth andwavelength pro�les of the absorptivities derived from in situ light soures.A global ie model, based on the measurements and �ts, was derived with theabsorptivity a and the e�etive sattering oe�ient be dependent both on thedepth z and wavelength λ. This model was used in the simulation of the photonpropagation from the muon trajetory to the Optial Module (see next hapter).3.3.3 Hole ieIn the holes (∼60 m of diameter) in whih the OMs of AMANDA have beendeployed, the phase transition of the air bubbles to air-hydrate rystal happened
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3. THE AMANDA-II NEUTRINO TELESCOPEon muh larger time sales than the detetor operation. Therefore the satteringwas dominated by these bubbles, leading to e�etive sattering lengths of lessthan one meter. However, sine the hole diameter was small ompared to thetotal travel distane of the photons between point of emission and OM, the maine�et of the hole ie was to modify the angular photon aeptane of the mod-ules: bubbles sattered photons from the dark side of the module bak on thephotoathode of the PMT. The additional arrival time delays from the satteringof the photons in the hole ie were negligible.Measurements of the angular aeptane have been ompared to simulationsof di�erent sattering lengths λh [130℄, with a best �t λh = 50 m. The expetedangular aeptane distribution for this value of λh was used in the photon prop-agation simulation.
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- Lieutenant Worf:�Computer simulation was not like this.That delivery was very orderly.�- Keiko O'Brien [having a hild℄:�Well, I'm sorry!�Star Trek - The Next Generation,episode: �Disaster�Eugene Wesley Roddenberry(1921-1991) 4Experimental Data and Monte Carlosimulations
In the �rst part of this hapter we will fous our attention on the experimentaldata olleted from 2001 to 2006 by AMANDA, whih were used for this work.The data to be analysed were subjet to a further hek to verify the stability ofthe detetor, whih ould be altered by some trigger issues.In the seond part we explain how we performed our Monte Carlo simulations,from generator to detetor simulation level, both for the neutralino signal and forthe atmospheri bakground.4.1 Experimental Data4.1.1 Data-taking periodThe experimental data, used for our searh, were taken between the 6th ofMarh of 2001 and the 31st of Otober of 2006. During this span, only the dataolleted when the detetor was proved to be stable were kept. The alibrationand maintenane tasks on AMANDA were performed during austral summer(early November to mid February), as well as maintenane of power systems andother equipment of the South Pole station. In this period, the detetor setupwas ontinuously hanging and therefore it was impossible to simulate reliably itsresponse, hene the data olleted during this time-frame were rejeted.Every day a run automatially started; it was a ontinuous period of datataking lasting up to a maximum of 24 hours, if not stopped before. During arun, the triggered events were written into a new �le every 10 minutes roughly.Hene, every year more than 1 TB of raw data were stored to tapes and shippedout to the northern hemisphere for further proessing.As we explained in se. 2.6, in a searh for solar neutralino-indued events,the Earth an be used as a �lter against upward-going muon bakground. Inthis way a signal soure below the horizon will be easier to disentangle from the
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONSdownward-going muon bakground. Hene, the experimental data we used forour analysis onerned the period when the Sun was below the horizon, i.e. whenits zenith θ⊙ > 90◦. The other data registered when the Sun was above thehorizon (θ⊙ < 90◦) were used also in this analysis but as bakground sample forthe optimisation of the event seletion (see ses. 4.1.4 and 5.5).Sine the Earth's axis is tilted with respet to the elipti by approximately23 degrees 27 minutes, the Sun does not set at high latitudes during the summer atthe South Pole, where the time span with the Sun above the horizon reahes about186 days. During these six months the Sun spends the days onstantly �movingaround� the horizon, reahing its highest iruit of the sky at the summer solstie.At this extreme latitude, one usually refers to these six months of daylight aspolar day, while the remaining six months of the year, when the Sun is below thehorizon, are referred to as polar night.Figure 4.1 shows the evolution of the solar zenith angle from the year 2001to 2003 (left to right) and �g. 4.2 from the year 2004 to 2006 (top to bottom)during the AMANDA data-taking period. The blak markers in �g. 4.1 showthe period when the Sun was below the horizon, while the grey ones show whenthe Sun was above1 the horizon. Along the same line, the red markers in �g. 4.2show the period when the Sun was below the horizon, while the blak ones whenthe Sun was above the horizon. On both �gures, only the runs onsidered for thepresent searh are shown; as we will explain in se. 4.1.3, the data whih pikedout unstable detetor onditions were further disregarded from the analysis.4.1.2 Detetor live-timeAs we outlined at the end of se. 3.2.2, when the trigger logi aepted anevent, the read out and storage proesses took around 2.2 µs; this gap was the�dead� time of the detetor, during whih it ould not reord any additionalevents. As a onsequene, the total time of data-taking as read from a wall-lok(tobs) overestimated the period in whih the detetor was atually ready to detetevents (tlive). Apart from the initial 2 µs, the time interval between onseutiveevents followed an exponential distribution; then from its slope it was possibleto determine the atual event rate Rtrue. The omparison with the observedrate Robs permitted then to �nd the dead-time D = 1 − Robs/Rtrue of the DAQ.This proedure was repeated for every experimental data �le [131℄, leading to thealulation of the live-time
tlive = tobs × (1−D) (4.1)1As we will explain in the next hapter, the experimental data 2001-2003 up to the �lterlevel two, ome from another analysis [111℄, in whih the data were limited to the interval

80◦ < θ⊙ < 113.5◦.
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4.1 Experimental Data

Figure 4.1: Annual variation of the Sun's zenith at the South Pole from 2001 to2003. The blak markers represent the zenith evolution during the austral winterdata-taking, the grey ones the data-taking during the austral summer. The dottedgrey line ompletes the piture from Jan 1st 2001 until Deember 31st 2003. Pituretaken from [111℄.The statistial error from the exponential �t to the time gap distribution trans-lated to an error of less than 0.1% on the live-time of a data �le.4.1.3 Data stability hekDetetor maintenane, test runs and alibration work were performed mainlyin the austral summer, onsequently less regular data-taking were made in thisperiod. After the end of the summer, with the onurrent losing of the station,the ahievement of stable data-taking onditions laid with the winter-over teamand their northern ollaborators. The performane of the global detetor (triggerrates, dead-time, ...), as well as of the individual optial modules (dark noiserates, TDC/ADC information, ...), were monitored on-line via a web-interfaewhih produed the relevant plots1.We already disussed in se. 3.2.3 about the string trigger, whih was in-stalled in 2001; its on�guration was set in the �rst part of the year to a 6/9oinidene on the inner four strings and a 7/11 oinidene on the remainingstrings. However, later that year, preisely on June 29th 2001, these settingswere relaxed to 6/9 on all strings, ausing an additional 20 Hz in trigger rate.This non-uniformity in the 2001 string trigger settings was ompensated in theo�ine data analysis by means of a retriggering proedure [111℄ (see also se. 5.2).The events olleted during the �rst part of 2002 were exluded from thiswork (see �g. 4.1), sine the string trigger settings hanged again in order to1Part of the data were transferred to the northern hemisphere via a high bandwidth TDRS(Traking and Data Relay Satellite) link.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS

Figure 4.2: Annual variation of the Sun's zenith at the South Pole of 2004 (top),2005 (middle) and 2006 (bottom). The red markers represent the zenith evolutionduring the austral winter data-taking, the blak ones the data-taking during theaustral summer.56
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4.1 Experimental Data
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Figure 4.3: Event rates (orreted for the dead-time) at di�erent �lter levels forthe year 2004. At the top the trigger level before (left) and after (right) applying thetotal �le leaning, i.e. the standard plus some extra �le seletion. At the bottomthe total �le leaning applied at Level 1 (left) and at Level 2 (right).keep the trigger rate and the detetor dead-time fairly reasonable. From April15th 2002 onwards, the string trigger on�guration was set to 6/9 on strings 1-4and 7/11 on strings 5-19, with the introdution of the downsaling; these settingswere preserved throughout the rest of 2002 up to 2006.As we will �nd out in the following of this work, the string trigger will play animportant role in our low energy analysis; hene we should be sure that it did notintrodue any instabilities to the data-taking. We refer to the analysis desribedin ref. [111℄, performed on AMANDA data from 2001 to 2003, for the stabilityhek and for the lists of good runs of these �rst three years.The existing standard lists of �les with good runs, ompiled by various analy-ses [100, 132, 133℄, for the remaining three years (2004, 2005 and 2006), were not
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS
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Figure 4.4: Event rates (orreted for the dead-time) at trigger level for the year2005 (top left) and the year 2006 (top right) before the �le leaning. At the bottomthe event rates at Level 3 after the total �le leaning, i.e the standard plus someextra �le seletion, for the year 2005 (bottom left) and 2006 (bottom right).su�ient to remove all the instabilities notied at trigger level (see �g. 4.3 topleft and �g. 4.4 top half) and even at further �lter level1. Hene we performed anextra stability hek by requiring a smooth evolution of the event rate after thetrigger level and after the �rst and the seond seletion level, thus to identify andremove additional unstable periods. The top half of �g. 4.3 shows the evolution ofthe global trigger rate (referred to as L0, see se. 5.5.2) for 2004 before and afterthe total �le leaning; the bottom left of �g. 4.3 shows the rate evolution of theevents passing both the �rst level seletion riteria (also L1, see se. 5.5.3.1) andthe retriggering requirements after the total �le leaning. At L1 with retriggering(L1+retrigger, see ses. 5.2.2and 5.5.3.1) three sets of events were distinguished:1For �lter level de�nition see se. 5.5.
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4.1 Experimental Dataall triggers (blak markers), the events having only a string trigger �ag (bluemarkers) and the events satisfying the multipliity trigger and possibly anothertrigger as well (red markers). The right bottom part of �g. 4.3 shows the rateevolution of the events passing the seond level seletion riteria (also L2, see se.5.5.3.2), where the olours of the markers have the same meaning as the ones ofL1+retrigger plot. On the same line, the top half of �g. 4.4 shows the evolutionof the global trigger rate for 2005 (left) and 2006 (right) before the �le leaning.On the same piture, on the bottom it is showed the rate evolution of the eventspassing the level seletion riteria alled Level 31 for 2005 (left) and 2006 (right),after the total �le leaning. The event rates were orreted for the dead-time ofthe detetor.Eventually, a total of 7.7 days of live-time were further removed from thestandard good runs lists of 2004-2006, and we onluded that after our total �leleaning no sudden, non-physial jumps in the event rate remained and that theseleted data samples were safe for analysis purposes. Besides, the string triggerperformane was at least as stable as that of the multipliity trigger.4.1.4 Final 2001-2006 data setsWe already mentioned, at the beginning of this hapter, that the total sets ofdata �les taken on for further analysis, were divided in two samples (see �gs. 4.1and 4.2). The data sample, whih refers to the Sun's zenith θ⊙ < 90◦, o�ered littlehope for the detetion of high-energy neutrinos from the Sun, due to the di�ultyto disentangle downward-going neutrinos from atmospheri muons. Hene, thisdata sample was used instead for the optimisation of a multivariate bakground-rejeting seletion riteria, alled Boosted Deision Tree (BDT, see se. 5.5.5),and therefore we alled it BDT optimisation sample. The rest of the data set,whih refers to the Sun's zenith θ⊙ > 90◦, was exploited at the end of our analysis,when the optimised event seletion was applied and the �nal results alulated;this data sample was alled analysis sample.At trigger level, the experimental data sets were ompletely dominated byatmospheri muons, whose event rate depends on the interation length of π−and K−mesons in the Earth atmosphere (see se. 2.6). We expeted then, sinethis depends on the density and temperature of the atmosphere2 above the SouthPole, a seasonal variation of the trigger rates (higher in the austral summer, lowerduring the winter), as it is shown in �gs. 4.3 and 4.4. However, fortunately, the1As we said, the de�nition of the �lter levels will be explained in se. 5.5, however, forlarity's sake, we antiipate here that the �lter L2 of 2001-2004 is similar to the �lter alledLevel 3 of 2005-2006. The explanation of this latter is also outlined in se. 5.5.3.2.2The onnetion between atmospheri temperature and atmospheri muon rates gave theopportunity of study physis of the Earth atmosphere with AMANDA [134, 135℄.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS
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Figure 4.5: Normalised distributions of some observables for experimental dataat �lter L2 (see se. 5.5), for the BDT optimisation and for the analysis sample.
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4.1 Experimental DataYear Day range Run range tobs [d℄ D [%℄ tlive [d℄ N
(×109)trig2001 6 Mar - 19 Mar24 Sep - 19 Ot 3145 - 31583370 - 3397 39.0 22.8 30.1 0.3372002 24 Sep - 20 Ot 5885 - 5914 25.6 12.5 22.4 0.2042003 24 Feb - 19 Mar24 Sep - 20 Ot 6940 - 69847310 - 7341 33.0 15.8 27.8 0.2522004 12 Feb - 19 Mar24 Sep - 5 Nov 7800 - 78368042 - 8090 64.8 16.3 54.3 0.5062005 22 Feb - 19 Mar24 Sep - 1 Nov 9155 - 91939464 - 9520 57.6 15.6 48.1 0.4452006 15 Feb - 20 Mar25 Sep - 31 Ot 9785 - 981910063 - 10108 60.6 16.3 50.7 0.4622001-2006 280.3 16.7 233.4 2.206Table 4.1: For the BDT optimisation data sample (θ⊙ < 90◦) the day range, therun range, the observation time, the dead-time, the live-time and the number ofthe triggered events are shown.harateristis of the additional atmospheri bakground events in the summerwere not di�erent from those olleted in the winter. This trend was veri�ed atvarious �lter levels in the analysis and for di�erent observables (see e.g. �g. 4.5).We onluded that the atmospheri bakground in both data samples behaveidentially and we ould safely use the BDT optimisation sample in the eventseletion proedure.Year Day range Run range tobs [d℄ D [%℄ tlive [d℄ N
(×109)trig2001 19 Mar - 23 Sep 3159 - 3369 181.0 21.3 142.5 1.4562002 15 Apr - 23 Sep 5634 - 5884 124.5 13.4 107.8 0.9212003 20 Mar - 23 Sep 6985 - 7309 156.8 15.0 133.3 1.1462004 19 Mar - 24 Sep 7837 - 8041 166.4 15.2 141.1 1.2192005 19 Mar - 24 Sep 9194 - 9463 176.5 15.8 148.6 1.2912006 21 Mar - 24 Sep 9820 - 10062 164.5 15.8 138.6 1.2132001-2006 969.7 16.3 811.9 7.246Table 4.2: For the analysis data sample (θ⊙ > 90◦) the day range, the run range,the observation time, the dead-time, the live-time and the number of the triggeredevents are shown.The total live-time of the various samples are found in tabs. 4.1 and 4.2,along with the dead-time and other useful information. At the end we got in
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONStotal 811.9 days of live-time for the 2001-2006 analysis sample and 233.4 days forthe BDT optimisation sample. The downsaling of the string trigger in 2002-2006redued the dead-time from about 20% to about 15%, and obviously the triggerrate too. The issues with string trigger settings in the beginning of 2002 resultedin onsiderably lower live-times for that year.4.2 Monte Carlo simulationsMonte Carlo1 simulations are suessfully used in data analysis in pursuitof modelling the known bakgrounds and the hypothetial signal whih one islooking for. The quality of the simulated data whih aim to desribe orretlythe experimental data, even after some event seletion, give us an indiation howwell the bakground and the detetor response are understood.Hene, for a start, the physis proesses and the detetor hardware responses(previously desribed in hapters 2 and 3) have to be taken into aount. Tothat end, the AMANDA simulation software pakage is the frame in whih sev-eral odes were developed and hained together, whih oped from the neutrinogeneration up to its detetion. This simulation hain was divided into three mainparts: event generators (se. 4.2.1), muon propagation (se. 4.2.2) and light anddetetor response simulation (se. 4.2.3). In the generation step, an inoming lep-ton interats in the viinity of the detetor, whih an be indued by neutralinosignal or by osmi ray bakground. Then, in the next step, the outgoing lepton(we remind that in this work we handle only muons) was propagated throughthe ie surrounding the detetor, and seondary partiles were produed with theenergy loss. Finally, the Cherenkov photons radiated by leptons and their seon-daries were traed, and the resulting detetor response to the light was simulated.Every geometrial information whih was written in any spei� f2000 �leformat [137℄, was referred to the AMANDA oordinate system. In this frame theorigin of the oordinates was loated lose to OM 692 on string 4, at a depth of1730 m below the surfae (see �g. 3.2). It was a right-handed orthogonal system,with the Y-axis pointing towards Greenwih and the Z-axis vertially up, towards1The term �Monte Carlo method� was oined in the 1940s by physiists working on nulearweapon projets in the Los Alamos National Laboratory; it is referred to the gambling house inMonao beause one of the researhers had an unle who would borrow money from relativesbeause he �just had to go to Monte Carlo� [136℄.2Historially, the origin of the system was de�ned as the loation of OM 70 on string 4.Then some more re�ned geometry determinations indiated that this OM was atually a bitaway from the origin. However, it was deided not to hange the absolute position of the originof the frame, thus the OM 69 turned in the one losest to the origin.
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4.2 Monte Carlo simulationsthe sky. The spherial oordinates (θ, φ)1 of a partile, like θν and φν , identi�ed inthis system a unit vetor of the partile's trak whih pointed bakwards from thediretion of travel. Hene, vertially downward-going and upward-going trakshave θ = 0◦ and θ = 180◦ respetively.The huge Monte Carlo mass prodution was arried out by the author ofthis work thanks to the BEgrid [138℄ and SARA Matrix [139℄ GRID failitiesloated respetively in Belgium and in the Netherlands. Besides, several sriptsto hain and run the AMANDA software on the GRID system were developedalso by the author of this work as well as other graphial sripts to make moreuser-friendly the interplay with the GRID system.4.2.1 Event generatorsNeutralino signalThe odes used to simulate the neutralino annihilation in the Sun, the lep-ton generation and propagation to the Earth up to its interations lose to thedetetor, were WimpSim 2.06 [140℄ in ombination with WimpEventF2k [141℄.The WimpSim ode is made up of two parts, alled WimpAnn and WimpEvent.In the �rst step, WimpAnn simulated the neutralino annihilation in the ore of theSun2 with the support of PYTHIA ode [142℄ and of DarkSUSY ode [143℄, wherethe Standard Solar Model [144℄ is used to extrat the solar density.The neutrino (antineutrino) interations in the Sun were simulated with thefast Monte Carlo alled nusigma 1.15 [145℄, whih uses for the NC and CCinterations the CTEQ6-DIS struture funtions [96℄ for protons and neutrons;hene, having both as a target, it didn't assume any isosalar partile.The full three-�avour neutrino osillations are also inluded in these simula-tions and the following parameters were used [146℄:
θ12 = 32.215◦ θ13 = 6.875◦ θ23 = 44.977◦

∆m2
12 = 8.2 · 10−5 [eV2] ∆m2

13 = 2.4 · 10−3 [eV2]The neutrino regeneration3 from τ deay, arising in CC interations on the wayout of the Sun, was also inluded. Eventually, WimpAnn propagated neutrino1In the AMANDA system these angles are sometimes improperly alled zenith and azimuthof the partile. For larity's sake, in this work we will simply refer to these angles as �theta�and �phi� of the partile.2The ode an handle also other WIMP andidate like LKP, and WIMP annihilation in theentre of the Earth as well.3This proess redues the probability that the ντ are absorbed, inreasing the total neutrino�ux to the detetor.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS

Figure 4.6: The WimpEventF2k generation volume (in grey), whih enompassesthe sensitive volume (in red), whih in turn inludes the AMANDA detetor.events (inluding all neutrino state amplitudes and phases) to a distane of 1A.U. from the Sun.In the next step, WimpEvent propagated the neutrinos, left by WimpAnn, throughthe Earth to a given detetor loation, without de�ning the neutrino interationpoint position, projeting them out on �avour eigenstates there and inludingthe neutrino osillations along their path. The Monte Carlo used to simulatethe neutrino-nuleon interation in the Earth was again nusigma. WimpEventattahed also a time stamp (time of the year) and a weight to eah event, sinethe interations were fored to our1.Finally, the WimpSim software produed the output text �les whih were �lledwith information (angle, energy, weight) about the inoming neutrino, the out-going lepton and the hadroni shower.The format of the output �les produed by WimpSim, did not math the spe-i� AMANDA f2000 �le format. Hene, the WimpEventF2k ode was writtento onvert the WimpSim events to the f2000 standard, so that they were suit-able for partile propagation and detetor simulation performed with the otherAMANDA odes. Another task of WimpEventF2k2 was to distribute e�ientlythe interation points, randomly in a generation volume whih enompassed thephysial detetor. This generation volume Vgen ould be either a vertial ylin-1See se. 4.2.4 for a thorough disussion about event weight.2The algorithm used here is based on a previous AMANDA ode alled GenN++ [147℄,developed by the Author of this thesis.
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4.2 Monte Carlo simulationsder or a so-alled muon-box. In our simulation setting we have hosen the latteroption, thus our generation volume was a box around a sensitive volume1, whihwas a ylinder with a model-dependent height H and radius R (see tab. 4.3).This box was rotated and aligned with the inoming neutrino diretion, and itslength L was strethed towards this diretion. The length ould be set as �xedor as �exible, in order to speed up the simulation foring the interation near thedetetor (this was also taken into aount in the weighting sheme).In the �exible ase, whih was our setting, the length was a funtion of the neu-trino spherial oordinate θν and of the maximum muon range Rmax
µ . Hene, one�xed H and R, it was de�ned as follows

L ≡ L(Eµ, θν) = Rmax
µ (Eµ) + Lmin(θν) (4.2)where Rmax

µ = K ·Rµ was obtained from the average muon range Rµ (see eq. 2.11)multiplied by K, whih was a saling fator to make the range onservative [105℄.The term Lmin(θν) has been added in order to take into aount that neutrinointerations ould take plae inside or outside the sensitive volume. Summarising,the geometrial generation volume was then de�ned (still �xing R and H) as
Vgen(Eµ, θν) = A(θν) · L(Eµ, θν) (4.3)where A(θν) was the projetion of the sensitive volume on a plane orthogonal tothe neutrino diretion. All this explanation about the geometrial onstrutionof the generation volume, an be visualised in �g. 4.6.In the MSSM, several parameters related to the neutralino mass are still un-known (see ses. 1.3.1 and 1.3.2). From aelerator searhes and reli densityonstraints from WMAP data a lower bound and an upper bound on the neu-tralino mass was set to 47 GeV and to 104 GeV respetively (see se. 1.4.1).Hene, to over this range the following seven neutralino masses were simulated:

Mχ = 50, 100, 250, 500, 1000, 3000, 5000 [GeV]We have already disussed in se. 2.1 that neutrinos are produed from sev-eral neutralino annihilation produts with unknown branhing ratios. Thereforeseparate simulations were needed to span over the extreme ases where the han-nels produe the softest and hardest possible neutrino energy spetra. Hene,for eah neutralino mass, we have simulated two annihilation hannels: the soft
b b̄, and the hard W+ W− (for 50 GeV the hard hannel is τ+ τ−). Besides, anenergy threshold of 15 GeV on the inoming neutrino and a threshold of 10 GeVon the oming outgoing muon were set; these energy ut-o�s will be properly1It is alled sensitive volume beause the light produed into it an still reah the OMs.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS
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Figure 4.7: The normalised energy spetra for 500 GeV neutralino-indued neu-trinos from hard (soft) hannel, are drawn in solid (dotted) line on the top. On thebottom, the normalised energy spetra of the outgoing muons are drawn in solid(dotted) line.onsidered when the muon-�ux will be alulated (see se. 6.3.3). The di�er-ent hard and soft normalised energy spetra1 at interation level, for 500 GeVneutralino-indued neutrinos, are shown on the top of �g. 4.7, in solid and dot-ted line respetively. Whereas, on the bottom of the same piture, the normalisedspetra of the outgoing muons produed in the neutrino interations are shown.We have already remarked, at the beginning of this hapter, that it is veryhard to disentangle downward-going sub-TeV neutrino events from atmospherimuons; onsequently, the possibility to detet a neutrino signal from the Sunduring daytime is extremely redued. Hene, we have only generated neutrino1In all the alulated spetra (both energy and angular distribution) the event weight wastaken into aount.
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4.2 Monte Carlo simulations
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Figure 4.8: The normalised angular spetra for 500 GeV neutralino-indued neu-trinos from hard (soft) hannel, are drawn in solid (dotted) line on the top. On thebottom, the resulting normalised angular spetra of the outgoing muons are drawnin solid (dotted) line.
events when the Sun is below the horizon, where the solar zenith angle θ⊙ spansfrom 90◦ to 113.45◦. The di�erent normalised angular distributions at interationlevel, for 500 GeV neutralino-indued neutrinos, are shown on the left of �g. 4.8, insolid and dotted line respetively. Whereas, on the right of the same piture, thenormalised angular distribution of the outgoing muons produed in the neutrinointerations are shown.In tab. 4.3 all the relevant numbers about our neutralino signal simulationsetting, for eah model (mass and hannel), are shown, along with the number ofgenerated and triggered unweighted events.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONSMχ [GeV℄ Channel Hsens [m℄ Rsens [m℄ Nraw
gen ( × 6 · 103) Nraw

trig50 soft 700 200 267634 935750hard 700 200 93085 833134100 soft 700 200 103690 765086hard 700 200 21482 721922250 soft 800 200 39786 686122hard 800 250 11391 662851500 soft 800 250 34386 694771hard 800 250 8576 6436541000 soft 800 250 15734 722276hard 800 250 8630 6862283000 soft 800 250 29068 995868hard 800 250 10622 7907535000 soft 800 250 19527 698836hard 800 250 9505 675694Table 4.3: For eah model: Hsens is the height of the sensitive volume and Rsensis the radius, Nraw
gen is the number of the unweighted signal events generated, Nraw

trigis the number of unweighted signal events triggered by the detetor.Atmospheri MuonsA ode derived from CORSIKA 6.500 [148℄, whih was adapted and optimisedto meet the AMANDA requirements, alled dCORSIKA [149℄, was used to simulatethe atmospheri muon bakground at the Earth surfae. The CORSIKA ode was�rst developed to perform simulations for the KASCADE experiment [150℄, tostudy the evolution and properties of extensive air showers in the atmosphere.The program allows to simulate interations and deays of nulei, hadrons, muons,eletrons, and photons in the atmosphere up to energies of some 1020 eV. Thesimulation of the interations of high energy osmi rays with nulei of the Earthatmosphere was indeed a rather hallenging task, sine the primary �ux is notwell known at the highest energies. Moreover, the development of the shower is aompliated proess whih involves several partiles, whih in turn are subjetedto interations and/or deays.In our setting the high energy hadroni interation model was simulated using,as option, the Monte Carlo alled SYBILL [151℄, with the primary osmi rayomposition following the Hörandel parametrisation [152℄, from a dφ/dE ∝ E−2.7energy spetrum. The primary Monte Carlo samples were generated isotropiallyover the Southern hemisphere1 (θp ∈ [0◦, 90◦]) between 800 GeV and 1011 GeV. We1We remind that atmospheri muons from the Northern hemisphere will never reah thedetetor.
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4.2 Monte Carlo simulations

Figure 4.9: In ANIS the oordinate system is anhored at the detetor entre,with the Z-axis pointing away from the Earth entre. The ylinder represents the��nal volume�, in whih potentially detetable neutrino interations are simulated.Piture taken from [153℄.generated in total 1011 air showers whih produed about 1.3× 109 atmospherimuons; this orresponded to ∼ 9.1 days of live-time, for eah year of data-taking.The normalised theta distribution of the atmospheri muons at generator levelis shown on the top of �g. 4.12 (dotted line), while their normalised energydistribution is shown on the bottom of the same �gure (dotted line).Atmospheri NeutrinosThe atmospheri neutrino bakground was simulated with the ANIS 1.8.2ode [153℄, whih is a general tool for generating all-�avour neutrinos in theenergy range 10 GeV−1012 GeV. For eah year, 5 × 107 events were simulatedisotropially with θν ∈ [80◦, 180◦], sine we assumed that downgoing atmospherineutrinos will be ompletely removed at later �lter stage. Those events weresampled in energy, between 10 GeV to 325 TeV, from a power law spetrum with
dφ/dE ∝ E−1. This allowed to use the same Monte Carlo sample, endowing a �uxweights to eah event to pass from an isotropi �ux to some neutrino �ux models,like atmospheri muon neutrinos, aording to the Lipari parametrisation [154℄.These neutrinos were then propagated through the Earth (neutrino osillationsof νµ to ντ were not taken into aount) and eventually fored1 to interat (CC orNC) near the detetor. Hene, to optimise the omputing time, the interationverties were spread in a ylindrial volume aligned with and extended to theinident diretion of the neutrino, whose dimensions should not alter the shapeof the triggered spetra. The hosen geometrial setting is then visualised in1This is also taken into aount in the weighting sheme (see se. 4.2.4).
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS�g. 4.9, where a radius (r) of 375 m and a length of 15 km before the detetorentre (+height) and 375 m behind (-height) were used.The normalised theta distribution of the atmospheri neutrinos at generatorlevel is shown on the top of �g. 4.13 (dotted line), while their normalised energydistribution is shown on the bottom of the same �gure (dotted line). The nor-malised theta distribution of the muons from atmospheri neutrinos at generatorlevel is shown on the top of �g. 4.14 (dotted line), while their normalised energydistribution is shown on the bottom of the same �gure (dotted line).4.2.2 Muon propagationA three-dimensional propagation of the generated muons was simulated withthe MMC 1.4.3 ode [105℄. The simulation inluded all the proesses we desribedin se. 2.4, i.e. all ontinuous and stohasti proesses onurring to the muonenergy loss, whih took plae through four di�erent media around the detetor:air, �rn, ie and rok.The muon propagation in MMC was divided into three separate steps: 1) beforeentering, 2) inside, and 3) after leaving the sensitive detetor region, being thistime a vertial ylinder surrounding the physial AMANDA detetor, with heightand radius of 800 m and 400 m respetively.In the �rst step, before entering the sensitive detetor region, the muon energywas evaluated. Then, stohasti energy losses larger than 5% of the muon en-ergy were simulated, whereas lower energy losses were handled with a ontinuousenergy loss approximation.In the seond step, the simulation of muon propagation through the sensitivedetetor region took plae; here the light from the muon and seondary partileshad a good hane to be deteted. Inside the sensitive volume, all seondarypartiles with energies above 500 MeV were proessed separately, eah giving aontribution of Cherenkov light, and kept in a �le output for later proessingstages.In the �nal step, the stopping point of the muon was estimated from theaverage muon range.4.2.3 Light and detetor response simulationPhoton propagationThe next step in the simulation hain was the traking of the Cherenkov light,produed by the muon and its assoiated seondaries, whih was olleted by theOMs. Hene, for a good performane, we needed to estimate orretly the numberof photons and their arrival time at the OM, taking into aount the satteringand absorption properties of the ie (see se. 3.3).
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4.2 Monte Carlo simulationsThe expeted number of photons emitted by a muon per traversed meter isabout 3·104 (see se. 2.5); hene, to avoid high CPU-time proessing, some devieswere needed: unlike to trak all photons individually, this was aomplishedone for a large number of photons and trak-OM on�gurations. The yieldedprobability density distributions for photon �ux and arrival times, were thenstored in look-up tables, also referred to as photon tables. This task was done bythe Photonis 1.54 photon traking tool [155℄.The photon tables were produed by generating photons from soures aord-ing to their wavelength and angular distributions; these soures were either thesingle Cherenkov emission along a muon trak, or shower events of many shortCherenkov traks. Then the photons were traked through the ie, taking intoaount sattering and absorption modelled by the AHA v2 ie model [156℄, whihaommodates for the heterogeneous ie1. So, summing up, the photon tablesontained the mean amplitude and hit time delay distributions (due to the pho-tons sattering in the ie) as a funtion of the partile diretion (θ, φ), the point oflosest approah between the trak and OM, ρ, the length from the trak vertexto the point of losest approah, L, and the OM oordinates2.Detetor simulationThe �nal step in the simulation hain was the detetor response simula-tion (the read-out eletronis and data aquisition), whih was done with theAMASIM-OPT53 ode [157℄.Given a partile trak, the expeted photo-eletron multipliity 〈npe〉, for eahOM in the array, was simulated by AMASIM using the photon tables made byPhotonis. This 〈npe〉 value was then saled with the PMT e�etive area Ae�and relative OM sensitivity S, so that the number of hits was inferred by samplinga Poissonian distribution with mean λ ≡ 〈npe〉 ·Ae� · S. After the hit time delaydistributions were evaluated, AMASIM added some random hits, due to dark noise,and afterpulse hits in the OMs; both e�ets were tuned for eah OM.The hit amplitudes were randomly piked from an experimentally measuredsingle photo-eletron response distribution, saled to �t di�erent OM types. Ifmore than one hit was present in a module, the individual waveforms weresummed up; the saturation e�ets of the ampli�er for large pulses was also takeninto aount. The TDC and ADC eletronis, as well as the delay of the pulsesin the ables, were also simulated.1This had the drawbak that to reah neessary auray the photon tables beame verylarge, more than 20 Gb.2In this work the depth-resolution bin was set to 20 m and the θ bin to 10◦.3The tuned parameters developed for 2003 were used also for the other years of the analysisupon veri�ation.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONSAlthough most features of the detetor were simulated, some others were not,like the noise introdued by the rosstalk in twisted pair ables (see se.3.2.1), orunusual behaviour of OMs like high bursts or sudden drops in dark noise, or evenorrelated noise due to bad weather onditions at the South Pole. Hene, pulsesgenerated by these e�ets were identi�ed and removed from the experimental andsimulated data by a later proedure alled �hit leaning� (see se. 5.2.1).The hits in the event were then used as input to the trigger simulation, andonerning our analysis, as we explained in se. 3.2.3, two patterns of triggerhad to be simulated: the string trigger (downsaled by a fator of two from 2002onwards) and the multipliity trigger.4.2.4 Event weightsThe generation of neutralino signal and atmospheri neutrino events wereperformed optimising the required CPU-time proessing, in order to enhanelow statistis regions. However, this tehnique biased the generated angular andenergy spetra; hene a proper weight for eah event was needed to ompensatefor this e�et.Neutralino signalThe weight for the outgoing lepton wi is onstruted so that the volumetri�ux Γ per annihilation results as follows:
Γ =

1

NAnn

NAnn∑

i

wi(Eν) (4.4)where NAnn is the number of annihilations simulated, and wi the neutrino rosssetion.Sine we simulated event-wise generation volumes Vi(Eν , θν), the number ofthe observed physial events should be alulated as follows:
Nobs =

N∑

i

δiVi(Eν , θν)wi(Eν) where δi =

{
1 event observed
0 event not observed (4.5)and where N is the number of the generated events simulated (i.e the eventsat the Earth surfae). If we onsider a volume Vgen around the detetor whihenompasses all the volumes Vi, i.e. Vgen ⊇ Vi, we an then write:

Ngen = Vgen

N∑

i

wi(Eν) (4.6)where Ngen represents the number of the generated physial events.
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4.2 Monte Carlo simulationsAtmospheri neutrinoThe weight expression for atmospheri neutrino events results in:
w(Eν, θν) = w

νµ
atm.(Eν)× wσ(Eν , θν)× wnorm (4.7)where wνµatm. is the normalised spetral shape for atmospheri muon neutrinos atthe surfae of the Earth, wσ is the ross setion, and wnorm ≡ N × tlive is anormalisation fator that takes into aount the orret amount of events peryear in the hosen volume (N) saled to the experimental live-time (tlive).The term w

νµ
atm. an be replaed, thus to obtain other neutrino soure spetrafrom a sample of atmospheri neutrino events, generated from a E−γ distribution;for instane a spetral shape Φ(Eν) an be reovered using EγΦ(Eν) as eventweight. Non-isotropi soures an be reover as well adding a diretion-dependentfator in the weighting order.4.2.5 Summary plotsIn this setion some plots drawn from the Monte Carlo simulation are shown.These plots are normalised to one just to show the shape of theta (on the top)and energy (on the bottom) distribution of the partiles (neutrinos and muons)at generator level, or better, at the interation level (dotted line), and at triggerlevel (solid line). The �g. 4.10 shows the distribution of neutrinos from the 500GeV hard neutralino model, while the �g. 4.11 shows the orresponding outgoingmuon distributions. The �g. 4.12 shows the atmospheri muon distributions,while the �g. 4.13 shows the atmospheri neutrino distributions and �g. 4.14 theorresponding outgoing muon distributions.
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS
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Figure 4.10: The normalised angular (top) and energy (bottom) spetra of neu-trinos from 500 GeV hard neutralino model, at interation level (dotted line) andat trigger level (solid line).
74

Chapter4/Chapter4Figs/eps/wtnu.eps
Chapter4/Chapter4Figs/eps/wenu.eps


4.2 Monte Carlo simulations
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Figure 4.11: The normalised angular (top) and energy (bottom) spetra of out-going muons from 500 GeV hard neutralino model, at interation level (dotted line)and at trigger level (solid line).
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS
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Figure 4.12: The normalised angular (top) and energy (bottom) spetra of atmo-spheri muons, at interation level (dotted line) and at trigger level (solid line).
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4.2 Monte Carlo simulations
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Figure 4.13: The normalised angular (top) and energy (bottom) spetra of at-mospheri neutrinos, at interation level (dotted line) and at trigger level (solidline).
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4. EXPERIMENTAL DATA AND MONTE CARLOSIMULATIONS
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Figure 4.14: The normalised angular (left) and energy (right) spetra of atmo-spheri muons produed by atmospheri neutrino interations, at interation level(dotted line) and at trigger level (solid line).
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- Sarastro:Führt diese beyden Fremdlinge,In unsern Prüfungstempel ein:Bedeket ihre Häupter dann -Sie müssen erst gereinigt seyn.Die Zauber�öte - Atto I, Sena XIX(libretto Emanuel Shikaneder)Joannes ChrysostomusWolfgangus Theophilus Mozart(1756 - 1791) 5Data proessing and analysis
This hapter onsists of several setions related to the event proessing andanalysis. After giving some basi elements of event reonstrution, we pass todesribe event �ltering with the aim of removing badly reonstruted traks,mostly due to the dominant atmospheri muon bakground. We have dividedthis event �ltering in two main steps. The �rst, alled low level �ltering, requireda ondition on only one observed variable, the reonstruted theta angle, to seletthe event. The seond step, the high level �ltering, onsisted in a more re�nedmethod whih ombined several variables to distinguish signal from bakground.This multivariate approah has been pursued through the lassi�er alled BoostedDeision Trees (BDTs). At the end of the hapter we will delineate our �nalsample to be used in the hypothesis testing.5.1 Event proessing softwareLow level proessing of experimental and simulated data was performed bymeans of the ode alled Sieglinde [158℄, the AMANDA data proessing soft-ware. The ode dealt with alibration (see se. 3.2.4 about alibration onstants)to low level event seletion (�rst and seond level, se. 5.5.3), inluding reon-strution and observable alulation (see ses 5.3, 5.4). Two versions of the odewere used, the �rst so-alled lassi was used to proess the data of 2001− 2004up to the �rst �lter level. Whereas, the one alled SLART, whih was availablelater with a slightly improved reonstrution algorithm, was used to proess theseond �lter level of 2001 − 2004 data and the omplete low level proessing of

2005− 2006 data. The �le format of the �les handled by lassi was f2000 plaintext, whereas SLART handled either f2000 or ROOT [159℄ format.High level proessing of experimental and simulated data was performed bymeans of the TMVA 3.9.4 ode [160℄, whih is a ROOT-based software pakageto perform multivariate analysis (MVA). The training and appliation of MVAtehniques were interfaed with data �les, yielded in ROOT format by the seond�ltering step, through some odes developed by the author of this thesis. In this
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5. DATA PROCESSING AND ANALYSISwork we used the Boosted Deision Trees (BDTs) as multivariate tehnique toperform high level signal-bakground separation (see se. 5.5.5).5.2 Event preleaningWe have pointed out in se. 3.2.1, that some bakground pulses, indued forinstane by the eletronis itself, were reorded by the DAQ. The removal of thosespurious hits is essential for a good reonstrution of the event, whose algorithmshould ombine only the relevant Cherenkov light-indued information. Hene,the hit leaning proedure tried to identify non-partile information by featureswhih disriminated them from deteted Cherenkov light photons. This leaningproedure was performed in several steps, where the hits were tagged as �bad�and thus disregarded in further �ltering steps.Furthermore, a ertain kind of unidenti�ed soure of noise was outside thedetetor, whih irregularly produed a large amount of non-photon pulses, thatended up to trigger the detetor. These so-alled non-partile or �are events1,were identi�ed by several indiators based on their eletroni features [161℄, andfurther removed from the data sample (see se. 5.5.4 for more explanations).5.2.1 Hit leaningIn this setion we desribe the di�erent hit leaning steps.Bad OMsThe information olleted during AMANDA detetor monitoring enabled tolassify eah OM as �good� or �bad�. This task was performed by di�erent people,who developed for eah year slightly di�erent riteria [162℄.In priniple an OM was onsidered bad if it showed too low darknoise rate(hene onsidered as dead), or on the ontrary too high darknoise rate (heneonsidered as noisy), if it showed instability due to too variable darknoise rate, orfor alibration issues. Consequently, all the hits in these bad OMs were disarded.Besides, OMs outside the bulk of the detetor (see se. 3.1) were also removed.These bad OMs were the ones at the bottom of string 4, the top and bottommodules2 on strings 11 − 13, and all the modules on string 17, whih got stukduring deployment (see �g. 3.2).During the austral summers some ampaigns were operated to try to identifyand eliminate detetor problems, like bad-onneted modules. Thanks to this,1These events, whih reated several hits in the detetor, were potentially dangerous forultra high energy neutrinos searhes.2Atually, the last 4 modules on string 11 were never deployed.
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5.2 Event preleaningYear N. of OMs2001 5132002 5342003 5402004 5352005 5232006 511Table 5.1: The total number of Optial Modules, for eah year, used for reon-strution.some bad OMs were reovered; however it happened also that some previous goodOMs were afterwards delared as bad. The total number of good OMs whih wereused for event reonstrution, for eah year, is shown in tab. 5.1.Time Over ThresholdThe Time Over Threshold (TOT) is de�ned as the time between reordedleading (LE) and trailing edges (TE). Then a pulse shape with a short TOTould be an indiation that the hits were not due to light in the PMT, but tosome eletroni artifats. The TOT distribution for a partiular optial moduleis shown in �g. 5.1. In the piture the main peak for photo-eletron induedsignals is learly visible, while a seond omponent with a dereasing exponentialbehaviour arises at short TOTs.These hits with a short TOT were then removed applying a seletion ut;for OMs with eletrial read-out the minimum TOT value required spanned over
75 − 200 ns (it ould hange with the year), with a maximum limit of 2000 ns,in ase of (rare) hits with large TOT values due to missing TDC trailing edges.Whereas, the minimum TOT value required for OMs with optial readout was setto 5 ns. The TOT distribution shown in �g. 5.1 refers to an OM with eletrialread-out, and the vertial dashed line marks its TOT ut value.Time windowRadioative deays of K, Th and U isotopes, whih ould happen in the OMglass sphere and in the PMT material, produed noise pulses; the latter ouldbe also due to thermal noise, but with a lower rate, redued by South Poleie temperature. These hits had a random distribution in time, outlined as anoise plateau in �g. 5.2. This piture shows indeed the LE time distribution ofunalibrated (dashed-dotted line) and alibrated (solid line) hits, and we learlysee how the alibrated distribution is shifted towards shorter times, due to theremoval of the time delay (see se. 3.2.4).
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5. DATA PROCESSING AND ANALYSIS
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Figure 5.1: TOT distribution of a hosen OM whih refers to experimental dataolleted during 2004. The noise peak at small TOT values and the peak from realPMT pulses at 200 ns are easy to distinguish. The vertial dashed line and arrowmark the region of seleted hits.The LE time distribution of unalibrated hits shows a pronouned peak aroundthe trigger time1. It mainly onsisted of Cherenkov photons from relativisti par-tiles whih rossed the detetor in less than 2 µs, triggering it. The AMANDADAQ reorded all pulses in a time window of 32 µs around the trigger time, somost of the light from single muons should arrive in a short time within thereording interval. Most of the dark noise was then removed by seleting ali-brated hits in a time interval [-2.5 µs, 4.5 µs℄, i.e. a 7 µs time window, around thetrigger time. This time window is marked in the �g. 5.2 by the vertial dashedlines and arrows.Another lass of noise pulse due to ionisation of residual gas in the PMTtubes, so-alled afterpulse, usually ourred a ouple of miroseonds after theprimary photo-eletron pulse; this noise pulse is visible in the piture as a smallerbump after the light peak. The time window leaning removed also this kind ofnoise.Amplitude and isolated hitsHit amplitudes were settled by the pADC, whih remained open for 9.8 µs; thepeak amplitude during that time-window was assigned to all hits in that partiularOM (see se. 3.2.4). Hits ourring outside the pADC window, but within the 2.51The trigger (unalibrated) time in 2001− 2004 was set to around 22.5− 22.8 µs after theopening of the TDC bu�er, while in 2005− 06 it was set to around 10.8 µs.
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5.2 Event preleaning
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Figure 5.2: LE time distribution, for all OMs, of unalibrated (dashed-dottedline) and alibrated (solid line) hits from experimental data olleted during 2004.The vertial dashed lines and arrows mark the region of seleted hits.
µs trigger window were assigned to a single photo-eletron amplitude. All otherhits were assigned to a null amplitude, thus no measured amplitude was assoiatedto them, and therefore they were removed from the event. In onlusion, onlyhits with a alibrated amplitude in the range 0.1 − 1000 photo-eletrons, werefurther aepted.Dark noise ould be produed also by isolated hits in spae and time. Hene,hits without an assoiated hit in time i.e. within 500 ns in any of the hannels,or without an assoiated hit in spae in any of the hannels, i.e traed more than100 m away from the �red module, were further removed.CrosstalkThe TOT leaning removed most of the rosstalk (see se. 3.2.1) betweenneighbour-pairs of signal ables. The indued signal was indeed proportional tothe derivative of the �rst signal, thus resulting in a bipolar pulse with a smallamplitude and a shorter TOT. However, if the rosstalk was indued by a highamplitude pulse, the simple TOT ut ould remove also a large fration of hitsfrom Cherenkov photons. Hene, to avoid any bias in the trak reonstrution,a further improved leaning step was neessary [163℄. For instane, hits fromphoto-eletrons exhibited a non-linear orrelation between TOT and amplitude(pADC). This is illustrated in �g. 5.3 for a partiular optial module, where someseparate populations of hits from rosstalk are visible. Then, a map of OM-pairsthat ould held rosstalk was onstruted, and a �t to the pADC-TOT orrelation
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5. DATA PROCESSING AND ANALYSIS

Figure 5.3: Crosstalk pulses and photo-eletron indued pulses form distint pop-ulations in the pADC vs. TDC plot. The orrelation between pADC and TOT oflight indued photons was �tted (solid green line). Then the shape of this �t wasshifted by -20 ns in TOT (dashed green line) and used as seletion to remove therosstalk hits on the left side of this line. Piture taken from [163℄.of real photo-eletrons was performed (solid green line in the piture). The �twas then used in order to apply a two-dimensional ut seletion; however, theseletion ut was shifted by -20 ns in TOT (dashed green line), to avoid any lossof large fration of good hits, due to �utuations in the pADC-TOT distribution.Hene, only hits on the right side of this line were further used for high levelreonstrution.5.2.2 RetriggeringOne the hit leaning was performed, we had to hek if those events strippedfrom spurious hits ontinued to satisfy either multipliity or string trigger ondi-tion. Hene, the remaining (unalibrated) hit set was passed through a softwareretrigger logi. This step removed about 25−30% of the experimental data events,whereas less than 10% of the simulated atmospheri muon events was removed.5.3 Event reonstrutionAfter the event preleaning proedure was applied, the basi photon infor-mation, like their amplitude and arrival time, were handed to the trak reon-
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5.3 Event reonstrutionstrution proedure. We have explained in ses. 2.2, 2.5 that relativisti hargedleptons produe a Cherenkov hallmark in ie. High energy muons produe longtraks, yielding su�ient diretional information, whih allowed a good reon-strution and angular resolution1. On the ontrary, eletron and tau events pro-due short traks, whih lak su�ient diretional information for an auratetrak reonstrution. However, if the generated eletromagneti and hadroniasades were ontained into the ative detetor, then these events ould give areasonable energy reonstrution; onversely this performane was unfeasible formuons, whih left only part of their energy in the detetor.Hene, we stress here that, sine our main goal is to searh for a neutrinosignal indued by neutralino annihilation in the Sun, a good angular resolution isa prerequisite ondition, that's why our analysis is foused only on muon events.Residual timeAording to the AMANDA oordinate system (see se. 4.2), a muon trakwas de�ned by a vertex r0 = (x0, y0, z0) at the time t0, with the diretion traedby the angles (θµ, φµ) (see �g. 5.4 on the left). The Cherenkov light, emitted bya muon with β ≃ 1 and travelling along a diretion traed by a unit vetor p̂,forms a well-de�ned angle θc with respet to p̂; then, a photon emitted at a time
t and a point rt on the trak, ould be deteted at a time tobs in an OM loatedat a point rOM (see �g. 5.4 on the right). Hene, aording to the geometry ofthe piture, this photon was expeted to arrive at the OM, in a sattering-freemedium, at time:

tgeo = t+
p̂ · (rOM − rt) + ρ tan θc

cvac
(5.1)with ρ the minimum distane trak-OM, and cvac the vauum speed of light2.A fundamental variable, used in a reonstrution algorithm based on arrivaltime, was the residual time, tres, whih is the di�erene between the observedtime of a Cherenkov photon and its expeted arrival time, hene:

tres ≡ tobs − tgeo (5.2)In the ideal ase, the tres distribution would be a delta funtion; however, in therealisti ase, i.e. in the experiment, this distribution was broadened and distortedby several e�ets, whih are illustrated in �g. 5.5. The PMT time jitter, whihlimited the timing resolution σj , and the dark noise ould generate negative tresvalues, whih would mimi non-physial ausality violations. Further, seondary1The pointing auray of the reonstrution is limited due to the neutrino-muon satteringangle (see se. 2.3).2The eq. 5.1 neglets the e�et that Cherenkov light propagates with group veloity, howeverthis approximation was valid for AMANDA (see [164℄ and referenes therein).
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5. DATA PROCESSING AND ANALYSIS

