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Observation of Atmospheri Muon Neutrinos withAMANDA
Tye Robert DeYoungUnder the supervision of Professor Franis HalzenAt the University of Wisonsin | Madison

The Antarti Muon and Neutrino Detetor Array (AMANDA) is designed to detet high energyneutrinos using the three kilometer thik ie ap overing the South Pole as a target and Cherenkovmedium. Neutrinos that undergo harged urrent interations with nuleons in the ie will produeultrarelativisti harged leptons, whih are deteted through their Cherenkov and stohasti radiationby a three dimensional array of phototubes embedded in the ie ap at depths of 1500 to 2000 meters.The bakground to the observation of neutrinos is the ux of penetrating muons produed inosmi ray showers in the atmosphere. This ux is approximately one million times the neutrinoux. To rejet this bakground, we look downward, using the Earth to �lter out all partiles exeptneutrinos. To demonstrate the orret operation of the detetor, we observe atmospheri neutrinos,whih are produed in osmi ray showers in the Northern Hemisphere. The ux, energy spetrum,and angular distribution of these neutrinos are relatively well known, making them a onvenientalibration soure.This work desribes algorithms that have been developed to reonstrut and identify upgoingneutrinos in data reorded during the austral winter of 1997. A total of 204 neutrino andidatesare identi�ed, ontaining less than 10% bakground from misreonstruted downgoing muons. Theneutrinos observed are found to agree with theoretial preditions of the atmospheri ux within theestimated systemati unertainties. Limits are plaed on high energy neutrino emission from knownastronomial soures of very high energy gamma rays.
Franis Halzen (Adviser)
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Chapter 1
Introdution
Astronomy is among the oldest of the sienes. Humanity has always been fasinated by the heavens,and over the millennia has invested vast e�ort in attempting to better understand the nature of theosmos. From the beginning of history until the last entury, however, only one means of observingthe heavens was available: photons at optial wavelengths.During the twentieth entury, the number of ways of looking at the universe inreased rapidly.Photon astronomy expanded to new wavelengths, and we now look at the sky in every band from radiothrough mirowaves and the infrared to x-rays and gamma rays. As we developed these new waysof seeing, we disovered new objets and new phenomena whose existene was not even suspeted:quasars, ative galaxies, gamma ray bursts, and muh more. These disoveries revolutionized ourunderstanding of the universe.But photons annot tell us everything about the universe. As Fig. 1.1 illustrates, the sky isopaque to high energy gamma rays | above a few TeV gamma rays will interat with the osmimirowave bakground, produing eletron-positron pairs. The distane a gamma ray an travelthrough the universe falls quikly, until at PeV energies a gamma ray has a mean free path of only10 kp [1℄, less than the distane from earth to the galati enter. If we wish to know what the highenergy sky looks like, we must �nd another way to see.In the past deades there have been attempts to use neutrinos to probe these high energies.Suggestions that the oean would be a suitable site for a large neutrino detetor date to the 1960's[3, 4, 5, 6℄, and e�orts to atually build suh a telesope started with the DUMAND projet in1975 [7℄. At the present time, there are two operating neutrino telesopes, Baikal [8℄ and AMANDA,
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Figure 1.1: The gamma-ray horizon as a funtion of energy. The shaded region showsthe areas aessible to observation only with neutrinos; the dominant proesses andbakgrounds responsible for attenuation are listed on the right. From [2℄.



3and three others whih are proposed or in the development and prototyping stages [9, 10, 11℄. Beyondtheir apabilities as telesopes, these large neutrino detetors have many other sienti� apabilities,and as they enter operation they promise to provide many interesting new results.However, these are fundamentally novel instruments. Before their sienti� potential an berealized, their behavior must be understood. There are no well-known astronomial soures on whiha neutrino telesope an be alibrated; there is not even a body of olletive experiene or ommunalwisdom on how to operate suh a devie. Establishing a neutrino telesope as a working instrumentis thus a major undertaking, even after the detetor is physially assembled | one must learn howto analyze the data that is olleted.
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Chapter 2
High Energy Neutrino Physis and Astrophysis
2.1 Astronomial Soures of High Energy NeutrinosThe universe has been explored throughout the spetral range of eletromagneti radiation,from radio waves to gamma rays, but it has only reently beome possible to use other messengerpartiles to observe the universe. The nature, number, luminosity, and spetra of neutrino souresare therefore matters of speulation. It is natural to use the observed energy in high energy osmirays and known soures of non-thermal, high energy gamma radiation for guidane as to the possiblesoures and magnitudes of astronomial neutrino signals. History has shown, however, that theopening of eah new astronomial window has led to unexpeted disoveries; there ould well behidden partile aelerators from whih only the neutrinos esape [3℄. In the following disussion ofpossible neutrino soures, therefore, one should not forget the possibility of serendipitous disovery.High energy gamma rays may be produed in astrophysial soures either through radiativeproesses by aelerated eletrons (synhrotron emission, inverse Compton sattering, and so forth)or through the deay of neutral pions p+  ! p+ �0u�! 2: (2.1)



5Neutrinos, by ontrast, must be produed through hadroni proesses, primarily pion and kaon deay:p+X ! �� + Yu�! �� + ��(���)u�! e� + �e(��e) + ���(��)
p+X ! K� + Yu�! �� + ��(���)u�! e� + �e(��e) + ���(��)
p+X ! K0L + Yu�! �� + �� + ��(���)u�! �� + e� + �e(��e)

(2.2)

where depending on the environment of the soure the target X may be a photon or another hadron,with Y varying aordingly. High energy neutrino astronomy thus has the potential to disriminatebetween hadroni and eletroni models of gamma emitters suh as supernova remnants (SNRs),gamma ray burst soures (GRBs) and ative galati nulei (AGN).
2.1.1 High Energy Cosmi RaysThe origin of osmi rays is one of the oldest puzzles in siene. The prevalent theory isthat most osmi rays, at least those with energies up to perhaps 100 to 1000 TeV, are aeleratedin supernova blast waves [12℄. The argument is based largely on the irumstantial evidene thatthe power available from supernova explosions is about right and that strong shok waves naturallyprodue a spetrum onsistent with what is observed, after aounting for e�ets of propagation.Con�rmation of this theory ould ome by observing evidene of pion prodution at the orret levelin the gas surrounding supernova remnants. Photons with energies up to several GeV have beendeteted by the EGRET detetor [13℄, but there are only upper limits on most of these objets in



6the TeV range and higher, whih has raised unertainties about the standard piture of the origin ofgalati osmi rays [14, 15℄. TeV emission is now established from a few remnants, but it is thoughtto originate from radiation by high energy eletrons [16℄. Detetion of TeV neutrinos from thesesoures would on�rm their role as aelerators of hadroni osmi rays as well.Whether supernov� produe these TeV osmi rays or not, it is generally aepted that theyare inapable of aeleration to higher energies. But somewhere in the universe, Nature aeleratespartiles to the astonishing energy of 1020 eV and even higher [17, 18℄. Although there are plausiblemodels for the origin of these partiles in the halo of our own galaxy [19, 20, for example℄, thepredominant opinion is that osmi rays with energies greater than about 3 � 1018 eV ome fromextragalati osmi aelerators. The prodution of the very high energy osmi rays is thus anopen question; some andidate soures are disussed in the following setions. However, whateverthe mehanisms and sites of aeleration, some fration of osmi rays will interat in their soures toprodue pions. These interations may be hadroni ollisions with ambient gas or photoprodutionin the intense photon �elds near the soures. In either ase, the neutral pions deay to photons whileharged pions inlude neutrinos among their deay produts, with spetra related to those observedin the gamma rays. A neutrino telesope of suÆient sensitivity should be able to observe thesesoures and give lues to their nature.
2.1.2 Ative Galati NuleiOne possible lass of high energy neutrino emitters is ative galati nulei, whih are amongthe brightest gamma ray soures in the universe. AGN emit as muh energy as entire bright galaxies,but they are extremely ompat; within time periods as short as hours, their luminosities have beenobserved to are by more than an order of magnitude [16, 21, and referenes therein℄. AGN emitat all wavelengths of the eletromagneti spetrum, from radio waves to TeV gamma rays, largelythrough the interations of aelerated eletrons with magneti �elds and ambient photons in thesoure. The standard AGN model involves aretion onto a supermassive blak hole, with high energyemission produed by aeleration in jets beamed perpendiular to the aretion dis [22℄, as shownin Fig. 2.1.It is assumed that partiles are aelerated by Fermi shoks in lumps of matter travelling
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8along the jet with a bulk Lorentz fator � � 10, possibly larger, relative to the observer. In orderto aommodate bursts lasting a day or less in the observer's frame, the size of the lump in itsrest frame must be less than R0 = ��t ' 10�2 p. The lumps may in fat be more like sheets,extending aross the jet's size of roughly one parse. The observed radiation at all wavelengths isprodued by the interation of the aelerated partiles in the lump with the ambient radiation inthe AGN. From the photon luminosity L reeived over a time �t, the energy density of photons inthe rest frame of the lump an be inferred:�E = L�t� 13�(R0)3 � L�t� 1(��t)3 � L�4�t2 : (2.3)With high luminosities L emitted over short �t, high energy photons will be ontained by the highphoton density through  ! e+e�; the lump will be opaque to multi-TeV photons unless � is verylarge. A boost fator � & 10 is required to dilute the lump to the point that 10 TeV gamma raysfall below the pair-prodution threshold [22℄.If protons are aelerated along with eletrons to energies of PeV to EeV, they will produegamma rays via pion photoprodution, as in Eq. 2.1. Near the entral blak hole, the ultravioletthermal bakground provides the target photons; in the jets non-thermal photons may also at astargets. If this is the ase, then neutrinos should be produed in similar numbers following Eq. 2.2,and any protons that esape without interating would ontribute to the ux of high energy osmirays. The relative merits of eletron and proton aeleration models are a topi of debate, butobservation of high energy neutrino emission would settle the issue.Examples of transparent soures with large boost fators are the nearby blazars1, Markarian421 and 501. These will be relatively weak neutrino soures beause one expets at most one neutrinoper photon. A soure with the same morphology, but � ' 1, would be opaque to high energyphotons and protons. It would be a \hidden" soure, with redued or extinguished emission ofhigh energy partiles, but undiminished neutrino prodution by protons on the high density photontarget. Waxman and Bahall have pointed out [23℄ that soures suh as AGN whih ontribute to theobserved ultra-high energy osmi rays are limited to an energy ux < 5 � 10�8 m�2 s�1 sr�1 GeVaround 108{109 GeV. Hidden soures, in whih high energy photons and hadrons are trapped but1A blazar is an AGN in whih the jet illuminates the observer.



9from whih neutrinos esape, are of ourse not subjet to this bound. Whether some AGN satisfythe onditions to be hidden is at present an open question.
2.1.3 Gamma Ray BurstsGamma-ray bursts (GRBs) are short, intense, and randomly distributed eruptions of highenergy photons. The most popular mehanism for ahieving these high energies is the onversion toradiation of the kineti energy of ultrarelativisti eletrons and protons that have been aeleratedin a relativistially expanding �reball [24℄. In the �reball's early stages, radiation is trapped by thevery large optial depth, and the �reball annot emit photons eÆiently; f. Eq. 2.3. The �reball'skineti energy is therefore dissipated until it beomes optially thin, at whih time the gammarays produed by synhrotron radiation, and perhaps also by inverse Compton sattering o� theaelerated eletrons, an esape.Neutrinos will also be produed when aelerated protons interat with the intense radiation�eld of the burst, following Eq. 2.2. The neutrino ux an be alulated as a funtion of the relativeratio of protons and eletrons in the �reball. If it is assumed, for example, that GRBs are the soureof the observed ux of the highest energy osmi rays [25, 26, 27℄, then energy must be approximatelyequally transferred to eletrons and protons in the �reball [28℄. Based on the observed gamma spetra,one might suppose GRB neutrinos to be generated following a broken power law energy spetrum [29℄:

d�dE� = 8>>><>>>:
AEBE� forE� < EBAE2� forE� > EB (2.4)

where EB is the energy of the break in the typial GRB two-power-law spetrum. Its value depends onthe boost fator of the �reball, among other things. The normalization onstant A an be determined,for example, from the assumption that GRBs are the soure of the highest energy osmi rays. Theopaity of the soure depends strongly on the Lorentz fator of the outow; f. Equation 2.3. Theboost fator has been only indiretly determined by GRB follow-up observations, and it may beexpeted to vary somewhat from burst to burst, but is probably in the range 102{103 [30, 31℄.The expeted neutrino event rate in AMANDA-B10 an be determined by a Monte Carlosimulation of the GRB signal and the detetor. The number of events triggering AMANDA-B10
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Figure 2.2: GRB spetrum at AMANDA trigger level. The distribution is a onvolutionof the neutrino ux and the probability of onversion to a muon within the range ofthe detetor.
under these assumptions is shown in Fig. 2.2; the total predition for 78 bursts in 1997 is about0.1 events, taking � = 300 for all bursts and EB around 700 TeV [32℄. However, an importantonsequene of utuations in � is that the signal is dominated by a few very bright bursts. Althoughwe expet less than one neutrino event in AMANDA-B10 from a typial GRB, beause the neutrinoux varies as �� _ ��4 a single burst with favorable harateristis ould produe multiple eventsin the detetor [30℄. Moreover, the spatial and temporal information provided by satellite detetiongreatly redues the potential bakground and permits oinident searhes with muh larger e�etivearea than for di�use or point soures of neutrinos.



11In addition, AMANDA-B10 may be able to onstrain other theories of GRBs. Although the�reball model as presented above is the most widely aepted theory, there are other models that mayalso be able to explain the observed gamma ray uxes. Some of these models predit very di�erentneutrino uxes, whih may be observable or onstrainable with AMANDA-B10 [33, 34, for example℄.
2.1.4 Di�use High Energy NeutrinosWhether or not individual soures of high energy neutrinos are suÆiently bright to be ob-served, a large neutrino detetor will be sensitive to the di�use ux of neutrinos from the bakgroundof unresolved soures [2℄. Identifying this ux is of ourse more diÆult than deteting point soures,beause one annot rely on diretional disrimination. However, the di�use astrophysial ux willhave a signi�antly harder spetrum than the atmospheri foreground, and so the astrophysial di�useux an be measured as the high energy omponent of the isotropi ux.
2.2 Exoti Neutrino PhysisIt is generally aepted that some 90% of the mass of the universe is omposed of someunknown nonluminous material, reatively referred to as \dark matter" (or \dark energy"). Onetheory regarding the dark matter is that it is made up, at least in part, of weakly interating massivepartiles (WIMPs), for whih one andidate is the lightest supersymmetri partile, generally believedto be the neutralino. If all of these assumptions are orret, then WIMPs travelling through spaeshould have some �nite probability to undergo elasti neutral urrent sattering with nulei andbeome trapped in gravitational wells. If this is so, then they will build up in massive objets untilthey reah equilibrium between olletion and annihilation.Neutralinos will annihilate into leptons, gluons, quarks, or gauge or Higgs bosons, dependingon the neutralino mass. Most of these annihilation produts will produe neutrinos by hadronizationor deay. These WIMP-indued neutrinos would be distinguished by their origin in the enter of theearth, the sun, or the galaxy; the enter of the earth is attrative beause the only bakground isthe atmospheri neutrino ux, although the equilibrium population will be lower than the other sitesdue to the shallower gravitational well [35℄. The greater proximity may be a mixed blessing: on theone hand the detetor overs a greater solid angle, but on the other hand the neutralinos may have



12suÆient thermal energy for the neutrinos to ome from a relatively large solid angle themselves.Neutrino telesopes are very omplementary to other searhes for neutralinos, in that thesensitivity of diret and ollider searhes to new partiles dereases with the partile's mass. Neutrinotelesopes, on the other hand, are most sensitive to high mass neutralinos beause the higher masswill give the annihilation produts more energy, and as disussed in Setion 3.4.3 the detetability ofneutrinos rises with energy. Diret searhes, whose sensitivity dereases with mass, are unlikely everto over the mass range above a few hundred GeV; nor will the Large Hadron Collider, whih willoperate below the threshold for produing neutralinos of high mass.Neutrino telesopes an also searh for ultra-high energy neutrino signatures of topologialdefets predited by grand uni�ed theories, and for magneti monopoles. AMANDA has alreadyestablished the urrent best limit on relativisti monopoles [36℄, one order of magnitude below theParker bound. Further, neutrino telesopes with sensitivity to astronomial point soures will havea unique mode of observation of neutrino osillations. Astrophysial soures are expeted to produeonly eletron- and muon-avored neutrinos. However, propagating over osmologial distanes, theneutrinos should reah the equilibrium population of equal numbers of eah avor if osillations areallowed, regardless of the mixing parameters. The observation of tau neutrinos from astrophysialsoures would onstitute very lear evidene for neutrino osillations. Suh ultra-long baseline �� ap-pearane studies ould probe the neutrino mass di�erenes down to the level of �m2 & 10�17 eV2 [29℄.
2.3 Atmospheri NeutrinosThe earth's atmosphere is onstantly bombarded with osmi rays, whih interat with nuleiin the air to produe extensive air showers. At the energies of relevane to neutrino telesopes,the osmi rays are omposed mainly of protons and helium nulei, shown in Fig. 2.3, with someontributions from heavier nulei [37℄. In this energy range the osmi rays follow a spetrum ofapproximately E�2:7, depending slightly on speies. The air showers preipitated by osmi raysontain two types of partiles that an reah a deep neutrino telesope: muons and neutrinos. Thesepartiles are referred to as \atmospheri" beause of their origin. The high energy neutrinos areprimarily muon neutrinos; eletron neutrinos are suppressed by almost two orders of magnitude [38℄.The angular distribution of the osmi rays is approximately isotropi, but the physis of
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Figure 2.3: Di�erential spetra of the proton and helium omponents of the osmirays. The energy relevant to atmospheri muon and neutrino prodution in a largeneutrino telesope is the TeV sale, at the far right of the plot. From [39℄.



14meson deay modify the angular distribution. At high energies, the muon progenitors of atmospherineutrinos are so strongly boosted that the vertial path length through the atmosphere is shorterthan the muon deay length x0 = ��. One the muon hits the surfae, energy loss beomes sorapid that the hane of deay to a high energy neutrino is very low. The high energy omponent ofthe atmospheri neutrino ux is thus generated primarily at high zenith angles relative to the surfaeunder the air shower. This e�et auses the horizontal ux at the detetor to be several times aslarge as the vertial ux at energies relevent to a neutrino telesope [38℄, as seen in Fig. 3.8.Atmospheri muons and neutrinos are formed primarily through the reations desribed inEq. 2.2. However, harmed partiles are also formed in these high energy reations, primarily Dmesons. These harmed partiles an deay semileptonially, produing neutrinos [38℄. Beause ofthe short lifetime of the harmed partiles, these are referred to as \prompt" neutrinos. Promptneutrinos onstitute only a few perent of the neutrino ux at 1 TeV, but beome more importantat higher energies, as shown in Fig. 2.4. The harmed mesons responsible for the prompt ux do notreah the surfae even at extremely high energies, so the prompt ux is isotropi, allowing it to beseparated from the anisotropi onventional omponent.Atmospheri neutrinos propagate some 104 km through the earth, depending on their zenithangle. Over this distane the neutrinos may osillate between avors; this is the presently aeptedexplanation for the atmospheri neutrino anomaly. The path length L traveled by a neutrino throughthe earth depends on the zenith angle �, from 13000 km for a neutrino traveling the full diameterof the planet to only a few hundred km for a neutrino passing horizontally through a detetor twokilometers below the surfae. Furthermore, osillations are sinusoidal in L=E� rather than L, meaningthat high energy neutrinos e�etively see a shorter path length in whih to osillate than do lowerenergy neutrinos. The osillation probability is thus a funtion both of the neutrino's energy and ofits angle, as shown in Fig. 2.5, and beomes quite small for neutrinos with energies above 100 GeV(although a high value of �m2 would make osillations more notiable at higher energies). Measuringosillation parameters with a neutrino telesope will thus require two things: a low energy thresholdand good energy resolution. Smaller, denser detetors optimized for lower energies, suh as SNOand Super-K, will be able to make more preise measurements on a per-event basis, but the muh



15

10
-20

10
-18

10
-16

10
-14

10
-12

10
-10

10
-8

10
-6

10
-4

10 10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

Total νµs
from K, π and µs
from prompt decays

E
ν 

dN
(ν

µ+
ν− µ)

/d
E

ν 
(c

m
-2

s-1
sr

-1
)

10
-20

10
-18

10
-16

10
-14

10
-12

10
-10

10
-8

10
-6

10
-4

10 10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

Total νµs
from K, π and µs
from prompt decays

Eν (GeV)

Figure 2.4: Vertial and horizontal muon neutrino uxes. The prompt omponent be-omes important at higher energies, espeially in the vertial diretion. From [40℄.
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Figure 2.5: The probability that a neutrino is deteted in the same avor state that itwas produed in, as a funtion of angle in a detetor at 2 km depth. Maximal mixingbetween two states with �m2 = 3:5 � 10�3 eV2 is assumed. From [40℄; note that theangle is de�ned oppositely to the usage in this work.
larger e�etive volume of a detetor like AMANDA may o�set this advantage somewhat; nevertheless,measuring the e�et will be diÆult. For the high energy omponent of the atmospheri neutrinoux, for whih neutrino telesopes are optimized, neutrino osillations will have little or no e�et.The real importane of atmospheri neutrinos for a telesope like AMANDA lies in the fatthat they are relatively well understood. At energies of tens of GeV to a few TeV their rate isknown to within about 30% [41℄. There are no benhmark astrophysial soures of high energyneutrinos, omparable for instane to the Crab for gamma ray telesopes, so the atmospheri neutrinosform an all-important alibration ux. As shown in Fig. 2.6, atmospheri neutrinos dominate all



17expeted astrophysial soures below TeV energies, and so to �rst order all neutrinos observed by aneutrino telesope with a threshold of order 100 GeV will be atmospheri in origin. For a matureneutrino telesope, atmospheris will eventually onstitute an irreduible low energy foreground toastrophysial neutrinos, and so telesopes like AMANDA (as opposed to detetors foused on lowerenergies like Super-K) are optimized for TeV neutrinos. In the meantime, the measurement of theexpeted number, angular distribution, and energy spetrum is thus a ritial step in demonstratingthe orret operation of a neutrino telesope; although the detetor is optimized for somewhat higherenergies, the large ux of atmospheri neutrinos means that an analysis spei�ally optimized to �ndthem, as opposed to rejeting them as a foreground, will detet enough neutrinos to ensure that thedetetor's behavior is well understood.
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Figure 2.6: The magnitude of di�use uxes of muon neutrinos, from [2℄. The uxes aremultiplied by E2� for larity. The width of the atmospheri band shows the angulardependene of the ux | the horizontal ux is the top boundary and the vertial uxis the bottom. The numbered lines indiate the ombined uxes from unresolved pointsoures under various models; see [2℄ and referenes therein for details.
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Chapter 3
Neutrino Detetion
3.1 Optial Cherenkov DetetorsAll existing neutrino telesopes are based on the same tehnique, optial Cherenkov detetion1.The neutrinos themselves, of ourse, are unobservable. However, a neutrino or antineutrino passingthrough matter has some probability to interat via harged-urrent sattering�l +N ! l� +X��l +N ! l+ +X (3.1)
where l is one of the lepton avors and N is a nuleon in the target. At high energies, the leptonswill arry about half of the neutrino's energy, meaning that from the kinematis of the reation, theneutrino and the lepton will be ollinear to a mean deviation ofq
�2��� �qmp=E� ; (3.2)
about 1.75 degrees for a 1 TeV neutrino [12℄. The other half of the energy will be released in thehadroni asade X, produing a bright but relatively loalized ash of light.The sienti� potential of neutrino astonomy arises from the great penetrating power of neu-trinos, whih allows them to emerge from dense inner regions of energeti soures. The unfortunateorollary is that the expeted neutrino detetion rate is small, meaning that extremely large detetorsare required to observe reasonable event rates. For most astrophysial soures, the requisite sale is1Some pioneering early experiments, and experiments designed for other purposes but used seondarily to detethigh energy neutrinos, were based on other tehniques [2℄



20on the order of 1 km3 [42℄. For the observation of atmospheri neutrinos, e�etive volumes as muhas two orders of magnitude smaller will still yield signi�ant numbers of events provided that theenergy threshold is 100 GeV or less, but nevertheless the sale of the detetor must be at least tensof meters.There are two approahes to building suh a neutrino detetor. The �rst, typi�ed by Super-Kamiokande [43℄ and the Sudbury Neutrino Observatory [44℄, is to build a densely instrumenteddetetor on the sale of tens of meters, with eÆieny near unity. This approah o�ers the advantagethat the detetor is (barely) small enough to be ustom-built. Suh a detetor will be e�etive atlow energies, but the falling spetra of high energy neutrino uxes mean that the geometri size ofthe detetor will be insuÆient to ollet many events at high energies. Furthermore, the detetor isnot large enough to trak muons for distanes suÆient for energy measurement, or to ontain tauevents. The e�etiveness of suh a detetor is thus quite limited at energies above a few hundredGeV. The seond approah is \to build a detetor that barely works" [45℄. Rather than building anarti�ial detetor, one instruments a naturally ourring medium. Sine the prie is determined bythe number of instruments used rather than the size of the detetor, the density of instrumentationis a totally free parameter of the design, and one an ahieve kilometer-sale detetors at relativelylow ost if one aepts a very sparse detetor, with a typial spaing between photosensors of tens ofmeters. The threshold of suh a detetor will be quite high, of ourse, and the eÆieny for eventsnear threshold will be low, but the amount of light generated by very high energy events is suh thatthe detetor will retain reasonable eÆieny for the high energy neutrinos typial of astrophysialsoures.Two suitable natural media have been identi�ed for the optial detetion of neutrino-induedleptons: deep oeans or lakes [5℄ and the austral polar ie ap [46℄. Both of these media are availablein bulk, of ourse, and both are extremely lear, with typial attenuation lengths of 25{50 m or morein the blue wavelengths most important for neutrino telesopes [47℄. To build a neutrino detetor,one embeds a three-dimensional lattie of photosensors in the medium. Time resolutions of a fewnanoseonds (orresponding to geometri resolution of about a meter) allow the trak of a high energy



21lepton to be reonstruted from the Cherenkov and stohasti light it emits, and as disussed abovethe lepton will be nearly ollinear with the inident neutrino. Depending on the medium and thedetails of the hardware, a muon trak an be reonstruted with an auray of better than a degree[9, 48℄, suÆiently preise for astronomial measurements.Oean water and polar ie are optially omparable media. In oean water, the absorptionlength is muh shorter than the sattering length, meaning that photons are very rarely sattered inthe medium between emission and detetion. In ie, on the other hand, the attenuation is dominatedby sattering. This means that ie detetors are in priniple apable of making better alorimetrienergy measurements, but on the other hand are must be taken in an ie detetor to distinguish\diret" or unsattered photons, whih are useful for trak reonstrution, from sattered photonswhih are useful only for energy measurement. It an be expeted that a mature ie detetor willhave better energy resolution but slightly poorer angular resolution than a water detetor of similarsize.
3.2 Lepton SignaturesFor a muon neutrino or antineutrino, the seondary muon will travel in a roughly straightline, losing energy at the rate of 0.2 GeV/m (rising with E�), as disussed in Setion 3.4. For highenergy neutrinos, this implies a muon path length of hundreds of meters, kilometers, or even tens ofkilometers. The experimental signature of a muon trak will thus be a long, linear deposition of light,as shown in Fig. 3.1(a). The misalignment angle in Eq. 3.2 dereases with the fration (1� y) of theneutrino's energy arried by the muon, so that longer-range muons will in general be better alignedwith the original neutrino than shorter-range muons. Sine the probability to detet a muon dependson its range, this means that the average misalignment of deteted muons will atually be less thangiven in Eq. 3.2 [9℄. Beause the long muon range inreases the e�etive volume of the detetor, andbeause the muons preserve diretional information about the neutrinos, muon detetion is the moststraightforward mode of operation of a neutrino telesope. This work will therefore fous on a searhfor muon neutrinos.Nevertheless, neutrino telesopes are sensitive to the other leptons, and avor tagging is pos-sible based on the harateristi signatures of the di�erent leptons. Eletrons produed aording



22to Eq. 3.1 will not have the long ranges of muons. Rather, they will quikly asade in the targetmedium via bremsstrahlung and pair prodution, depositing their energy exponentially over a typiallength sale of approximately 36 m [49℄. This asade will produe a great deal of light in a region ofa few meters' length. In an ie detetor, the light will be strongly sattered, produing an e�etivelyspherial pattern, as opposed to the linear trae of a muon.The most interesting signature omes from tau leptons. The short lifetime of the tau willbe relativistially dilated by its high energy, but will still be too short for the tau to travel largedistanes exept at very high (PeV sale) energies. For moderate energies, then, the tau neutrino willinterat, produing a hadroni asade at the interation vertex. The tau will travel some distaneomparable to or shorter than the size of the asade, whereupon it will deay. The deay willprodue a seond asade whih will be extremely diÆult to resolve from that produed in theoriginal neutrino interation, so that the event will be essentially indistinguishable from an eletronevent. At very high energies, however, the tau may travel hundreds of meters. Energy loss along thetrak is suppressed by the tau mass, meaning that the trak will be dimmer than a muon trak, butthe seond asade will be far enough separated from the interation vertex to be learly resolved, asillustrated in Fig. 3.1(b). This \double-bang" topology forms a very distintive signature of ontainedtau events [50℄.
3.3 Muon Neutrino Cross SetionThe inlusive ross setion for harged-urrent muon neutrino-nuleon interations is [51℄d2�dxdy = 2G2FMNE�� � M2WQ2 +M2W ��xq(x;Q2) + x�q(x;Q2)(1� y2)� ; (3.3)where �Q2 is the invariant momentum transfer from the neutrino to the outgoing muon, q and �q arethe quark and antiquark struture funtions of the nuleon, GF is the Fermi onstant, MN and MWare the masses of the nuleon and W boson, and x and y are the Bjorken saling variablesx = Q22MN (E� � E�)and y = 1� E�E� ;
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(a) A muon event. The muon passes throughthe array emitting light at a relatively onstantrate. (b) A tau event. The two spheresof light are aused by the initialneutrino-nuleon interation andthe subsequent deay of the taulepton.Figure 3.1: Simulated leptoni events in Ie Cube. The larger sale of the proposeddetetor makes the di�erent topologies learly visible.
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Figure 3.2: Neutrino and antineutrino ross setions as a funtion of energy, from [51℄.The solid lines are based on the CTEQ3 parton distributions; the dashed and dot-dashlines are neutrino ross setions based on older measurements.
the fration of the nuleon's four-momentum arried by the interating quark and the fration of theneutrino's energy deposited in the interation, respetively. At low energies the antineutrino rosssetion is roughly a quarter that of neutrinos, but at high energies the ross setion is dominated byinterations with sea quarks in the nuleon rather than valene quarks, and the ross setions beomeequal, as shown in Fig. 3.2.At low neutrino energies, �Q2 �M2W , so the term in parentheses in Eq. 3.3 may be negleted.The ross setion is thus seen to rise linearly with the neutrino energy. �Q2 beomes omparableto M2W at about 3.6 TeV, ausing the growth of the ross setion to slow. However, the average ybegins to fall, as shown in Fig. 3.3, meaning that the muons arry o� a higher fration of the neutrinoenergy [51℄. This faster-than-linear rise in muon energy, and thus muon range, with neutrino energypartially o�sets the slower growth in neutrino ross setion in terms of the detetability of the
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Figure 3.3: Average inelastiity of neutrino-nuleon interations, from [51℄. The fallinghyi in the region from 1 TeV to 1 GeV ompensates for the falling ross setion byinreasing the muon range.
neutrinos2.
3.4 Muon Energy LossRelativisti muons travelling through matter lose energy through a variety of hannels. Beausea muon is deteted by the energy it gives o�, via the light emitted in the various loss proesses, andbeause a muon's range is determined by its rate of energy loss, it is essential to understand thesemehanisms of energy loss.
3.4.1 Cherenkov RadiationIe is a relatively dense optial medium, with an index of refration3 n ' 1:33 in the blue andgreen wavelengths at whih the optial modules are most sensitive [53℄. Highly relativisti muons,then, will have a veloity well over the Cherenkov threshold of =n; the energy threshold for muons2For antineutrinos the fall in y is less drasti. However, the turnover in the ross setion is lower, so the ombinede�et is similar to that for neutrinos.3This is the index based on the phase veloity of light. Properly it is the group veloity that is important in mostases, but it is shown in [52℄ that the di�erenes are relatively minor.



26in ie is [54℄
ECh = m�q1� 1n2 = 160 MeV.

The Cherenkov radiation is strongly peaked at an angle of
os �Ch = 1�n = 41Æ

with respet to the muon diretion for energies relevent to AMANDA.The total ontinuous energy loss of a relativisti muon in ie is about 0.2 GeV/m [55℄. Theenergy emitted in Cherenkov radiation is only a small part of the ontinuous loss, about 2 MeV/m,the rest going into ionization of the medium. Nevertheless, a muon emits a few hundred Cherenkovphotons per m, enough for detetion. The Cherenkov radiation follows a 1/�2 spetrum, meaningthat bluer wavelengths are the most important for detetion of the light, up to the ultraviolet uto�imposed by the glass omponents in the optial modules [54℄.
3.4.2 Stohasti Energy DepositionIn addition to the Cherenkov light radiated by all relativisti muons, very high energy muonswill undergo stohasti (or `atastrophi,' or `disrete') energy loss. The main stohasti proessesare bremsstrahlung, diret e+e� pair prodution, and (somewhat less important) hadronization ofnulei [56℄, shown in Fig. 3.4. As the name suggests, these proesses are relatively rare but involvelarge amounts of energy, produing sharp bursts of light at disrete points along the trak4. Theaverage rate of stohasti energy loss is nearly proportional to the muon energy, so the total rate ofenergy loss per unit length travelled an be parametrized by

�dEdx = a(E) + E b(E) (3.4)
where both a(E) and b(E) are approximately onstant at the energies of interest [55℄. As disussedabove, a � 0:2 GeV/m. The value of b is about 3:4 � 10�4 m�1 in ie, so that atastrophi events arethe main omponent of energy loss for muons above about 600 GeV [54℄.4At very high energies, these proesses beome so frequent that they annot be resolved, resulting in quasi-ontinuousemission of light. Even at these energies, however, extremely bright single events | partiularly bremsstrahlung |will be distinguishable from the mass of lower energy losses, produing the same stohasti pattern of light emission.
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Figure 3.4: The linear oeÆient of muon energy loss, showing the ontributions frompair prodution, bremsstrahlung, and nulear hadronization. � in the �gure orre-sponds to b in this work. The values given are for rok; ie is less dense and so dE=dxis lower. From [56℄.



28The enter of mass frame for these stohasti proesses is strongly boosted along the muondiretion due to the extremely high momentum of the muon. The partiles produed in these proessesare thus kinematially onstrained to the same diretion as the muon, and the Cherenkov light theyemit is also peaked around the Cherenkov angle of the muon. There is a smearing of a few degreesaround the Cherenkov one [57℄, whih must be aounted for in simulation and reonstrution, butthis is a higher-order orretion to the general piture of onial light emission, with stohasti eventsvarying the intensity, but not the diretion, of emission.
3.4.3 Muon Range and DetetabilityEquation 3.4 an be solved to �nd the approximate range of a muon of initial energy E0R�(E0) � 1b ln�bE0a + 1� (3.5)assuming of ourse that the muon does not deay in ight. For low energy muons, this provides afairly good estimate, but for high energy muons the energy loss is dominated by atastrophi loss,and the random nature of the proess beomes important, as shown in Fig. 3.5. A full Monte Carlosimulation is thus neessary to take into aount utuations in the loss rate. On average, however,the muon range rises linearly with energy up to nearly a TeV, after whih the growth of range is onlylogarithmi.A muon an be deteted at any point along its trak, of ourse5. We an therefore usethe produt of the neutrino's ross setion and the muon's range as a rough index of the relative\detetability" of a muon neutrino. The longer range of high energy muons, in onjuntion with therising ross setions disussed in Setion 3.3 above, will o�set the falling energy spetra of neutrinos.The ombination of these e�ets auses the detetability of muon neutrinos to rise as E2 (at leastup to energies of a few TeV) meaning that for a hypothetial astrophysial E�2 neutrino sourethe number of neutrinos deteted as a funtion of (neutrino) energy will be roughly onstant in thisenergy region. Atmospheri neutrinos, on the other hand, have a softer spetrum, and so the numberof muons deteted from atmospheri neutrinos dereases rapidly with energy, as shown in Fig. 3.6.5Ionization losses are nearly onstant down to muon energies of about 1 GeV, so the piture desribed abovedesribes all but the last few meters of a muon's range. An energy threshold below several hundred GeV is nothingmore than the requirement that the muon not range out before being traked for a minimum distane within thedetetor.
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Figure 3.5: Distributions of muon range in standard rok as a funtion of initial muonenergy (in GeV). The vertial lines indiate the analyti solutions to Eq. 3.5, takinginto aount the running of b shown in Fig. 3.4. At higher energies the muon range issystematially overestimated by the analyti formula. From [56℄.
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Figure 3.6: The energy of deteted neutrinos from a hypothetial E�2� soure of ar-bitrary magnitude, as ompared to those from atmospheri neutrinos. For the E�2�soure, the detetion rate is approximately onstant from the detetor threshold to 1TeV, whereas the rate of atmospheri neutrinos falls quikly.
High energy muons radiate energy rapidly, so even muons generated at very high energies traversemost of their range at TeV energies. Nonetheless, muons from soures with hard spetra will typiallyreah the detetor at higher energies than those from atmospheri neutrinos, as shown in Fig. 3.7.Searhes for atmospheri neutrinos must onentrate on low energies, whereas for soures with hardspetra one bene�ts from a high energy threshold that redues the atmospheri neutrino bakground.
3.5 BakgroundThe main bakground with whih neutrino telesopes must ontend is that of osmi ray muons.Muons are produed when osmi ray primaries (protons and heavier nulei) impat on the earth'satmosphere, mainly through hadronization into pions and kaons whih then deay to muons. This is
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Figure 3.7: The (integral) muon energy spetrum for an E�2� soure of arbitrary mag-nitude, ompared to muons from atmospheri neutrinos. Raising the threshold to 1TeV has little e�et on sensitivity to astrophysial soures, but greatly redues thenumber of atmospheri neutrinos seen. For this reason, AMANDA is optimized forTeV energies. From [2℄.



32the same proess that produes the atmospheri neutrinos that are so useful as a alibration beam6.High energy muons, as noted above, have a range of several kilometers, and so muons produed inthe atmosphere above a neutrino telesope have some probability to penetrate to the depth of thedetetor. For this reason neutrino telesopes are built as deep as possible, to attenuate the downgoingmuon ux.The vertial muon ux at the top of AMANDA-B10 (1500 m below the surfae) is approx-imately 3 � 10�3 m�2 sr�1 se�1, falling by a fator of 3 over the 500 m to the bottom of thedetetor [58℄. These muons are responsible for the vast majority of AMANDA's triggers, whih o-urred at a true (deadtime-orreted) rate of 100 Hz with the 1997 set-up. This rate ompletelydominates any expeted signals, making extensive bakground rejetion neessary to obtain reason-able signal-to-noise. These muons are of ourse physially idential to omparable neutrino-induedmuons, so in searhing for relatively low energy atmospheri neutrino events we restrit our searh toupgoing muons. The bulk of the earth then ats as a �lter against diretly produed muons, and theneutrino events beome detetable, as shown in Fig. 3.8. At higher energies, above a few TeV, thefalling spetrum of atmospheri muons has redued the ux to levels low enough that astrophysialsoures ould be seen even in the Southern sky. Of ourse, the separation of signal and bakgroundis still only possible on a statistial basis for downgoing muons; one an never be absolutely ertainthat a given muon is not atmospheri, although the odds against suh an origin may be vanishinglysmall. The downgoing hemisphere beomes even more important at very high energies, beause therising neutrino ross setion will render the earth opaque even to neutrinos.