Figure 5.4: On the left, muon trak as de�ned in the AMANDA oordinate system.It is traed by the partile position at a ertain time (r0, to) and by the spherialoordinates (θµ, φµ). On the right, a sketh of trak-OM geometry. The muontravels from r0 produing a Cherenkov one with angle an θc. The photon emittedat a point rt ould be later deteted in an OM loated at rOM.radiative energy losses along the muon trak produed late photons, whih arrivedafter the ideal Cherenkov one.Hits with a short residual time, typially in the time window [-25 ns,+75 ns℄,were alled diret hits.The dominant e�et on photon arrival times was the sattering in ie, whosee�et depended strongly on ρ, the minimum distane OM-trak. The distributionof tres depended also on the orientation of the OM with respet to the trak, sinethe enapsulated PMT had a non-uniform angular response. Indeed, OMs faingaway from the trak ould only see light that sattered bak towards the PMTfae, and on average this e�et shifted tres to later times.5.3.1 First guess methodAt the onset of event proessing and analysis, the experimental data weredominated by the down-going atmospheri muon �ux. Sine it was unreasonableto fully reonstrut several billion of events indued by osmi rays, beause ofvery high CPU-time requirement, a large part of the muon bakground was thenidenti�ed by a fast and oarse event reonstrution. This reonstrution methodis generally alled ��rst-guess� (FG); events whih were not learly identi�ed asbakground with this method, were further proessed through CPU-time intensivelikelihood and topologial parameter reonstrution (see se. 5.3.2).In this work the fast �rst-guess reonstrution methods alled Diret Walk[165℄, Diret Wimp [166℄ and the more elaborate JAMS [167℄, were used for
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5.3 Event reonstrution

Figure 5.5: Shemati overview of the tres distribution broadened and distorted bydi�erent e�ets. On top left: by the time jitter. On top right: by the e�et of jitterand random noise. On bottom left: by the e�et of jitter and seondary asadesalong the muon trak. On bottom right: by the e�et of jitter and sattering.Piture adapted from [164℄.bakground suppression, whose brief desriptions are given below.Diret Walk, Diret WimpDiret Walk (DW), was a �rst guess trak searh algorithm whih onsistedof four steps. The �rst step was the searh for trak elements (TRELs): i.e. thesearh for two oinident diret hits, with their time di�erene nearly equal tothe �ight time of the muon. Hene, the algorithm seleted pairs of hits whihful�lled the following requirements:
DOM/c− 30 ns < ∆t < DOM/c+ 30 ns && DOM > 50m (5.3)where∆t was the time di�erene of the 2 hits,DOM the distane between the OMs,and c the speed of light. The trak parameters (x, y, z, t, θ, φ) were alulated fromthe OM positions of the two hits of the TREL. Anyway, if the number of foundTRELs exeeded 200, the proedure started again, but with a time limit reduedby 5ns: i.e. 25ns instead of 30ns, and so on. This sharpened the seletion in aseof too many TRELs, and also redued the CPU-time requirement for events witha higher hit multipliity.The next step was the seletion of trak andidates (CANDs) from the foundTRELs. The parameters of these latter had to desribe the typial pattern of
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5. DATA PROCESSING AND ANALYSISa muon trak: su�ient number of hits along the trak with time residuals a-ording to expetation, and a minimum trak length. These quality riteria werealulated from hits assoiated to the trak, in a restrited region of the {tres, ρ}plane:
− 30 ns < tres < 300 ns && ρ < 25 · 4

√
tres + 30 ns (5.4)where tres is the time residual and ρ the distane OM-TREL. Two uts on somequality parameters, i.e. number of hits NHit > 10 and spread of the hits alongthe trak σL > 20, were applied to guarantee a minimum of trak quality. Thenthey were ombined to a single quality parameter QCAND, de�ned as follows:

QCAND = min(NHit, 0.3 · σL + 7) (5.5)The third step was the trak seletion, performed by piking only those CANDswhih ful�lled the ondition:
QCAND ≥ 0.7Qmax (5.6)where Qmax was the maximum of all QCAND in the event. In the possible ase thatthere were more than one high quality andidates, then a searh for a luster inspae for suh andidates was performed. For eah CAND, the number of CANDswithin a one of 15◦ was determined, and the one showing the highest multipliitywas seleted.Finally, the last step was the trak diretion seletion: the average of theparameters of the CANDs in the seleted one, was hosen as the �rst guesshypothesis.A slightly modi�ed version of the DW algorithm, alled Diret Wimp (DWimp),was developed for vertial and low energy traks, sine DW ould fail to properlyreonstrut those traks. Hene, in the DWimp algorithm, the requirement foroinident hits was lowered to 35 m for hits on di�erent strings, and to 10 mfor hits belonging to the same string. Furthermore, the NHit requirement waslowered to 8 hits. Hene, DWimp reonstruted less energeti traks at the ostof more limited angular resolution.JAMSThe more elaborate JAMS (Just Another Muon Searh) was a pattern reog-nition based �rst guess method. The basi idea of the JAMS algorithm was that:hits spae oordinates (x, y, z) were rotated in a frame X ′Y ′Z ′ aligned with thestarting point trak diretion, r̂ansatz, so that (x′, y′) were in a plane perpendiu-lar to r̂ansatz and z′ along r̂ansatz, then these hits produed a Gaussian luster in(x′, y′) plane. Moreover, hits will luster in time along the muon diretion (along

z′ axis).
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5.3 Event reonstrutionClusters were de�ned by ounting, for eah hit, the number of its ontiguoushits, where a ontiguous hit was de�ned as the one ful�lling the requirement
r =

√
(∆x′)2 + (∆y′)2 + (∆z′)2 < rmax (5.7)where (∆x′,∆y′,∆z′) were the oordinate di�erene between two hits, and rmaxwas a user de�ned value.The minimum number of hits required by JAMS was 7, in order to keep aluster for a trak hypothesis. Then, a �rst guess trak hypothesis (x, y, z, θ, φ)was found, by exploiting the angles from the hypothetial trak diretion, andthe average of the hits on the luster.The next step in the JAMS algorithm was to re�ne the �rst guess trakthrough a simple likelihood reonstrution. Hene, a quality parameter for eahluster was settled by training a neural network, fed with event topologial ob-servables, in order to distinguish high and low quality reonstrutions. Thenthe lusters were sorted by their quality parameter, and the best three trakandidates were stored for further analysis steps.Compared to DW, JAMS performane was slower, but as a way of ompen-sation it was more aurate. Conversely, ompared to the full likelihood reon-strution, it was faster but less aurate; anyway sine JAMS inspeted severaldiretions, it was less subjet to wrongly reonstrut oinident muon events thanthe likelihood reonstrution.5.3.2 Maximum likelihood methodThe likelihood L for a ertain trak hypothesis a = (r0, t0, θ, φ), is de�ned asthe produt of the probability density funtions (p.d.f.) to �nd an experimentalensemble {x}, given the trak hypothesis a as true; for independent omponents

xi of {x} L redues to:
L =

∏

i

p(xi|a) (5.8)The trak hypothesis a an be varied tuning its parameter spae, until the trakwith the maximum likelihood is found. Hene, this trak is seleted as the �best-guess� for the true partile diretion.In pratie, it is more onvenient to minimise the negative logarithm of thelikelihood (log-likelihood, or LLH) instead of maximising the likelihood:
− logL = −

∑

i

log p(xi|a) (5.9)The simplest time likelihood funtion was based on a likelihood onstrutedfrom the p.d.f. for arrival times of single photons i at the loations of the hit
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5. DATA PROCESSING AND ANALYSIS

Figure 5.6: Comparison of the parametrised Pandel funtion (dashed urves) withthe detailed simulation (blak histograms) at two distanes d from the muon trak.On the right, photons whih hit distant modules su�ered more sattering, withmuh larger tres. Conversely, on the left, most photons had a small tres, due to thenearness to the OMs. Piture taken from [164℄.OMs1
Ltime =

NHit∏

i=1

p(tres,i|a) (5.10)A parametrisation of the arrival time distributions as a funtion of the losestdistane OM-trak, ρ, was ahieved through the so-alled Pandel funtion, whihinludes sattering and absorption e�ets [168℄
p(tres, ρ) ≡

1

N(ρ)
· τ

−(ρ/λ) · t(ρ/λ − 1)
res

Γ(ρ/λ)
· e
−
[
tres

(
1

τ
+
cice
λa

)
+

ρ

λa

] (5.11)with
N(ρ) = e−ρ/λa ·

(
1 +

τ · cice
λa

)−ρ/λwhere cice = cvac/n is the speed of light in ie, Γ(ρ/λ) the Gamma funtion and
N(ρ) a normalisation fator. The parameters used in the above formula, i.e.
λ = 33.3 m, λa = 96 m and τ = 557 ns, were �xed from a �t (dashed urvesin �g. 5.6) to detailed Monte Carlo simulations of photon propagation (blakhistograms in �g. 5.6), using an averaged ie model.The Pandel parametrisation did not inlude the eletroni jitter, and oulddiverge, when ρ < λ, at small tres. The extended Pathed Pandel distribution1Note that one OM may ontribute to the produt with several hits.
90

Chapter5/Chapter5Figs/eps/fittres.eps


5.3 Event reonstrutionwas then implemented to try to solve these issues, by onvolving the Pandeldistribution with a Gaussian one, {G}, entred at tres = 0 and with the width σjfrom the time jitter. A smooth funtion was favoured rather then the analytialonvolution, beause of its slowness, as a transition between the Gaussian andthe Pandel distribution, i.e. a third order polynomial P(tres, ρ) joining the twodistributions [164℄. Hene, this pathed Pandel distribution was written as follows
p̂(tres, ρ) =





G(tres, ρ) tres < 0

P(tres, ρ) 0 ≤ tres ≤
√
2πσj

p(tres, ρ) tres >
√
2πσj

(5.12)Noise was added through the introdution of a onstant probability in thepathed Pandel distribution. The best trak hypothesis a, given a set of hitswith time residuals tres and losest distanes ρ with respet to a, was then foundby minimising the following expression
− L(tres,ρ|a) = −

NHit∑

i=1

log p̂(tres,i, ρi|a) (5.13)using the Simplex minimisation algorithm [169℄.Iterative reonstrutionThe likelihood reonstrution method ould, however, su�er from traing loalminima instead of the global minimum. An example of how the likelihood funtionhanges with one trak parameter, while the other parameters remain �xed, isshown in �g. 5.7. In the same piture a loal minimum found by the likelihoodminimisation is shown, indiated by a �tted parabola. Symmetries in the detetor,espeially in theta angle, multiple sattered photons arriving at unforeseen timesand unorrelated random noise hits, ould indue loal minima; in some otherases the minimiser algorithm ould stop at extreme theta angles. A good �rst-guess trak, used as seed for the likelihood reonstrution, ould redue theseproblems.The iterative reonstrution was a tehnique to �nd the global minimum;it aomplished several onseutive reonstrutions with (θ, φ) randomised in aone around the trak with the lowest {− logL} funtion. This proedure, usually,allows to �nd the global minimumboosting the iterations, but it had the drawbakto inrease CPU-time requirement.We de�ne as the angular resolution the median spae angle between true andreonstruted trak, whih depends on the event ensemble. At the �nal stage ofthe event seletion, well reonstruted events are kept, therefore their resolutionis expeted to be better than at the trigger level. So, the angular resolution of
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5. DATA PROCESSING AND ANALYSIS

Figure 5.7: The likelihood spae for one experimental event (one-dimensionalprojetion). Eah point represents a �t, for whih the θ angle was �xed and theother trak parameters free to vary, in order to �nd the best minimum. A loalminimum whih was found by a gradient likelihood minimisation is indiated by a�tted parabola. Iterative reonstrution methods try to avoid this. Piture takenfrom [164℄.the likelihood reonstrution at the �nal ut level was of the order of 3◦ for highenergy neutralino models, degrading with dereasing energy (see tab. 6.1).Bayesian weighted reonstrutionThe maximum likelihood method evaluated all trak hypotheses as equallyprobable, although most of the traks reorded in data were down-going atmo-spheri muons. A subjetive hypothesis, onsidering most events as down-going,an be inluded in the reonstrution method, exploiting in that ase a Bayesianapproah. We assume that the a priori probability density funtion of observ-ing a trak {a} is given by h(a); Bayes theorem an be used then to alulatethe onditional probability density funtion, H(a|x), of observing {a}, given anexperimental ensemble {x}
H(a|x) = p̂(x|a)h(a)∫

p̂(x|a)h(a)dx (5.14)The probability density funtion, h(a), an be evaluated from the theta angledistribution of simulated atmospheri muons, theta being one of the most rele-vant observables to rejet atmospheri muon bakground. The denominator inequ. 5.14 is a onstant, hene it an be negleted in the {− logLB} minimisation,
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5.4 Event observableswhih an be written as follows
− logLB(a|tres,ρ) = −

(
NHit∑

i=1

log p̂(tres,i, ρi|a)
)

− log h(a) (5.15)The probability density funtion h(a) an be viewed then as a weight to thestandard likelihood, with the result that traks with poor likelihood will be on-sidered as down-going. A omparison of the logarithm of the likelihood ratios, or
logL− logLB, between the standard �t and the Bayesian �t, an be then used toseparate wrong reonstruted muons indued by osmi rays from true up-goingneutrino indued traks.5.4 Event observablesIn this setion we just serve an hors d'oeuvre of the di�erent event observablesused in the seletion proesses, whih we will disuss in se. 5.5, in an attemptto remove the atmospheri muon bakground.These observables were divided in three lasses: reonstrution, topology andhit-reonstrution (see below); the omplete list and their distributions are shownin appendix A.ReonstrutionThe reonstrution algorithms provided some observables, like the muon thetaangle (the most natural), or the z oordinate of the reonstruted vertex.In the previous setion we proposed to ompare the standard and Bayesianlog-likelihood ratio; in the same way we an take now the di�erene of their re-dued log-likelihood1, ∆rLLH , whose value indiates the di�erene between thedowngoing and all-sky hypotheses; a large value suggests an improbable downgo-ing hypothesis.The JAMS �rst-guess method settled a quality parameter, QJAMS (see se. 5.3.1),on the reonstruted traks (higher for better reonstruted traks), whih anbe used in the event seletion.DWimp, the other �rst-guess algorithm, provided an internal parameter, σDWimp

ψ ,whih is a measure of the angular resolution of the solution; small values indiateaurate solutions.1The redued log-likelihood is the ratio of the log-likelihood over the number of degrees offreedom of the �t (�ve parameters in our ase).
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Figure 5.8: Sketh of the projetion of the hits, li, along the reonstruted trak.Piture adapted from [100℄.TopologyFrom the hit information some topologial observables ould be extrated. Asimple example is the total number of hits in the event (or the number of hitOMs, or the number of hit strings, not used in this work), whih an give anindiation of the amount of light deposited in the detetor.The distane to vertial axis, or to the axes origin, of the entre of gravity(COG) of the hits is suitable as well; they an suggest whether the event ourswell inside the detetor, or rather outside; this latter ase ould lead to a lowquality reonstrution. Other information arise from the spread of the COG ofthe hits along the vertial.Hit-reonstrutionThe third lass is omposed of observables whih re�et relations between hitsand orresponding reonstruted trak. These hits were lassi�ed, aording totheir time residual, as:
• early, if tres ∈ [-550 ns, -25 ns℄
• diret, if tres ∈ [-25 ns, +75 ns℄
• late, if tres ∈ [+75 ns, +750 ns℄Further, these observables were alulated onsidering a ylinder around the re-onstruted trak with radius r = 50 m. OMs further away than rmax = 50 mwere disregarded in all the observable alulations.
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5.5 Event seletionAn indiation of the goodness of the reonstrution was given by the projetedlength of diret hits along the trak (see �g. 5.8). Indeed, a large value ouldsuggest that the reonstrution desribed orretly the hit pattern over largedistanes.Cumulative hit distribution along a trak was desribed by a parameter alledSmoothness [170℄. This parameter an be alulated either for the projetedlength of diret hits, or for their LE distribution. High absolute value of theSmoothness (i.e. lose to one) indiated that either hits were missing at OMs,where they would be expeted if the trak hypothesis was orret, or that hits werefound in OMs where none would be expeted, thus suggesting a possible wrongreonstrution. The sign of the Smoothness parameter distinguished between thetwo ases.The spread of the radial distane of hits around the reonstruted trak, anbe useful as well. Low energy, fairly reonstruted events, had small averagedistanes; onversely, in wrong reonstrutions the hits are not entred aroundthe trak, with a large average radial distane.Another observable that an also be onsidered is the number of strings withOMs hit (ative strings); further, we an onsider also ative strings with onlydiret hits, or the ones with only late hits.OMs without hits near a hypothetial trak, or OMs with hits far from thetrak were unlikely. Upon this, the expeted number of hits in the detetoran be alulated, and a omparison between the expeted and the observed hitdistribution an be performed. Further, the ratio of the expeted and observedaverage radial distanes, or the separation of the expeted and observed hit louds,ould distinguish atmospheri bakground from up-going neutrino events.5.5 Event seletionWe started this analysis with the aim to searh for neutralino indued neutri-nos from the Sun, whih represent our hypothetial signal. And we have alreadypointed out over this thesis, that our experiment was bakground dominated;the atmospheri neutrino bakground, in partiular, ould strongly resemble sig-nal events (see e.g. some observable distributions in appx. A.2). Hene, thebakground rejetion should be performed in suh a way to minimise as muh aspossible the loss of signal.In this setion we disuss about the tehniques to redue the atmospheribakground, whih were implemented into di�erent steps, or �lter levels. The�rst two levels, whih an be onsidered as a part of a �low-level� �lter, sine theydismiss downgoing events simply putting a requirement on the reonstruted thetaangle, are desribed in ses. 5.5.3.1 and 5.5.3.2.
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5. DATA PROCESSING AND ANALYSISThe �nal �lter level was more sophistiated; it entailed indeed the ombinationof several event quality observables in a multi-dimensional spae. Hene, theappliation of this method was regarded as a �high-level� �lter, and we have usedthe Boosted Deision Trees (BDTs) as event lassi�er to perform our multivariateanalysis (see se. 5.5.5).We remark here, as it will be explained in se. 5.5.5.2, that all the alulationsrelative to the e�etive volumes and the e�ienies for the various neutralinomodels, refer to 50% of the whole signal Monte Carlo; this partiular sub-sample,alled analysis MC sample, will be used in the last stage of our analysis.We also remark here, and it will be stressed later, that our analysis is �blind�with respet to the position of the Sun, by not expliitly using the event time ororrelation with the Sun position in any of the steps of the event seletion. Atthe end, after optimising the analysis steps, the Sun position is revealed and the�nal result an be obtained.5.5.1 E�etive volume and e�ienyThe e�etive volume is a suitable tool to inspet the performane of a de-tetor. It an be interpreted as the proper volume of a detetor, whih has anideal e�ieny (ε ≡ 1) to selet eah muon produed in neutrino-nuleon inter-ations, from trigger to �nal �lter level. Naturally, the neutrino and thus muonenergy (onneted then to the muon range) plays a role in the e�etive volumealulation. We an write the e�etive volume as follows
Veff =

Nobs

Ngen

Vgen (5.16)where Nobs is the number of observed events after a seletion, out of Ngen gener-ated, and Vgen the volume ontaining these generated events. Hene, olletingeqs. 4.5 and 4.6, the above expression an be rewritten as follows
Veff =

∑N
i δiVi(Eν , θν)wi(Eν)∑N

i wi(Eν)
(5.17)where N ≡ Ngen and the Kroneker delta, δi, ould refer to the di�erent eventseletion (trigger, �rst level,...).In the same way we an de�ne an e�etive area of the detetor, whih ouldbe ompared with the one of a ��at� neutrino detetor

Aeff =

∑N
i δiAi(θν)wi(Eν)∑N

i wi(Eν)
(5.18)In the progress of this hapter we will alulate the e�etive volume at di�erent�lter levels, for eah neutralino model.
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5.5 Event seletionVeff(L0) [m3℄ 50 100 250 500 1000 3000 5000ALL hard 3.99·105 1.79·106 8.26·106 1.46·107 1.94·107 1.97·107 1.92·107soft 1.30·105 3.58·105 1.42·106 2.96·106 4.81·106 7.12·106 7.71·106STD hard 1.20·105 1.16·106 6.88·106 1.26·107 1.70·107 1.73·107 1.68·107soft 0.06·105 1.14·105 0.93·106 2.23·106 3.86·106 5.92·106 6.46·106STR hard 2.79·105 0.63·106 1.38·106 0.20·107 0.24·107 0.24·107 0.24·107soft 1.24·105 2.44·105 0.49·106 0.73·106 0.95·106 1.20·106 1.25·106Table 5.2: E�etive volumes at L0 for the di�erent neutralino models (mass andhannel), split up for the di�erent trigger seletions: STR (exlusive string trigger),STD (inlusive standard multipliity trigger), ALL (logial sum of the two previousseletion).The exlusive seletion e�ieny of a generi �lter level with respet to theprevious one, onerning the experimental data and the atmospheri bakground1Monte Carlo, is de�ned as the ratio between the number of events after and beforethe seletion
εLi

≡ nLi

nLi−1

(5.19)whereas for the signal Monte Carlo we onsider more relevant the ratio of thee�etive volumes:
εLi

≡ Veff(Li)

Veff(Li−1)