6These two methods of muon prodution lead to a somewhat onfusing nomenlature. The term \atmospherimuon" refers only to a muon that is produed diretly in the atmosphere and penetrates to the detetor. Muonsprodued by neutrinos will always be referred to as neutrino-indued, even though the neutrinos themselves may beatmospheri in origin.
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Figure 3.8: The angular distribution of the muon ux triggering AMANDA. The solidline is the atmospheri muon ux as predited by the orsika air shower simulation[59℄. The dashed line shows the rate of muons produed by atmospheri neutrinos,from the nusim simulation [60℄.
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Chapter 4
The AMANDA Detetor
4.1 Optial ModulesThe AMANDA detetor onsists of a three-dimensional lattie of optial modules (OMs). EahOM onsists of an 8" Hamamatsu photomultiplier tube (PMT) in a glass pressure housing1. The OMis onneted to the surfae by an eletrial able, whih provides high voltage to the module and alsotransmits the anode signal of the PMT bak to data aquisition (DAQ) eletronis on the surfae.Several types of OMs may be distinguished. Those on the inner four strings of the AMANDAdetetor, olletively referred to as AMANDA-B4, were deployed in the 1995{96 austral summer.These OMs were onneted by oaxial able to the surfae, whih provides protetion against rosstalk in the ables. Coaxial able is highly dispersive, however, whih results in a great deal of pulsedistortion in the ourse of transimission (10 ns PMT pulses arrive at the surfae with a width ofmore than 400 ns). Coax is also quite thik, whih limits the number of ables that an be bundledtogether in a single string.For these reasons, the six strings deployed in 1996{97 used twisted pair ables. Twisted pairables produe less dispersion (pulses are typially strethed to 150{200 ns), and allow more ablesper string. However, there is a great deal of ross talk observed in these strings. Although thesite or sites of the ross talk are not lear at the time of this writing, it is believed based on theorrespondane of ross talk patterns to the arrangement of twisted quads in the strings that at least1In AMANDA there is a one-to-one orrespondane between OMs and PMTs, and the two terms will be usedinterhangeably in this work. In water detetors, bioluminesene and the deay of radioative potassium produe noiserates orders of magnitude higher than in ie, and so OMs in suh detetors generally omprise several PMTs operatedin loal oinidene to redue the rate of false signals.



35a portion of the ross talk ours within the able [61℄.The strings deployed sine 1997 have inorporated a number of other signal transmissiontehnologies. All OMs on strings 11{19 have inluded an optial �ber for pulse transmission. Thesignal from the PMT is sent through an LED (or in some ases a laser diode) whose signal istransmitted over the �ber to an optial reeiver at the surfae. The �ber is essentially dispersion-free, meaning that pulses with separations of as little as 10{15 ns an be resolved. However, theoptial �bers have proven somewhat more vulnerable to damage during refreezing, with a loss rateof nearly 10%. Those OMs whose �bers were broken are read out in the traditional manner, overtwisted pair eletrial able.Another tehnology whih was investigated during the 1999{2000 season is based on digitaloptial modules (DOMs). These modules ontain analog transient waveform digitizers (ATWDs),whih reord and digitize pulses in situ and transmit them to the surfae asynhronously. Thisresults in full retention of information, and obviates the need for expensive and vulnerable optial�bers, but means that the DAQ eletronis are buried in the ie beyond possibility of repair orupgrade.
4.2 GeometryAMANDA's geometry is onstrained by the need to deploy modules in strings, as opposed tosome water detetors (notably NESTOR [10℄), whih plan to deploy three-dimensional strutures.This is not a large disadvantage, though, beause to a good approximation the e�etiveness of adetetor of given optial medium, number of OMs and intermodule spaing is independent of thepreise arrangement of the modules. In fat, most of the water detetors have also hosen to deploytheir modules on strings [9℄. However, the string-based design means that the vertial spaing ofmodules is quite a bit loser than the horizontal spaing.The �rst major deployment at the South Pole, in 1993{94, was of four strings at depths of800{1000 m. The ie at these depths was found to ontain a large residual population of air bubbles,whih satter light very strongly. Though exellent as a alorimeter [62℄, the ie at these depthsannot be used e�etively for trak reonstrution, and further deployments were made at depthsof 1500{2000 m. The shallow detetor, known as AMANDA-A, is operated in oinidene with the



36deeper AMANDA-B, permitting the study of vertially downgoing atmospheri muons.AMANDA-B is deployed in onentri irles of strings, one string in the approximate enterof the array and three more on a irle of 35 m radius omposing AMANDA-B4. An additional ringof three pairs of strings at 60 m radius makes up AMANDA-B10, the 1997 on�guration on whihthis work is based. Eight more strings at 100 m radius and one just within this outer irle roundout the full 19-string AMANDA-II. A shemati of the full detetor is shown in Fig. 4.1.The entral four strings, based on oaxial ables, eah ontain twenty OMs, plus six testmodules at the bottom of the enter string whih are not used in the data analysis. The vertialspaing between OMs on these strings is 20 m. On eah of the six strings from 1997, 36 OMs wereplaed at 10 m intervals, bringing the total to 302 modules for AMANDA-B10. The sparsity ofmodules on the entral strings means that the most preise information generally omes from theouter strings, although the entral strings provide important proof that an event is a single ontinuoustrak and not aused by independent simulataneous muons.The ie in whih the AMANDA detetor is embedded is very nearly uniform. However, li-matologial events in the planet's past, suh as ie ages, have left their marks in the form of layersof ie with di�erent amounts of inlusions of dust, soot, and so forth. These dust layers alter theoptial properties of the ie, a�eting photon propagation. The layers have been surveyed usingalibration light soures [63℄ and downgoing muons [64℄. The variation in e�etive sattering length�s with depth is shown in Fig. 4.2 for the depths of AMANDA-B10. These variations are inludedto �rst order in the urrent detetor simulation; e�orts to inorporate them more properly into thesimulation and reonstrution programs are underway.
4.3 Data AquisitionAn event in AMANDA is triggered by the simultaneous observation of light by several OMs.For eah event, the entire array is read out by eletronis on the surfae, and the information fromthe DAQ eletronis is written to disk. Muon events have a typial duration of . 5�se, althoughthe propagation delays of PMT signals in the ables leading to the DAQ ause the signals from anupgoing trak to arrive in a shorter interval.In general, eah OM in an event will produe a series of pulses orresponding to a series of
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Figure 4.2: E�etive sattering length as a funtion of depth in AMANDA-B10, showingthe horizontal dust layers running through the detetor. On the right the depths ofthe OMs on the 10 strings are shown for referene. The straight lines in the left plotare the values used in the detetor simulation. From [65℄.



39photoeletrons produed at the photoathode. Beause the pulses are heavily smeared, primarilyby dispersion in the ables leading to the surfae, individual pulses an be resolved only if they arewidely separated | by more than about 500 ns for the entral strings, or 200 ns for the outer sixstrings. Beause so muh information is lost in transmission, there was no attempt in AMANDA-B10to reord the omplete waveforms from the OMs. Rather, for eah hannel the times at whih thewaveform rosses a disriminator threshold are reorded. The TDCs used have a bu�er depth ofeight pulses, eah omposed of a leading edge and a trailing edge. In normal operation most hannelsreord no pulses, and even modules near the enter of an event typially reord no more than three,sometimes four, pulses2. Eah hannel is also read out by a peak-sensing ADC, whih reords themaximum amplitude of the pulse train as a whole. Beause the probability of two or more highlysattered photons arriving at a module simultaneously is negligible, the amplitude may safely3 beassigned to the �rst pulse in the series, and any pulses whih are reorded after the Cherenkov timemay be assumed to be due to single photoeletrons.Triggers are formed based on multipliity. Eah hannel, on deteting a pulse, sends a 2 �sesquare pulse to the trigger unit. The inputs from all hannels are added and ompared to a presetthreshold, whih was set at 16 hannels for 1997. When the sum rosses the threshold, a stop signalis sent to all TDCs and a veto of several �se is sent to the trigger. All hannels are then read out,and the system is reset. In fat, due to high-noise hannels, the e�etive trigger multipliity wassomewhat less than the nominal level, and after hit leaning the atual threshold is seen in Fig. 6.1to be about 13 real hits.The TDCs in AMANDA have a bu�er length of 32 �se. They are operated in ommon-stopmode, meaning that when they are read out they provide the history of the 32 �se before thestop signal arrived. It takes approximately 9 �se for the ommon stop to be sent after the triggerthreshold is rossed, and events typially extend from 2 �se before the trigger to 2500 ns afterward.The time history for an event thus onsists of some 21 �se of random noise, 2000 ns of the beginningof the event, a trigger hit at 23 �se, another 2.5 �se of event, and then some 7 �se of afterpulsing2There are hannels whih exhibit high noise rates, either oasionally or over the entire year, and these hannelswill frequently �ll up the bu�er. The information from these hannels is not useful, however, and is ignored in the dataanalysis.3Unless the �rst pulse is due to dark noise, whih is very rare after hit leaning.



40
Channel 140

Time [ns]

N
um

be
r 

of
 P

ul
se

s

10

10 2

10 3

0 5000 10000 15000 20000 25000 30000

Figure 4.3: Reorded times of leading edges in OM 140. Hits from muons fall in awindow of a few �se around the spike at 23 �se. The spike is formed by eventsin whih OM 140 ontributed the triggering hit, and reets the time delay in thetriggering eletronis. The low rates before the muon window are dark noise, and theexess above the dark noise level after the event window is due to afterpulsing.
and random noise, as shown in Fig. 4.3.
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Chapter 5
Event Reonstrution
Reonstrution in AMANDA is in many respets an ad ho proess, whih has evolved gradually fromquite simple tehniques designed for water neutrino telesopes as the need for additional omplexityslowly beame more apparent. This hapter will attempt to disuss the theory of reonstrution ina systemati fashion. It is hoped that the disussion here and in App. F will illuminate areas inwhih the reonstrution an be improved or extended in the future. The low eÆieny of upgoingmuon identi�ation (see Chap. 7) means that in priniple the e�etive volume of the detetor ouldbe inreased by as muh as an order of magnitude simply through improvements in the reonstru-tion algorithms. In terms of ost e�etiveness this avenue seems by far the most promising way ofinreasing AMANDA's apability in the near future.Mathematially, reonstrution is the proess of hoosing, for an observed event E, an hypoth-esis H to explain the event. Here E = E(ti; ai; di; :::) inludes all of the information reorded aboutthe event; in AMANDA-B, this information onsists of the times ti, amplitudes ai, and durations(TOTs) di of all observed pulses (or \hits") i. H is in priniple muh more omplex, ontaining allrelevant information about numbers, paths, and energies of muons and other partiles, positions ofstohasti energy deposition, detetor e�ets, photon propagation, et.. In pratie, of ourse, muhof this information is not of interest, and in any ase the AMANDA detetor is inapable of making�ne distintions1. Various approximations an thus be made whih greatly simplify the range ofhypotheses under onsideration; reonstrution then onsists of �nding that point H0 in the hosen1For instane, we an never know, and don't muh are, whether the stohasti loss along some muon trak was a5 GeV bremsstrahlung photon or a 2 GeV brem with a 3 GeV pair prodution event 50 m farther along the trak.



42hypothesis spae whih is preferred as an explanation for an observed event E0.For the present analysis, we have used the simplest hypothesis spae possible for muon traks:the �ve-dimensional spae onsisting of three spatial oordinates (x; y; z) de�ning the position of themuon at some arbitrary time and two angles (�; �) de�ning the trajetory of the muon, whih isassumed to be straight and of in�nite length. Other dimensions to the hypothesis spae an easilybe envisioned, for example the muon's energy2, stopping and/or starting points, the positions andenergies of major stohasti energy deposition, the number of muons involved (in the ontext eitherof a downgoing muon bundle from a osmi ray shower or of simultaneous independent muons), theavors of partiles, and so forth. However, inorporating these extra degrees of freedom will involveonsiderable e�ort, and at some point the amount of information delivered by the detetor will beinsuÆient to onstrain the event. Nonetheless, there is onsiderable room for the future developmentof more sophistiated reonstrution algorithms.
5.1 Maximum Likelihood ReonstrutionEvent reonstrution in AMANDA has traditionally made use of a maximum likelihood meth-od. The partiulars of the method in use have been desribed in detail elsewhere [66℄, so only a briefreview and some ommentary will be given here.The maximum likelihood method is a generalization of the �2 method, and in fat in thelimit of Gaussian unertainties the likelihood is simply related to �2 by �2 lnL = �2. By using thelikelihood method we are able to use detailed information about the optial properties of the ie;the measured hit times will not be normally distributed about the Cherenkov time3 but will insteadhave a broad tail at late times. This shift is due to sattering in the ie, and beomes stronger as thedistane between the muon and the OM inreases, and also as the angle between the PMT's optialaxis and the trak deviates from the Cherenkov angle.A detailed photon propagation Monte Carlo [67℄ gives us a numerial desription of photomul-tiplier response to muon traks or eletromagneti showers of various energies at various distanes2The light deposition pro�le assumed for the present reonstrution is that of a bare muon, so in e�et we have�xed the energy at around 100 GeV.3The Cherenkov time is de�ned to be that time at whih an unsattered photon emitted at the Cherenkov anglewould be expeted to hit the optial module.



43and angles from an optial module in the ie. This information an be used to formulate the like-lihood funtion L(Ri jH) that the hypothetial physial proess would produe the response Ri inOM i, whih ontains all available information about light propagation both for Cherenkov light andfor light emitted in atastrophi events. Given an event E0, whih is the olletion of responses Ri,and a hypothesis Hj , we alulate the likelihood4L(E0 jHj) =Yi Li(Ri jHj) (5.1)that the hypothesis, if true, would have generated the observed pattern of hits. The hypothesis isthen allowed to vary, and some optimization routine is used to �nd the loation H0 of the globalextremum5 of L.In pratie, a number of approximations are used to simplify and speed up the alulationand optimization. As desribed above, the spae H is onventionally simpli�ed by approximating allmuons and muon bundles of whatever energy as single, minimum-ionizing muons without stohastilosses, reduing H to the �ve-dimensional funtion H = H(~x; �; �). For ease of alulation, thenumerial desriptions of photomultiplier response (the `photon tables' [67℄) are approximated byanalyti funtions [66℄. Rather disturbingly, the timing likelihoods are all normalized to unity; thisis equivalent to negleting the probability that a tube be hit or not hit. This means that thereonstrution is not disturbed if a tube two meters from a trak fails to �re, nor if twenty tubes arehit 200 m from the reonstruted trak. Finally, the PMT pulses are normally assumed to be dueto single photoeletrons irrespetive of pulse amplitude and duration, whih allows us to ignore thedetails of the hardware response and the statistis of multiple pulses. There has been some disussionof the validity and neessity of these approximations [49, 66, 68℄, but they are suÆient to allow trakreonstrution.There is a ommon but inorret tendeny to interpret H0 as the hypothesis whih was mostlikely responsible for the observed hits E0. L(E0 jH) ontains no information about the likelihood ofH itself, only about the likelihood of E0 if H is taken as given. H0 represents the trak hypothesis4This formulation assumes that all tubes respond independently, an assumption whih does not hold in the preseneof ross talk.5A note on terminology: we are interested in the maximum of the likelihood funtion, but the funtion atuallyalulated is � lnL, whose minimum orresponds to the maximum of L. The terms `maximize' and `minimize' aretherefore used, rather ounterintuitively, as synonyms.



44whih, if true, would have had the highest likelihood to have produed the event E0. In other words,H0 is the hypothesis for whih the observed event is most onsistent with the hypothesis. What weare really interested in, for the purpose of trak reonstrution, is P (H j E0), the probability thatthe observed pattern of hits E0 was in fat the traes of a muon H(~x; �; �); we are interested inmaximizing the probability of the reonstrution, not its onsisteny.
5.2 Bayesian ReonstrutionBayes' theorem allows us to relate P (H jE0) to L(E0 jH). Bayes' theorem states that

P (A jB) P (B) = P (B jA) P (A):
Identifying A with the physial hypothesis H and B with a hit pattern E and dividing, we have

P (H jE) = L(E jH) P (H)P (E) : (5.2)
P (E) is just the probability that a given pattern of hits is observed, whih is onstant for anypartiular event E0 and thus is irrelevant to the question of event reonstrution. L is the likelihooddesribed in Eq. 5.1 that the given set of hits would be generated by the hypothesis of interest. Thenew fator in Eq. 5.2 is P (H), the \prior" probability of the hypothesis H(~x; �; �). P (H) is alledthe prior beause it does not depend in any way on the atual measurement, and so an be alulatedprior to the measurement. P (H jE) is the \posterior" probability, the probability of the hypothesisafter the additional evidene E is taken into aount.The need to �gure the prior into the likelihood stems from the fat that AMANDA is, bydesign, \a detetor that barely works" [45℄. In an ultra-high preision neutrino telesope, say onewith a density of one optial module per ubi meter, a single trak would be observed by so manymodules that only one solution would be possible; the likelihood L(E0 jH) would fall o� extremelyquikly away from the maximum at H0 [69℄. The vanishingly small L will kill P (H jE0) exept atH0, regardless of the shape of P (H). But in the interest of maximizing e�etive volume, AMANDAwas designed to ollet information of the minimum preision neessary to allow trak reonstrution.This means that events often have broad, shallow (or even multiple) maxima in L. In suh a detetor,the shape of P (H) an no longer be ignored.



45P (H) is a probability, and so must obey the relationZH P (H 0) dH 0 = 1:
Sine we have already deided to neglet the normalization onstant P (E), we need not be onernedabout the absolute sale of P (H), but it must be noted that P (H jE) depends on the set of hypothesesfHg allowed into onsideration; this is in ontrast to L, whih an be alulated from only the singlehypothesis H. For example, if we were to searh for neutrinos from Markarian 501, the assumed uxinput to the prior would a�et the signi�ane of the detetion | if we assumed a large ux we wouldtend to reonstrut more events as oming from the soure. Clearly, extreme are in interpretationwould be required in that ase. However, for the present purpose, we are interested only in takinginto aount the relative frequeny of downgoing muons, whih are many orders of magnitude moreommon than upgoing muons. On this sale, even a simple approximation to the orret prior willlead to a huge inrease in auray.In the present analysis, we begin by assuming that all events are triggered by muons. This is infat not the ase, but the resultant prior should be e�etive in rejeting downgoing muon events. Wefurther make the onventional approximation of all muons and muon bundles as single bare muons,and we neglet any dependene of the muon ux on depth over the height of the detetor. Finally,we neglet the variation, approximately a fator of two, of the atmospheri neutrino ux with zenithangle over the upgoing hemisphere (f. Fig. 3.8). These approximations, and the azimuthal symmetryof the muon ux, redue the hypothesis spae fHg to a one-dimensional funtion H(�).To atually alulate H(�) we rely on Monte Carlo. Properly, we should simulate osmirays and atmospheri neutrinos, propagate the resultant muons to the detetor, and simply tally thenumber of muons whih reah the array. In the present work, we have approximated this approahby using the trigger-level true angular distribution of the simulated events, shown in Fig. 3.8. Thiswill distort the prior by emphasizing angles whih ontribute more high energy muons or in whihthe muon passes more OMs and therefore is more likely to trigger the array, but suh distortionsshould be in any ase smaller than the 106 up/down asymmetry observed at trigger level. Theangular distribution is then parametrized with a high-order polynomial, as shown in Fig. 5.1, andused as a multipliative fator to the likelihood L in the reonstrution. As noted above, the prior
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Figure 5.1: The model used for the prior funtion. The prior is at over the upgoinghemisphere, and the simulated trigger-level angular distribution of downgoing muonsis used for the downgoing hemisphere.
shown in Fig. 5.1 neglets the angular dependene of the atmospheri neutrino ux; this was donedeliberately to allow diret omparison with the results of maximum likelihood analyses. In any ase,this modulation of the neutrino ux is quite small on the sale of Fig. 5.1.It seems that most misunderstandings regarding the Bayesian likelihood formulation derivefrom a onfusion of the hypothesis H with the event E. It should be stressed that the hypothesisontains absolutely no information related to the atual experimental observation; it ontains onlyknowledge of the prior onditions under whih the experiment is performed. In the ase of AMANDA,with the approximations desribed above, these prior onditions are simply the known uxes of muonsfrom osmi rays and atmospheri neutrinos.The Bayesian �t is attempting to �nd the diretion that, given all the available information,most probably explains the observed event. One may think of the prior information as a sort of



47\tie-breaker," indiating a preferene for ertain reonstrutions when the hit information is notsuÆiently onstraining to reonstrut a trak preisely. In mathematial terms, the prior has ane�et when either (a) there are two loal minima of omparable depth in the likelihood funtion forwhih the prior has signi�antly di�erent values, or (b) the value of the prior hanges signi�antlyover the breadth of a single minimum in the likelihood funtion.The e�et of the Bayesian �t is partiularly strong near the horizon; f. Fig. 7.18. For ahorizontal trak in the AMANDA-B10 detetor, there is a onsiderable amount of ambiguity in thereonstrution; the short trak length of a horizontal muon simply does not onstrain the �t tightly;the hit information is not strong enough to rule out the possibility of an atmospheri muon fromabove os(�) = 0:2. Sine the prior indiates that suh traks are more likely than shallower ones,the reonstrution properly hooses the steeper trak.Clearly, there are improvements whih should be made to the Bayesian likelihood alulation.However, even the rather rude approximations whih were used in this analysis are suÆient toprodue a major improvement in the auray of the reonstrution, allowing for a muh simpleranalysis overall than is required with the onventional maximum likelihood method.
5.3 MinimizationOne the likelihood funtion (or for this analysis the posterior probability funtion) has beenonstruted, there is the question of atually �nding the hypothesis H0 whih maximizes the funtionon the spae. This is the task of the minimization routine, a general-purpose program whih isinterfaed with the AMANDA software. Minimization is a topi with many appliations, and sothere is a onsiderable literature on the question.Minimization algorithms onsist, in general, of two piees: a global minimizer and a loalminimizer. The global minimizer searhes through the entire spae on whih the funtion is de�ned,attempting to �nd the rough position of the global minimum in a relatively eÆient manner6. Onethe approximate loation of a minimum is found, it is passed to the loal minimizer, whih re�nesthe solution. There are many ompeting algorithms on the market to aomplish eah of these tasks.In AMANDA, we use Powell's diretion set method, as implemented in Numerial Reipes [70℄,6A straightforward grid searh beomes prohibitively slow as the dimensionality of the problem inreases.



48for loal minimization7. Powell's method onsists, essentially, of �nding a set of diretions whih areindependent in the sense that minimization in one dimension does not spoil previous optimization inanother diretion. For a funtion of simple topology, the onvergene is quite fast, nearly quadrati.The method may be onfused by omplex topologies, however, and there are reports of diÆultieswhen minimizing in more than �ve dimensions [71℄, whih may limit the future appliability of themethod. Other methods may also be faster for typial AMANDA reonstrutions [72℄. For now,however, the method gives workable results.Powell's method will �nd a minimum, but there is no guarantee that it is in fat the globalminimum, not just a false loal minimum. Indeed, the algorithm is often observed to take a down-going �rst guess from the line �t, and turn it around to produe an obviously inorret upgoingreonstrution. AMANDA has thus taken to using a simple global minimization algorithm, a ran-dom multi-start sheme. After the �rst minimization (based on the line �t) a trak extending ina random diretion from the point of losest approah of the previous reonstrution to the evententer of gravity is hosen as a new �rst guess and the event is given bak to Powell's loal minimizer.Typially the proess is repeated a number of times; four to twenty suessive loal minimizationsare typial. This method is not terribly eÆient; the same minimum is generally found many times.However, with enough restarts the hypothesis spae will be searhed fairly thoroughly, and the haneof being deeived by a false minimum are quite small.

7There has also been experimentation with the MINUIT minimizer, and with a downhill simplex routine in theontext of a simulated annealing global minimization (see Appendix F.3 for a further disussion), but Powell's methodis used exlusively at present.
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Chapter 6
Data
6.1 Triggering and Live TimeAMANDA was operated in 1997 with a nominal 16-fold majority-logi trigger, meaning that16 hannels were required to �re within a sliding window of 2 �se to form a trigger. The de fatotrigger level was somewhat lower than the nominal level beause of instrumental e�ets. Eletronimalfuntions aused some hannels to \ring" at times, �ring at up to 100's of kHz instead of thenormal 1 kHz. While a tube was ringing, it sent a near-onstant signal to the trigger eletronis,e�etively lowering the trigger multipliity by one hannel. Furthermore, ross talk in the eletronisor ables aused some pulses to be registered in more than one hannel, whih also lowered thee�etive trigger requirement. Finally, problems in the trigger eletronis strethed the trigger pulsesoming from hannels on strings 9 and 10 to nearly 10 �se, rather than 2 �se as was intended,whih widened the trigger gate slightly [73℄. With all of these e�ets, the atual trigger thresholdobserved in the 1997 data is approximately 13 hits. In fat the details of the trigger window are notpartiularly important for this analysis. The requirements imposed o�ine by the quality uts are sostringent that events with less than 15 hits are e�etively exluded, as shown in Fig. 6.1.AMANDA-B10 reorded data over the austral winter of 1997. A bug in the data aquisitionsoftware rendered the �rst several weeks of data unusable, and equipment failure in midwinter intro-dued additional down time until repairs were made. In normal operation, detetor deadtime due toevent readout was approximately 25%. In total, 1:124 �107 se, 130.1 days, of exposure were olletedfrom April to November of 1997 [74℄. Improvements in data aquisition have redued the deadtime
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Figure 6.1: The number of hannels partiipating in an event, after hit leaning asdesribed in Se. 6.2. The solid line shows the distribution for events reonstruted asupgoing; note that the threshold is onsiderably below the nominal trigger level of 16hannels. However, very few low multipliity events survive the uts imposed duringo�ine analysis, desribed in Chap. 7.



51in the DAQ, and the total exposure in subsequent years has been higher.
6.2 Hit CleaningIn pratie the data reorded by the AMANDA detetor are not perfet. In every event thereare apparent hits whih are atually due to noise of various types. Bioluminesense is obviously nota major problem for AMANDA, and the ie itself is extremely quiet. However, there is dark noisein the PMTs themselves as well as noise produed by radioative potassium in the OM glass. Thesenoise hits are at least approximately random, although non-Poissonian behavior1 has been seen [71℄.There is also ross talk between hannels, indued either in the strings or in the surfae eletronisor both, whih is highly nonrandom. PMTs are subjet to pre- and afterpulsing, although prepulsingrates are very low and afterpulsing is easily identi�ed by its harateristi time delay with respet tothe primary pulse, whih is longer than the duration of a typial event. Finally, there is eletroninoise in the DAQ system.The AMANDA reonstrution sheme begins with various hit \leaning" algorithms, whihattempt to remove these false hits from the event in order to prevent the reonstrution algorithmsfrom beoming onfused by spurious signals. It is trivial to inlude random noise in the maximumlikelihood alulation, of ourse, but the �rst guess algorithms are more sensitive, and in any aseross talk is very diÆult to inorporate without extremely detailed information about the hardwareresponse, whih is not yet available. Furthermore, the partiular form of the likelihood funtionurrently in use in AMANDA, based on timing alone, is peuliarly vulnerable to noise hits. One ortwo suh hits an be enough to onfuse the reonstrution, turning a downgoing osmi ray muoninto an apparently upgoing trak. More sophistiated implementations of the likelihood funtionshould be able to avoid suh errors, but suh algorithms are more time-onsuming both in terms ofomputer yles and of development e�ort.The �rst stage of hit leaning is to redue the event duration to a window of 4500 ns around thetrigger time. This eliminates random noise at the beginning of the event and afterpulsing at the end,while retaining essentially all interesting hits. Minimal amplitudes and times over threshold are then1This e�et has not yet been satisfatorily explained. It may have to do with radioative deays in the OM glassexiting atoms to metastable states whih later deay in turn. However, the time sales of the anomalous noise are aslong as milliseonds.



52required of all hits, eliminating most eletroni noise and ross talk. Any seondary pulses in a singlehannel are also disarded, as they will have been due to highly sattered photons whih providepoor timing information at best, and beause the reonstrution algorithms are not yet suÆientlysophistiated to make good use of the information. Finally, an isolation ut is applied, eliminatinga hit if no other tube within 70 m �red within 500 ns. This ut is highly eÆient at eliminatingrandom noise.Inspetion of highly redued data sets, however, reveals that most misreonstruted traks areprodued by the superposition of a few noise hits onto a real event, either a low energy downgoingmuon trak passing through the detetor or a bright atastrophi event presumably produed by ahigher energy trak just outside. These noise hits will oasionally be random oinidenes of darknoise | whih would survive the isolation leaning | but more often appear to be aused by rosstalk. Cross talk by its nature is orrelated with other hits, and so isolation riteria are ine�etive atleaning it from the event. Although muh ross talk an be removed with TOT uts, it has provenneessary to implement additional, more sophistiated algorithms to further redue the number ofsuh hits. Details on these algorithms an be found in Appendix B. The use of these algorithmswas found to redue the number of misreonstrutions in the 1997 data set from nearly 60,000 eventsto only 3,000 events, and made possible the relatively simple analysis presented here. However, itshould be stressed that these algorithms, in the absene of detailed ross talk measurements, weredeveloped rather intuitively | they are imperfet and it is expeted that signi�ant improvementsould be made.
6.3 FilteringThe 1997 AMANDA data set onsists of approximately 0.5 TB of events, eah event omprisingabout 0.5 kB of information. Maximum likelihood reonstrutions as presently implemented omsumesome 0.2{0.5 CPU-se per minimization, so a full reonstrution of eah of the 1:2 � 109 events wouldrequire CPU-deades, well beyond the present omputing resoures of the AMANDA ollaboration.It was thus neessary to apply some faster �ltering algorithms to the data set to redue it to a moremanageable size.The �ltering on whih this analysis is based was performed by the AMANDA group at Lawrene



53Berkeley National Laboratory, using the resoures of the NERSC omputing enter [75℄. The �lteringprodued several data sets, one of whih was designed to enrih the population of low energy upgoingmuons. This �lter proeeded in two steps; in the �rst stage, a line �t was alulated for eahevent. The line �t is an analyti form whih produes a vetor desribing the ow of hits through thedetetor [76℄; the times and positions of hits are assumed to follow a linear relation, ~ri = ~r0+(ti�t0)~v.Minimizing �2 produes the solution
~v = h~ritii � h~riihtiiht2i i � htii2 ; ~r0 = h~rii � ~vhtii;where brakets denote averages over the hits i. This solution gives an approximate diretion for themuon trak, as well as a vertex loation and a veloity2. The �rst stage of the �lter removed eventsfrom the data set if the line �t diretion was steeply downgoing, �LF < 50Æ.This ut on the line �t redued the data set by 78%. With this redued number of events itwas possible to perform a full reonstrution on the remaining set. The seond stage of the �lterwas thus a maximum likelihood (i.e., non-Bayesian) timing �t with a single minimization performed.Those events that were reonstruted as upgoing muons, �like > 80Æ, with three or more hits due tounsattered (in a window of [�15 : 25℄ ns) photons passed the seond stage of the �lter. This seondlevel of �ltering rejeted 91% of the remaining events.Overall, the �lter redued the data set by about a fator of 50. The ost in signal was around50%, based on Monte Carlo simulations of the atmospheri neutrino ux. This loss is unfortunatebut unavoidable with the CPU resoures presently available. Also, it should be noted that manyof the neutrino events lost are probably unreonstrutable in any ase; for example, a low energyhorizontal neutrino whih interats within the detetor will produe a nearly spherial pattern oflight from the interation vertex with a radius omparable to the detetor radius, with only a shorttrak leading out. Suh an event annot be reliably reonstruted with the information available fromAMANDA-B10. The total loss in number of triggered events is thus an overestimate of the numberof \reonstrutible" neutrinos lost.

2The muon itself, of ourse, travels at � = 1, but due to sattering in the ie the average veloity �~x=�t betweenhits may vary. j~vj for neutrino events ranges from about 0.25 to .



546.4 ReonstrutionThe LBL �lter redued the 1997 data set to some 2 � 107 events, few enough to permit rela-tively intensive reonstrution proedures. These data were subjeted to a series of reonstrutions,desribed in detail in Appendix C. The idea of the reonstrution hain was to �nd the best upgoingreonstrution for eah event through a multistart minimization restrited to the upgoing hemisphere.After the best upgoing �t was found, a very thorough searh for downgoing minima of higher qualitywas undertaken. These reonstrutions used the Bayesian prior, whih greatly redued the numberof false upgoing reonstrutions by aounting for the large downgoing muon ux. Furthermore, theopportunity was taken to orret an error in the hit leaning routines, whih allowed some isolatednoise hits to be retained. After this series of reonstrutions, we redued the data set to those eventsreonstruted as upgoing, �best > 90Æ. This requirement redued the data set to only some 6 � 104events, quite an impressive performane by the reonstrution.Inspetion of the remaining events revealed that the vast majority, almost 90%, belonged toa peuliar lass of events, referred to as `COG' events beause the enter of gravity of the hits inthese events lustered very strongly in ertain loations in the detetor. An example of this type ofevent is shown in Figure 6.2. This geometri lustering suggested an instrumental origin, whih waseventually identi�ed as ross talk ontamination of bright events presumably aused by atastrophienergy deposition by downgoing muons just outside the detetor. To redue this bakground, anew series of hit leaning algorithms spei�ally designed to redue ross talk was developed, asdesribed in App. B. The remaining events were passed through another, slightly shorter, series ofreonstrutions with the new hit leaning. Only 5:4 � 103 of the data were still �t as upgoing with theross talk thus redued.In examining these �ve thousand events, it was found that there was another lass of instru-mental fake, haraterized by simultaneous hits in many hannels on the outer six strings with onlya handful on the inner detetor, as shown in Fig. 6.3. An event of this lass was notied in [36℄but it was not realized that the malfuntion was a reurring one. A plausible explanation is thatthese events are aused by osillations in the high voltage levels supplied to the OMs, whih wouldexplain the simultaneity of the pulses and the fat that the OMs seem to �re in bloks of hannels.
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Figure 6.2: A `COG' event. The event itself is real, probably aused by a bright stohas-ti event at the edge of the detetor. The reonstrution has been onfused by rosstalk in hannel 114, the �fth hit from the bottom on string 5, indiated by the arrow.



56HV osillation was observed in the 1997{98 austral summer [77℄, and was initially suspeted as theulprit responsible for the `COG' events, although that hypothesis was eventually rejeted. Theseevents populate a distint region in the plane of the numbers of OMs hit in the six outer strings ofthe detetor vs. the number hit in the four inner string, as seen in Fig. 6.4, and are easily eliminatedwith a ut on that plane.With both the physial and the instrumental bakgrounds greatly redued, if not ompletelyeliminated, only a few simple uts were neessary to isolate a nearly pure subset of real upgoingevents, as desribed in Chapter 7.
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Figure 6.3: An `instrumental' (non-physial) fake, probably aused by osillating highvoltage levels. The hits arrive at the DAQ at the same time, but are projeted bakwardin time aording to the able delays on eah hannel, forming an apparently upgoingpattern that onfuses the reonstrution.
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Figure 6.4: The number of hannels hit in the inner part of the detetor ompared tothe number hit on the outer strings. Real events form a broad band at the bottom ofthe plot. The band with large multipliities on the outer strings and very few hits inthe enter are instrumental artifats, probably aused by osillating high voltage levels.
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Chapter 7
Atmospheri Neutrinos
The main goal of this work is to demonstrate the observation of atmospheri muon neutrinos byAMANDA. These neutrinos onstitute a onvenient ux of (approximately) known number, angulardistribution, and energy spetrum, whih an be used to alibrate the response of the detetor.Beause there is no arti�ial soure of high energy neutrinos that an be turned on and o�, nor anyknown astrophysial soure that an be traked, proving that the detetor atually works is diÆult.The ase ultimately rests on plausibility and onsisteny arguments: essentially, that the observeddata agree with simulations of osmi ray muons and atmospheri neutrinos.The �ltering and reonstrution algorithms desribed in Chapter 6 and App. C redued the1997 data set from more than a billion triggers to a manageable �ve thousand apparently upgoingevents. However, these algorithms are not perfet; only some 570 atmospheri neutrino events areexpeted, and the remainder of the data must be misreonstrutions, fakes, of some sort. Theatmospheri muon Monte Carlo predits that 2,000 of the fakes are aused by downgoing muons, (seeTable D.2) and we have seen that instrumental e�ets suh as ross talk and HV osillations an alsoreate apparently upgoing traks, either by modifying real downgoing events in unexpeted ways (inthe former ase) or by reating the events entirely (in the latter). Whatever the nature of the fakes,we must impose some additional requirements (`uts') on the quality of the reonstruted events toget down to a relatively pure neutrino sample.



607.1 CutsNo single measure of the quality of a reonstruted event has yet been identi�ed for AMANDAdata that ould �ll the role of, say, �2 in a simpler detetor. There is the likelihood, of ourse, butas it is presently implemented the likelihood ignores muh of the relevant information in the event,reduing it to at best a moderately useful parameter. A large number of other parameters havebeen identi�ed and used in various analyses, with varying degrees of suess [74, 78, 79, 80, 81℄.One advantage of the sophistiated reonstrution algorithm used in this analysis is that it is notneessary to use large numbers of ompliated uts to isolate neutrino events. In fat, a simple setof uts on six parameters, desribed below, will be seen to be suÆient.Distributions of the ut parameters, omparing data to simulated atmospheri neutrinos, areshown in Figs. 7.1{7.8. In eah of these �gures, the uts on the �ve parameters not plotted have beenapplied, and the level of the ut on the plotted variable is indiated with a dashed line. The plots areonstruted for event quality (see Se. 7.3) ofQ � 7, the level at whih a large, reasonably pure sampleof atmospheri neutrinos is obtained, as will be shown in Se. 7.5. The dots indiate the number ofevents observed in the 1997 data set. The size of the hathed boxes indiates the statistial preisionof the atmospheri neutrino simulation; the lines show the 1� Poissonian utuations expeted. Ineah ase the number of simulated events passing the Q = 7 uts has been normalized to the numberof data passing.
7.1.1 Redued LikelihoodAs disussed above, a Bayesian maximum likelihood �t is performed to �t muon traks to theobserved events. The value of the likelihood (atually, the Bayesian posterior probability) obtainedfor the best �t is the simplest indiator of the quality of the reonstrution. The atual funtionalform used is the negative logarithm of the likelihood, whih in the ase of Gaussian errors and auniform prior is proportional to the �2 of the �t. There are Nhits � 5 degrees of freedom in the �t, aleading edge time for eah hit less the �ve variables �t (a vertex position and two angles). We thusut on the redued likelihood

L = � lnLNhits � 5 ;
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Figure 7.1: The redued likelihood of the �tted trak. The data are shifted to slightlyhigher (i.e., worse) values than the Monte Carlo, but there is a lear shoulder of mis-reonstruted traks above about 8.4 that are removed with this ut. See page 60 foran explanation of the error bars.
as shown in Fig. 7.1.For the upgoing hemisphere, the Bayesian prior has a onstant value1, produing no distortionof the traditional likelihood spae, so the value of this parameter is diretly omparable to thoseprodued in traditional reonstrutions. However, to keep the likelihood less than unity over thewhole sphere (a tehnial requirement of the reonstrution software), an arbitrary normalizationfator was applied to the prior. This fator, an additive o�set of 13.71 in the logarithm, has thereforebeen subtrated from the value of � lnL returned by the software, in order to make the values of Ldiretly omparable to those obtained from traditional maximum likelihood �ts.

1This is a simpli�ation of the atual atmospheri neutrino ux, whih is a fator of two larger at the horizon thanvertially upgoing.