(5.20)5.5.2 Trigger levelWe remind here what we explained in se. 3.2.3, i.e. the ondition to reord anevent revolved around the ful�lment of (at least) one of the triggers, the standard(or multipliity) and the string orrelation trigger2. Whilst most of the eventssatis�ed the multipliity trigger, low energy ones (below 250 GeV) were mostlyand exlusively triggered by the string trigger. Hene, we have to point out thatthe string trigger did good to low mass neutralino models, although what wewould expet was a bene�t for vertial traks rather than horizontal traks, likemuons indued by neutrinos from the Sun.Table 5.2 summarises the e�etive volumes at trigger level (namely L0), of thesimulated signal; for eah neutralino model three di�erent lasses are outlined:the exlusive string trigger (STR), the standard trigger (STD), and the logialsum of the these two seletions (ALL). Looking into this table, we an truly1For atmospheri neutrinos, the proper weight should be taken into aount (see se. 4.2.4).2AMANDA analyses searhing for high energy neutrinos (> 1 TeV), disarded string-exlusive triggered events, sine they did not give any partiular ontribution to the �nalsensitivity.
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5. DATA PROCESSING AND ANALYSISNtrig 2001 2002 2003 2004 2005 2006 2001− 2006Exp. data (×109) 1.456 0.921 1.146 1.219 1.291 1.213 7.246 ·109Atm. µ (×109) 1.372 0.949 1.174 1.248 1.312 1.223 7.278 ·109Atm. ν (×103) 5.815 3.877 4.247 5.065 5.330 4.942 29.28 ·103Table 5.3: In the �rst part of the table, the annual ontribution from all triggers:on the �rst row, the number of events for the analysis sample experimental datais shown, while in the remaining two, the number of events from the atmospherimuons and neutrino bakground is shown, resaled to the live-time. The seondpart of the table shows the total ontribution of the 2001 − 2006 data-set.on�rm what is said above, i.e. low energy models like 50 soft, 50 hard, and 100soft, owe their e�etive volume to the string trigger, in a fration of ∼ 95−70 %;for instane, without the string trigger the 50 GeV soft model would experienea loss of a fator of 20 in e�ieny.In �g. 5.9 the relevant numbers of table 5.2 are plotted (hard hannels onthe top, while soft hannels on the bottom); the di�erent trigger lasses arerespetively drawn with a solid line (ALL), dashed line (STD) and dotted line(STR, otherwise noted as string trigger only).In �g. 5.10 the e�etive volumes for eah neutralino model (blak olour forhard hannels, and grey for soft hannels) are shown again, but this time di�erentlines represent the di�erent six years of simulated data. We learly notie, observ-ing the string trigger only stream plot (on the bottom of the piture), the e�etof string trigger downsaling from 2002 onwards, whih redues by a fator oftwo the e�etive volume. For the standard stream (on the top of the piture), weexpet no partiular variation of the e�etive volume among the di�erent years.The number of events at trigger level of the experimental data (the onesbelonging to the analysis sample, see se. 4.1.4), are shown in tab. 5.3, alongwith the number of the simulated atmospheri muons and neutrinos, resaled tothe detetor live-time. In the �rst part of the table, the number of triggeredevents per year is shown, while in the seond part, the total ontribution of
2001 − 2006 data-set is shown. The amount of events seleted for eah year,re�ets two known ases: the di�erent live-time and the string trigger downsalingfrom 2002 onwards. Going again into the table, we observe that the experimentaldata ontain about 7 billion of events, whih were pratially all down-goingatmospheri muons. This explanation is what we inferred from the bakgroundMonte Carlo simulation, whih exhibited a good agreement in rate with respetto experimental data, taking into aount the theoretial unertainties on theprimary �ux and the experimental unertainties on the absolute sensitivity of theOMs (see se. 6.2.1).To design an aurate Monte Carlo is a hallenging task, sine some funda-
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5.5 Event seletion
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5. DATA PROCESSING AND ANALYSIS
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Figure 5.10: As in �g. 5.9, the e�etive volumes for eah neutralino model atL0 are shown, but split up per data-taking year; top (bottom) plot is the standard(string only) trigger stream, blak (grey) lines stand for the hard (soft) hannel.Also here, Statistial errors are not visible, sine overed by the size of the lines
100

Chapter5/Chapter5Figs/eps/stdL0_0106.eps
Chapter5/Chapter5Figs/eps/strL0_0106.eps


5.5 Event seletionmental ingredients an be not really well-known. Anyhow, when we have to hekagreement experiment/simulation at later stages (see se. 6.2.3.1), we should pri-marily look at the absolute shape of the observable under investigation, to gaina minimum of belief in the simulation. Further, when we will yield the �nal out-ome of this analysis, our estimation of the atmospheri bakground rate will bebased on o�-soure data and not on Monte Carlo simulation.5.5.3 Low level �ltersThe aim of the event seletion disussed in this setion, is to rejet down-goingatmospheri muon bakground, whih, as we have seen in the previous setion,represented the dominant bakground. A �rst prompt seletion riterion ouldbe then to demand up-going events; hene, this event seletion, whih plaes onlya requirement on the theta angle, ould be just dubbed as a �low level� �lterproessing of experimental data and Monte Carlo simulations.We started this hapter disussing about the preleaning proedure (se. 5.2),i.e. hit leaning and alibration of raw data, as a prelude to the event seletiondebated here. So, atually this is inluded in this low level �ltering, whih wewant to divide in two main parts: one has been named as First Level (L1, se.5.5.3.1) and the other one as Seond Level (L2, se. 5.5.3.2). As it will be learover the next subsetions, the �nal requirement to pass L1 was on theta anglereonstruted by the �rst-guess method (see se. 5.3.1), while for the still surviv-ing events, the requirement to pass L2 was on theta angle reonstruted by themaximum likelihood method (see se. 5.3.2).Both low level �ltering parts present two di�erent approahes to the eventseletion just desribed; one was developed for the experimental data olletedfrom 2001 to 2004, while the other for the experimental data olleted during2005 up to 2006. Naturally, we followed the same approahes to the Monte Carlodata-set, whih we remind was entirely produed by the author of this work (seese. 4.2)The low level proessing of the experimental data-set, whih required inten-sive CPU-time, was aomplished, in di�erent portion, by several groups of theAMANDA/IeCube Collaboration: DESY-Zeuthen [171℄, Uppsala [172℄, Brus-sels [173℄ and Madison [174℄.5.5.3.1 First levelWe have pointed out before, that two di�erent approahes to low level �lterharaterized the 2001-2004 from the 2005-2006 data-set. In the next paragraphswe preisely disuss about this, fousing on the relevant parts for this work.
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5. DATA PROCESSING AND ANALYSISProessing of 2001-2004 data-set The omplete L1 �lter proess proeededin two parts.The �rst was performed by the DESY-Zeuthen group (for more details see [100℄and referenes therein), by means of the lassi version of the Sieglinde ode.The raw data information were then read from a f2000 �le to be alibrated, withthe inlusion of a preliminary seletion of good OMs and three hit seletions.Next, three �rst-guess reonstrutions were exploited. The �Zeuthen-proessing�provided a generi data stream, with the purpose to be used by high energyneutrino analyses performed within the Collaboration. Hene, various event se-letions of interest to this high energy of searhes were de�ned, whih if appliedin a later step, would remove all string-exlusive events.At the end of the proess, the data stream were then stored in f2000 �leformat.The seond part of the L1 �ltering was aomplished by the Uppsala group(more details in [175℄). This �Uppsala-proessing� added then the neessary in-formation to perform low energy analyses to the data stream, released by the�Zeuthen-proessing�. The ode used was again a lassi1 version of Sieglinde.So, one the Zeuthen data stream was read, an improved hit realibration wasdone, the �are indiators (see se. 5.5.4) were alulated, and the retriggering�ags attahed. Further, a new hit seletion, based on a revised list of good OMsand on the introdution of rosstalk leaning, was added. These �nal seleted hits(atually the �rst hit of every hit OM) were then handed to a 32-fold iterativepathed Pandel log-likelihood reonstrution, using as a seed trak the JAMSoutome.Finally, only events that ful�lled the Zeuthen up-going muon requirement, i.e.
θcDW > 70◦ && M24or events that ful�lled Uppsala up-going muon requirement, whih reovered thestring-exlusive ones, i.e.

θcDWimp > 70◦were entitled to pass the L1 �ltering, and therefore their information were writtenout in a �nal f2000 �le. θcDW was the theta angle as reonstruted by the lassiversion of DWalk, M24 the 24-fold multipliity, or namely standard, trigger se-letion, and θcDWimp was the theta angle as reonstruted by the lassi versionof DWimp.A shemati overview of the relevant parts of the omplete L1 proessing isshown in tab. 5.4.1Two di�erent versions of the lassi ode were used by the two �ltering proesses; fur-thermore another lassi version was used for simulation. We heked and onluded that themismath of the versions did not introdue any bias between experiment and simulation, justas a on�rmation from a previous solar Wimp analysis on 2001-2003 data [111℄.
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5.5 Event seletionL1 2001-2004 Zeuthen-Uppsala (lassi Sieglinde)Hit Seletions OM, TOT leaning: [HitSel0℄OM, TOT, LE leaning: [HitSel1℄OM, TOT, Amp., Isol. leaning: [HitSel2℄First Guess lassi Diret Walk (using HitSel1): [DWalk℄lassi Diret Wimp (using HitSel2): [DWimp℄lassi JAMS (using HitSel0): [JAMS℄Flags Flare indiatorsRetriggering (using HitSel0): M24 || String triggerHit Seletion OM, TOT, LE, Amp., Isol., XTalk leaning: [Final HitSel℄Event Seletions θcDWalk > 70◦: [DWalk 70℄
θcDWimp > 70◦: [DWimp 70℄DWalk70 && M24 trigger: [UpMu℄DWimp70 || UpMu: [Uppsala℄LLH Reonstrution Seleted Final HitSel && UppsalaPathed 1pe Pandel 32 Iterations(seed from JAMS): [32JAMS℄Table 5.4: Shemati overview of the omplete L1 �lter proessing for 2001-2004data.Proessing of 2005-2006 data-set This data-set was proessed by the Madi-son group using the SLART version of the Sieglinde ode (more details in [176℄).This �ltering presented some di�erenes with respet to the 2001-2004 proessingin the hit leaning, in the event seletion and in the reonstrution.The raw data information, in f2000 format, were read and alibrated, and agood OM seletion and four di�erent hit seletions were applied.Unlike 2001 − 2004 proessing, a di�erent strategy for the rosstalk leaningwas performed and applied early in the proessing. Flare indiators and twokinds of retriggering seletions were also evaluated, i.e. one onsidering only M24(ReTrigM24), and the other onsidering M24 or string trigger (ReTrigWimp).Thus the events were �agged. Next, after requiring a minimum of 6 hits for eahseletion, three �rst-guess reonstrutions were exploited. At the end a single(i.e. one searh per seed trak) Pathed Pandel log-likelihood reonstrutionwas performed using, as a seed, traks from JAMS and DWalk, although thisreonstrution was not used later.The �Madison-proessing� of 2005−2006 data provided a generi data streamsuitable for high and low energy analyses; hene, di�erent event seletions wereperformed, but the event seletion whih suited our onerns was then
θJAMS > 70◦ || θDWimp > 70◦
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5. DATA PROCESSING AND ANALYSISL1 2005-2006 Madison (SLART Sieglinde)Hit Seletions OM, XTalk leaning: [HitSel0℄OM, XTalk, TOT, LE, Amp. leaning: [HitSel1℄OM, XTalk, TOT, LE, Amp., Isol. leaning: [HitSel2℄OM, XTalk, TOT, LE, Amp., Isol, �rst LE hit: [HitSel3℄Flags Flare indiatorsRetriggering (using HitSel1):M24 || String trigger: [ReTrigWimp℄M24: [ReTrigM24℄First Guess JAMS (using HiteSel1): [JAMS℄Diret Walk (using HiteSel1): [DWalk℄Diret Wimp (using HiteSel1): [DWimp℄Event Seletions θJAMS > 70◦ [JAMS70℄
θDWimp > 70◦ [ DWimp70℄JAMS70 || DWimp70: [L1 Stream℄LLH Reonstrution Seleted HitSel3 && L1 StreamPathed 1pe Pandel Single LLH(seed from JAMS and Diret Walk)Table 5.5: Shemati overview of the L1 �lter proessing for 2005-2006 data.Then, summarising, the events entitled to pass this L1 seletion were the oneswhih satis�ed the above requirement, and eventually, their information werestored in ROOT format �les.A shemati overview of the relevant parts of the omplete L1 proessing isshown in tab. 5.5.Disussion The relative e�ieny of the L1 event seletion, applied to the en-tire experimental and Monte Carlo data-set, with respet to trigger level (L0), isshown in the seond olumn of tab. 5.8. We notie that about 95% of experimen-tal data were rejeted, similarly to the simulated atmospheri muon bakground.The other bakground, i.e. the atmospheri neutrinos, and the neutralino-induedneutrinos were instead well kept; exept for the lowest energy neutralino model,whih lost out more than 30% of its e�ieny, other models kept around 90% oftheir e�ieny.Looking at the simulated atmospheri bakground, we expeted then thatabout 90% of the upgoing events should be reonstruted just as up-going1, andindeed they are; whilst about 94% of down-going events were reonstruted as1The Atmospheri neutrino bakground was simulated between [80◦,180◦℄ (see se. 4.2.1),hene 10% of events should be down-going ones.
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5.5 Event seletiondowngoing ones. The bulk of the remaining 6% ould be misreonstruted hori-zontal events, mostly triggered by the string trigger, more hallenging to reon-strut by the �rst-guess method.So, a good reonstrution of string-exlusive events was a hallenging task,not only to �rst-guess method, but to the log-likelihood reonstrution algorithm,from whih we should demand for a good point resolution.5.5.3.2 Seond levelThe events surviving the L1 �lter, were subjeted to a maximum log-likelihoodreonstrution, with again the purpose to remove downgoing events. As we havealready pointed out, the iterative log-likelihood reonstrution was high CPU-time onsuming, but it had the advantage to perform a more aurate work withrespet to the �rst-guess method. This was one of the tasks of the seond lowlevel �ltering, whilst the other was the alulation of event observables (se. 5.4),whih were used later in other event seletions, like the preut (se. 5.5.4) andthe high level �lter (se. 5.5.5).Like for the L1 �ltering, two di�erent approahes to the event seletion weredeveloped for the 2001− 2004 data and the 2005− 2006 data.The developing of the L2 �ltering of the 2001− 2004 data was aomplishedby the Brussels group, and it was suessfully applied in a previous AMANDAsolar WIMPs analysis with 2001-2003 data [111℄. Hene, with the 2001 − 2003data already at L2, we proeeded on the same line to proess 2004 data. TheSLART Sieglinde version was used to proess the 2001−2004 data-set, both forthe improved reonstrution algorithm, and for the output analysis-ready ROOT�le format.The proessing of 2005 − 2006 data was done by the Madison group, whihoherently ontinued to make use of the SLART Sieglinde version. We have tomention here, for larity's sake, that the L2 proessing of 2005− 2006 data wasatually alled �Level 3� by the Madison group; however, sine it aomplishedto remove downgoing events by means of a requirement on theta of the log-likelihood reonstrution, we an safely arrange and desribe it in the next seondparagraph.Proessing of 2001-2004 dataset The L1 alibrated events were read froma f2000 �le, and then the retrigger seletion was applied. This seletion removedmore experimental events than simulated ones, sine some eletroni artifats(transient OM, rosstalk) were not simulated.We rerun in this proessing the three �rst-guess reonstrutions but in (im-proved) SLART style (sJAMS for instane); and before the iterative log-likelihoodreonstrution, we applied another seletion to speed up the proessing, thus de-
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5. DATA PROCESSING AND ANALYSISL2 2001-2004 Brussels (SLART Sieglinde)First Guess SLART Diret Walk: [sDWalk℄SLART Diret Wimp: [sDWimp℄SLART JAMS: [sJAMS℄Event Seletions θsJAMS > 70◦: [ sJAMS70℄sJAMS70 && Retrigger: [L2b℄LLH Reonstrution Pathed 1pe Pandel 32 Iterations of L2b events(seed from lassi and SLART JAMS): [32JAMS℄Event Seletions θ32JAMS > 80◦: [L2℄LLH Reonstrution Seletion of L2 events:Parabola �t around best 32JAMS trak: [32PARA℄Bayesian Pandel downgoing trak 32 iterations: [32BAYES℄Calulate Observables Best 32JAMS trak used as referene: [Topf32JAMS℄Table 5.6: Shemati overview of the L2 �ltering for 2001-2004 data.manding
θsJAMS > 70◦This was a quite relaxed ut whih kept between 80% - 90% of the signal; theexperimental and simulated atmospheri muon bakground were removed by afration around 67% - 68%, while the atmospheri neutrino bakground by afration around 10%.Then the events whih passed the above seletion were handed to three like-lihood reonstrutions (see se. 5.3.2 for details). The �rst was 32x IterativePathed Pandel log-likelihood reonstrution (32JAMS); then the seletion ap-plied to the reonstruted events was
θ32JAMS > 80◦Thus, the events satisfying the above requirement were passed to the seond re-onstrution, i.e. a gradient paraboli minimisation �t around the best 32JAMSsolution (see e.g. �g. 5.7), whose 1σ area was a measure of the event resolution.The third reonstrution was a Bayesian one, whih maximised the same Iter-ative 32x Pathed Pandel funtion, but inluding the a priori downgoing trakhypothesis; the omparison of its best solution with the one from 32JAMS ouldhelp to distinguish upgoing from downgoing events.So, summarising, the events whih �nally survived the 32JAMS seletion wereentitled to pass the L2 �ltering.A shemati overview of the L2 �lter for 2001−2004 data is shown in tab. 5.6.
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5.5 Event seletionL2 2005-2006 Madison (SLART Sieglinde)Event Seletions θJAMS > 85◦ [JAMS85℄ReTrigWimp && JAMS85 : [L2Wimp℄
θDWalk > 80◦ [DWalk80℄ReTrigM24 && DWalk80: [L2UpMu℄LLH Reonstrution Seleted (L2UpMu || L2Wimp) events: [L2stream℄Pathed 1pe Pandel 32 Iterations:(seed from JAMS and Diret Walk): [Muon32℄Parabola �t around best Muon32 traks: [ParaMuon32℄Event Seletions Seleted L2Stream events:
θMuon32 > 80◦: [L3Muon32℄LLH Reonstrution Seleted L3Muon32 events:Bayesian Pandel downgoing trak 64 iterations: [64Bayes℄Calulate Observables Used best Muon32 trak as referene: [TopfMuon32℄Table 5.7: Shemati view of the L2 �ltering for 2005 and 2006 data.Proessing of 2005-2006 dataset The L1 alibrated events were read fromROOT �les, then two uts on theta from �rst-guess reonstrutions were applied,one from JAMS (JAMS85)

θJAMS > 85◦and the other from Diret Walk (DWalk80)
θDWalk > 80◦just to speed up the proessing, like the one for 2001 − 2004 data. Next, twoevent seletions were performed, in onjuntion with the two di�erent retriggeringseletions (see the 2nd par. of se. 5.5.3.1)ReTrigWimp && JAMS85and ReTrigM24 && DWalk80Then the events whih passed at least one of the above seletions, were handedto two likelihood reonstrutions; the �rst was an 32x Iterative Pathed Pan-del log-likelihood reonstrution (Muon32), and the seond a gradient paraboliminimisation �t around the best Muon32 solution, whose 1σ area was again ameasure of the event resolution.Next, another event seletion was de�ned, requiring from theta reonstrutedby Muon32 the following
θMuon32 > 80◦
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5. DATA PROCESSING AND ANALYSISPassing rate L1 w.r.t. L0 [εL1 ℄ L2 w.r.t. L1 [εL2℄Exp. data 0.051 0.055Atm. µ 0.054 0.052Atm. ν 0.869 0.79250 hard 0.739 0.689100 hard 0.874 0.755250 hard 0.927 0.814500 hard 0.934 0.8261000 hard 0.938 0.8323000 hard 0.938 0.8345000 hard 0.938 0.83450 soft 0.564 0.645100 soft 0.738 0.694250 soft 0.871 0.762500 soft 0.903 0.7921000 soft 0.918 0.8073000 soft 0.925 0.8165000 soft 0.927 0.818Table 5.8: E�ienies for experimental 2001-2006 data and Monte Carlo simula-tion at L1 (w.r.t. trigger level, or L0) and L2 (w.r.t. L1)Further, the events whih passed the above seletion, were given to a thirdreonstrution, a 64x Iterative Bayesian one; again, its best solution omparedwith the one from Muon32 ould help to distinguish upgoing from downgoingevents.So, summarising, the events whih �nally survived the Muon32 seletion wereentitled to pass the L2 �ltering.A shemati overview of the L2 �lter for 2005−2006 data is shown in tab. 5.7.Disussion The third olumn of tab. 5.8 shows the seletion e�ieny of theL2 with respet to L1 �ltering, onerning experimental data and Monte Carlosimulations. We infer then, that about 6% of 2001 − 2006 experimental datasurvived the L2 �ltering step, and that about the same fration of atmospherimuon bakground passed the �ltering. The atmospheri neutrino bakgroundsurvived the L2 step in a fration of 80%. For high energy neutralino modelsaround 80% to 84% of the signal was kept, while for low energy ones it wasaround 65% to 76%. The lower e�ieny of L2 w.r.t L1 is due, as expeted, tothe more sophistiated log-likelihood reonstrution ompared to the �rst-guessmethod.
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5.5 Event seletionVeff(L2) [m3℄ 50 100 250 500 1000 3000 5000ALL hard 2.03·105 1.18·106 6.23·106 1.12·107 1.51·107 1.54·107 1.50·107soft 4.72·104 1.83·105 9.41·105 2.12·106 3.56·106 5.37·106 5.85·106STD hard 0.80·105 0.88·106 5.58·106 1.03·107 1.40·107 1.43·107 1.39·107soft 0.33·104 0.78·105 7.09·105 1.77·106 3.11·106 4.81·106 5.25·106STR hard 1.23·105 0.30·106 0.65·106 0.09·107 0.11·107 1.11·107 0.11·107soft 4.39·104 1.05·105 2.32·105 0.35·106 0.45·106 0.56·106 0.60·106Table 5.9: E�etive volumes at L2 for the di�erent neutralino models (mass andhannel), split up for the di�erent trigger seletions: STR (exlusive string trigger),STD (inlusive standard multipliity trigger), ALL (logial sum of the two previousseletions).The total redution of L2 experimental data and simulated atmospheri muonbakground, with respet to L0, orresponds to a fator ∼ 3× 10−3; while about31% of the simulated atmospheri neutrino bakground was rejeted.High energy neutralino models kept around 76% - 78% of their e�ieny w.r.t.L0, while the lowest energy ones kept around 36% - 50%, being a real hallengefor the ontinuation of the analysis.The e�etive volume at L2 for the simulated neutralino signal is shown intab. 5.9; likewise for trigger level, the three di�erent lasses (STR, STD, ALL)are outlined for eah neutralino model. The numbers in the table, related to lowenergy models, show that the bulk of events whih passed the L2 seletion stillresulted from exlusive string trigger seletion.In �g. 5.11 the relevant numbers of table 5.9 are plotted (hard hannelson the top, while soft hannels on the bottom); the di�erent trigger lasses arerespetively drawn with a solid line (ALL), dashed line (STD) and dotted line(STR).In �g. 5.12 the e�etive volumes for eah neutralino model (blak olour forhard hannels, and grey for soft hannels) are shown again, but this time di�erentlines represent the di�erent years of simulated data.
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5. DATA PROCESSING AND ANALYSIS
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5. DATA PROCESSING AND ANALYSISFlare indiators 2001 2002 2003 2004 2005 2006long_noise_1 3 5 5 5 5 5long_missing_2 3.5 3 7 7 7 7only_ad_3 18 20 3 10 10 10nh_dead_4 4 9 4 10 10 10short_H_5 4 4 6.5 7 7 7short_M_6 3 5 3.5 10 6 6missing_h_7 6 3 3 20 8 8indu_B10_8 5 4 5 10 6 6indu_1119_9 3 3 9 10 6 6Table 5.10: The �are indiators and their relative ut value, for the di�erent yearsof the experimental data-set.5.5.4 PreutsPrior to ontinue the analysis applying the high level �lter seletion, we hadto perform some preuts; some of them were applied only to the experimentaldata, while others both to experimental data and Monte Carlo simulations.Preuts on experimental dataThe two preuts desribed here were applied only on experimental data sinethere were no relative ounterparts in the Monte Carlo simulation.The �rst preut removed the events (although a negligible amount) trig-gered only by the SPASE trigger seletion (see se. 3.2.3 ); the seond oneremoved some non-partile events of unknown origin, the so-alled �are events(see se. 3.2.1). We have looked at the nine �are indiators, as suggested by [161℄,and applied some uts to remove non-exponential tails in their distributions. Theyear-dependent ut values are summarised in table 5.10.At the end, these two preuts removed less than about 0.5% of the experi-mental data.Preuts on experimental data and Monte Carlo simulationsThese sequential preuts, applied on both 2001-2006 experimental data andMonte Carlo simulation, were performed in order to remove low quality events,whih were mostly triggered by the string trigger. We hose 4 di�erent india-tive observables, whih are in order: number of hits (NHit), number of diret hits(Ndir), distane from the vertial axis of the entre of gravity of the hits (ρCOG),and reonstruted theta from the log-likelihood reonstrution, (θLLH). This lastpowerful ut removed traks from above the horizon; this means that the exper-
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5.5 Event seletionVariables CutNumber of hits NHit > 10Number of diret hits Ndir > 5Distane of the COG of the hits from the Z axis ρCOG < 80 [m℄Log-likelihood reonstrution of theta angle 900 < θLLH < 1300Table 5.11: Observables used for the preuts and their ut values (see text forobservable explanations).imental BDT optimisation sample (see se. 4.1.4) was extremely signal depletedafter this ut (sine the Sun is in the other hemisphere), and hene suitable forbakground studies (see se. 5.5.5.2).The �rst ut on NHit kept events whih had more than ten hits, the seond uton Ndir, events with more than �ve diret hits, and the third ut on ρCOG keptevents whih had hits whose entre of gravity projetion in the horizontal planewas less than 80 meters away from vertial (Z) axis. The last ut was applied ontheta angle reonstruted by the log-likelihood method, θLLH: events that werebetween 900 and 1300 degrees were kept (see for instane the top part of �g. 4.11,even if it is at the trigger level). The four observables and their ut value aresummarised in table 5.11, while in �g. 5.13 they are visualised in the same orderas the table; the �lled grey histogram represents the experimental data, the solidblak line the simulated atmospheri muon bakground, the dotted blak line thesimulated atmospheri neutrino bakground, and the dashed line the 100 GeVsoft neutralino model. The vertial solid lines and the arrows mark the regionsof seleted events.This step removed ∼ 90% of the data, ∼ 92% of the simulated atmospherimuon bakground, ∼ 55% of the simulated atmospheri neutrino bakground andaround 20%−40% of the simulated neutralino signals. The preut e�ienies withrespet to L2, for experimental data and Monte Carlo simulation, are summarisedin table 5.12.Hene, summing up, after these preuts, the total redution of experimentaldata, with respet to L0, orresponds to a fator ∼ 2.7 × 10−4, and to a fator
∼ 2.4 × 10−4 for the atmospheri muon bakground; whilst about 69% of thesimulated atmospheri neutrino bakground was rejeted.High energy neutralino models kept around 58% - 60% of their e�ieny w.r.t.L0, while the lowest energy ones around 19% - 35%.The e�etive volume for the simulated neutralino signal after the preuts isshown in tab. 5.13, again split up in the three di�erent lasses (STR, STD, ALL)for eah neutralino model. The numbers in the table, related to low energy mod-els, show that the bulk of events whih passed the preut seletion still resulted
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5. DATA PROCESSING AND ANALYSIS
Passing rate Preuts w.r.t L2 [εprecut℄Exp. data 0.096Atm. µ 0.084Atm. ν 0.45150 hard 0.665100 hard 0.768250 hard 0.783500 hard 0.7771000 hard 0.7753000 hard 0.7755000 hard 0.77450 soft 0.517100 soft 0.673250 soft 0.766500 soft 0.7801000 soft 0.7823000 soft 0.7795000 soft 0.780Table 5.12: Preut e�ienies, w.r.t. L2, for experimental data and Monte Carlosimulations.