627.1.2 Number of Diret HitsPhotons observed in the optial modules are onsidered \diret" if sattering in the ie betweenprodution and detetion delays the photon by only a slight amount. The delay is measured relativeto the time predited for an unsattered Cherenkov photon emitted from the appropriate point on the�tted trak. Di�erent delay windows are possible; for ounting diret hits, we have used a window of[�15 : 75℄ ns. The negative extension of the window aounts for errors in geometry and alibrationand for utuations in the rise time of the pulse due to PMT and TDC disriminator response.This ut parameter entered the analysis twie. A requirement of three diret hits was imposedas part of the LBL �lter [75℄, desribed in Setion 6.3. In the �lter the ount was done inludinghits whih were rejeted for purposes of reonstrution by the noise leaning; the ut was reappliedin this analysis after leaning. The seond ut is on the fration of diret hitsN [�15:75℄dirNhits ;
whih we �nd more e�etive for bakground rejetion than requiring an absolute number of diret hits.However, this formulation does redue the sensitivity to high energy events, in whih the mean visualradius is larger and more sattered light is olleted; the e�et of the ut on the energy spetruman be seen in Figure 7.3. This is a onsious hoie; high energy muons produe many late hits, butevents with many hits reonstruted as late are usually fakes, not high energy traks. We hoose tofollow the onservative approah of rejeting everything that does not look like an atmospheri (i.e.,low energy) neutrino-indued muon, rather than tailoring the uts to remove only the fakes preditedby the downgoing muon simulation. The latter approah is highly vulnerable to fakes that are notpredited by the Monte Carlo; sine in searhing for atmospheri neutrinos we have the luxury ofsari�ing sensitivity to high energy events, we will do so to improve our bakground rejetion.
7.1.3 SpheriityHigh energy muon traks are very long ompared to the typial perpendiular distane atwhih their Cherenkov emission an be observed in the ie. The light from a muon trak should thusbe observed in a long, narrow ylindrial region of the detetor. If a very bright stohasti eventours along the trak (emission of a hard bremsstrahlung photon, for example), the resulting asade
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Figure 7.2: The perentage of hits produed by unsattered photons. The ut pa-rameter is restrited to rational values, whih produes some spikiness. The data aresystematially higher than the simulation, mostly due to disrepanies in Nh | lesssattered light is olleted than is predited.
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65will produe a roughly spherial pattern of hits | the typial length of a asade (a few meters) isless than the OM spaing, so the light appears to ome from a point soure. If the asade is toobright, it will e�etively obsure the underlying trak, making reonstrution of the trak diÆultand produing an unreliable �t. We therefore require that the light observed in an event not beoverly spherial.The spheriity of the event is de�ned by thinking of eah hit as a point mass, and alulatingthe tensor of inertia of the olletion of hits. Diagonalizing the tensor, we obtain as eigenvalues Iithe moments of inertia about the priniple axes of rotation. For a spherially symmetri olletionof hits, these moments will be of equal magnitude; i.e., the eigenvalues will be degenerate. For along ylindrial trak, one moment will be muh larger than the others. We an then rejet spherialevents by utting on the normalized magnitude of the smallest moment I1=P Ii. Spherial eventshave large smallest moments, so low values are required.
7.1.4 Trak LengthWe de�ne the trak length by projeting eah of the diret hits onto the reonstruted trak,and measuring the distane between the �rst and last hits. For this purpose we use a striter de�nitionof diret hits than when simply ounting the diret hits: here the window is [�15:25℄ ns. By requiringa reasonably long trak length, we remove two lasses of events. The more important lass onsistsof misreonstrutions: ases in whih the event is very asade-like and no trak an be made out, orin whih the �tter has onverged to an inorret loal minimum of the likelihood funtion. In theseases the reonstrution typially �nds a few diret hits | in the area where the inorret �t rossesthe true trak | but they are highly loalized. Requiring the diret hits be spread along the trakis thus a onsisteny hek on the reonstrution.The seond lass of events rejeted onsists of approximately orret reonstrutions of veryshort traks (a few tens of meters), whih beause of the sparsity of the array annot be reonstrutedwith preision. These events are produed either by low energy neutrinos or by muons whih passalong the very edge of the instrumented volume. For the present analysis a low energy threshold isnot neessary, and so the redution in sensitivity to low energy events was onsidered aeptable.
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Figure 7.4: The spheriity of events. This ut is largely parallel to other parametersbut does rejet some `COG' fakes. High values indiate spherial events, low valuesmore ylindrial topologies as expeted for muon traks.
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Figure 7.5: The distane over whih muons were traked through the detetor. Manymisreonstrutioned traks have lengths of 50 m or less, although low energy neutrinoevents an also be quite short.



687.1.5 Line Fit Zenith AngleThe �rst �t performed on eah event is the line �t, desribed in Se. 6.3. This is an analytialulation, as opposed to the minimization performed in the full likelihood reonstrution, and isused as the initial hypothesis for the likelihood minimization. Moreover, it provides a very simpledesription of the trak, not dependent on a minimization and ompletely independent of all detailsof light propagation, optial module response, and so forth. The line �t thus serves as an importanthek of the full reonstrution, ensuring that the minimizer has not beome onfused by noise hitsor ross talk.In this analysis, events were rejeted if the full �t found a solution onsiderably more upgoingthan the initial guess of the line �t. One lass of bakground in partiular is redued by this require-ment: bright shower-like events in whih ross talk auses one or more modules below the shower to�re tend to be reonstruted at steeply upgoing angles, although the line �t is rather horizontal. Notethat there is no requirement that the line �t and full reonstrution atually agree, only that the full�t not be signi�antly more upgoing. This is in ontrast to the usage in [74℄ and [82℄. Either approahis reasonable, but in this analysis, we have used the ut to rejet the spei� lass of bakground,and not more generally to selet out events whih are simple enough for the line �t to reonstrut.
7.1.6 SmoothnessThe \smoothness" parameter is a hek on the self-onsisteny of the �tted trak. The eventis reonstruted using timing information alone, whereas the smoothness is a purely topologialmeasurement. The parameter measures the onstany of light output along the trak; highly variableapparent emission of light usually indiates that the trak has been ompletely misreonstruted,although it ould also be that the trak was obsured by bright stohasti light emission | whihalso tends to lead to poor reonstrutions. We note that this ut, as with the fration of diret hits,tends to redue sensitivity to high energy muons, but in this analysis we are primarily interested inatmospheri neutrinos rather than hard soures. Smoothness was �rst de�ned in [80℄ and studied insome detail in [81℄. The formulation of the smoothness parameter used in this analysis is that basedon the predited hit probabilities [81℄.The smoothness parameter was inspired by the Kolmogorov-Smirnov test of the onsisteny
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Figure 7.6: The di�erene in zenith angle between the line �t and the full Bayesiantiming reonstrution; positive numbers indiate a shallow line �t that has been pulledto a more upgoing solution whih is therefore suspet. The distribution of data isnarrower than that of simulated neutrinos, but a lear shoulder due to fakes an beseen above 25Æ.
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Figure 7.7: De�nition of the \smoothness" parameter. The distribution of the observedhits is ompared to that predited for a muon emitting Cherenkov light. The preditionis shown as a at line; in reality it depends on the distribution of modules around thereonstruted trak.
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Figure 7.8: Distribution of the absolute value of the smoothness parameter; smooth,high quality traks have values lose to zero. The peak of the distribution is slightlyo�set for data, but the long tail of misreonstrutions is easily rejeted.
of two distributions; we wish to measure how onsistent the observed pattern of hits is with thehypothesis of onstant light emission by a muon. The de�nition of the parameter is illustratedin Figure 7.7: the positions of the hits are projeted onto the trak, and the umulative of theirdistribution along the trak is ompared to the predited umulative. The predited umulative(shown as a at line in Fig. 7.7) is atually based on the distribution of modules around the trak,and alulated using the probabilities that the modules �re given their distane from and orientationrelative to the reonstruted trak.
7.2 Systemati UnertaintiesThere are a number of e�ets that lead to systemati unertainties in the behavior of theAMANDA detetor. The physial proesses involved at the energies relevant to AMANDA are not



72preisely known, and di�erent models of osmi ray interations or of muon propagation give di�eringpreditions of the number of events AMANDA will see. Furthermore, the detetor is embeddedin a natural medium whose optial properties are diÆult to measure preisely, and the proess ofdeploying instruments neessarily inludes a melting/refreezing yle that may drastially a�et theseproperties; for a given physial event, di�erent ie models will yield di�erent preditions regarding theappearane of the event. And of ourse, as with any detetor, the physial hardware is quite intriateand the desription used in the simulations is only approximate. In the absene of a alibrationsoure or test beam, these systemati e�ets are diÆult to quantify, although onsiderable e�ort hasgone into their study.The physial proesses that produe high energy neutrinos in osmi ray showers are somewhatunertain. Various extrapolations from measurements at lower energies produe di�erent preditionsfor the atmospheri neutrino ux. The magnitude of this e�et has been studied in [41℄, and isestimated to be approximately 30% for the energy range measured by this analysis. This is not asystemati unertainty in the sense that we would like to measure this ux, but it puts a limit onthe extent to whih the observation of this ux an be used to measure the detetor's response.The rate of muon energy loss at very high energies is not preisely known. Based on omparisonof di�erent muon propagation simulations, the linear oeÆient b in Eq. 3.4 is unertain at the level of5{10% [65, 83℄. This unertainty feeds approximately linearly into the muon range given in Eq. 3.5, formuons whose energy loss is dominated by stohasti e�ets (above about 500 GeV). The geometrialvolume available for neutrino interations produing muons that reah the detetor is V � R3�, sothe event rate will vary, to �rst order, as the ube of the energy loss oeÆient. A 10% unertaintyon b thus would be expeted to give a 30% unertainty in the rate of high energy muons reahingthe detetor. For atmospheri neutrinos and atmospheri muons, one might expet the overall e�etto be less beause most events are of lower energy, but simulations with muon propagators based on[84℄ and [85℄ predit event rates di�ering by 27% after uts.The optial properties of the bulk ie have been studied in detail [63℄, using a number of optialemitters. However, none of these emitters an measure all of the properties of interest. The Cherenkovspetrum is peaked at short wavelengths, so that most deteted light is in the deep blue. We have



73embedded blue nitrogen lasers in the ie, but these lasers annot produe sharp pulses, so only thetotal attenuation length, ombining the e�ets of sattering and absorption, an be measured withthis devie. We an send sharp laser pulses generated at the surfae down optial �bers to isotropizersin the ie, allowing us to separate these two e�ets. However, attenuation in the �bers limits us tolonger wavelengths, so that some extrapolations must be made to the wavelengths of interest. Morereent deployments have inluded blue LEDs inside the modules, so that further studies may produebetter measurements. In the meantime, simulations with di�erent models of the bulk ie (inludingthe layered struture of Fig. 4.2 vs. using a homogeneous model) hange the predited rates by about15% at the �nal ut levels [74℄.More diÆult to measure are the optial properties of the ie melted during the deploymentproess, whih refreezes around the optial modules over the period of a week following deployment.This quik refreezing is very di�erent from the long adiabati formation of the bulk ie, and leads tothe inlusion of air bubbles in the immediate viinity of the modules. A television amera deployedwith a string in 1997{98 indiated very strong sattering, although the issue was louded by thepossibility that the equipment simply failed. The nitrogen laser and isotropizers do not have goodlines-of-sight through the bubbly ie to nearby modules, although the blue LEDs will. We thereforehave no diret measurements of the optial properties of the hole ie. Reent studies of OM sensitivityusing the muon events [86℄ have led to a hole ie model with muh stronger sattering immediatelybelow the OMs than was previously assumed, and this has had a strong e�et on the predited rateof neutrino events. Beause the e�ets are very strong, and beause the measurements of the holeie are highly unertain, the unertainty in the overall neutrino passing rate due to the hole ie is afator of two.Another unertainty whih a�ets the predited neutrino rates is the simulation of the thresh-olds of the surfae eletronis. Improvements in the desription of the ampli�ers and disriminatorshave produed strong variations in the number of triggers produed by neutrino events, beause withthe steeply falling energy spetrum small hanges in the threshold behavior will have large e�ets,hanging the trigger rates by as muh as 50%. However, the events at trigger threshold are verydiÆult to reonstrut beause of their low energy, and so almost all of the variation disappears



74when the simulated events are �ltered and reonstruted. This systemati is therefore important foralulating the trigger rate, but does not extend through the whole analysis.Finally, a bug has been disovered in the program used to simulate photon propagation in theie [68, 87℄. This a�ets the muon light yield diretly, of ourse, ausing a slight (few perent) redu-tion in photons lose to the trak and signi�ant overpredition for the number of sattered photons.For the minimum-ionizing muons harateristi of atmospheri neutrinos, the overall e�et shouldbe small, beause most light is deteted within a few tens of meters of the trak. However, beausethis ode was also used to interpret the measurements of ie optial properties, those measurementsare also alled into question. The overall e�et of this error is not known at the time of this writing,although it is not expeted to be larger than the other e�ets mentioned above.
7.3 Event QualityThe fundamental problem in demonstrating the observation of neutrinos is, of ourse, evalu-ating the redued data set. There are basially three tools we an use to determine how pure thedata are: simulations of osmi ray muons, simulations of neutrinos, and the event viewer. Onewould like to use the Monte Carlo simulations of neutrinos and downgoing muons to make somequantitative measurement of the purity of the data sample. Unfortunately, the simulations are notof suÆient auray to be aepted prima faie. The atmospheri neutrino ux whih is input tothe signal Monte Carlo is itself unertain at the level of 30% or greater [41℄ | f. Fig. 2.3, wherethe unertainties on the uxes of osmi ray primaries are quite large above about 100 GeV | notto mention the e�ets desribed in Se. 7.2. One annot therefore simply ompare the numbers ofdata observed to neutrinos expeted. The bakground Monte Carlo is even less preise; unlike theneutrino Monte Carlo, the osmi ray simulation tries to desribe the bizarre muons, the one muonin a million that appears to be something very di�erent than it truly is. This is intrinsially a farmore diÆult problem, even leaving aside the systematis of Se. 7.2. The bakground Monte Carloalso faes additional systematis: di�erent air shower Monte Carlos yield very di�erent rates of highenergy muons, and the many tehnial details, suh as ross talk, that are not inluded in the de-tetor simulation are seen to have a muh larger relative e�et on the number of misreonstrutionsthan on the signal eÆieny. Furthermore, the surfae layer of the ie ap (the �rn layer of partially



75ompated granular snow in an intermediate stage between snow and ie) has a muh lower densitythan the ie itself; it has reently been found [65℄ that inluding the density pro�le of the �rn layeran raise the bakground rates by as muh as 40%, depending on the angle of the muon.One wishes, then, to have some robust method based on the available simulations for estimatingthe purity of the data sample, whih is however not dependent on the normalization of the neutrinoMonte Carlo or on the ability of the bakground Monte Carlo to predit all of the bizarre ways inwhih a downgoing muon an be made to look like an upgoing one, and whih is exible enough toallow for the many systemati unertainties in the simulations. To this end we have developed theonept of \event quality," whih ombines, in a natural fashion, the information from the variousparameters available into a single number.Consider the six-dimensional spae formed by the six ut paramters desribed in Setion 7.1.Any given event an be desribed as a point in the spae, with oordinates
~q = �N [�15:75℄dir =Nh; jSPhit j ; L[�15:25℄dir ; I1=X I;��; L� :

However, we would like to make these axes more symmetri; with the intuitive hoie of units (meters,degrees, perentages, and so forth) the distribution of events in the various oordinates is veryirregular, and worse, di�erent dimensions inrease in event quality in di�erent diretions | highnumbers are indiative of high quality on some axes, but on others low values are better.The umulatives of the distributions provide a natural sale for the parameters. There area priori three sets of umulatives we ould use: the data, the simulated signal, and the simulatedbakground. We ought not use the data, beause we would not know what fration of the distributionwas due to signal and what to bakground | that determination is the point of the entire exerise.The bakground simulation, as disussed above, is the least reliable of the three sets of events, aswell as being the most limited in statistis. The signal Monte Carlo is not perfet, but we havemore faith in it than in the downgoing simulation. We thus sale eah axis of our spae by theumulative of the simulated atmospheri neutrino signal; the units are perentages of simulatedneutrino events rejeted. The origin, ~q = (0; 0; 0; 0; 0; 0), is thus no uts, and the opposite orner ofthe unit hyperube, ~q = (1; 1; 1; 1; 1; 1), orresponds to uts on eah parameter strong enough to rejetall simulated signal. The point ~q = (0:5; 0:75; 0; 0; 0; 0) would orrespond to a ut on N [�15:75℄dir =Nh



76whih by itself would remove half the simulated atmospheri neutrinos, a ut on jSPhit j whih alonewould remove three quarters of the signal, and no uts on the other four parameters.With the parameters saled by the inverted umulatives, the atmospheri neutrino MonteCarlo is distributed fairly uniformly in the spae. The distribution would be perfetly uniform if theparameters were ompletely independent, but of ourse they are not; e.g., events with large numbersof diret hits tend to have both high perentages of diret hits and long projeted lengths Ldir. Perfetuniformity is not required, however, as long as the signal an be easily distinguished from the steeplyfalling bakground.The spae itself has too many dimensions to be examined easily. We therefore projet theevents onto a single dimension for larity. The hoie of the dimension, whih is a line in the fullspae, is arbitrary, but we should pik a diretion in whih the bakground falls o� quikly so that theneutrino events an be examined over a wide range of event qualities. This desideratum is equivalentto hoosing a line through a good set of uts, whih rejet the bakground while preserving mostof the signal. In hoosing a set of uts, we have not attempted to optimize signal-to-noise in aquantitative way | our inability to do so is the reason for this exerise in the �rst plae | but haverather tightened uts gradually and intuitively in an attempt to rejet events whih were obviousfakes. Having hosen a set of uts, we draw a line from the origin, through the point orrespondingto the uts, to the edge of the hyperube. We then divide the ut spae into nested retangularshells of equal thikness with one vertex lying on the line, extending to the boundary of the spae asshown in Fig. 7.9. Eah shell represents a progressively higher level of uts, and the events withinthe shell are said to be of a ertain quality Q determined by the shell in whih they are found. Forlarity we have used not the natural sale of the unit hyperube in measuring the quality, but haverather de�ned the quality suh that the set of events hosen by hand orresponds to a quality of 10;the highest quality, bounded by the border of the unit hyperube, has a value of 24 in these units.Details of these quality levels, inluding numerial values of the ut parameters and the number ofevents observed, are given in Appendix D.With the events thus projeted into a single dimension, we an examine the distribution of
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Figure 7.9: An illustration in two dimensions of the division of ut spae into shells ofinreasing quality. The atual ut spae is six-dimensional, and the axes are resaledaording to the umulative distributions of predited atmospheri neutrino events.
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Figure 7.10: The number of events passing various levels of uts Nevents(� Q). Thedata are seen to turn over from rough agreement with the predited bakground torelatively good agreement with the atmospheri neutrino predition at higher Q.
the various sets of events | data, bakground Monte Carlo, and neutrino Monte Carlo | shownin Fig. 7.10. As expeted, the simulated bakgrounds are lustered at low quality, and fall steeply.The signal Monte Carlo are distributed more uniformly, although the redued phase spae at higherqualities leads to a slow fall in the neutrinos as well. The data begin by falling steeply with thebakgrounds, but then level out and trak the signal Monte Carlo to higher qualities.By examining the ratio of the number of events observed to the number predited, shown inFig. 7.11, we an test the auray of the Monte Carlos. At low qualities, we know that the dataset is dominated by bakgrounds, and so a ratio far from unity indiates a poor desription of thefakes. At high qualities we are similarly sensitive to the auray of the neutrino simulation. There
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Figure 7.11: The ratio of the number of events observed to the number predited bysimulations of atmospheri neutrinos and downgoing muons.
is in both ases an unertainty in the overall normalization, but if the simulations are qualitativelyaurate then we should have a at ratio, even if misnormalization auses the ratio to onverge to anumber slightly di�erent from unity.Note that we are omparing the number of events at eah given quality (within �nite bins, ofourse). This is fundamentally di�erent, and more informative, than omparing the number of eventspassing progressively tighter sets of uts. We are looking at the number of events within a narrowregion �Q, rather than integrating the number of events above some �xed set of uts. In the latterase events at many di�erent qualities are onvolved, and an exess at one quality an oneal ade�it at another. We are also �xing the relative ontribution of eah ut by following a straight linein the ut spae. If uts are applied sequentially rather than tightened simultaneously, it is possible