Veff(precut) [m3℄ 50 100 250 500 1000 3000 5000ALL hard 1.36·105 9.06·105 4.88·106 8.74·106 1.17·107 1.19·107 1.16·107soft 2.45·104 1.24·105 7.20·105 1.65·106 2.78·106 4.18·106 4.56·106STD hard 0.64·105 7.26·105 4.55·106 8.31·106 1.12·107 1.15·107 1.11·107soft 0.24·104 0.63·105 5.84·105 1.46·106 2.54·106 3.87·106 4.26·106STR hard 0.72·105 1.80·105 0.33·106 0.43·106 0.05·107 0.04·107 0.05·107soft 2.21·104 0.61·105 1.36·105 0.19·106 0.24·106 0.31·106 0.30·106Table 5.13: E�etive volumes after the preuts for all the neutralino models (massand hannel), split up for the di�erent trigger seletions: STR (exlusive stringtrigger), STD (inlusive standard multipliity trigger), ALL (logial sum of the twoprevious seletion).
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5. DATA PROCESSING AND ANALYSIS
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5. DATA PROCESSING AND ANALYSISfrom exlusive string trigger seletion.In �g. 5.14 the relevant numbers of table 5.13 are plotted (hard hannelson the top, while soft hannels on the bottom); the di�erent trigger lasses arerespetively drawn with a solid line (ALL), dashed line (STD) and dotted line(STR).In �g. 5.15 the e�etive volumes for eah neutralino models (blak olour forhard hannels, and grey for soft hannels) are shown again, but where di�erentlines represent the di�erent six years of simulated data.5.5.5 High level �lterThe Low level �lters and preuts removed events whih were learly reon-struted as downgoing ones. However, the experimental data after the preuts1were still ontaminated by misreonstruted atmospheri muons, making it ab-solutely hard extrating any neutralino signal from the Sun.Hene, a further �ltering step was needed in order to remove this bakground,based on some �high quality� disriminating observables, whih ould be ombinedin a multidimensional spae to perform a �high level� �ltering.We have then used the Boosted Deision Trees (BDTs) [177℄, whih is a mul-tivariate method of data lassi�ation, to reah the bakground rejetion level(roughly 10−7) demanded for a searh for neutralino indued neutrinos from theSun.In se. 5.5.5.1 we will give an overview of the lassi�er, while in se. 5.5.5.2we will desribe the optimisation proedure, performed in order to selet the�nal experimental data sample. This �ltering step onstitutes indeed the last utbefore the �hypothesis testing�, where the remaining data will be used to test thehypothesis that they ontain bakground and a neutralino signal from the Sunversus a bakground-only senario (see next hapter).5.5.5.1 BDT desriptionThe BDTs represent an extension to a single deision tree (DT) [178℄, whihlassi�es events grounded on an ensemble of umulative seletion riteria (uts).These seletion riteria de�ne several separate subsets of events, eah with adi�erent signal purity.The training proess of a DT, given some signal and bakground samples, anbe outlined as follows. Let's assume there is a ertain number of observables,for eah event, suitable to disriminate between signal and bakground. Then,for eah observable, the events are ordered by its alulated value; hene, �xingone observable, for eah event value the sample is split in two parts (left and1The analysis data sample, after the preuts, inluded about 2× 106 events.
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5.5 Event seletion

Figure 5.16: Sketh of a deision tree. Starting from the root node, a sequeneof binary splits using the disriminating observables {x} is applied to the sample.Eah split uses the observable that at this node gives the best separation betweensignal and bakground when being ut on. The same observable may thus be usedat several nodes, while others might not be used at all. The leaf nodes at the bottomend of the tree are labelled �S� for signal and �B� for bakground depending on themajority of events that end up in the respetive nodes. Piture taken from [160℄right), depending on the value of that observable. So, the algorithm piks thesplitting value whih gives the best separation into one side having mostly signal,and the other mostly bakground. This is then repeated for eah observable inturn, i.e. the seletion of the variable and the splitting value whih gives the bestseparation.At the training start, the event sample was at a �node�, and now after splittingthere are two samples alled �branhes�. Hene, for eah new branh, the proessdesribed above is repeated, i.e. �nding for eah observable the best ut value, andthus the best observable for that branh. The splitting proess should ontinueuntil a given number of �nal branhes, alled �leaves�, are obtained, or until eahleaf is pure signal or pure bakground, or has too few events to ontinue. Thisdesription is a little oversimpli�ed; indeed at eah stage one piks as the nextbranh to split, the branh whih will give the best inrease in the quality of theseparation. A simple sketh of a deision tree is drawn in �g. 5.16.A riterion to de�ne the quality separation between signal and bakground
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5. DATA PROCESSING AND ANALYSISan be introdued de�ning a purity P of the sample in branh, as follows
P =

∑
sws∑

sws +
∑

bwb
(5.21)where ws(b) is the signal (bakground) event weight, and ∑s(b) is the sum oversignal (bakground) events. Hene, P (1 − P ) is equal to 0 if the sample is puresignal or pure bakground. For a given branh we an then de�ne the impuritymeasure, or Gini index

Gini =

(
n∑

i=1

wi

)
P (1− P ) (5.22)where n is the number of events on that branh.A separation quality riterion an be the minimisation of the following ex-pression

Ginileftson +Ginirightson (5.23)and the following expression an be maximised, to settle the inrease in qualitywhen a node is split into two branhes
Giniparent − (Ginileftson +Ginirightson) (5.24)If a leaf will end up with a purity greater than 1/2 (or whatever is set), then itwill be alled as �signal-leaf�, while if the purity is less than 1/2 then it will be a�bakground-leaf�. Hene, events will be lassi�ed as �signal-like� if they will landon a signal leaf, onversely as �bakground-like� on a bakground leaf, and theresulting tree will be a deision tree (DT). These latter are known to be powerfulbut unstable, i.e. a small hange in the training sample an bring a large hangein the outome.BDTs an overome this problem, and in the same time be very strong las-si�er. BDTs are a forest of many DTs, where the lassi�ation is performed byaveraging the outome of all the trees in the forest. The growth of the forestours iteratively, with the new tree trained with the same sample of events asthe previous tree, but with an inreased, boosted, weight for the events thatwere previously mislassi�ed. The boosting algorithm used here is the so-alledAdaBoost (adaptive boost) [179℄. Starting with the original event weights whentraining the �rst deision tree, the subsequent tree is trained using a modi�edevent sample where the weights of previously mislassi�ed events are multipliedby a ommon boost weight α, whih is derived from the mislassi�ation rate ofthe previous tree.
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5.5 Event seletionIn priniple, the splitting of the tree ould ontinue until eah leaf node on-tains only signal or only bakground events, whih ould suggest that perfetdisrimination is ahievable. However, suh a deision tree would be stronglyovertrained. To avoid overtraining a deision tree must be pruned. This pruningis done using the ost omplexity method [178℄, R, where the misslassi�ationrate in eah node, r, is ompared with that of the subtree below it, rd. Then thesubtree is removed if
R = (r − rd)/(n− 1) < pwhere n is the number of son nodes, and p is a user de�ned pruning strength.The pruning is done by removing the nodes with the lowest R reursively, untilno node with R < p is left.In the literature deision trees are sometimes referred to as the best �out ofthe box� lassi�ers. This is beause little tuning is required in order to obtainreasonably good results. This is due to the simpliity of the method where eahtraining step (node splitting) involves only a one-dimensional ut optimisation.Deision trees are also insensitive to the inlusion of poorly disriminating inputobservables.A ranking of the BDT input observables an be derived by ounting how oftenthe observables are used to split deision tree nodes, and by weighting eah splitourrene by the separation gain-squared it has ahieved and by the number ofevents in the node. This measure of the variable importane an be used for asingle deision tree as well as for a forest.5.5.5.2 BDT optimisationIn the training phase of the BDT lassi�er, we used the seond half of oursignal Monte Carlo sample, whih we alled MC BDT optimisation sample; weprevented in this way any possible statistial bias on the �nal outome of theanalysis, whih we remind, will be obtained with the �rst half sample, namedMC analysis sample.A subsample of the experimental data, the BDT optimisation sample (periodswith the Sun above the horizon, see se. 4.1.4), was used to desribe the bak-ground distribution. We did not use the simulated atmospheri muon samplein the training, �rst of all beause we ould not produe large samples to avoidstatistial �utuations, due to some time onstraints. Further, the simulatedbakground ould introdue some bias during the training phase, due to someunertainties in the model of osmi ray interations with the atmosphere. Thesimulated atmospheri muon and neutrino samples were only used to hek theagreement experiment/simulation, and possibly gain an additional on�dene inthe signal simulation.
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5. DATA PROCESSING AND ANALYSISOption Value DesriptionnTrees 800 Number of trees in the forestBoostType AdaBoost Boosting type for tree buildingSeparationType Gini Index Separation riterion applied forthe node splittingnEventsMin 10 Minimum number of events in anode where further splitting isstoppednCuts 40 Number of steps in the san to op-timise the ut at a nodePruneMethod CostComplexity Pruning methodPruneStrength 2.5 Amount of pruning: it should belarge enough suh that overtrain-ing is avoided and needs to betuned for eah analysisTable 5.14: Con�guration options for the BDT lassi�er in TMVA pakage.As we said at the beginning of this hapter, we used the TMVA pakage asground software for BDT training and appliation. Further, we implemented aode that interfaed this software pakage, based on ROOT, with the experimentaldata and Monte Carlo simulation �les, to extrat the needed information. Theimplemented ode was designed �exible enough to support di�erent user de�nedoptions, like the handling of input observables and neutralino models to optimise.Several on�guration options are available in the TMVA pakage to ustomise theBDT lassi�er, whih are summarised in tab. 5.14; the more relevant ones werealready desribed in more details in the previous setion.From �g. 5.14, whih shows the e�etive volumes after the preuts, we inferthat the detetor e�ieny was quite similar for neutralino models with mass of1 TeV and above. Below this value, for the other neutralino models (espeiallyin the low mass region), the di�erenes in e�ieny are quite visible. However,in priniple this should not prevent to group the fourteen neutralino models intosome low and high energy ensembles, hoosing then only a ouple of templatesto perform BDT optimisation. Instead, for this work we hose to optimise all theneutralino models separately, espeially beause we wanted to verify the impatof this BDT optimisation, almost newly used in AMANDA analyses, to try toimprove the e�ieny and thus the sensitivity to solar neutralino dark matter.Further, the separate optimisation of all the models did not introdue any extrae�ort, or time delay, sine we had our GRID failities available.The BDT algorithm presents the advantage of oping with a large number of
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5.5 Event seletioninput variables, where more input observables will over more information whihmay be useful to improve the separation between signal and bakground. Someof the observables have more disriminant power with respet to the others, andsome observables may have orrelations with others; hene it is neessary to seletthe most sensitive observables to maximise the BDT performane. Hene, for thisinvestigation we have hosen a low and a high energy neutralino template, i.e.100 GeV hard and 5000 GeV hard, with the purpose to obtain a unique �nal listof observables suitable for all the neutralino models. We started then to feedthe BDT with several observables, whose desriptions are found in se. 5.4. Aswe have mentioned at the end of the previous setion, a rank an be assigned tothe di�erent observables; indeed at the end the optimisation tests, the trainingalgorithm provided a list of ranked observables. Thus a preliminary sorted list ofobservables was written out after removing the ones with lower rank.The next step in the investigation was a orrelation study1 between the re-maining observables; we demanded for two observables not to be orrelated bymore than 65%. Between two orrelated observables, the one with lower rank wasthen removed from the preliminary list. We performed this study, looking both atthe signal and at the bakground observable distributions sine their orrelationpatterns are usually di�erent. Hene, we ended up with a �nal list of 21 observ-ables. The linear orrelation oe�ients between all input observables, for the100 GeV hard signal (bakground), are displayed on the top (bottom) of �g. 5.17,as a di�erent olour gradation. The numbers in the piture orrespond to theobservables listed in appx. A.1. The plots of the �nal 21 observables for exper-imental data, atmospheri bakground and 500 GeV hard neutralino are shownin appx. A.2. The 21 seleted observables show a good agreement experimentaldata/Monte Carlo bakground simulation.The study that produed the �nal list of observables, was performed onsid-ering only one partiular year of the omplete 2001 − 2006 dataset. Hene, thenext step in the observable investigation was to verify their distributions withrespet to the other years.During the period 2001− 2006, the detetor underwent several maintenanesor upgrades, like the downsaling of the string trigger from 2002 onwards (seehapter 3). Further, as we explained in se. 5.5.3, a di�erent approah to lowlevel �lters was developed for the 2005− 2006 experimental data. At the end ofthis investigation we inferred that some observables showed remarkable di�erenesamong three distint subsamples of data: 2001, 2002 − 2004 and 2005 − 2006,due to the motivations mentioned before. On the top of �g. 5.18 we show apartiular observable, the di�erene in the Bayesian and standard redued log-1Linear orrelations between observables were outlined by TMVA pakage through omputingthe square-root of the ovariane matrix.
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5. DATA PROCESSING AND ANALYSIS

Figure 5.17: Linear orrelation oe�ients between the 21 seleted observables asa di�erent olour gradation, for the signal (top) and bakground (bottom) trainingsamples. For the orrespondene number - observable, see appx. A.1.
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Figure 5.18: On top, the distribution of the di�erene in the Bayesian and stan-dard redued log-likelihood (∆rLLH) for the 100 GeV hard neutralino model. Onthe bottom, the theta angle reonstruted by the standard log-likelihood (θLLH) forthe experimental data. Di�erent line styles orrespond to di�erent years (see thelegend in both pitures).
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5. DATA PROCESSING AND ANALYSISlikelihood (∆rLLH) for the 100 GeV hard neutralino model, while on the bottomof the same �gure the theta angle reonstruted by the standard log-likelihood(θLLH) is shown for the experimental data. The ∆rLLH distribution shows thedi�erene between the 2001 and the rest of the data, due to the string triggerdownsaling issue, while the θLLH plot, shows the di�erene between 2005− 2006experimental data and the rest of the data sample, due to the di�erent low level�lters.We deided then to optimise three di�erent BDTs, one for eah above men-tioned subsample of data; i.e. the �rst BDT optimisation ontained only BDToptimisation data and MC from 2001, the seond only from 2002−2004, and thethird only from 2005− 2006.One these three distint training phases were �nished, the next step wasthen the BDT weight appliation phase, using the training outome1. The anal-ysis data and signal MC analysis samples, along with the simulated atmospheribakground, naturally grouped in the three di�erent subsamples, were then pro-essed to evaluate the BDT performane. As an ending result, this step providedto eah event a weight, between [-1,+1℄, being +1 (-1) for pure signal (bak-ground). A plot of the BDT outputs, for experimental data (�lled grey area),signal MC (dashed line), atmospheri muons (solid line) and neutrinos (dottedline), is shown as example in �g. 5.19. The atmospheri bakground (atmospherimuons and neutrinos) BDT output distribution is normalised to the live-time; thesignal MC (3000 GeV hard) distribution is also saled to the live-time.Figure-of-meritThe events of the BDT optimisation sample, used to train the BDTs, werepiked up randomly by the algorithm; atually we did not use the ompleteexperimental data sample, but just part of it, sine this sample ontained a lotof statistis. On the signal side, we used the 25% of the MC BDT optimisationsignal sample to train the BDTs.The �nal experimental and MC samples, from whih we alulated the sen-sitivity to signal-indued muons, were then seleted by applying a ut on theirBDT output value. The best sensitivity an be obtained by hoosing a goodut, whih will redue misreonstruted bakground muons, thus inreasing thesignal resolution. We have used as �gure-of-merit the Model Disovery Potential(MDP) as de�ned in [180℄
MDP =

ǫS
a2

8
+ 9b2

13
+ a

√
nB + b

2

√
b2 + 4a

√
nB + 4nB

(5.25)1We remind here that no partiular di�erenes were notied between the analysis and BDToptimisation experimental data sample (see se. 4.1.4)
126
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Figure 5.19: BDT output distributions for experimental data (�lled grey area),atmospheri muons (solid line), atmospheri neutrinos (dotted line), and 3000 GeVneutralino hard signal (dashed line).whih an be maximised to �nd the best ut, and for this alulation we usedthe whole BDT optimisation sample. In the above equation ǫS is the signale�ieny and nB the number of bakground events. This �gure-of-merit wasmeant to minimise the strength of the signal �ux needed for a disovery with 5σsigni�ane (a = 5) at 90% of C.L. (b = 1.28). The above �gure-of-merit ontainsalso a suitable feature whih does not require the absolute level of the signal �uxto optimise the analysis.In the Gaussian regime this MDP is equivalent to the �standard� signi�ane,i.e. S/
√
B; but for small bakgrounds, the MDP does not show asymptotibehaviour, and hene is performing better.We have to point out that after the BDT ut we have to hek also thesignal resolution, beause a hard ut ould degrade it, and have as side-e�et theworsening of the sensitivity.Figure 5.20 is an example of what we have disussed above, where the signal(500 GeV hard) and the bakground (in this ase the 2002−2004 data subsample),are drawn, as a funtion of the BDT ut value, in dashed and dashed-dotted linesrespetively. The �gure-of-merit, or sensitivity fator, is also shown as funtionof the BDT ut value (as a solid line), and the value orresponding to the peak,is then seleted as the best ut value.
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5. DATA PROCESSING AND ANALYSIS
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Figure 5.20: Signal (dashed line) and bakground (dashed-dotted line) e�ieniesas a funtion of the BDT ut value. The best ut is found in orrespondene of theMDP (solid line) peak.5.6 Final sampleThe �nal experimental and Monte Carlo analysis data samples were thenseleted after applying the last event seletion, i.e. the BDT uts. We remindthat in total we optimised 14 × 3 uts, i.e. a ut for eah of the fourteen signalmodels distint from the three di�erent subsamples.Hene, onsidering the subsamples: 2001, 2002 − 2004, and 2005 − 2006, weended up with 14 di�erent �nal samples, for the omplete 2001 − 2006 dataset,onsidering eah neutralino model.The numbers onerning the experimental data and atmospheri bakgroundevents, in the di�erent �nal samples, are shown in tab. 5.15. We infer then,from the numbers in this table, that the simulated bakground expetation, evenonsidering the statistial errors, are not onsistent with the observed number ofevents. We will disuss about this issue in the next hapter, in setion 6.2, devotedto the treatment of statistial and systematis unertainties in our analysis. Thisimpinged also on the distributions of the observables after the BDT uts, whihare found in se. A.3.The amount of experimental data events surviving the last seletion, variedbetween one to two thousand, depending on the seleted neutralino model; thisorresponded to a data redution of ∼ 1−3 ·10−7. We an also onlude that the
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5.6 Final sampleNeutralino modelseletion exp. data atm. µ+ ν atm. µ atm. ν50 soft 1521 4064.6 ± 574.7 3880.4 ± 573.0 184.2 ± 44.3100 soft 1662 3918.7 ± 520.9 3023.2 ± 517.3 895.5 ± 61.6250 soft 1572 3717.3 ± 371.7 1754.7 ± 363.8 1962.6 ± 76.2500 soft 2031 3969.8 ± 340.8 1288.7 ± 330.6 2681.2 ± 82.81000 soft 2256 4615.0 ± 364.3 1460.2 ± 354.0 3154.8 ± 86.23000 soft 2254 4280.7 ± 315.5 1127.1 ± 303.9 3153.6 ±85.05000 soft 2024 3973.4 ± 298.5 978.2 ± 287.2 2995.2 ±81.450 hard 828 2206.9 ± 356.3 1640.4 ± 352.5 566.5 ± 52.1100 hard 1253 2791.6 ± 308.7 1039.3 ± 300.6 1752.3 ± 70.5250 hard 2136 4247.6 ± 300.6 1026.8 ± 288.5 3220.7 ± 84.5500 hard 2468 4674.3 ± 301.8 1075.5 ± 288.9 3598.8 ± 87.01000 hard 2146 4155.7 ± 272.1 802.3 ± 259.2 3353.4 ± 83.13000 hard 2501 4865.9 ± 332.6 1217.5 ± 320.7 3648.3 ± 86.95000 hard 2369 4292.0 ± 272.3 785.9 ± 258.8 3506.1 ±84.8Table 5.15: Number of events remaining after the BDT ut in the experimentaldata, the total simulated bakground (atm. µ + atm. ν), the simulated atm. µand the simulated atm. ν.�nal samples, related to the lower energy neutralino models (50 GeV soft, 100 GeVsoft and 50 GeV hard), are mostly dominated by atmospheri muon bakground.Apart from an intermediate neutralino model, 250 GeV soft, whose atmospheribakground ontribution was equally shared between muons and neutrinos, therest of the samples are mostly dominated by atmospheri neutrino bakground.The e�etive volume for eah neutralino model after the BDT seletion isdrawn in �g. 5.21, and in �g. 5.22 the e�etive volume is shown again (blakolour for hard hannels, and grey for soft hannels), where di�erent line stylesrepresent the di�erent six years of simulated data. The statistial errors on thee�etive volume are not learly visible in some lines of the pitures, overed bythe size of the same lines; however they are between 1 - 2 %. The numbers relatedto the e�etive volume are then arranged in tab. 5.16. From these numbers weinfer that, after the last event seletion the string trigger still played a key rolefor the lowest neutralino mass models, while the standard was on�rmed as themost e�ient trigger for higher neutralino masses.In tab. 5.17 are summarised the seletion e�ienies of the BDT with respetto the preuts, for the experimental data, the simulated atmospheri bakgroundand simulated signal, broken up for the di�erent neutralino model analyses.Hene, we infer that the good performane of the BDT in bakground rejetion
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5.6 Final sample
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5. DATA PROCESSING AND ANALYSISVeff(BDT) [m3℄ 50 100 250 500 1000 3000 5000ALL hard 4.15 ·104 3.88·105 2.66·106 5.14·106 6.58·106 7.12·106 6.77·106soft 8.29·103 4.81·104 3.12·105 8.21·105 1.50·106 2.23·106 2.35·106STD hard 1.99·104 3.40·105 2.58·106 5.03·106 6.45·106 6.99·106 6.64·106soft 0.35·103 2.50·104 2.71·105 7.69·105 1.43·106 2.16·106 2.28·106STR hard 2.16 ·104 0.48·105 0.08·106 0.11·106 0.13·106 0.13·106 0.13·106soft 7.94·103 2.31·104 0.41·105 0.52·105 0.07·106 0.07·106 0.07·106Table 5.16: E�etive volumes at �nal level (after BDTs) for all the neutralinomodels (mass and hannel), divided up for di�erent trigger seletions: STR, STD,ALL.had as drawbak a de�it in signal e�ieny, with respet to trigger level, num-bering to a fator 3 to 16.We will desribe in the next hapter a statistial method to evaluate the signalevents ontent, µs, from the experimental dataset. Then if we want to onvertthis evaluation to a muon �ux, we need the e�etive volume Veff after the lastevent seletion, whih multiplied by the live-time (tlive) is nothing other thanthe detetor exposure. Indeed, the main physial quantity whih we indiretlymeasured, is the number of signal indued muons per unit volume and time
Γν→µ =