80to hide disagreements between data and Monte Carlo by the ordering of the uts; a ut that removesunsimulated instrumental e�ets whih are dominant at high ut levels an oneal those e�ets ifit is (retroatively) applied before the unsimulated events beome the dominant omponent of thebakground; this proedure gives the appearane of better understanding of the data than is in fatthe ase.We observe a number of features in Fig. 7.11. At very low qualities, below about Q = 3, wesee a signi�ant exess in the data, ompared to the predition from the Monte Carlo (primarilydowngoing muons, with a small number of atmospheri neutrinos). This exess ould be due toseveral fators. The exess is not huge, and ould simply be due to unertainties in the predition ofpenetrating muons. However, the fat that the exess falls more quikly than the downgoing muonsprobably indiates that there is residual ontamination from instrumental e�ets, or possibly ouldbe related to the errors in the muon propagator via the angular distribution of muons that produefakes. This hypothesis is supported by Fig. 7.12, whih shows the distribution in depth of the eventsin the �rst bin of Fig. 7.11. Without the speialized ross talk leaning algorithms, there were 45,000unsimulated fakes, not 2700, so the relatively small exess observed at low Q in Fig. 7.11 wouldindiate better than 90% eÆieny on the part of the ross talk leaning algorithms. It would besurprising if the algorithms were more e�etive, sine in the absene of a detailed ross talk map theleaning algorithms were developed in a rather intuitive fashion.One the bakground has fallen away, we observe the ratio to settle to a value of approximately0.6, over a broad range from about Q = 7 to Q = 21. At the very end, the ratio rises again; thereare too many extremely good events. It is of ourse possible, in a logial sense, that there aredowngoing muons or instrumental e�ets that produe events whih look more like upgoing muonsthan do upgoing muons, in every quality parameter simultaneously, and also in the event viewer [88℄.However, the more likely ulprits are the systematis disussed in Setion 7.2; it would be surprisingif the qualitative desription were perfet in the presene of suh large unertainties. It is hoped thatredutions in these systematis will lead to a atter Q urve; this requirement ould be used to helpevaluate future versions of the Monte Carlos. Two suggestions already investigated, hanging thePMT quantum eÆieny and angular response funtion, do not improve the shape.
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Figure 7.12: The depth of the enter of gravity of the events at Q = 0. The two peaksat the bottom and enter of the detetor are assoiated with hannels known to rosstalk extensively, an e�et not inluded in the detetor simulation. The peak at the topof the detetor is aused by nearly horizontal muons; the disrepany in magnitudeould also be explained by systematis in the muon propagator or by the fat that theatmospheri muon predition ontains only proton air showers.
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Figure 7.13: The number of hannelshit per event. The Monte Carlo sys-tematially overpredits the numberof modules reporting.
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Figure 7.14: The observed zenith angledistribution of events passing the Q = 7uts; �1 is vertially upgoing and 0 isthe horizon.
The fat that the ratio is at above Q = 7 gives us on�dene in the desription of eventspassing the orresponding set of uts. As shown in Figs. 7.1{7.8, the agreement of the data withsimulated neutrinos in the ut parameters is reasonably good, though the systematis mentioned inSe. 7.2 prevent a perfet agreement. Other harateristi observables plotted in Figs. 7.13{7.16,suh as the number of hannels �ring, the zenith angle distribution, and the position of events in thedetetor, also show good agreement with the preditions for atmospheri neutrinos. Some questionshave been raised as to whether struture is visible in Fig. 7.14; a Kolmogorov-Smirnov test of theonsisteny of the data and the Monte Carlo predition gives a probability of 4.4% that the sets aredrawn from the same parent distribution. As disussed in Setion 7.5, ontamination of the remainingdata by misreonstruted downgoing muons is low.

7.4 EÆienies and E�etive AreaE�etive area is not a well de�ned onept for a detetor whose thikness is omparable tothe range of the partiles it detets. While high energy muons have ranges of many kilometers, theatmospheri neutrinos that are the goal of this analysis typially have muh shorter ranges. In thisase, muons have a reasonable probability of ranging out in the middle of the detetor, or onversely
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Figure 7.15: The depth of the enter ofgravity of the event. Some ontami-nation from nearly horizontal muons ormuon bundles at the top of the detetormay be visible.
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Figure 7.16: The radial oordinate of theenter of gravity of the event.
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Figure 7.17: The fration of neutrino events triggered whih are identi�ed with thisanalysis, for two di�erent sets of uts. The eÆieny falls o� sharply above a few TeV,primarily beause of the ut on N [�15:75℄dir =Nh.
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Figure 7.18: The fration of neutrino events triggered whih are identi�ed with thisanalysis, for two di�erent sets of uts. The low eÆieny at the horizon is due totwo fators: nearly-horizontal atmospheri muons form a large bakground, and thenarrow detetor geometry of the detetor makes reonstrution diÆult. Note that theeÆieny of the uts is nearly at | the low eÆieny is due to the Bayesian reon-strution being unable to guarantee e�etive rejetion of nearly horizontal atmospherimuons. The full AMANDA-II detetor will have muh atter angular response.



85of being produed within the detetor, in whih ase the light produed at the hadroni vertex willhave a large impat on the detetor response. The proper measure of the detetor's size is thuse�etive volume, not area.Nevertheless, most of the literature deals with e�etive areas, and it is useful to somehowonvert the e�etive volume to an e�etive area for the purpose of omparison. One approah is todivide the e�etive volume by the range of the muon, whih is orret for high energies but ignoresthe e�ets mentioned above. An alternative, given that we are interested in e�etive area mainly foromparison to theoretial preditions, is to diretly ompare the detetor's atual performane to thatof an ideal detetor of given e�etive area; in this way the approximations are in some sense anelledout of the �nal result [89℄. With this de�nition, this analysis produes an e�etive area, integratedover the atmospheri neutrino spetrum, of approximately 7000 m2 in the vertial diretion (aboveabout os � = 0:8), falling to only a few hundred m2 near the horizon.It is important to note that though this analysis was optimized for atmospheri neutrinos, thedetetor itself was not. Even for this analysis, the eÆieny peaks at around 1 TeV (see Fig. 7.17(a));the yield of 100 GeV neutrinos is signi�antly worse even though the uts are most eÆient for 100GeV (Fig. 7.17(b)). The e�etive area integrated over a harder spetrum, like that of the astrophys-ial soures AMANDA is designed to detet, is muh higher than that for atmospheri neutrinos.Furthermore, the ompleted AMANDA-II detetor now taking data will have signi�antly atterangular response | as shown in Fig. 7.18(a), the B10 detetor has great diÆulty in reonstrutingmuon traks reliably unless they are rather steeply vertial. The sensitivity of the detetor to as-trophysial neutrinos an thus be expeted to inrease dramatially over the level of the analysis inChap. 8 with an analysis of the 2000{2001 data optimized for higher energies.
7.5 Bakground EstimationThe entral question of the analysis is to determine the purity of the data set for our hosen setof uts. Based on Fig. 7.11, we believe that our simulations provide a reasonably aurate desriptionof the data, but there are systemati e�ets whih prevent us from treating the simulation as aquantitatively preise predition. The number of events predited from atmospheri neutrino MonteCarlos is nearly a fator of two above that atually observed, and beause the bakground simulation



86is intrinsially a far more diÆult problem we ought not take that predition as more preise thanthe signal Monte Carlo. Additionally, the bakground predition of 11:7 � 4:1 events is statistiallylimited; despite the simulation of a quarter trillion protons inident on the atmosphere, the preditionis based on only 68 events of various weights that pass the Q = 7 uts.Another tool, the event viewer, is obviously far less quantitative than the simulations, but it isalso more robust: the human mind is far more apable of reognizing unexpeted problems than arethe AMANDA analysis programs. The di�erene between good upgoing traks, like the ones shownin Figs. 7.19{7.21, and misreonstrutions like those in Figs. 6.2 and 6.3 is lear to the human eyeif not to the reonstrution software. Examination of the data set has led to the disovery of manystrange lasses of bakgrounds produed by instrumental e�ets not inluded in the detetor MonteCarlo, after whih spei� uts or leaning routines were designed to remove or at least redue theselasses of fakes. Examining the data also led to the development of more general ut parameters and,in the absene of a preise bakground Monte Carlo, guided the optimization of the uts used in thiswork: obvious fakes were identi�ed and uts were seleted to remove those fakes. This proedurelearly raises the danger of irular reasoning; all the reognizable fakes may have been removed, butthere is no guarantee that all the fakes were reognized. Inspetion of the events passing the utsdoes indiate that the data remaining are of very high quality, but nine events are lear fakes, andanother seven are unonvining. This method is of ourse highly subjetive, and beause the utswere designed preisely to remove subjetively unonvining events one must expet that this methodwill tend to produe an underount. Still, even a lower limit is informative, and even if we do notbelieve the preise ount we may gain some estimate at least of the number of events involved.A �nal approah is to use Figure 7.11 as a measurement of the misnormalization of the atmo-spheri neutrino Monte Carlo. The fat that the data and the simulated atmospheri neutrinos aredistributed almost identially over a wide range of qualities is ompelling evidene for the essentialauray of the simulation. The Monte Carlo may not predit the absolute rate of events, but on theother hand we should not expet perfetion with the large systemati unertainties; overall, most ofthe events whih are observed are desribed rather well. We an thus renormalize the atmospherineutrino Monte Carlo to fore the observed ratio to unity; i.e., we redue the overall predition of the
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Figure 7.19: An upgoing muon in AMANDA-B10. The line indiates the reonstrutedtrak.
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Figure 7.20: A higher energy muon in the detetor, probably around a TeV. The amountof light emitted is learly greater than in Fig. 7.19. Energy reonstrution based onthis idea is presently under development.
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Figure 7.21: A shallower upgoing muon. These events are more diÆult to reonstrut,beause the traks are shorter and there is some bakground from nearly horizontalatmospheri muons. AMANDA-II and Ie Cube will have signi�antly higher eÆienyat these angles due to the longer distane over whih near-horizontal muons an betraked.



90number of neutrino events by 1:00 � 0:58 = 42%. With this renormalization, we have a preditionof 162 events from atmospheri neutrinos. We observe 204 events passing the uts, so subtrationwould imply that there are 42 fakes in the data set. This method is ertainly inlusive, in the sensethat anything not expeted based on the renormalized signal Monte Carlo is onsidered to be a fake.However, we note that 22 of the exess events are found above Q = 21, on the far right of Figs. 7.10and 7.11. If we aept that these events, predited or not, are real neutrino events, then our ount ofthe number of fakes beomes 20. It should be pointed out that this total is at best rather fuzzy; the1� unertainty in the linear �t itself gives an error of 4.7% in the renormalization, whih translatesto ten events, even without disussing systemati e�ets.All three of our methods of estimating the bakground su�er from large unertainties andobvious limitations. Nevertheless, the fat that they all give approximately the same answer givesus some on�dene in that answer. From the downgoing Monte Carlo there is a predition of 11.7fakes, with a aveat that there is probably a residual ontribution from unsimulated events. Fromthe hand ount we have a tally of 16 questionable events, and from attempting to renormalize thesignal predition we have an estimate of 20 fakes. The estimate that bakground ontamination isprobably about 10% of the data set is thus rather robust, even if it is not overly preise.With a better understanding of the quirks of the detetor and of the ie, perhaps the MonteCarlos an be made more aurate, and better measurements an be made. Moreover, the largerdetetor used in later years will be muh more e�etive at bakground rejetion, and leaner mea-surements will be possible. In the meantime, it is lear that the bulk of the data set does onsist ofneutrinos. While the overall e�etive volume of the detetor may be unertain to a fator of two, itis nevertheless also known to a fator of two, and this establishes AMANDA as the largest neutrinotelesope in operation. With this aveat that the detetor is still not preisely understood, it is yetpossible to begin to use the detetor to address the more exiting questions for whih it was designed.
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Chapter 8
Flux from Point Soures
The analysis presented in Chapter 7 is designed to detet the soft spetrum of atmospheri neutrinos.Most models of extragalati neutrino emitters predit a onsiderably harder spetrum, typially E�2� ,and a separate analysis optimized to detet suh soures has been undertaken [90℄. Nevertheless,even for suh a spetrum the most probable neutrino energy deteted is only some 10{50 TeV.Furthermore, high energy muons from high energy neutrinos will deposit most of their energy verysoon after prodution; most of the muon's range is traversed at relatively low energies, for whihthe present analysis is suitable. This analysis thus retains suÆient sensitivity to plae ompetitivelimits on neutrino emission from andidate soures.
8.1 Candidate SouresRather than perform a full-sky searh for point soures, with its attendant statistial om-plexity, we will look for emission from known soures of VHE gamma rays. With this onrete set ofandidates the analysis is muh simpli�ed: we an avoid questions of binned vs. unbinned searhes,the statistial penalties involved in searhing large numbers of points, and so forth, and simply plaelimits on the neutrino ux oming from �xed diretions.The gamma ray telesopes now in operation have deteted several soures of VHE (& 100GeV) emission. Six extragalati soures are known, listed in Table 8.1. One of these soures isin the Southern sky, rendering it inaessible to AMANDA at these energies, but the rest are wellwithin AMANDA's �eld of view, as shown in Fig. 8.1.
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Figure 8.1: AMANDA events plotted in galati oordinates along with the �ve andidate soures. The heavy line indiatesthe horizon.



93Extragalati VHE SouresSoure Rt. As. [h℄ Del. [Æ℄ Gal. Long. Gal. Lat.Markarian 421 11.074 38.209 179.832 65.032Markarian 501 16.898 39.760 63.600 38.8591ES1959+650 20.000 65.149 98.003 17.6701ES2344+514 23.785 51.705 112.891 -9.9083C66A 2.378 43.036 140.143 -16.767PKS2155-304 21.981 -30.226 17.730 -52.246Table 8.1: Taken from Weekes [16℄.
8.2 Optimization and Bakground EstimationIn searhing for emission from point soures, as opposed to the di�use ux of atmospherineutrinos, one is more willing to allow moderate levels of bakground due to misreonstruted down-going muons. Positional lustering is the signature used to identify soures from the bakgrounds ofmisreonstruted events and of orretly reonstruted atmospheri neutrinos; sine the bakgroundsshould be randomly distributed (in right asension, if not in delination or even in azimuth) they areless troublesome than in the di�use analysis. To determine the optimal ut level for the point souresearh, we plot in Fig. 8.2 the sensitivity of the searh as a funtion of the minimal event quality, foran E�2 soure at a delination of 40Æ. The sensitivity is the usual ratio of the number of signal eventspredited per bin to the square root of the number of bakground events at that delination, underthe approximation that all events in the data are bakground. The optimal sensitivity is ahieved byrequiring event quality Q � 5, as ompared to the Q � 7 used for the atmospheri analysis.In �nding this optimum, two e�ets should be noted. First, as the uts are tightened, theangular resolution improves and so the optimal bin size shrinks. Seond, the dereasing bakgroundlevels ause the optimal bin size to grow, as more and more signal an be retained for omparableamounts of noise. Both of these e�ets are small in the region of interest, and furthermore they tendto anel eah other out, so they have been negleted in �nding the optimal set of uts, althoughthey are taken into aount when determining the bin size used.With our uts set, we an alulate the angular resolution and optimal bin size. The RMSangular resolution in zenith and in azimuth1 is shown for various delinations in Fig. 8.3. From these1Atually, � os Æ, not �.
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Figure 8.2: Sensitivity as a funtion of minimum event quality for a point soure at adelination of 40Æ, with a spetrum of E�2� . Plotted is the ratio of predited signal tothe root of the number of events observed, in arbitrary units.
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Figure 8.3: The RMS angular resolution for an E�2 soure. The lines are analytiparametrizations used to hoose the bin size; they smooth out statistial utuationsprodued by the low population tails of the zenith angle distributions.resolutions we �nd the number of bakground events expeted in a �1� elliptial searh bin at thedelinations of our soure andidates. Alexandreas et al. [91℄ give the optimal bin size, as a funtionof this bakground expetation.With the uts and searh bins set, we an look for lustering in the skymap around ourandidate soures. Fig. 8.4 shows the positions of the 286 events passing the Q � 5 uts, as wellas the loations of the �ve soures and the searh bins used in this analysis, in equatorial (J2000)oordinates on a Hammer-Aito� projetion.We estimate the bakground expetation by examining o�-soure bins in the same delinationband as the soure. Beause of AMANDA's unique loation, the soure appears at onstant zenithangle, and time variations in sensitivity due to the position of the soure are essentially nil2. By usingo�-soure bins in the same zenith band, any detetor-related variations in sensitivity are properlyaounted for. The delination band is de�ned by the limits of the soure bin; no orretion is made forthe overlap of one soure's o�-soure band with other soure bins, beause the statistial unertainty of2There is in fat a slight three-fold modulation in sensitivity with azimuth due to the geometry of the detetor, butthis will be averaged out unless emission omes in a are of less than eight hours' duration.
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Figure 8.4: The 286 events with Q � 5 plotted in equatorial oordinates along with the �ve andidate soures. The ellipsesaround the points are the searh bins used in the analysis.



97the bakground estimation is already a dominant fator in the alulation of signi�ane, the expetedsignals are below the level of detetability, and any ontamination of the o�-soure bands will givea onservative result by arti�ially elevating the bakground level. The expeted bakground in thesearh bin is found by simply taking the ratio of the solid angle of the searh bin to the solid anglein the o�-soure band, and ounting the number of events in the o�-soure band. The delinationbands are shown in Fig. 8.5.
8.3 ResultsThere are two alulations we an make for these andidate soures. First, we an alulatethe statistial signi�ane of the possible detetions, using the likelihood-ratio test of Li & Ma [92℄.This result is the probability that the observation indiates the presene of a signal, rather than purebakground, and aounts properly for the statistial unertainties in the bakground estimation.As shown in Table 8.2, there is no evidene for neutrino emission from those soures at the levelsaessible to this analysis. The signi�anes given in Table 8.2 do not inlude statistial penalties forthe number of trials, whih inlude not only the �ve soures tested here but also the fat that thisdata set has been examined repeatedly for evidene of point soures [80, 90, 93℄.From the bakground estimates and the numbers of events in the soure bins, we an also �nd90% C.L. limits on the number of events from the andidate soures, aording to the method ofFeldman & Cousins [94℄. The results are also given in Table 8.2. The Feldman-Cousins method doesnot aount for statistial unertainties in the bakground estimation (or for systemati unertaintiesin the sensitivity | doing so in a stritly lassial manner is not trivial). Following [95℄ and [96℄,we have used a Bayesian approah to aount for this unertainty, as well as the (muh larger)systemati unertainty in the detetor's sensitivity. We have onstruted the on�dene intervalsfollowing Feldman and Cousins' presription, exept that the Poisson probability P (n j � + b) ofobserving n events given known signal � and bakground b has been replaed by the integralZZ d�0db0P (n j�0+ b0)P (�0)P (b0):
The bakground level and detetor sensitivity were assumed to be normally distributed about theentral values. The width of the bakground distribution was taken from the number of ounts in the
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Figure 8.5: The delination bands used to estimate the bakgrounds. The andidate soures are shown as diamonds insideellipses representing the searh bins. The di�erent lengths of the bands indiate the redued solid angle at high delinations.



99Soure Bin Radius No� Non NBG SLi-Ma 90% U. L.Rt. As. Delin. [events℄Markarian 421 0.518 4.855 33 1 1.12 �0.11 3.24Markarian 501 0.535 4.870 32 3 1.12 1.43 6.303C66A 0.574 4.867 39 1 1.47 �0.40 2.931ES2344 0.712 4.694 50 0 2.33 �2.14 1.211ES1959 1.092 4.123 25 2 1.79 0.15 4.12
Table 8.2: Results of the searh for neutrino emission from andidate soures.delination band of the soure, and for the sensitivity the di�erene in the preditions of the standardMonte Carlo and that with the muon propagator of Lipari [85℄ and the OM angular sensitivity of[86℄ (the highest and lowest preditions, di�ering by approximately a fator of two) was taken as the2� level.Having produed these limits on the number of events produed by our andidate soures, wemust onvert these event limits to limits on the neutrino ux. This proess depends on the assumedspetrum of the soure; as above when alulating the sensitivity we will assume an E�2� spetrum.We �nd the normalization by simulating E�2� soures with ux

E2���+�� = 10�6 m�2 s�1 GeV
at the delinations of the various andidates, and dividing the event limits of Table 8.2 by thepreditions; the same proedure is followed for an assumed E�3� spetrum. The results are given inTable 8.3. The energy ranges for whih the limits are valid, de�ned by the range of neutrino energiesthat ontributes 90% of the predited signal, are about 350 GeV { 175 TeV for the assumed E�2�soure, and 60 GeV { 6.3 TeV for E�3� emission. The neutrino spetra from the Monte Carlo areshown in Fig. 8.6. The limits are alulated for steady-state emission over the period April 6 toNovember 14, 1997.We have also inluded in Table 8.3 the experimental sensitivity, de�ned following [94℄ as theaverage upper limit that would be expeted from this analysis in the absene of true soures; in someinstanes the limits outpae the sensitivity, and in these ases the sensitivity should be taken as thebound on the ux. As with the upper limits, the sensitivities have been alulated with unertaintiesin bakground and sensitivity treated following [95℄ and [96℄.
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Figure 8.6: The energy of neutrinos identi�ed by this analysis for assumed E�2� andE�3� spetra of arbitrary normalization. The uto� at 105:5 GeV is due to the limitedrange of the simulation; the tail is relatively small and makes the quoted limits slightlyonservative.

Soure E�2� spetrum E�3� spetrum90% U. L. Sensitivity 90% U. L. SensitivityMarkarian 421 1:22 � 10�6 1:32 � 10�6 2:82 � 10�3 3:01 � 10�3Markarian 501 2:14 � 10�6 1:12 � 10�6 4:96 � 10�3 2:63 � 10�33C66A 1:01 � 10�6 1:24 � 10�6 2:21 � 10�3 2:77 � 10�31ES2344 0:23 � 10�6 1:08 � 10�6 0:59 � 10�3 2:24 � 10�31ES1959 1:08 � 10�6 1:01 � 10�6 1:94 � 10�3 1:84 � 10�3
Table 8.3: Sensitivities and ux limits on the andidate soures. The limits are on(�� +���)En, where n is the spetral index of the assumed spetrum, in units of m�2se�1 GeVn�1.



101Finally, we should note the appearane in Fig. 8.5() of a luster of events near the positionof 3C66A. If an analysis idential to that for 3C66A were performed with the searh bin entered atright asension 1.2 h, rather than 2.378 h, the searh bin would ontain 7 events, with an expetedbakground from the delination band of 1.24�0.22 events. This orresponds to a signi�ane, a-ording to Li & Ma, of approximately 3.4� (a hane probability of 3 � 10�4), and a most-probableux of E2��+�� = 1:91 � 10�6m�2s�1GeV. However, the number-of-trials fator is quite ompliatedin this ase, beause the searh bin was plaed by hand on the skyplot, and so the Li-Ma signi�anemust be redued somewhat. Na��vely, one ould say that the searh bin took up about 1/214 of theupgoing hemisphere, so that one must take a penalty for 214 trials; this brings the hane probabilityup to about 7%. But the bin was not the result of 214 random trials; the bin was plaed by hand tomaximize the signal, and so this treatment will overestimate the signi�ane of the result. One mustonlude, therefore, that there is a reasonably large probability that the apparent exess is simplya utuation of the bakground, and that the question annot be settled with this data set. Theadditional data from 1998{2001 should ertainly be enough to resolve the issue.
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Chapter 9
Conlusions
The AMANDA detetor has been in operation sine 1996. Results from the �rst year of operation,with only four strings in plae, were promising but failed to demonstrate onlusively that the detetorwas a working neutrino telesope. Improvements in reonstrution methods and in data analysis,applied to the data set reorded in 1997 with ten strings in operation, have resulted in the positiveidenti�ation of upgoing neutrino events.The AMANDA detetor was optimized for the detetion of TeV events; although some sensitiv-ity is retained even below 100 GeV, the detetor geometry was designed to minimize the observationof atmospheri neutrinos, whih are an unwanted foreground to astrophysial soures. Moreover, thenarrow geometry of the ten strings in plae in 1997 greatly redues sensitivity to horizontal muons.Nevertheless, the ten-string detetor has been established as a working instrument of several thousandm2 e�etive area for atmospheri neutrinos, observing neutrinos at a rate of more than 1.4 per dayof exposure, with bakground rates below 10%. The response of the detetor, while not yet perfetlymodelled, is understood to within a fator of two, and the expanded detetor now taking data willhave a greatly inreased e�etive volume and angular range.With this demonstration of the proper operation of the detetor, we an begin to plae limitson astrophysial soures of neutrinos. Energeti extragalati objets known from their gamma rayemission have been shown not to emit neutrinos signi�antly above the level of 10�6E�2� m�2 s�1GeV�1. With improvements in analysis tehniques, optimization for high energy events, and theadditional data already reorded with the expanded detetor, the sensitivity of the detetor will begreatly enhaned and the possibility of observing high energy extraterrestrial neutrinos, an elusive



103goal for over 40 years, may �nally beome a reality.
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Appendix A
Combining Weighted Monte Carlos
This analysis relied on the 2000 basiev mass prodution for simulation of the downgoing muonbakground. This mass prodution used importane sampling tehniques to improve the preisionof the simulation while reduing simulation time, fousing the simulation on important regions ofparameter spae whih would not be heavily sampled in a natural Monte Carlo. The Monte Carlooutputs the proper fators to use for unbiasing the output, whih depend on the distributions fromwhih the program sampled events. However, the optimization strategy hanged from versions 0{2,whih foused on near-horizontal muons, to version 3, whih sampled uniformly in zenith angle upto a uto� angle. This means that the e�etive sampling distribution, on whih the weights of theindividual events depends, must be realulated.The weight w of an event in a biased Monte Carlo is the ratio of the probability density funtionf whih is to be simulated to the biased distribution p atually sampled by the Monte Carlo program.These funtions are probability densities and so must be normalized, and the ratio is evaluated atthe point orresponding to the event in question. For example, in AMANDA we wish to simulate anisotropi ux of protons produing downgoing muons, but for versions 0{2 we atually sampled froma 1= os2 � distribution. The normalized true and biased distributions were thenf(os �) = 1�0 and p(os �) = 1�0 os2 � (A.1)respetively, where �0 and �0 are the normalization onstants�0 = 1os �high � os �low and �0 = Z 10:06 1os2 � d(os �) = 473 (A.2)and os �high and os �low were the limits of the simulation, [0:06; 1℄.



110The weighting funtion was then
w(os �) = f(os �)p(os �) = �0 os2 ��0and the weight of an event at an angle �0 was found by evaluating w(os �) at � = �0. For onveniene,this alulation was performed by the Monte Carlo at run time, based on the sampling distributionthen in use, and reorded in the F2000 data stream. For example, the above weight was output asthe variable zenithweight (znthwght in munt).However, the values alulated by the Monte Carlo depend on the sampling distributionsatually being used at the time, whih may not be orret for the full set of simulated events taken asa whole. To see this, onsider that the sampling distribution for the zenith angle an be de�ned (inthe limit of a large number of events) as the di�erential number of events n at a given angle, dividedby the total number of events N :

p(os �) = n(os �)N :
If simulated events from prodution runs with di�erent sampling distributions are to be ombined,we must alulate the e�etive sampling distribution

pe�(os �) = n1(os �) + n2(os �)N1 +N2 ;
from whih de fato the events were drawn.As desribed in [97℄, the bakground simulation was biased in three distributions simultane-ously. Eah of these biased samplings | in zenith angle, threshold energy, and generation plane area| produes its own weighting fator wi. The total weight w of an event is simply the produt of theweights from eah of the biased samplings:

w =Yi wi:Only one of the three sampling distributions | the zenith angle | was hanged over the ourse ofthe simulation. The alulations of the other fators (gnplnwgh and smpbvwgh) performed by theMonte Carlo at run time are therefore still valid, and we need only realulate the zenith angle fatorznthwght.



111As desribed above, versions 0{2 of the mass prodution ontain some N0 = 1:582 � 1011simulated protons hosen from a 1= os2 � sampling distribution. Beginning with version three, it wasdeided to esh out the predition for more vertial muons by removing the zenith angle weightingand sampling from a uniform distribution in os �. To avoid redundany, the angular range ofversions three and higher was restrited slightly to avoid the horizontal region already sampledheavily by versions 0{2. Versions 3{4 thus ontain N3 = 9:955 � 1010 protons simulated uniformlyover 0:276 � os � � 1.Overall, then, we have simulated N = N0+N3 = 2:578 �1011 protons. The di�erential numberof these protons simulated in an in�nitesimal range about os � isn(os �) d(os �) = [n0(os �) + n3℄ d(os �)where ni = Ni pi:For versions 0{2, p0 is as alulated in Eqs. A.1{A.2, above. The sampling was uniform in os � forversions 3{4, so p3 onsists only of the stepwise normalization fator
p3 = 8<: 1�3 = 1os �(3)high�os �(3)low = 10:724 0:276 � os � � 10 os � < 0:276The e�etive sampling distribution used is thus

p(os �) = nN = n0(os �) + n3N0 +N3 = 8><>: 1N0+N3 � N0�0 os2 � + N3�3 � 0:276 � os � � 11N0+N3 � N0�0 os2 �� 0:06 � os � < 0:276The weight of an event is, as usual, the ratio of the unbiased distribution to the distribution atuallysampled w = f(os �)p(os �) = 1os �high � os �low � N0 +N3n0(os �) + n3� :The other fator whih is needed to make an absolute predition is the simulated time, whihsets the absolute sale of the weighting fator alulated above. The simulated time is given as usualby Tgen = N�A




112where N , as above, is the number of protons simulated, � is the integrated ux above the energythreshold of the simulation, A is the area of the generation plane, and 
 is the solid angle overedby the simulation.We have used a ux � = 0:102 m�2s�1sr�1, whih is the ux of protons and helium above anominal threshold of 1 TeV. The nominal generation plane was A = 4:65 �105m2, and the solid angleis as given above1. We therefore have simulated a total of
Tgen = N0:102 � 4:65�105 � 0:94 � 2� = 9:203 � 105

seonds of livetime. To make a predition for the full 1997 data set, onsisting of 130.1 days oflivetime, we simply multiply eah event weight by a sale fator Tlive=Tgen = 12:21.

1Note that the area and threshold given above are referene values; the atual simulation sampled above a di�erentthreshold and over a di�erent area, depending on the angle of the inident proton. These terms are aounted for inthe basiev output values of smpbvwgh and gnplnwgh.
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Appendix B
Cross Talk
B.1 Channel CutsA large amount of ross talk an be seen in distributions of amplitude vs. pulse length (timeover threshold) for various modules. The plots in Figures B.1 and B.2 show these distributions for afew modules in B-10 designated `good' by the standard reonstrution sript and used in the normalanalysis. Eah point in the plots represents one hit from the set of some 6 � 104 events passing theBayesian reonstrution1. The standard hit leaning of Se. 6.2 has been used in these plots, sothat only the �rst pulse in eah hannel is plotted for any event, and the standard ADC, TOT, andisolation uts have been applied.Cross talk an be seen in many hannels as points whih lie above and to the left of theharateristi wing-shaped distribution. These short, high-amplitude pulses are muh more frequentin this data set than in trigger-level data, whih makes identi�ation of ross talking hannels easier.The �rst two hannels in Fig. B.1 are normal hannels, with low levels of ross talk. The other sixhannels exhibit high ross talk levels, and further leaning is required. It seems that the ross talkin di�erent modules has di�erent harateristis; for example, in OM 133 the anomalous pulses areall of very short duration, although the amplitude is quite high. In hannel 102 there is a widervariation in pulse duration, and in OM 155 there is a harateristi (low) amplitude. Whether theseorrelate with di�erent physial proesses is unknown.Based on these distributions, and those of the rest of the modules in the array, we developed the1In fat, the event set is from an older version of the Bayesian �lter, the set on whih [98℄ is based. However, theset is very similar to that produed by the analysis desribed herein.
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Figure B.1: Pulse amplitudes vs. duration for modules on the outer strings. Normalhits lie in the wing-shaped distribution extending to the right, as shown in hannels98 and 129. Channels with high levels of ross talk have large numbers of hits at highamplitude but with short duration, as in hannels 95 and 102.
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Figure B.2: Pulse amplitudes vs. duration for modules exhibiting high levels of rosstalk. The pile-up seen in hannels 95, 129, and 133 is aused by ADC saturation.



116TOT ThresholdsChannel Min. TOT Channel Min. TOT95 220 184 Removed102 Removed 191 140128 180 194 220133 180 204 160146 180 205 200155 160 206 140156 180 219 Removed168 150 220 160169 160 225 170170 180 228 160171 140 230 190174 150 246 160176 180 256 180177 140 257 Removed178 140 289 Removed179 180 290 Removed180 140 291 Removed181 Removed 292 Removed182 Removed 301 RemovedTable B.1: List of additional TOT uts used to redue ross talk.list of hannels given in Table B.1, to whih additional TOT uts, more stringent than the standard125 ns minimum, were applied, or whih were removed from the data stream entirely.
B.2 Hit CutsIn an e�ort to further redue the level of ross talk, we also implemented two new ross talkleaning algorithms, based on the analyses by J. Klug [61℄ and K. Hanson [99℄. These algorithmsattempt to identify ross talk pulses by looking for low amplitude hits whih ome in (raw time)oinidene with hits of large amplitude. The �rst algorithm simply looks at all pairs of pulseson a string. However, the time oinidene window annot be made too wide without losing largenumbers of signal hits, and it has been found by both Klug and Hanson that some ross talk arriveswith delays of up to a few hundred nanoseonds with respet to the induing pulse. Therefore, theseond algorithm uses expanded oinidene windows but, to preserve real hits, looks only at pairsof hits in hannels identi�ed by Klug or Hanson as being strongly oupled to eah other.Using these improved hit leaning algorithms, we re-reonstruted the 58,000 events passing



117the Bayesian �lter (the \meat pie" reonstrutions of Appendix C). With muh of the ross talkremoved, only 16% of the data were still reonstruted as upgoing. By ontrast, some 85% of thesimulated misreonstruted bakground survived, indiating that the bulk of the events removed wereunsimulated fakes. Moreover, while peaks in COGz remained in the data, as seen in Fig. 7.12, theywere muh redued in size relative to the `ontinuum' of simulated bakground. We take the fatthat this lass of fakes is greatly redued by the ross talk leaning to be strong evidene that theross talk hypothesis is orret.Clearly, we have not ompletely eliminated the `COG' fakes. Based on the number of simulatedfakes, however, we believe we have redued the lass of fakes by at least 90%. While it is possiblethat the remaining unsimulated fakes are aused by something ompletely di�erent, we believe thatthey are aused by ross talk that has esaped our leaning routines.
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Appendix C
Reonstrution Chain
The series of reonstrutions applied to the data is desribed in this appendix. The analysis beganwith the data that passed the LBL �lter [75℄, the �rst stage in Table C.1. The next two stagesonstitute a large multiple-restart searh for the best upgoing and downgoing minima of the Bayesianposterior probability funtion, done with a slight orretion to the standard hit leaning.By the time that the data set had been passed through these �lters, the ross talk leaningalgorithms desribed in Appendix B had been developed. Rather than going bak to the full set ofdata from the LBL �lter, it was deided to simply re�t the data set as it stood, some 50,000 events.It is only the �ts from this �nal stage of the reonstrution that are used in this report, but theprevious stages are desribed here beause they will have some e�et on the eÆieny of the analysis.In Table C.1, �ts labelled Bayesian were performed with the Upandel likelihood multipliedby the prior desribed in 5.2. Fits referred to as `upgoing' or `downgoing' were seeded with randominitial guesses hosen isotropially from the allowed hemisphere and passing through the enter ofgravity of the event. Unrestrited �ts were based on the most reent line �t. It was neessary to redothe line �t after hanging the hit leaning, beause even a single hit an ause a large hange in theline �t solution. Changing the leaning also made previous �ts unusable, beause when using timinglikelihoods alone the minima found are not tied to any absolute sale; the values hange sharply whena hit is added or removed.Details of these reonstrutions, inluding the software ags used by the reonstrution pro-gram reoos [100℄, are given in Tables C.2{C.5. Note that in all reonstrutions, the time-over-threshold minimum of 125 ns was not applied to hannels 291{302 after run 800, due to a malfuntion
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LBL FilterThis stage is desribed in [75℄Reo 1 Line �tCut 1 �LF > 50Reo 2 Upandel Single iterationCut 2 �Upandel > 80Cut 3 N [�15:25℄dir > 3 Applied without hit leaningDr. SeussFor these �ts the isolation leaning was done lastCut 4 N [�15:25℄dir > 3 Reapplied with hit leaningReo 3 Line �tReo 4 Unrestrited Upandel Single iterationReo 5 Upgoing Bayesian Single iterationReo 6 Downgoing Bayesian Single iterationCut 5 Best of �ts 4{6 is upgoingMeat PieReo 7 Upgoing Bayesian 4 iterationsReo 8 Downgoing Bayesian 4 iterationsCut 6 Best of �ts 4{8 is upgoingReo 9 Downgoing Bayesian 20 iterationsReo 10 Best upgoing Best of 4, 5, 7Reo 11 Best downgoing Best of 4, 6, 8, 9Cut 7 Best of �ts 10, 11 is upgoingFinalFor these �ts the ross talk leaning was appliedReo 12 Line �tReo 13 Unrestrited Bayesian Single, based on �t 12Reo 14 Upgoing Bayesian 4 iterationsReo 15 Downgoing Bayesian 4 iterationsReo 16 Best upgoing Best of 13, 14Reo 17 Best downgoing Best of 13, 15Cut 8 Best of 16, 17 is upgoingReo 18 Tensor of inertia �tReo 19 Shower �t

Table C.1: Outline of the reonstrution hain.