µs
Veff · tlive

(5.26)

132



5.6 Final sample

Passing rate BDT w.r.t. preuts [εBDT℄Neutralino modelseletion exp. data (×10−4) atm. µ (×10−4) atm. ν χ50 soft 7.89 22.30 0.02 0.34100 soft 8.63 17.37 0.09 0.39250 soft 8.16 10.08 0.21 0.43500 soft 10.54 7.41 0.28 0.491000 soft 11.71 8.39 0.33 0.543000 soft 11.70 6.48 0.33 0.535000 soft 10.50 5.62 0.32 0.5150 hard 4.30 9.43 0.06 0.31100 hard 6.50 5.97 0.18 0.42250 hard 11.09 5.90 0.34 0.54500 hard 12.81 6.18 0.38 0.591000 hard 11.14 4.61 0.35 0.563000 hard 12.98 7.00 0.39 0.595000 hard 12.29 4.52 0.37 0.58Table 5.17: The BDT seletion e�ienies w.r.t. the preuts, for the experimentaldata, the atm. µ, the atm. ν and the neutralino signals (χ).
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- Σωκράτης·... [152a℄ ... ῾῾πάντων χρημάτων μέτρον᾿᾿
ἄνχρωπον εἶναι, ῾῾τῶν μὲν ὄντων ὡς ἔστι,

τῶν δὲ μὴ ὄντων ὡς οὐκ ἔστιν.᾿᾿...- Sorates:... [152a℄ ... man is �the measure of allthings, of the existene of the things thatare and the non-existene of the thingsthat are not.� ...TheætetusPlato (428/427 b - 348/347 b) 6Signal strength evaluation and infereneof some relevant physial quantities
In this hapter we desribe a onsolidated method, to extrat the signalstrength from the ombined 2001-2006 �nal sample, whih passed all the �lteringsteps. Next, we investigate all the possible soures of systemati unertaintieswhih ould a�et our �nal results. Then, through our signal estimation, we aninfer some relevant physial quantities like the neutrino-to-muon onversion rate,the neutralino annihilation rate in the Sun, the muon �ux at the detetor, andthe elasti neutralino-proton ross setion.6.1 Hypothesis testing6.1.1 The spae angle to the SunWell, the soure of our hypothetial signal is our Star, the Sun. Hene, toevaluate the number of signal events µs from the dataset1 we ould exploit thespae angle ψ between the soure diretion, identi�ed by the spherial oordinates(θ⊙, φ⊙), and that of the reonstruted trak, in its turn identi�ed by (θµ, φµ),whih is onstruted as

ψ ≡ arccos (cos θµ cos θ⊙ + sin θµ sin θ⊙ cos(φµ − φ⊙)) , (6.1)A simple sketh showing the onstrution of the spae angle is outlined in �g. 6.1.The size of the spae angle depends upon two main fators; one of this is thereonstrution method, whih has di�ulty to onvey the true trak diretioneven for high quality events. The reonstruted trak is indeed smeared aroundits true diretion, espeially in the ase of low energy events. The seond physialunavoidable fator is the CC sattering angle between the neutrino, whih points1We remind here that the analysis MC and experimental data sample were used to derivethe �nal results disussed in this hapter.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES

Figure 6.1: Sketh of the onstrution of the spae angle ψ, between the Sundiretion and the reonstruted trak.diretly to the Sun diretion, and the ongoing muon; the span of this angleinreases with dereasing neutrino energy (see se. 2.3).The spae angle distribution for two neutralino models, 100 GeV hard and5000 GeV hard, is shown respetively on the top and on the bottom of �g. 6.2 indashed line. These distributions have a peak at very low angles, i.e. lose to theSun, and fall rapidly with inreasing angle. The 50% quantile, or otherwise notedas the median, of suh distributions, an be alulated to estimate the angularresolution. The value of the median for 5000 GeV hard is around 3◦, while for100 GeV it is around 4.5◦; for the lowest energy model a one with an openingangle of about 12◦ is needed to ontain half of the signal events.In �g. 6.2 the spae angle distribution of the bakground (solid line) is alsoshown, whih was extrated from o�-soure 2004 experimental data; in se. 6.1.2we will disuss about this proedure. Observing the piture, we see that thebakground distributions for both neutralino model seletions are quite similar,and it is more or less the same for the rest of the models. Further, sine thereis no orrelation with the Sun position, these distributions are rather smoothbetween 20◦ − 140◦, falling outside these regions beause of lak of phase spae.In the so-alled ut-and-ount approah, a model-dependent one of openingangle ψcone, where to ount the number of hypothetial signal and expeted bak-ground events, is needed to get the best sensitivity. Thus, some seletion methods,like the MDP (see se. 5.5.5.2) or the Model Rejetion Potential (MRP) [181℄,ould be exploited to �nd the optimal opening angle.However, following this approah, the seleted events in the one are indistint,
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6.1 Hypothesis testing
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Figure 6.2: Normalised spae angle distribution for the 100 GeV hard (top) and5000 GeV hard (bottom) models. In both pitures the bakground refers to exper-imental data of 2004 (see text).
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESwhile the ones outside it are totally negleted. Hene, if repeated experiments areperformed (assuming idential bakground), and e.g. 10 events within a ertainsearh one are observed, whih are ompatible with the number of bakgroundexpetation, the same on�dene interval will be quoted as in another experimentwhih measures again 10 events, but with 8 of them really lose to the Sundiretion. The latter ase should give a strong hint for the existene of a signal.Hene, sine the above approah ould neglet some useful information, wedeided to follow another more sophistiated approah. In this method we ex-ploited the shape of the omplete spae angle distribution, �tting the sum of theknown bakground and signal distributions, with the signal strength as free pa-rameter. The on�dene interval was then alulated with a likelihood-ratio teststatisti, whose proedure is explained in se. 6.1.3.We should mention that the method does not neessarily require the spaeangle as disriminating distribution. Other distributions an be used as well; how-ever we should expet that the spae angle provides the best separation betweensignal and bakground, thus improving our sensitivity.As a onlusive remark, we have to bear in mind the blindness poliy duringthe setting of any of the disussed approahes.6.1.2 Combining the 2001-2006 experimental data: spaeangle p.d.f.The signal spae angle distribution, fS(ψ), has been extrated diretly fromMonte Carlo signal simulation, for eah neutralino model. The disussion aboutunertainty soures in the simulation whih ould a�et this distribution and theon�dene interval in µs, is outlined in se. 6.2.The bakground spae angle distribution, fB(ψ), has been extrated insteadby srambling o�-soure experimental data. This approah presented some advan-tages with respet to exploiting simulated atmospheri bakground; �rst, beause
fB(ψ), being independent of the simulation, was almost systemati unertaintiesfree. Another advantage was the larger statistis available for the alulations.During this proess the blind poliy was arefully ful�lled; indeed workingwith o�-soure experimental data meant to take into aount only events withreonstruted phi outside the range [−30◦,+30◦], with respet to the Sun az-imuth1. This avoided that possible information from signal ould invalidate thebakground pattern.Further, the spae angle of eah o�-soure event was alulated with respetto a fake position of the Sun, identi�ed by (θfake⊙ , φfake

⊙ ); this is the srambling pro-edure. The detetor has a theta-dependent aeptane, hene we should keep1About 15% of the events were exluded by this seletion.
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Figure 6.3: Spae angle distribution for neutrinos from the 500 GeV hard neu-tralino model (di�erent line styles represent di�erent years).
θfake⊙ = θtrue⊙ , and sramble only φtrue

⊙ to get φfake
⊙ . The spae angle bakgrounddistribution was then onstruted by olleting random φfake

⊙ , uniformly extratedbetween [0◦, 360◦], and alulating the orresponding spae angle between the re-onstruted trak and the fake Sun diretion. To obtain a ontinuous and smoothspae angle distribution without any intermediate empty bins, the proedure wasrepeated 10000 times for eah o�-soure data event.The resulting binned1 fS(ψ) and fB(ψ) distributions were normalised to one;in this way they just represented probability density funtions (p.d.f.) for signaland bakground (see e.g. �g. 6.2).Now, if we want to perform a ombined hypothesis test for eah neutralinomodel, whih would enompass the omplete dataset from 2001 to 2006, we shouldlook at the distributions of the spae angle of the signal and the orrespondingbakground of all the years. Figure 6.3 shows the spae angle distributions forthe 500 GeV hard signal of eah year (di�erent line styles over di�erent years).Figure 6.4 shows the spae angle distribution of the bakground orrespondingto the seleted neutralino model; also there di�erent line styles over di�erentyears. We have performed suh investigation for all the di�erent models, andsine the various year dependent signal distributions were in good agreementeah other (see indeed �g. 6.3), we summed all the distributions year after year,after resaling them to the orresponding detetor live-time. The same onlusion1We hose 1◦ as bin width.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES
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Figure 6.4: Spae angle distribution for the bakground obtained for the 500 GeVhard neutralino model seletion, (di�erent line styles represent di�erent years).
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Figure 6.5: Sum of the signal spae angle distributions of �g. 6.3 (dashed line),and the bakground spae angle distributions of �g. 6.4 (solid line).
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6.1 Hypothesis testing
ψ̃ [degree℄Neutralino model [GeV℄ 50 100 250 500 1000 3000 5000Hard hannel 6.8 4.6 3.5 3.2 3.0 3.0 3.0Soft hannel 13.1 6.8 4.4 3.9 3.6 3.4 3.4Table 6.1: Median of the ombined spae angle distributions of all neutralinomodels.we outlined before was valid also for the bakground (see �g. 6.4); hene we ouldperform only one ombined 2001 − 2006 statistial analysis for eah neutralinomodel. Figure 6.5 shows the summed distributions of the spae angle for the500 GeV hard neutralino model (dashed line) and the orresponding bakground(solid line).The alulated median of the di�erent ombined signal spae angle distribu-tions is shown in tab. 6.1.6.1.3 Con�dene interval for µsWell, reapitulating, in the hypothesis test proedure, the spae angle (ψ)distribution is exploited to derive the amount of signal events µs ompatiblewith the observed data sample at some on�dene level (CL). In this work theon�dene level is set to α = 90%. The proedure followed for the hypothesistesting is outlined in this setion, together with a series of onsisteny heks.Signal ontent likelihoodFor a given signal and bakground spae angle p.d.f., the likelihood of thepresene of µs signal events in an experiment that observed exatly nobs events,with an ensemble of spae angles {ψi}, an be expressed as follows

L(µs) =

nobs∏

i=1

f(ψi|µs), (6.2)where
f(ψi|µs) =

µs
nobs

fS(ψi) +

(
1− µs

nobs

)
fB(ψi) (6.3)is the probability to observe an event with spae angle ψi when µs signal eventsare present among the total number of observed events nobs.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESFrequentist onstrution of on�dene intervalsTo draw on�dene intervals (CI) we will follow the Feldman and Cousins (FC)frequentist approah [182℄, whih suggested this likelihood-ratio test statisti
R(µs) =

L(µs)

L(µ̂s)
(6.4)where µ̂s is the result of best �t to the observed ensemble of spae angles; thereforefor eah µs: L(µs) ≤ L(µ̂s) and R(µs) ≤ 1.The ordering priniple suggested by FC in a frequentist senario, is based ontheir test statisti R; this latter is designed as rank, sine, starting at high values,it ranks the experimental results in order of inlusion in the aeptane interval.Further, it is also a unifying ordering priniple, in the sense that the reportedCI are determined as one- or two-sided by the experimental data themselves andnot by the experimenter. The overage, essential feature in this framework, ispreserved at the same time. A basi ingredient of the FC reipe is the bindingof the parameter µs to meaningful physial values; hene µs, µ̂s ∈ [0, nobs]. Non-physial best �ts (µ̂s < 0) ould indeed arise, for the absene, or for very littleamount of signal and for downward �utuation of the bakground near the Sun.Constrution of the ritial region by means of pseudo-experimentsThe aeptane intervals in the FC approah at the desired α CL are

[Rα
crit(µ), 1]where Rα

crit(µs) is a funtion of µs and it is referred to as the ritial region.Aording to Wilks' Theorem [183℄, in a Gaussian senario (nobs → ∞), −2 lnRbeomes χ2-distributed, with in our ase one degree of freedom. Hene, we anwrite
−2 lnRα

crit(µs) = χ2(α, 1)However, the atual distribution of −2 lnR may notably deviate from a χ2distribution, for instane near physial boundary regions. Hene, with µs toolose to the physial boundary, many experiments will quote higher rank thanwould be attained without the restrition to the physial region. So, the ritialvalue is higher than that of a χ2 distribution, leading then to over-overage withrespet to the �xed CL.To guarantee the orret overage for all the onsidered µs, reiterated pseudo-experiments were performed in order to get, for eah µs, the lnR distribution andits ritial value. This proedure (very CPU-time onsuming) will be skethedon the next page, and is exatly the same as the one desribed in [111℄.
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6.1 Hypothesis testing

Figure 6.6: The distribution of lnR(µs) of 10000 pseudo-experiments is displayedin grey sale. The ritial region lnRcrit(µ) at 90% CL is marked by the thinblak urve, with its smoothed �t marked by the blak thik line. The horizontalblak dashed line shows the ritial value from the χ2 approximation. The whiteparabolas represent lnR(µs) for two pseudo-experiments with µs(true) = 0 (left) and
µs(true) = 20 (right).1. for eah µs ∈ [0, 50], with step-size ∆µs = 0.1(a) for eah pseudo-experiment k = 1, ...., 10000i. given µs, sample a set {ψi}k with nobs spae angles from eq. 6.3ii. alulate Lk(µs) with eq. 6.2iii. �nd µ̂sk with maximum likelihood Lk(µ̂sk)iv. alulate lnRk(µs)(b) �nd the ritial value lnRα

crit(µs) suh that lnRk(µs) ≥ lnRα
crit(µs) fora fration α of the 10000 experiments2. smooth lnRα

crit(µs) and �t it with a splineAn example of the outome of the above mentioned proedure is presented in�g. 6.6, where a two-dimensional distribution of lnR(µs) versus µs is shown. Theblak thik line marks the superimposed �t of the ritial region (the thin blakurve) at 90% CL; the χ2 approximation (horizontal dashed blak line) is validfor µs > 8 where lnR(µs) = −0.5 · χ2(0.9, 1) = −1.35.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES

Figure 6.7: Distribution of lower (left) and upper (right) limits of the on�deneintervals at 90% CL, for 10000 pseudo-experiments in the bakground-only senario.Properties of on�dene intervalsOne the ritial region is de�ned, the on�dene interval [µαs(low), µ
α
s(up)] at

α CL, for the number of signal events in an observed ensemble of spae angles
{ψi}, is given by

[µαs(low), µ
α
s(up)] = {µs| lnR(µs) ≥ lnRα

crit(µs)} (6.5)Hene, if the rank for the observed µs is above the ritial value, that µs isaepted in the on�dene interval.In �g. 6.6 the lnR(µs) for two pseudo-experiments with µs(true) = 0 and
µs(true) = 20 (the two white urves) is also shown. The best physial �t to thegenerated sets of spae angles is found respetively at µ̂s = 0.0 and µ̂s = 29.8;the �rst pseudo-experiment produes a one-sided interval with upper limit 8.69at 90% CL, the seond pseudo-experiment produes a two side interval:
[18.3, 43.5] at the same CL.We have already pointed out that in the frequentist approah the overageof the on�dene interval is an essential property. For eah pseudo-experiment,with e.g. µs(true) = 0, the on�dene interval was alulated; then we hekedwhether µs(true) = 0 was inside the interval before storing its lower and upperboundaries. The fration of overing intervals was alulated and ompared withthe quoted 90% CL. We alulated then the 50%, 16% and 84% quantiles of
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6.1 Hypothesis testing

Figure 6.8: The median interval (left) and overage (right) of the intervals as afuntion of µs(true). Vertial bars represent the 1σ spread.the lower (upper) limits distribution whih represented the median lower (upper)limit µ̃90
s(low) (µ̃90

s(up)) and its 1σ statistial spread.Figure 6.7 shows the distribution of the lower (left) and upper (right) limits forthe bakground-only senario (µs(true) = 0), where a small amount of the pseudo-experiments report lower limits greater than zero. If the overage is orret, thetrue value should not be ontained in a fration 1 − 0.9 = 0.1 of the CI of thepseudo-experiments.Figure 6.8 shows (on the right) the resultant overage of the CI for µs(true) ∈
[0, 10], and sine no statistial signi�ant deviation from 0.9 was found, we deduethat the intervals were indeed on�dene intervals.Figure 6.8 shows as well (on the left) the median CI and the 1σ spread onits boundaries. The piture is a nie illustration of the FC uni�ed ordering prin-iple whih, for strong signal �uxes (µs > 6), yields automatially double-sidedon�dene intervals.Median upper limits on µs and Γν→µThe median upper limits at 90% CL on µs with their 1σ spread, for all theneutralino models, are outlined in tab. 6.2. In the last olumn of the same table,the median upper limits on the onversion rate (see eq. 5.26) are also shown; wewill disuss later in more detail about this quantity.One the data are unblinded, in the ase of (sad) no neutralino signal senario,
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESNeutralino model µ̃90
s − 1σ µ̃90

s µ̃90
s + 1σ Γ̃

Eµ>10GeV
ν→µ [Km−3 y−1]50 hard 5.1 10.6 18.2 1.14 · 105100 hard 4.3 9.2 15.8 1.07 · 104250 hard 4.2 9.1 15.5 1.55 · 103500 hard 4.2 9.2 15.3 8.04 · 1021000 hard 3.8 8.3 14.1 5.69 · 1023000 hard 4.1 8.6 14.5 5.46 · 1025000 hard 4.0 8.5 14.4 5.70 · 10250 soft 12.4 25.0 41.8 1.34 · 106100 soft 6.8 14.6 24.5 1.37 · 105250 soft 4.5 9.8 16.5 1.42 · 104500 soft 4.6 9.9 16.8 5.46 · 1031000 soft 4.5 9.7 16.4 2.93 · 1033000 soft 4.3 9.2 15.7 1.87 · 1035000 soft 4.1 8.7 14.8 1.69 · 103Table 6.2: For eah neutralino model, the median upper limit on the number ofsignal events with the 1σ spread, and on the onversion rate at 90% CL in thebakground-only senario.the �nal upper limits on µs, at 90% CL, are expeted to be inside the 1σ bandwith 68% of probability.6.2 Statistial and systemati unertaintiesAs we have mentioned at the end of previous hapter (and we will return tothis subjet in se. 6.3.1 ), the primary physial quantity we are interested toevaluate at the �nal stage of our analysis, is the volumetri �ux or neutrino-to-muon onversion rate Γν→µ (see eq. 5.26).The omponents of this quantity (µs;Veff ; tlive), are subjet both to statisti-al and systemati unertainties, whih we will disuss in ses. 6.2.1 and 6.2.2.Atually, the third omponent of Γν→µ, i.e. tlive, is only subjet to statistial un-ertainty, and in the following setion we will show how it is almost negligible ifompared with the ones quoted for the remaining quantities. Hene, in se. 6.2.3we will onsider only these latter and explain how to yield a total unertainty foreah of them.Finally, in se. 6.2.4, we will report how the total unertainty on µs and Veffpropagates to the physial quantities desribed in se. 6.3, like the neutrino-to-muon onversion rate Γν→µ.
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6.2 Statistial and systemati unertainties6.2.1 Statistial unertaintiesNumber of signal event µsThe signal and bakground p.d.f. were extrated from a �nite set of events,therefore subjet to statistial �utuations. However, the �utuations in thesignal and bakground distributions are expeted to be small.The statistial error on µs was evaluated by onstruting ten times the on-�dene interval, hanging eah time the seed of the random number generator.The relative error is then alulated as follows:
∆µs
µs

=
σµs
µswhere σµs is the sample standard deviation and µs is the average of the outomes.This study yielded a relative error of less than ±1%.E�etive VolumeThe statistial error on Veff depended on the size of the neutralino MonteCarlo sample. The event weight was properly onsidered in the alulations. Theresulting error for higher energy neutralino models was less than ±1%, while forthe lowest energy models it was less than ±2%, sine their relative sample wassmaller at the �nal level. Tables 6.3 and 6.4, report the statistial errors on Vefffor all the hard and soft neutralino models respetively.Live-timeIn se. 4.1.2 we have pointed out that the mean statistial error relative to thelive-time extrated from eah experimental data �le was less than 0.1%. Then,onsidering in total more than N ≃ 1.5 · 105 experimental data �les, the erroron the total live-time of the data sample was: ∆Tlive/Tlive < 3 · 10−3. Hene, thestatistial error on the detetor live-time was negligible if ompared with the oneon µs and Veff .6.2.2 Systemati unertaintiesProminent soures arrying systemati errors are linked, for instane, to theross setion measurement and parametrisation, or to the lak of robust sim-ulation that ould e�iently take into aount detetor alibrations (or otherhardware issues), or partile propagation through the ie.To try to disentangle the e�ets of systematis due to the detetor itself fromthose related to the surrounding medium, we should make a hallenging e�ort
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESlooking at eah systemati soure separately, assuming a null orrelation betweenthe di�erent soures.The results we are going to show in this setion are related to the systematierrors on the e�etive volume after the BDT seletion, i.e. after the �nal seletion.We assume also that the systemati e�ets on the CI in µs should be quite small;we have to mention that the orret way to work is to inlude the systematisduring the CI alulation, desribed in se. 6.1.3. However this is something thatshould be takled to improve the tehnique in the future.The main soures of systematis errors on the e�etive volume, i.e. photonpropagation and global OMs sensitivity, and in less measure the neutrino osil-lation, were evaluated through some dediated signal Monte Carlo investigationsfor the various neutralino models. The remaining soures of systematis weretaken from the literature.In these Monte Carlo studies, our baseline set-up to alulate the e�etivevolume Vb is the one that lead to the values in tab. 5.16; the additional samples,proessed through the same simulation and analysis hain, as desribed in se.4.2, have only one di�erent omponent at a time with respet to the baseline set-up; the e�etive volume is then noted as Vo. The relative error on the e�etivevolume Vb is then:
∆V

V
=
Vo − Vb
VbThe main soures of systematis onsidered in this work are enumerated anddisussed below.1. Neutrino osillation.The simulation of neutralinos takes into aount neutrino osillations withparameters illustrated in se. 4.2.1 (standard set). The measured valuesof the neutrino osillation parameters deviate from zero by at least 10σ onaverage [184℄. We evaluated the 1σ error arising from the unertainty onthe osillation parameters by taking the 1/10th of the di�erene in e�etivevolume for standard and no osillation samples:

∆V

V
=

1

10

(
Vnoosc − Vb

Vb

)The results of this study are shown in �g. 6.9. The di�erene in e�etivevolume between the two samples is shown on the top part of the piturefor hard (left) and soft (right) annihilation hannels. At the bottom on thesame piture this di�erene is onverted to relative errors for hard (left)and soft (left) hannels. The 1σ error in the osillation parameters playsatually a seondary role; at the end we quote a onservative error of ±3%for all the models.
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6.2 Statistial and systemati unertainties
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Figure 6.9: Top: e�etive volume after BDT seletion for samples with (dashedline) and without (solid line) osillations, for hard (left) and soft (right) neutralinomodels. Bottom: relative error due to the hange in the generator settings, for hard(left) and soft (right) neutralino models.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES2. Neutrino-nuleon ross setionThe relative error on the neutrino-nuleon ross setion, extrated from[140℄, yields a systemati unertainty around ±3% for all the neutralinomodels.3. Tau neutrinosThe neutralino Monte Carlo samples, produed for this analysis, did nottake into aount ντ events, sine they typially produe showers with toolittle angular information to survive the event seletion. However, outgo-ing τ leptons an deay to muons in 17% of the ases. They ould thensurvive the event seletion, thereby ontributing to the total Veff . This ef-fet was estimated to be around ±2− 5%, being more important for higherenergies [185℄.4. Muon propagation in ieThe MMC ode (see se. 4.2.2), whih alulated the energy losses by thepropagating muon through the ie, estimated an error on the muon traklength of around 1% [105℄. This was translated to an error of around 1% onthe observed event rate by an analysis searhing for astrophysial neutrinos[186℄. In this analysis the onsidered energy range of neutrino induedmuons is below the TeV sale, where the ionisation is the prominent proessof energy losses, and is muh better known than the stohasti energy lossesourring at higher energies. Hene, the error on Veff was expeted to besmaller than ±1%.5. Ie model and OM sensitivityIe model Another soure of systemati error is the unertainty relatedto the optial ie properties. As we have seen in se. 3.2.4, these propertieswere inferred from alibration of experimental data, whih were subjet toerrors, though.Two ie models were onsidered in this systematis study, with whih thePhotonis pakage (see se. 4.2.3) was fed: MILLENNIUM wl06v200 and themore reent AHAv2 model, whih is our baseline ie model. The omparisonsof the e�etive volumes are shown on the top part of �g. 6.10; it is evidentfrom the plots that the relevant di�erenes arise at low energies; from theplots outlined at the bottom of the same piture, we infer that the relativeerror ranges between ± 3 and 30%.
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6.2 Statistial and systemati unertainties

 [GeV]χM
210 310 410

]3
 [m

ef
f

V

410

510

610

710

Hard Channels (BDT)

MILLENNIUM

AHA

 [GeV]χM
210 310 410

]3
 [m

ef
f

V

310

410

510

610

710

Soft Channels (BDT)

MILLENNIUM

AHA

 [GeV]χM
210 310 410

R
el

at
iv

e 
E

rr
or

 [%
]

0

5

10

15

20

25

30

Hard Channels (BDT)

Ice Model

 [GeV]χM
210 310 410

R
el

at
iv

e 
E

rr
or

 [%
]

0

5

10

15

20

25

30

Soft Channels (BDT)

Ice Model

Figure 6.10: Top: e�etive volume after BDT seletion for samples proessedwith AHA (dashed line) and MILLENNIUM (solid line) ie models, for hard (left)and soft (right) hannels. Bottom: relative error due to the hange in the ie modelsettings, for hard (left) and soft (right) neutralino models.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES
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Figure 6.11: Top: e�etive volume after BDT seletion for three samples withdi�erent settings of the global sale of the OM e�ieny (±10%), for hard (left)and soft (right) hannels. Bottom: relative error due to the hange in the globalOM e�ieny, for hard (left) and soft (right) neutralino models.
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6.2 Statistial and systemati unertaintiesOM sensitivity In the simulation step onerning the detetor response(see se. 4.2.3), the light olletion e�ieny of eah OM was tuned inorder to reah a better agreement with experimental data. Atually eahOM had its own individual sensitivity due to the eletronis and to otheragents. The experimental trigger rate varied over the season with a spreadof about 10 Hz (see e.g. top of �g. 4.3). In simulations, the hange oftrigger rate should be larger when the sensitivity of all OMs are saled upor down at one, i.e. a global shift.Hene, we simulated two additional Monte Carlo samples with the OMsensitivity globally shifted to +10% and −10% with respet to the baselinesimulation. The omparisons of the alulated e�etive volumes, shown onthe top part of �g. 6.11, indiated that this global shift e�et was moreevident for low energy neutralino models and for horizontal events.The relative errors on Veff (see bottom of �g. 6.11), do not show a largeasymmetrial behaviour, ranging then symmetrial around ±20− 40%.The unertainties from the ie model and from the OM sensitivity werequadratially summed and summarised in tab. 6.3 (hard hannel) andtab. 6.4 (soft hannel).6. Time and geometry alibrationA dediated Monte Carlo study [185℄ evaluated the unertainties of timingand geometry alibration on Veff ; they turned out to derease the e�etivevolume by less than 5%. Thus we quoted a onservative error of ±5%.6.2.3 Total unertaintiesUnder the assumption that all the unertainties (whether statistial or sys-temati) on Veff were unorrelated, its total relative unertainty is then expressedby the root of the sum of the squared unertainty of eah individual soure
(
∆V

V

)

tot

=

√√√√∑

i

(
∆V

V

)2

i

(6.6)Tables 6.3 and 6.4 summarise the results for the hard and soft hannel respe-tively. The errors are asymmetri due to the OM sensitivity. For all the othersoures we have assumed onservative symmetri errors. From the numbers inthe tables we infer also that the dominant ontributions ome from the ie modeland OM sensitivity.Sine we onsidered for µs only the statistial unertainty be the relevant one,no other soures need to be quadratially summed alongside with it to yield at
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESNeutralino mass - hard hannel 50 100 250 500 1000 3000 5000Statistial unertainty [%℄ ±2 ±1 ±1 ±1 ±1 ±1 ±1Systemati unertainty [%℄1. Neutrino osillation ±3 ±3 ±3 ±3 ±3 ±3 ±32. Neutrino-nuleon ross-setion ±3 ±3 ±3 ±3 ±3 ±3 ±33. Tau neutrinos ±2 ±2 ±2 ±2 ±3 ±4 ±54. Muon propagation in ie ±1 ±1 ±1 ±1 ±1 ±1 ±15. Ie + OM sensitivity +44
−37

+27
−30

+19
−21

+16
−20

+16
−19

+17
−18

+15
−196. Time and geometry alibration ±5 ±5 ±5 ±5 ±5 ±5 ±5Total unertainty on Veff [%℄ +45

−38
+28
−31

+20
−22

+17
−21

+18
−20

+19
−20

+17
−20Table 6.3: Summary of the relative unertainties on Veff at the �nal level for thehard hannels.the end the total unertainty on µs. Hene (see se. 6.2.2)

(
∆µs
µs

)

tot

=
σµs
µs

(6.7)Neutralino mass - soft hannel 50 100 250 500 1000 3000 5000Statistial unertainty [%℄ ±2 ±1 ±1 ±1 ±1 ±1 ±1Systemati unertainty [%℄1. Neutrino osillation ±3 ±3 ±3 ±3 ±3 ±3 ±32. Neutrino-nuleon ross-setion ±3 ±3 ±3 ±3 ±3 ±3 ±33. Tau neutrinos ±2 ±2 ±2 ±2 ±2 ±3 ±44. Muon propagation in ie ±1 ±1 ±1 ±1 ±1 ±1 ±15. Ie + OM sensitivity +52
−49

±37
+22
−28

+20
−23

+18
−23

+18
−21

+18
−196. Time and geometry alibration ±5 ±5 ±5 ±5 ±5 ±5 ±5Total unertainty on Veff [%℄ +52

−49
±38

+23
−29

+21
−24

+19
−24

+19
−22

+20
−21Table 6.4: Summary of the relative unertainties on Veff at the �nal level for thesoft hannels.6.2.3.1 Further heks on systemati unertaintiesAs argued before, the main soure of systemati unertainties are the iemodel and OM sensitivity. However are there further possible soures of system-ati unertainties? Did the BDT method introdue some unknown soures ofsystemati unertainties? To answer to these questions we should ompare dataand atmospheri bakground simulation after the BDT seletion.
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6.2 Statistial and systemati unertaintiesIf we ompare only the shapes of the observables, the experimental data andthe Monte Carlo bakground are in agreement; but if we look at the absoluterates, possible soures of systemati unertainty may show up.From tab. 5.15 we an infer that atually the BDT method seleted moreatmospheri Monte Carlo events than experimental data. We see that for thehigh energy models (from 250 GeV hard on, and 500 GeV soft on), the data wereontaminated almost exlusively by atmospheri neutrino indued muons, whilefor intermediate models (100 GeV hard and 250 GeV soft) the ontamination wasroughly equally shared between the two soures of atmospheri bakground. Theontamination in the experimental data after the lowest energy BDT seletion(50 GeV soft, 100 GeV Soft and 50 GeV hard), was instead almost due to theatmospheri muons.Following this argumentation, we have evaluated the total unertainty (dueboth to statisti and systemati unertainties), by omparing the number of ex-perimental data events and expeted atmospheri neutrino events, whih wereseleted after the BDT optimisation for the high energy neutralino models, asfollows
∆Etot

Etot
=
Ndata −Natm.ν

Natm.ν
(6.8)thus, we an write

∆Etot

Etot
=

√(
∆ǫstat
ǫstat

)2

+

(
∆ǫ15pc
ǫ15pc

)2

+

(
∆xsys
xsys

)2 (6.9)where ∆ǫstat
ǫstat

is the statistial unertainty on Natm.ν , ∆ǫ15pc
ǫ15pc

the systemati 15%unertainty on the absolute atmospheri neutrino �ux [187℄, and ∆xsys
xsys

the sys-temati unertainty to be evaluated.We see from eq. 6.8 that the total unertainty should be negative; indeed,as we said before, we have more simulated neutrino events than experimentaldata after the BDT seletion. From alulation for the high energy models, we�nd that ∆xsys
xsys

is of the order of the systemati unertainties quoted for thesimulated signal, onsidering the ie model, the OM sensitivity and the time andgeometry alibration (see tabs. 6.3 and 6.4). This means that the unertaintiesin the atmospheri neutrino bakground �ux are mainly due to the medium anddetetor simulation issues. If BDT itself introdued some unknown systematis,then they are almost negligible.If we apply the above explained method to the intermediate and low energyseletions, we should make some hange in the eqs. 6.8 and 6.9, to take into
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESaount also the atmospheri muon ontamination. The systemati unertain-ties found for these models are onsistent with the ones quoted for the e�etivevolumes (see tabs. 6.3 and 6.4).For the models 50 GeV soft, 50 GeV hard and 250 GeV soft, we �nd values of
∆xsys
xsys

whih are of the order -64%, -46% and -44%. We assume that, like for theatmospheri neutrinos, there is an unertainty on the muon �ux of about 15%;the remaining part is due to some unknown e�et in the simulation, not visible inthe atmospheri neutrino sample. However, we assume that the unertainty onthe e�etive volume for these models should be loser to the unertainty quotedfor atmospheri neutrinos than for atmospheri muons. Hene, we replae theunertainties in tabs. 6.3 and 6.4, by taking the average between the abovenumbers and the ones quoted in the tables. The �nal unertainties for thesemodels are: -57%, -42% and -37%. These are indeed the atual values for ∆V

Vwhih we will put in eq. 6.10 to evaluate the total relative unertainty on Γν→µfor these neutralino models (see next setion).6.2.4 Propagation of the total unertaintiesWe have already pointed out that the inlusion of systemati unertaintiesshould be exerted during the onstrution of the µs on�dene interval, to guar-antee proper overage of the interval in Γν→µ.Sine our test statisti desribed in se. 6.1.3 was not Poissonian, well-established and de�nitive methods to inlude systemati unertainties were notdeveloped yet; thus we have adopted a simple method whih was developed andused by other analyses [111, 185℄. Through a dediated toy Monte Carlo study,it was found that
± ∆Γ

Γ
=

√√√√
(
∆µ

µ

)2

tot

+

(
∆V

V

)2

tot

(
1

1∓
(
∆V
V

)
tot

)2 (6.10)was a good approximation of the total relative unertainty on the onversion rate.This error was asymmetri beause the onversion rate did not depend linearly onthe e�etive volume. A small downward (large upward) �utuation of Veff ouldlead to a large upward (small downward) �utuation of Γν→µ.Sine the unertainty on µs is smaller than 1%, the unertainty on the e�etivevolume ompletely dominates the total unertainty on the onversion rate. If weassume that the unertainties on the fators in eqs. 6.15 and 6.17 are negligible,ompared to that on Γν→µ, the unertainties on ΓA, Φµ and on the SI and SDneutralino-proton ross setions an be derived by multiplying the results with
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6.3 Physial quantitiesthe sale fator
1± ∆Γ

Γ
(6.11)These sale fators, for eah neutralino model, are visualised in tabs. 6.7 and 6.9,respetively for hard and soft hannels.6.3 Physial quantitiesIn these setions we will illustrate the relevant physial quantities whih anbe evaluated through our analysis.The onnetion between the volumetri �ux Γν→µ and the signal event rate,

µs/t, is realised one the e�etive volume of the detetor Veff is known. Hene
µs
t

= Γν→µVeff (6.12)We therefore expet that a number of
µs = Γν→µVefft (6.13)neutrino indued muons are deteted during a time t.We have explained in the previous hapter how to redue the atmospheribakground, and, at the beginning of this hapter, how to evaluate the signalstrength, µs, from the remaining �ltered data. Hene, after estimating the ef-fetive volume from Monte Carlo signal simulations, we an infer the volumetri�ux (or neutrino-to-muon onversion rate) by means of eq. 6.13.To derive all these alulations we don't need to known a priori the sale ofthe inoming �ux, but its energy spetrum to optimise the seletion riteria andestimate the e�etive volume. The absolute signal �ux is a quantity whih wewill measure a posteriori.On the same line we an infer other relevant physial quantities, whih aredesribed in the following setions.6.3.1 Conversion rateIn a bakground-only senario, an upper limit an be set to the neutrino-to-muon onversion rate, as follows

Γν→µ ≤ Γ90
ν→µ =

µ90
s

Veff · tlive
(6.14)where tlive is the live-time of detetor with e�etive volume Veff , and µ90

s is theupper limit on the signal ontent at 90% CL (see se. 6.1.3).
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESA possible threshold (either from experiment or from simulation) on the muonenergy ould a�et both µ90
s and Veff ; atually we set a threshold on the en-ergy of simulated neutralino indued muon orresponding to Ethr

µ = 10 GeV (seese. 4.2.1).6.3.2 Annihilation rateThe volumetri �ux is diretly proportional to the neutralino annihilation ratein the Sun, ΓA, by means of
Γν→µ =

ΓA
4πD2

⊙

∫ ∞

0

dEνσνN (Eµ ≥ Ethr | Eν) ρN
∑

X

BX

(
dN

dEν

)

X

(6.15)where D⊙ is the distane to the Sun, σνN the neutrino-nuleon ross setion(above a muon energy threshold, Ethr, of 10 GeV), ρN the nuleon density atthe detetor, and BX the branhing ratio for the annihilation hannel X withassoiated neutrino energy spetrum (
dN
dEν

)
X
.The total neutrino energy spetrum, i.e. the sum of all the ontributionsfrom eah hannel X , weighted by its branhing ratio BX , is the only unknownquantity in the above equation, whih is then

(
dNν

dEν

)
=
∑

X

BX

(
dNν

dEν

)

X

(6.16)The above quantity depends on some SUSY parameters, whih unfortunately areunknown, i.e. the omposition and the mass of the neutralino, whih determinebranhing ratios and energy spetra. Hene, we had to hoose a partiular massand branhing ratio to translate the measured onversion rate to annihilationrate. In this work we perform an energy dependent optimisation, dependent onthe neutralino model, onsidering neutralino masses between 50 and 5000 GeV.The annihilation in the hard hannel (W+W−, or τ+τ− if mχ < mW ) and in thesoft hannel (bb̄) produe the hardest and the softest neutrino energy spetrumrespetively. Any other hoie of branhing ratios leads to an intermediate energyspetrum; hene the experimental outome should stay within those two extremeases. In this way the annihilation rate an be easily ompared to theoretialpreditions (SUSY, dark matter abundane,...) or to other experiments.6.3.3 Muon �uxKeeping on this line, a more useful omparison with other experiments anbe performed through the alulation of the neutrino indued muon �ux above
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6.4 Final resultsan energy threshold, Ethr, of 1 GeV, whih an be expressed as follows
Φµ (Eµ ≥ Ethr) =

ΓA
4πD2

⊙

∫ ∞

Ethr

dEµ
dNµ

dEµ
(6.17)where dNµ

dEµ
is the neutralino indued muon energy spetrum at the detetor,whih inludes the propagation e�ets and the energy losses in the medium. Moredetails about equ. 6.17 an be found in referene [188℄.6.3.4 Neutralino-proton ross setionIf we ompare eqs. 2.1 and 2.3 at �full strength�, i.e. at the equilibrium1,we will derive that the annihilation rate is proportional to the total neutralino-nuleon sattering ross setion, σtot, where

σtot = σSDχH + σSIχH + 0.07σSIχHeUnder the hypothesis that the apture rate is fully dominated either by spin-dependent (σtot ≃ σSDχH ) or spin-independent (σSIχH + 0.07σSIχHe) sattering, we anextrat from the annihilation rate, either the SD or the SI neutralino-proton rosssetion. More details about the alulations of the proportionality fators betweenthe annihilation rate and the SI or SD ross setion an be also found in [188℄.We should mention that in all these alulations, some planetary gravitationale�ets on the apture rate were negleted.6.4 Final resultsIn se. 6.1.3 we develop a hypothesis test and apply it on blinded data toextrat the sensitivity (or median upper limit) on µs and Γν→µ, in a bakground-only senario (see tab. 6.2).The analysis presented in this work, from the event seletion to the handlingof systematis unertainties, was subjet to a review within the AMANDA ol-laboration, where it was arefully heked. One the analysis proedure had thegreen light by the ollaboration, we were allowed to �unblind� the experimentaldata, namely to make all the alulations looking at the real position of the Sun,to derive the on�dene interval on µs. The alulated lower and upper limits,whih orrespond to di�erent signal model optimisations, along with the best µ̂svalues, are shown in tab. 6.5 and visualised in �g. 6.12.1Following the argument in [188℄, we will assume that equilibrium between apture andannihilation rate ould happen in the Sun for eah di�erent neutralino model onsidered in thiswork.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESNeutralino model optimisation µlows µups µ̂s P-value50 soft 0.00 31.72 5.94 0.50100 soft 0.00 21.92 5.93 0.09250 soft 2.34 22.54 10.21 0.18500 soft 0.00 11.37 0.51 0.221000 soft 0.00 14.19 3.40 0.513000 soft 0.00 10.66 0.49 0.315000 soft 0.00 10.26 0.49 0.4850 hard 0.00 16.39 4.29 0.44100 hard 0.00 16.51 5.14 0.07250 hard 0.00 15.28 4.23 0.13500 hard 0.00 13.54 2.41 0.071000 hard 0.00 7.43 0.00 0.213000 hard 0.00 11.20 0.91 0.145000 hard 0.00 9.50 0.00 0.17Table 6.5: For eah neutralino seletion, the lower and upper limit at 90% CL,and the best physial �t µ̂s to unblinded experimental data. The last olumn showsthe P-value (see text).The numbers in the table indiate that, apart from the 1000 GeV hard and3000 GeV hard model seletions, a non-zero signal ontribution (µ̂s > 0), �ts thedata seleted by eah of the remaining model optimisations.The lower limits, apart from the ase of 250 GeV soft, meet the physial bound-ary, i.e. zero. As we an see from �g. 6.12, for most of the neutralino seletions,the upper limits show upward �utuations, if ompared with the median upperlimits in a bakground-only senario (whih are projeted on tab. 6.2, along withtheir 1σ spreads). However, this is not the ase for the 100 GeV hard and 250 GeVsoft seletions, where, as we an see in �g. 6.12, the upper limits are above the
1σ median limit, with a fator of respetively 1.8 and 2.3 of the bakground-onlysenario. On the right side of �gs. 6.13 and 6.14, the log-likelihood ratio (the FCrank R) distributions are plotted (in solid lines), for these two models, as well astheir intereption with the 90% ritial region (dashed lines).Well, then how signi�ant are these two upward �utuations? Are they on-sistent with the expeted bakground, within some on�dene? To try to answerthese questions, we investigated the spae angle distributions to see how theybehave in the domain of the hypothetial signal. These regions, having as india-tion the mass-dependent angular resolutions (see tab. 6.1), ould span betweena few to more than ten degrees.The spae angle distributions in the viinity of the signal, for the 100 GeV
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6.4 Final results
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Figure 6.12: Upper limits on µs at 90% CL extrated from unblinded experimentaldata (markers + solid lines), and the median upper limits with the 1σ spread in thebakground-only senario (dashed lines + shaded grey areas). They are reportedfor all neutralino masses and hannels (left hard, right soft).
ψ90 [degree℄Neutralino model [GeV℄ 50 100 250 500 1000 3000 5000Hard hannel 20.6 11.7 8.6 7.9 7.6 7.6 7.5Soft hannel 43.2 21.4 11.6 9.8 9.0 8.6 8.3Table 6.6: 90% quantile of the spae angle distributions of all neutralino models.hard and 250 GeV soft model seletion, are shown on the left side of �g. 6.13and �g. 6.14. The omplete series of spae angle distributions, related to the 14neutralino models, is reported in appx. B.To evaluate the probability that the upward �utuations may originate fromstatistial �utuations of the bakground, we have performed a statistial hy-pothesis test for the presene of a signal, onsidering as signal region the 90%quantile of the signal spae angle distribution. The alulated quantiles, for eahneutralino signal model, are shown in tab. 6.6.We have followed the proedure reported in [189℄, where the test statisti isde�ned as
T = x− y/τwhere x is the number of observations in the signal region, y is the numberof observations in the bakground region and τ is the probability that a bak-ground event falls into the bakground region divided by the probability that it
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES
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Figure 6.13: On the left: spae angle distribution in the viinity of the Sunfor the 100 GeV hard model. In the piture the unblinded experimental data, theexpeted bakground and the best physial signal+bakground �t to the experimentare shown; the latter two distributions are normalised to the total data set. On theright: the lnR distribution for the experiment (solid line), and the intereptionswith the 90% CL ritial region.
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Figure 6.14: On the left: spae angle distribution in the viinity of the Sun for250 GeV soft model. In the piture the unblinded experimental data, the expetedbakground and the best physial signal+bakground �t to the experiment areshown; the latter two distributions are normalised to the total data set. On theright: the lnR distribution for the experiment (solid line), and the intereptionswith the 90% CL ritial region.
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6.4 Final results
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Figure 6.15: Distribution of the test statisti T for 10000 pseudo-experiments,for the 100 GeV hard model. The vertial dashed line marks the right part of thehistogram to integrate (see text).falls into the signal region. We an exploit the bakground p.d.f., as de�ned inse. 6.1.2, to alulate the τ ratio, thus we have all the ingredients to alulate the
T value. Under the null hypothesis all the events observed are bakground, andwe an perform 10000 pseudo-experiments by randomly drawing the x+y numberof observations from the bakground p.d.f., and omputing Ti for eah pseudo-experiment. As an illustration of the method, the histogram of �g. 6.15 shows thealulated Ti for 10000 pseudo-experiments for the 100 GeV hard model. Hene,we an ount how many pseudo-experiments have a Ti greater than T, just inte-grating the right part of the histogram marked by the dashed vertial line, andthen divide this number by 10000; this ratio is the P-value and it an be alulatefor eah neutralino model seletion. The alulated P-values are reported in thelast olumn of tab. 6.5.Given a ertain threshold (usually one quotes 3 or 5 σ), we did not �nd anysigni�ant exess of events in the diretion of the Sun, for any of the neutralinomodels. The upward �utuations notied for 100 GeV hard and 250 GeV softseletions, should be then interpreted as upward bakground �utuations in theregion between 2-4 degrees for the �rst model, and between 2-4 and 6-8 degreesfor the seond.Sine the experimental data sample was entirely ompatible with bakground,and no signi�ant exess was observed in the diretion of the Sun, we translate theabove information to upper limits on the relevant physial quantities introduedin se. 6.3.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESThe upper limit on the neutrino-to-muon onversion rate at 90% CL, Γ90
ν→µ,an be derived through eq. 6.14. The translation of eqs. 6.15 and 6.17 to upperlimits on the annihilation rate Γ90

A and the muon �ux Φ90
µ were obtained throughthe proedure explained in [188℄.We remind here that the neutrino-to-muon onversion rate is valid for muonenergies above 10 GeV, due to our setting in the Monte Carlo neutralino gener-ator used to alulate the e�etive volumes (see se. 4.2.1). Hene, to ompareour results to the ones of other lower threshold experiments, the muon �ux alu-lation has been resaled to a 1 GeV muon energy threshold. Our �nal results areprojeted on tabs. 6.7 and 6.9 (hard and soft hannels), where we also providethe 90% median upper limit (sensitivity) on the muon �ux, Φ̃90

µ .The obtained upper limits at 90% CL on the annihilation rate and muon �uxare visualised on the top and bottom part of �g. 6.16, in solid (dashed) blaklines for hard (soft) hannels. These limits are ompared to what is expeted inthe bakground-only senario, represented by the grey area in the pitures. Wenotie that above 1000 GeV, both the hard and soft muon �ux limits approaha plateau, where they are roughly within a fator of two from eah other. Atlow masses the di�erene between the soft and hard hannels is more evident,where it reahes a fator of ten for 50 GeV. In these upper limit plots, systematiunertainties are not inluded.As we explained in se. 6.2.4, sale fators are provided to inorporate thetotal unertainties on the measurements. The same sale fators should be usedfor the onversion rate, the annihilation rate, the muon �ux and the neutralino-proton ross setion; they an be found in the last olumn of tabs. 6.7, 6.8 and6.9, 6.10.As a �nal remark, we an onlude that the string trigger played a key role inthe e�ienies for the lowest energy neutralino models; without this trigger therewould be a tremendous redution in sensitivity. The string trigger is thereforeessential in this low energy region, even for horizontal �uxes.
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6.4 Final results
Wimp Mass(hard hannel) Φ̃

Eµ>1GeV
µ Γ

Eµ>10GeV
ν→µ Γ

Eµ>1GeV
A Φ

Eµ>1GeV
µ err. sale

[GeV] [km−2 y−1] [Km−3 y−1] [s−1] [km−2 y−1] 1 −/+ ∆Γ
Γ50 1.05 · 104 1.76 · 105 6.76 · 1023 1.62 · 104 0.69 / 1.72100 1.48 · 103 1.93 · 104 7.41 · 1022 2.66 · 103 0.78 / 1.45250 4.69 · 102 2.60 · 103 5.38 · 1021 7.87 · 102 0.83 / 1.28500 3.66 · 102 1.19 · 103 2.08 · 1021 5.42 · 102 0.85 / 1.271000 3.25 · 102 5.11 · 102 9.70 · 1020 2.91 · 102 0.85 / 1.253000 3.11 · 102 7.11 · 102 1.88 · 1021 4.05 · 102 0.84 / 1.255000 3.11 · 102 6.36 · 102 1.94 · 1021 3.48 · 102 0.85 / 1.25Table 6.7: For the hard hannels: median upper limit on the muon �ux, and �nallimits on the onversion rate, annihilation rate and muon �ux at 90% CL. The lastolumn shows the systematis sale fators; we will adopt the more onservativeone.

Wimp Mass(hard hannel) σSDχp σSIχp err. sale
[GeV] [pb℄ [pb℄ 1 −/+ ∆Γ

Γ50 1.55 · 10−3 5.92 · 10−6 0.69 / 1.72100 5.98 · 10−4 1.34 · 10−6 0.78 / 1.4250 2.53 · 10−4 3.16 · 10−7 0.83 / 1.28500 3.82 · 10−4 3.52 · 10−7 0.85 / 1.271000 7.06 · 10−4 5.45 · 10−7 0.85 / 1.253000 1.22 · 10−2 8.38 · 10−6 0.84 / 1.255000 3.50 · 10−2 2.34 · 10−5 0.85 / 1.2Table 6.8: For the hard hannels: upper limit at 90% CL on the spin-dependentand spin-independent neutralino-proton ross setions. The last olumn shows thesystematis sale fators; we will adopt the more onservative one.
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES
Wimp Mass(soft hannel) Φ̃

Eµ>1GeV
µ Γ

Eµ>10GeV
ν→µ Γ

Eµ>1GeV
A Φ

Eµ>1GeV
µ err. sale

[GeV] [km−2 y−1] [Km−3 y−1] [s−1] [km−2 y−1] 1 −/ + ∆Γ
Γ50 1.60 · 105 1.70 · 106 1.95 · 1026 2.03 · 105 0.66/ 2.33100 1.34 · 104 2.06 · 105 6.22 · 1024 2.01 · 104 0.72 / 1.61250 1.77 · 103 3.27 · 104 3.53 · 1023 4.07 · 103 0.81 / 1.59500 9.09 · 102 6.29 · 103 4.20 · 1022 1.04 · 103 0.83 / 1.321000 6.09 · 102 4.28 · 103 2.04 · 1022 8.88 · 102 0.84 / 1.323000 4.67 · 102 2.17 · 103 7.57 · 1021 5.39 · 102 0.84 / 1.285000 4.33 · 102 1.98 · 103 6.32 · 1021 5.09 · 102 0.83 / 1.27Table 6.9: For the soft hannels: median upper limit on the muon �ux, and �nallimits on the onversion rate, annihilation rate and muon �ux at 90% CL. The lastolumn shows the systematis sale fators; we will adopt the more onservativeone.

Wimp Mass(soft hannel) σSDχp σSIχp err. sale
[GeV] [pb℄ [pb℄ 1 −/+ ∆Γ

Γ50 4.47 · 10−1 1.71 · 10−3 0.66/ 2.33100 5.02 · 10−2 1.12 · 10−4 0.72 / 1.61250 1.66 · 10−2 2.07 · 10−5 0.81 / 1.59500 7.72 · 10−3 7.13 · 10−6 0.83 / 1.321000 1.49 · 10−2 1.15 · 10−5 0.84 / 1.323000 4.93 · 10−2 3.37 · 10−5 0.84 / 1.285000 1.14 · 10−1 7.64 · 10−5 0.83 / 1.27Table 6.10: For the soft hannels: upper limit at 90% CL on the spin-dependentand spin-independent neutralino-proton ross setion. The last olumn shows thesystematis sale fators; we will adopt the more onservative one.
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6.4 Final results
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Figure 6.16: Upper limits, with 90% CL, on the muon �ux above 1 GeV from theSun (bottom) and on the annihilation rate (top), for the bakground-only senario(grey area) and for the unblinded experimental data (blak lines). The hannels aredi�erentiated by the line styles, being solid (dashed) for hard (soft) annihilations.Systemati errors are not inluded
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIES
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Figure 6.17: The upper limits for eah neutralino model (inluding systematis)on the muon �ux from the Sun at 90% CL are shown as open blak irles, andompared to other AMANDA and IeCube searhes. The previous AMANDA andIeCube limits are shown as open blue squares. The open red triangles indiatethe sensitivity whih should be reahed by DeepCore after 10 years of data-taking.The lines (solid for hard hannel and dashed for soft hannel) are there to guidethe eyes. The MSSM-7 phase spae is indiated by grey markers, whih are stillallowed by the spin-independent ross setion limits set by diret searhes.6.4.1 Muon �uxAs desribed in se. 6.3, the 90% CL upper limits on the neutrino-to-muononversion rate were used to derive upper limits on the neutrino annihilation ratesand the resulting muon �ux in AMANDA.In this and the next setion we will ompare our results with other experi-mental outome and theoretial preditions. So far, no signi�ant evidene of aneutralino signal from the Sun was reported by the other indiret searh experi-ments .The omparison of the upper limits of eah neutralino model, at 90% CLand inluding total unertainties (statistial + systematis), on the muon �uxset by di�erent AMANDA and IeCube searhes with our results, are shown in�g. 6.17. The open blue squares represent the best limits extrated from theprevious AMANDA and IeCube searhes. Our limits in the plot are drawn asopen blak irles, with a band whih shows the size of the total unertainty. Theupper edge of this band, marked by the blak line, is our �nal result with themost onservative unertainty. The lines (solid for hard hannel and dashed forsoft hannel) are there to guide the eyes.
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Figure 6.18: The upper limits for eah neutralino model (inluding systematis)on the muon �ux from the Sun at 90% CL are shown as open blak irles, and om-pared to other AMANDA and IeCube searhes, along with other indiret searhes.The previous AMANDA and IeCube limits are shown as open blue squares. Theopen red triangles indiate the sensitivity whih should be reahed by DeepCoreafter 10 years of data-taking. The lines (solid for hard hannel and dashed for softhannel) are there to guide the eyes. The MSSM-7 phase spae is indiated by greymarkers, whih are still allowed by the spin-independent ross setion limits set bydiret searhes.Our results are so far the most sensitive AMANDA/IeCube results in thelow energy region, i.e. in the whole soft hannel domain, and for low energy hardhannel models up to 200 GeV; while they are omparable beyond this mass.The previous AMANDA/IeCube analyses adopted di�erent approahes: the onethat set, before this work, the best limit in the low energy regions had as �lteringsimple one-dimensional sequential uts [111℄. It performed better with respetto the other analyses whih were optimised for a high energy neutrino seletion;one used IeCube data [190℄ and the other used a dataset seleted in a searh forpoint soures with the omplete AMANDA data from 2000 to 2006 [132℄. Withrespet to this latter, our method performs even better, if we onsider that wehad one year less statistis.In the same piture the marked shaded grey area represents theoretial modelpreditions whih were obtained by sanning over a redued MSSM phase spaewith seven free parameters, referred to as MSSM-7 [31, 191℄, using the DarkSusypakage. At eah point in this multi-dimensional spae several quantities arealulated: the neutralino mass, its admixture, the reli density, the annihilation
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6. SIGNAL STRENGTH EVALUATION AND INFERENCE OFSOME RELEVANT PHYSICAL QUANTITIESrate in the Sun, the muon �ux from the Sun, the spin-independent and spin-dependent neutralino-nuleon ross setion, et... Then, the information of thespin-independent ross setion is ompared to the upper limits set by the diretsearh experiments CDMS [61℄ and XENON100 [58℄ (see se. 1.4.2). The darkergrey markers, set instead the expeted limits when those experiment will inreasetheir own sensitivity by a fator of 1000.In �g. 6.18 we added the muon �ux upper limits of di�erent indiret searhexperiments: Super-K [192℄, BAKSAN [193℄ and MACRO [194℄. Below 100 GeVSuper-K, with its low threshold, sets the strongest limits, while above 100 GeVthe AMANDA and IeCube neutrino telesopes bene�t from their muh largervolume.In both pitures open red triangles are drawn, whih represent the foreseensensitivity, for eah neutralino mass annihilating in hard hannel, reahed by thelow energy extension of IeCube alled DeepCore [195℄, onsidering 10 years ofdata-taking.6.4.2 Cross setionsThe omparison of the 90% CL upper limits on the SD neutralino-proton elas-ti ross setion with the results from previous AMANDA and IeCube searhesis shown on �g. 6.19. It is lear that our results perform better in the low energyregion, whih is the more interesting to probe several theoretial preditions. Theomparison with other experiments is shown in �g. 6.20.AMANDA and IeCube are most sensitive to the SD ross setion sine thehuge abundane of hydrogen in the Sun favours axial-vetor interations, andthus put some stringent onstraint. This is not feasible at the moment for diretdetetion experiments like CDMS [61℄, COUPP [68℄ and KIMS [69℄. The greyshaded area shows again the MSSM-7 phase spae, that is ompatible with thediret searh results on the spin-independent sattering, while the darker greyolour marks their future sensitivities.The open red triangles show the foreseen sensitivity for eah neutralino modelon hard hannels for DeepCore, the low energy extension of IeCube, onsidering10 years of data-taking.The SD and SI ross setions were also obtained using the formalism from[188℄. The alulated upper limits at 90% CL on ross setions (both SI and SD)are also shown in tabs. 6.8 and 6.10 for the hard and soft hannels.
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Figure 6.19: Upper limit at 90% CL on the spin-dependent neutralino satteringross setion on protons, inluding systematis. The open red triangles indiatethe foreseen sensitivity, for eah neutralino model, whih should be reahed byDeepCore after 10 years of data-taking. The grey markers represent the MSSM-7parameter spae not exluded by the spin-independent ross setion results fromCDMS and XENON100.
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I'm astounded by people who want to�know� the Universe when it's hard enoughto �nd your way around Chinatown.Woody Allen(born Allan Stewart Königsberg) 7Conlusion and outlook
Aording to several experimental observations, an unknown kind of mattershould pervade our Universe, the so-alled dark matter. Aording to modernCosmology these partiles should be stable, heavy and interat only gravitation-ally or weakly with matter. That is why partiles like this are alled WIMPs(Weakly Interative Massive Partiles).One of the best WIMP andidate is the neutralino postulated in the Super-symmetri extension of the Standard Model of partile physis; it ould onstituteby itself the whole dark matter, or perhaps be one of its ingredients. If neutrali-nos were gravitationally trapped by the Sun, they ould aumulate in its oreand start self-annihilating. Hene, a possible way to reveal the neutralino darkmatter is by deteting their Standard Model deay produts, suh as the neutrino.Then a possible exess of neutrinos is expeted from the Sun diretion over theatmospheri bakground.We started this work with the aim to searh for neutralino indued neutrinosfrom the enter of the Sun. The data olleted by the AMANDA neutrino tele-sope, whih is loated at the South Pole, from 2001 to 2006 were exploited forthis work, from whih we extrated around 812 days of detetor live-time whihsuited the analysis peuliarity.The main goal of our analysis was the indiret detetion of the neutralino, butto reah this point a preparatory work was needed in order to lean the exper-imental data from the atmospheri bakground ontamination. Due to the Sunposition at the South Pole, we expeted nearly horizontal traks of low energyevents, whih onstituted a real hallenge for the reonstrution algorithm. An-other important aspet was the presene of the string trigger whih lowered thethreshold to aept these events.We optimised our event seletion in a model depending way onsidering 14di�erent neutralino models, i.e. 7 masses, whih aording to ollider and as-trophysial onstraints are in the range between 50 GeV to 5 TeV, and two an-nihilation hannels whih produe two extreme neutrino energy spetra, a softand a hard one. In order to improve the event seletion tehnique, to disentangle
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7. CONCLUSION AND OUTLOOKthe signal from the atmospheri bakground, thus ameliorating our sensitivity,we introdued a multivariate method whih ombines the information of severalvariables in a multidimensional phase spae. This method improved a lot pre-vious method based on simple one-dimension sequential uts. The multivariatelassi�er used in this work was the Boosted Deision Trees (BDTs). We ahieveda bakground redution of about 10−7 and a signal e�ieny of about 6% - 35%(depending on the neutralino mass and annihilation hannel) with respet to thetrigger level. The �nal experimental data sample ontained from around 1000 to2500 events, depending on the neutralino model optimisation.The main objetive of our analysis, as said before, was the searh for an exessof neutrino events from the Sun diretion. To evaluate the signal strength from thelast remaining data, we adopted a method whih exploits the shape informationof a disriminating variable, the spae angle between the Sun diretion and thereonstruted trak. This likelihood-ratio test provided on�dene intervals inthe number of signal events whih were physially bounded.The �nal outome of our analysis was that in the �nal sample no statistiallysigni�ant exess of events from the diretion of the Sun was found. An upperlimit with 90% of Con�dene Level on the number of signal events was providedfor the di�erent neutralino model seletions. These upper limits were exploited toinfer an upper limit on the neutrino-to-muon onversion rate at the detetor, theneutralino annihilation rate in the Sun, the neutrino indued muon �ux at thedetetor and the spin-dependent and spin-independent neutralino-proton rosssetions. The 90% upper limits on the muon �ux span between 4.35 · 102 and
2.78 · 104 muons km−2 yr−1 for the hard annihilation hannel and 6.46 · 102 to
4.72 · 105 muons km−2 yr−1 for the soft annihilation hannel. The upper limitson the spin-dependent ross setion obtained with this work span between 10−4and 1 pb, and are better than those from the diret searh experiments.The above quoted numbers inlude all the systemati unertainties. The mainsoures of unertainty were the limited knowledge of the Optial Module sensi-tivity and the unknown e�et in the desription of the ie properties.It should be noted that the inlusion of the string trigger was essential forimproving the e�ieny at the lowest neutralino masses, even if a good reon-strution of suh events was pretty di�ult.Overall, our analysis performs very well; the results quoted for the low neu-tralino mass hard hannel models and for all the soft hannel models, are so farthe most sensitive AMANDA/IeCube results on dark matter. The main reasonis the use of the multidimensional method whih allows a better separation be-tween signal and bakground. A searh for dark matter performed with IeCube(with only 22 strings) data ould not reah the low energy region, sine it hada higher energy threshold than AMANDA. Our results, ompared with anotherdark matter analysis performed on AMANDA data from 2000 to 2006 (optimised
174



for high energy neutrinos), performs even better if we think that we had one yearless statistis.Future improvements on dark matter searhes an be de�nitely ahieved. Oneis the redution of the systemati unertainties related to the Optial Module sen-sitivity and to the ie properties. Espeially for low neutralino mass models it isstrongly demanded. There is a lot of ongoing work inside the AMANDA/IeCubeollaboration, with the development and improvement of new software whih goesin the good diretion.Our study of systematis was performed outside the likelihood-ratio frame,however the more appropriate way to settle systematis would be to inlude themduring the on�dene interval alulation to guarantee the frequentist overageof the saled limits.As we have mentioned in the Introdution of this work, sine 2009 AMANDAhas �nished its operations. IeCube is the suessor in larger sale of AMANDA;its onstrution started in 2005 and its ompletion is planned for early 2011. Itwill onsist of 4800 Digital Optial Modules (DOMs) installed on 80 strings be-tween 1450 m and 2450 m below the ie surfae, with an instrumented volumeof about one-kilometre ube. IeCube was meant to detet high energy neutrinoevents, and the loss of sensitivity at low energies is ompensated by an additionalarray of six densely instrumented strings, whih is alled DeepCore. The designof the six dense strings entred around one of the entral IeCube strings, pro-vides several advantages ompared with AMANDA: 50 out of the 60 DOMs on aDeepCore string are installed in the deep lear ie between 2107− 2450 m, belowthe existing dust-layer, thus improving the reonstrution e�ieny and angularresolution due to the longer sattering length for Cherenkov light. The top 6DOMs in eah of the six strings and three onentri rings of the nearest IeCubestrings will form the so alled �Veto Volume�, required to rejet the bulk of thedownward-going muon bakground. DeepCore will give the possibility to observeneutrinos from above the horizon thus permitting the inrease of the exposuretime for neutrinos from dark matter annihilations up to the entire year. Theexpeted sensitivities of DeepCore, after olleting 10 years of data, on the muon�ux and on the spin-dependent ross-setion, are shown in �g. 6.17 and �g. 6.19as open red triangles.As a �nal remark, we an mention that the �ltered dataset used in the laststage of this analysis ould still be exploited to pursue other WIMP andidateslike the Lightest Kaluza-Klein Partile in the Universal Extra Dimension frame.
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7. CONCLUSION AND OUTLOOK
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A
List and distribution of the observables
In appx. A.1 we will show the list of the 21 observables used to optimise theBDT, broken up in three ategories (see se. 5.4). The distributions of theseobservables before the BDT ut seletion, for the 500 GeV hard neutralino modelseletion, are shown in appx. A.2. In appx. A.3 the same observables are shownafter applying the BDT ut seletion.In the plots the shaded grey area represents the experimental data, the dashedline the neutralino signal, the solid line the atmospheri muon bakground andthe dotted line the atmospheri neutrino bakground. The Monte Carlo signaland bakground simulations are normalised to the live-time of the detetor.The referenes to the observables, before and after the BDT ut, are betweenparenthesis in eah item of appx. A.1. The distributions of the atmospheribakground did not inlude the systemati unertainties.The Hit-reonstrution observables were alulated onsidering a ylinderaround the reonstruted trak with radius ρ = 50 m, and the hits were las-si�ed, aording to their time residual, as:early (tres ∈ [−550,−25]ns), diret (tres ∈ [−25, 75]ns), late (tres ∈ [75, 750]ns)
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A. LIST AND DISTRIBUTION OF THE OBSERVABLESA.1 Observable list for BDT optimisationReonstrution1. The reonstruted log-likelihood (Pandel) theta angle θLLH (A.1, A.22)2. The reonstruted �rst-guess JAMS theta angle θJAMS (A.2, A.23)3. The internal parameter of the Diret Wimp �rst-guess σDWimp
ψ , whih is ameasure of the angular resolution of the solution (A.3, A.24)4. The quality parameter of the JAMS �rst-guess QJAMS, whih omes fromNeural Network trained with some topologial variables to separate highand low quality reonstrution (A.4, A.25)5. The di�erene between the redued log-likelihood (Pandel) and the reduedlog-likelihood Bayesian reonstrution (A.5, A.26)

∆rLLH = rLLHBayes − rLLHLLH6. The ZJAMS oordinate from the �rst-guess JAMS reonstruted vertex (A.6,A.27)7. The variable of JAMS �rst guess σJAMS
ρ , whih is the spread of the distaneof the hits to the trak in a seleted ylinder (A.7, A.28)Topology8. The distane of the entre of gravity, of the hits seleted, from the Z axis

ρCOG (A.8, A.29)9. The distane of the entre of gravity, of the hits seleted, from the entreof the axis rCOG (A.9, A.30)10. The spread of the depth of the entre of gravity of the seleted hits σZCOG(A.10, A.31)Hit-reonstrution11. The number of ative strings N50
str seleted in a ylinder around the trak(A.11, A.32)12. The number of strings N50

strdir
with diret hits seleted in a ylinder aroundthe trak (A.12, A.33)
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A.1 Observable list for BDT optimisation13. The number of strings N50
strlate

with late hits seleted in a ylinder aroundthe trak (A.13, A.34)14. The smoothness of the Leading Edge time LEsmooth (A.14, A.35)15. The length of diret hits Ldir, i.e the projetion of the hit OM (with di-ret hits) along the reonstruted trak; the length is alulated taking thedistane of the two outermost of the projeted points (A.15, A.36)16. The smoothness of the length of diret hits Lsmooth (A.16, A.37)17. The expeted number of hits Nphit
exp based on the probability to detet aphoton given the distane from the trak (A.17, A.38)18. The expeted number of hits Nphit
postexp based on the probability to detet aphoton given the distane from the trak after the last real hit (A.18, A.39)19. The expeted number of hits Nphit
preexp based on the probability to detet aphoton given the distane from the trak before one real hit (A.19, A.40)20. The distane of the entre of gravity ρ20COG(meas−exp)

to the trak within aylinder of radius 20 m. The entre of gravity was de�ned as the di�ereneof the entre of the gravity of the measured hits minus the entre of gravityof the expeted hits (A.20, A.41)21. The square root of the ratio of the mean (weighted with the number ofmeasured photoeletrons nmeaspe ) of the squared distane of the OM to thetrak over the mean (weighted with the number of expeted photoeletrons
nexppe ) of the squared distane of the OMs to the trak √√√√< ρ2nmeas

pe
>

< ρ2
nexp
pe

>
(A.21,A.42)
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A. LIST AND DISTRIBUTION OF THE OBSERVABLES

180



A.2 Observable distributions for BDT optimisationA.2 Observable distributions for BDT optimisa-tion
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Figure A.2
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A.2 Observable distributions for BDT optimisation
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A. LIST AND DISTRIBUTION OF THE OBSERVABLES
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Figure A.6
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A.2 Observable distributions for BDT optimisation
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A. LIST AND DISTRIBUTION OF THE OBSERVABLES

Z(COG)σ
0 10 20 30 40 50 60 70 80 90 100

C
o

u
n

ts
 [

a
.u

.]

1

10

210

310

410

510

610

Data
WIMP (500 GeV hard)

µAtm. 
νAtm. 

Figure A.10

50
strN

0 2 4 6 8 10 12 14 16 18 20

C
o

u
n

ts
 [

a
.u

.]

1

10

210

310

410

510

610

Data
WIMP (500 GeV hard)

µAtm. 
νAtm. 

Figure A.11
186

Appendix1/Appendix1Figs/eps/pre10.eps
Appendix1/Appendix1Figs/eps/pre11.eps


A.2 Observable distributions for BDT optimisation
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A. LIST AND DISTRIBUTION OF THE OBSERVABLES
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Figure A.14
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A.2 Observable distributions for BDT optimisation
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Figure A.16

phit
expN

0 5 10 15 20 25 30

C
o

u
n

ts
 [

a
.u

.]

1

10

210

310

410

510

610

Data
WIMP (500 GeV hard)

µAtm. 
νAtm. 

Figure A.17
189

Appendix1/Appendix1Figs/eps/pre16.eps
Appendix1/Appendix1Figs/eps/pre17.eps


A. LIST AND DISTRIBUTION OF THE OBSERVABLES
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A.2 Observable distributions for BDT optimisation
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BSpae angle and log-likelihood ratiodistributions
In this appendix, on the left side of next pages, we will show some spaeangle distributions in the viinity of the Sun for all the neutralino model se-letions, in order from soft to hard hannels. The spae angle distributions ofunblinded experimental data and expeted bakground, and the best physialsignal+bakground �t to the experiment are shown in the pitures; the latter twodistributions are normalised to the total dataset.On the right side of the next pages, we will show the log-likelihood ratiodistribution lnR, for the experiment (solid line), and the intereptions with the90% CL ritial region (dashed line), for eah neutralino model seletion.
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B. SPACE ANGLE AND LOG-LIKELIHOOD RATIODISTRIBUTIONS
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