120in the eletronis. Also, prior to the �nal �t, a bug in the reoos program aused the dark noiserate (in hits/ns) used in the likelihood funtion to be e�etively squared, ausing the reonstrutionto use very small probabilities for noise hits. These values are noted in the tables.Table C.2: Parameters of the LBL Reonstrutions
Parameter Value reoos agLBL Line Fit ParametersReonstrution Type Line �t -r n -i mAmplitude Weighting Unweighted -p w=0.Time Shift All residuals positive -X g=fMinimum Event Size 5 hits on 1 string -p t=1:5Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Hit Isolation 70 m, 500 ns -y I=70.:500.:1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1LBL Reonstrution ParametersReonstrution Type Single minimization -r mStarting Hypothesis LBL line �t -i f -p f=1Time Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Upandel -z a upandelParametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 90 �Hz over 4.5 �s -p n=300:4500(with noise bug)Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Hit Isolation 70 m, 500 ns -y I=70.:500.:1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1



121Table C.3: Parameters of the Dr. Seuss Reonstrutions
Parameter Value reoos agDr. Seuss Line Fit ParametersRejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Reonstrution Type Line �t -r n -i mAmplitude Weighting Unweighted -p w=0.Time Shift All residuals positive -X g=fMinimum Event Size 5 hits on 3 strings no ags (default)Dr. Seuss Unrestrited Fit ParametersRejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Reonstrution Type Single minimization -r mStarting Hypothesis Dr. Seuss line �t -i fTime Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Upandel -z a upandelParametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 mHz over 4.5 �s -p n=1000:4500(with noise bug)Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Dr. Seuss Upgoing Fit ParametersRejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Reonstrution Type Single minimization -r mStarting Hypothesis Random upgoing -i r -p Z=-1.:0.ontinued on next page



122Table C.3: ontinued
Parameter Value reoos agTime Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Upgoing Bayesian Upandel -z a upandel+a zenith range+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 mHz over 4.5 �s -p n=1000:4500(with noise bug)Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Dr. Seuss Downgoing Fit ParametersRejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Reonstrution Type Single minimization -r mStarting Hypothesis Random downgoing -i r -p Z=0.:1.Time Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Upgoing Bayesian Upandel -z a upandel+a zenith range+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 mHz over 4.5 �s -p n=1000:4500(with noise bug)Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2

Table C.4: Parameters of the Meat Pie Reonstrutions
Parameter Value reoos agMeat Pie Upgoing Fit ParametersRejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Amplitude 0.3{1000 p.e. -y a=0.3:1000.ontinued on next page



123Table C.4: ontinued
Parameter Value reoos agTime Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Reonstrution Type Random multistart -r gNumber of Iterations 4 -p M=3Starting Hypothesis Random upgoing -i r -p Z=-1.:0.Time Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Upgoing Bayesian Upandel -z a upandel+a zenith range+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 mHz over 4.5 �s -p n=1000:4500 with noise bugPandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Meat Pie Downgoing Fit ParametersRejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Reonstrution Type Random multistart -r gNumber of Iterations 4 or 20 -p M=3 or -p M=19Starting Hypothesis Random downgoing -i r -p Z=0.:1.Time Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Upgoing Bayesian Upandel -z a upandel+a zenith range+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 mHz over 4.5 �s -p n=1000:4500(with noise bug)Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2



124Table C.5: Parameters of the Final Reonstrutions
Parameter Value reoos agFinal Line Fit ParametersReonstrution Type Line �t -r n -i mAmplitude Weighting Unweighted -p w=0.Time Shift All residuals positive -X g=fMinimum Event Size 5 hits on 1 string -p t=1:5Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Cross Talk Cleaning I Hit Coinidenes -y x=50:8:0.5 -y X=8:0.5Cross Talk Cleaning II Bad Channels See Table B.1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Final Unrestrited Fit ParametersReonstrution Type Single minimization -r mStarting Hypothesis Final line �t -i fTime Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Bayesian Upandel -z a upandel+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 kHz over 4.5 �s -p n=1000:4500Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Cross Talk Cleaning I Hit Coinidenes -y x=50:8:0.5 -y X=8:0.5Cross Talk Cleaning II Bad Channels See Table B.1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Final Upgoing Fit ParametersReonstrution Type Random multistart -r gNumber of Iterations 4 -p M=3Starting Hypothesis Random upgoing -i r -p Z=-1.0:0.0Time Shift All residuals positive -X g=fLoal Minimizer Powell's -m pontinued on next page



125Table C.5: ontinued
Parameter Value reoos agFuntion Minimized Upgoing Bayesian Upandel -z a upandel+a zenith range+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 kHz over 4.5 �s -p n=1000:4500Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Cross Talk Cleaning I Hit Coinidenes -y x=50:8:0.5 -y X=8:0.5Cross Talk Cleaning II Bad Channels See Table B.1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Final Downgoing Fit ParametersReonstrution Type Random multistart -r gNumber of Iterations 4 -p M=3Starting Hypothesis Random downgoing -i r -p Z=0.0:1.0Time Shift All residuals positive -X g=fLoal Minimizer Powell's -m pFuntion Minimized Downgoing Bayesian Upandel -z a upandel+a zenith range+a zwght2Parametrization Vertex, angles no ags (default)Free Parameters Vertex, zenith, azimuth -x x,y,z,zenith,azimuthNoise Rate 1 kHz over 4.5 �s -p n=1000:4500Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Minimum Event Size 5 hits on 1 string -p t=1:5Hole Ie Optis 50 m sattering -X o=2Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Cross Talk Cleaning I Hit Coinidenes -y x=50:8:0.5 -y X=8:0.5Cross Talk Cleaning II Bad Channels See Table B.1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1



126Table C.6: Parameters of the Shower Reonstrutions
Parameter Value reoos agTensor of Inertia Fit ParametersReonstrution Type Tensor of inertia �t -r n -i iPartile Type Eletron -p p=e-Time Shift All residuals positive -X g=fAmplitude Weighting Linear -p w=1.Trafo None -X s=nMinimum Event Size 4 hits on 1 string -p t=1:4Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Cross Talk Cleaning I Hit Coinidenes -y x=50:8:0.5 -y X=8:0.5Cross Talk Cleaning II Bad Channels See Table B.1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1Shower Reonstrution ParametersLoal Minimizer Powell's -m pReonstrution Type Single minimization -r mStarting Hypothesis Tensor of inertia �t -i fPartile Type Eletron -p p=e-Time Shift None -X g=nTrafo None -X s=nFuntion Minimized Point soure Upandel -z a pp upandelLikelihood Parametrization Vertex, time -x xyztFree Parameters Vertex, time -x x,y,z,timeMinimum Event Size 4 hits on 1 string -p t=1:4Hole Ie Optis 50 m sattering -X o=2Noise Rate 1 kHz over 4.5 �s -p n=1000:4500Pandel Jitter 15 ns -p j=15Pandel Absorption Length 96 m -p a=96.Rejeted Channels Standard See [101℄Time Window 4.5 �s -y R=0.:4500.Cross Talk Cleaning I Hit Coinidenes -y x=50:8:0.5 -y X=8:0.5Cross Talk Cleaning II Bad Channels See Table B.1Amplitude 0.3{1000 p.e. -y a=0.3:1000.Time Over Threshold 125{2000 ns -y b=125:2000.:1:302Multiple Hits First hit only -y A=1Hit Isolation 70 m, 500 ns -y I=70.:500.:1
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Appendix D
Event Quality Levels
This appendix ontains the values of the ut parameters whih were used to de�ne the di�erentquality levels Q referred to in Chapters 7 and 8, as well as the distribution of events for the data,simulated atmospheri neutrinos, and simulated downgoing muons.Table D.1 shows the de�nitions of the di�erent Q levels in terms of the six ut parametersde�ning the ut spae. Eah entry is the lower boundary of the Q level, so for example events whihdo not pass the uts in the �rst row have quality Q = 0. The ut values for Ndir and Ldir are theminimum values required; all others are maxima.Table D.2 gives the number of events found at eah quality level (i.e., not inlusive of higherQ levels). The unertainties quoted are taken from the observed varianes of the sets,

� =qXw2i(where wi is the weight of event i) and so are estimates of the statistial error only. Note thatespeially for the downgoing muon simulation, insuÆient statistis are available for the higher qualitylevels, and so the quoted unertainties are probably underestimates.
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Event Quality Cuts
Quality N [�15:75℄dirNhits jSPhit j L[�15:25℄dir � lnLNhits � 5 I1�I �like � �LF1 0.2884 0.4565 30.3 8.890 0.2720 57.272 0.3296 0.4047 42.0 8.679 0.2579 47.263 0.3574 0.3679 50.2 8.572 0.2479 40.974 0.3793 0.3404 57.0 8.491 0.2403 36.355 0.3979 0.3202 62.6 8.416 0.2337 32.176 0.4144 0.3029 66.7 8.348 0.2283 28.967 0.4295 0.2887 70.4 8.304 0.2233 26.298 0.4436 0.2791 73.4 8.272 0.2185 23.839 0.4570 0.2689 76.6 8.236 0.2143 21.9910 0.4700 0.2600 80.0 8.200 0.2100 20.0011 0.4827 0.2516 82.6 8.169 0.2061 18.3412 0.4952 0.2444 85.2 8.145 0.2022 16.9413 0.5078 0.2375 87.8 8.123 0.1987 15.5714 0.5206 0.2311 90.0 8.099 0.1951 14.4515 0.5336 0.2262 92.3 8.080 0.1918 13.3116 0.5472 0.2205 94.5 8.057 0.1882 12.2717 0.5615 0.2156 96.6 8.039 0.1852 11.3518 0.5769 0.2113 98.2 8.021 0.1818 10.5319 0.5937 0.2072 99.9 8.003 0.1783 9.9620 0.6127 0.2033 102.0 7.989 0.1749 8.8521 0.6349 0.1987 103.2 7.972 0.1712 8.1022 0.6627 0.1949 104.6 7.957 0.1680 7.3823 0.7015 0.1910 105.8 7.942 0.1646 6.7824 0.7750 0.1876 106.8 7.928 0.1612 6.12Table D.1: Cuts de�ning the event quality levels. The uts applied for the atmospherineutrino analysis orrespond to Q = 7 (underlined); for the point soure searh theQ = 5 uts were used.
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Event Quality DistributionsQuality Obs. Data Atmospheri � Downgoing �0 4164 58.5� 1.3 1479.2� 65.21 597 43.8� 1.3 227.7� 24.42 225 43.5� 1.3 103.8� 15.93 78 36.9� 1.1 26.3� 6.84 58 35.2� 1.1 33.7� 11.75 38 35.7� 1.1 4.7� 2.16 44 31.7� 1.1 6.4� 3.57 12 26.3� 1.0 1.8� 1.28 20 27.3� 1.0 1.0� 0.69 13 24.8� 0.9 1.1� 0.810 20 24.7� 1.0 4.4� 3.111 9 16.8� 0.8 3.4� 2.212 11 25.5� 1.0 0.0� 0.013 11 16.7� 0.7 0.0� 0.014 15 19.2� 0.9 1.4� 0.915 7 14.7� 0.7 0.0� 0.016 10 14.4� 0.7 0.0� 0.017 11 11.4� 0.6 0� 018 8 13.1� 0.7 0� 019 13 11.8� 0.7 0� 020 6 9.1� 0.6 0.0� 0.021 7 8.6� 0.6 0.0� 0.022 15 7.8� 0.6 0.1� 0.123 9 5.2� 0.5 0� 024 7 1.6� 0.3 0� 0Table D.2: Number of events found at eah of the quality levels de�ned in Table D.1.The unertainties on the simulated sets are statistial.
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Appendix E
Events

Table E.1: List of EventsEvent Num. Day Seonds Zenith Azimuth Rt. As. Delin. Gal. Long. Gal. Lat.557701 97 76050 118.13 183.50 3.97 28.13 165.63 {18.862023536 99 69520 146.56 283.13 19.64 56.57 88.74 16.301528728 100 30458 156.75 354.36 4.08 66.75 140.39 10.67253874 102 43758 135.43 93.74 1.29 45.42 127.67 {17.21478874 105 8523 124.01 66.50 17.49 34.01 58.13 30.931260978 106 32729 103.83 7.15 4.25 13.83 179.81 {25.842682908 107 54029 163.36 165.08 23.72 73.36 118.03 11.141184319 108 51898 109.56 307.29 13.71 19.55 2.87 76.016693280 109 44184 163.78 121.46 0.02 73.78 119.37 11.253382545 110 30663 116.69 336.00 6.02 26.69 183.66 1.78236184 111 60185 130.55 198.12 23.50 40.55 106.58 {19.712570660 112 4687 165.86 209.92 7.32 75.86 138.86 27.92557244 114 54943 148.13 7.88 10.92 58.13 148.15 52.92105696 115 1189 139.72 107.19 13.39 49.72 109.90 66.59247763 116 11499 149.54 22.59 21.97 59.55 102.52 3.7449481 116 15134 165.59 245.87 8.09 75.59 138.88 30.80137711 118 27074 143.19 122.43 19.78 53.20 86.14 13.7567863 118 53373 117.18 216.07 20.86 27.18 71.32 {10.87978033 119 67866 142.41 84.90 9.71 52.41 163.87 46.8911815 121 44011 142.81 193.65 19.95 52.81 86.52 12.23609698 122 66693 143.89 27.22 13.43 53.89 112.03 62.511332456 122 76340 167.37 352.99 18.39 77.37 108.71 27.931391955 123 80281 102.58 5.94 18.69 12.59 43.10 7.85297031 124 14136 162.63 256.68 7.62 72.63 142.51 29.2048064 124 34983 125.04 114.03 22.94 35.04 97.72 {22.13517683 124 61144 114.08 314.93 16.83 24.08 43.89 36.681129571 124 69313 154.82 304.71 19.79 64.82 97.08 18.75333605 125 36977 115.91 130.35 22.47 25.91 86.83 {26.743634483 129 63934 146.60 131.32 6.18 56.60 157.46 17.09397392 130 20631 130.99 246.74 10.49 40.99 178.25 57.734285271 130 73628 114.84 154.21 7.42 24.84 193.68 18.0210604848 131 73508 147.65 244.34 1.44 57.65 127.61 {4.90ontinued on next page



131Table E.1: ontinuedEvent Num. Day Seonds Zenith Azimuth Rt. As. Delin. Gal. Long. Gal. Lat.7492181 133 17292 140.75 189.58 13.56 50.75 106.93 65.04910225 133 52246 169.89 27.91 10.08 79.89 131.07 34.4410708643 135 6065 145.47 65.64 18.83 55.47 85.16 22.28282164 135 17544 138.77 331.15 4.33 48.77 154.25 {1.023596687 136 7172 151.20 226.29 8.49 61.20 155.40 35.302312069 138 67355 142.28 8.37 15.92 52.28 82.17 47.695362470 139 21345 148.53 304.23 7.44 58.53 158.46 27.386472354 139 35996 110.00 207.40 17.98 20.00 45.67 20.2721328 141 50921 128.80 97.51 5.59 38.80 170.53 3.474196343 142 16981 121.91 84.39 21.08 31.91 76.87 {10.053391162 142 73198 111.17 1.62 18.26 21.17 48.41 17.123694138 142 76962 148.64 246.48 2.98 58.63 138.89 {0.239281799 144 68567 127.58 358.80 17.29 37.58 61.67 34.052313405 145 18597 98.00 200.49 13.99 8.00 346.12 65.013170212 145 29898 144.10 199.71 17.19 54.10 81.77 36.1799192 148 13565 135.45 256.25 9.07 45.45 174.91 41.781774178 148 34687 97.49 259.39 14.74 7.49 1.90 56.802065117 148 38354 170.35 213.18 18.84 80.35 112.11 26.752143739 149 82346 113.16 356.02 21.64 23.16 75.45 {21.423277242 150 54435 150.95 125.48 5.30 60.95 150.17 13.14350735 152 84818 145.87 34.11 19.99 55.87 89.44 13.421707787 153 63950 162.76 353.13 16.97 72.76 104.56 34.092998385 155 53249 122.33 328.13 15.79 32.34 51.65 51.733911386 155 65086 170.30 9.40 16.33 80.30 113.83 32.786963997 156 17518 102.82 34.81 1.46 12.82 136.38 {49.116967794 156 17566 146.87 166.68 16.68 56.87 85.95 40.13232853 157 11403 101.17 196.20 13.06 11.17 313.63 73.7970402 159 28937 120.52 268.12 13.28 30.52 65.88 83.504430785 159 84987 153.60 243.65 6.52 63.60 151.46 21.966942749 160 30877 149.82 8.25 7.21 59.82 156.72 25.82540434 160 55317 116.44 200.84 1.18 26.44 128.28 {36.231122544 161 31336 153.70 153.40 21.73 63.70 103.84 8.023015752 162 79194 145.18 349.17 22.07 55.18 100.57 {0.273568652 163 71 132.33 58.23 19.49 42.33 74.89 11.41578778 163 43554 133.35 14.12 10.55 43.35 173.64 57.727757984 164 50597 141.03 188.04 0.98 51.03 124.11 {11.8310153642 164 80912 106.47 208.36 8.07 16.47 205.69 23.30872673 166 59302 146.72 112.70 8.56 56.72 160.82 36.2710428633 168 81141 160.05 1.62 22.18 70.05 109.95 11.34486617 169 46474 162.22 2.33 12.54 72.22 124.97 44.844492679 170 12187 116.77 238.68 11.30 26.77 208.55 69.205178189 170 21153 160.08 245.59 13.34 70.08 119.36 46.842009955 171 36364 149.01 322.74 12.50 59.01 128.19 57.902636618 176 55019 115.90 24.57 13.90 25.90 31.43 75.982976350 176 59351 172.08 126.80 8.29 82.08 131.42 29.777530458 177 31087 144.95 79.30 3.65 54.95 145.48 {0.417599807 177 31966 143.18 95.47 2.82 53.18 140.12 {5.72ontinued on next page



132Table E.1: ontinuedEvent Num. Day Seonds Zenith Azimuth Rt. As. Delin. Gal. Long. Gal. Lat.1222689 177 79448 145.63 256.84 5.28 55.63 154.63 10.10210637 179 24511 111.96 65.24 2.89 21.96 156.90 {32.76438934 179 27293 122.77 61.80 3.89 32.77 161.57 {16.124760153 192 1280 162.65 21.64 0.18 72.65 119.85 10.022174805 194 44590 147.71 106.75 6.70 57.71 157.92 21.45729394 195 40231 108.02 139.32 3.38 18.02 166.26 {31.841946174 196 30503 121.99 265.12 16.35 31.99 52.25 44.63304623 196 77991 130.63 90.50 17.22 40.63 65.19 35.331720882 198 27065 144.83 327.44 11.37 54.83 147.26 57.871825306 200 26094 134.23 118.89 1.13 44.23 126.03 {18.542627233 200 73755 159.76 293.00 2.80 69.76 132.75 9.142995880 202 5311 133.50 332.97 5.20 43.50 164.15 2.456529842 202 51347 111.38 123.38 8.00 21.39 200.28 24.197085339 202 58586 150.71 222.09 3.43 60.71 140.75 3.308860815 205 48508 144.51 221.51 0.86 54.51 122.97 {8.3614813245 206 39291 129.26 183.81 0.87 39.27 123.13 {23.6122015370 207 45316 140.06 333.68 16.63 50.05 77.13 41.6623946320 207 69877 158.59 146.46 11.95 68.59 130.28 47.75356659 208 1217 123.43 1.96 2.52 33.43 145.81 {24.963309224 209 85244 143.16 122.91 17.93 53.16 80.94 29.554176635 210 9887 149.96 334.48 6.90 59.96 156.03 23.571960937 211 64009 138.28 218.08 5.80 48.27 163.53 10.3010466084 213 55043 99.91 148.50 8.07 9.91 212.17 20.6811245943 215 40087 106.00 199.30 0.65 16.00 118.64 {46.77464325 218 70528 144.91 244.65 6.31 54.91 159.53 17.43656833 220 51654 110.26 16.69 16.38 20.26 36.73 41.50993066 220 56189 147.13 180.53 6.72 57.13 158.57 21.433800169 222 19869 100.08 20.36 7.41 10.09 207.60 11.911694897 223 80497 119.81 35.73 23.34 29.81 100.34 {29.043562282 224 18795 132.47 256.39 15.51 42.47 68.90 54.34751212 225 14587 146.38 57.11 3.69 56.38 144.88 0.922949118 225 43476 119.67 104.77 8.56 29.67 193.94 33.953114804 226 15661 112.70 251.54 15.09 22.70 32.11 59.406569451 226 52678 115.23 352.15 18.69 25.23 54.74 13.232216336 227 55886 175.95 281.97 0.33 85.95 122.33 23.112641205 227 61524 159.12 162.17 9.89 69.12 142.19 40.71819596 227 81668 140.73 91.78 20.19 50.73 85.88 9.222229429 228 13818 159.03 107.37 0.32 69.03 120.03 6.344366149 228 41888 166.30 161.48 4.53 76.30 134.77 18.81217835 230 4125 139.47 261.38 11.48 49.47 152.74 62.61530685 230 8098 152.52 68.73 1.43 62.52 126.91 {0.081762705 230 23657 132.81 136.95 1.22 42.81 127.17 {19.8810705083 231 50261 143.28 336.88 19.37 53.28 84.61 17.1411937623 231 66183 155.13 206.24 8.51 65.13 150.64 34.801080294 232 38572 103.01 202.76 1.12 13.01 128.81 {49.681665887 233 25394 176.59 45.25 8.01 86.59 126.62 28.102254851 233 32987 123.94 51.01 9.74 33.94 191.46 49.56ontinued on next page



133Table E.1: ontinuedEvent Num. Day Seonds Zenith Azimuth Rt. As. Delin. Gal. Long. Gal. Lat.1065047 233 57536 102.70 190.23 7.30 12.70 204.47 11.591208852 233 59393 154.71 286.15 1.42 64.71 126.55 2.083260742 233 85902 146.50 342.09 5.08 56.51 152.90 9.194274166 234 84162 112.24 86.57 21.69 22.24 75.31 {22.61305628 236 20654 133.43 334.00 11.64 43.43 160.34 68.02756991 238 33968 133.35 168.00 2.55 43.35 141.80 {15.781196304 239 61652 109.14 101.48 14.76 19.14 22.04 62.663570940 240 3760 130.72 299.68 9.49 40.72 181.27 46.5411892631 241 19664 131.11 62.73 5.78 41.11 169.67 6.4816302 241 40039 141.93 62.13 11.49 51.93 149.18 60.831936710 241 79745 178.79 106.99 19.56 88.79 121.60 26.90835594 242 23596 117.34 81.72 5.67 27.34 180.75 {1.832830598 244 70706 128.52 105.74 17.32 38.52 62.88 33.77269918 245 23518 163.65 298.95 15.37 73.65 110.06 39.49466721 245 26068 113.77 290.60 16.63 23.77 42.52 39.182422641 246 25298 152.71 69.82 7.20 62.71 153.53 26.242172961 246 62099 158.56 6.02 21.71 68.56 107.02 11.754305038 250 19398 146.19 272.21 16.33 56.19 85.99 43.095569196 251 12248 102.70 28.37 6.66 12.70 200.28 3.1814222751 252 21966 118.37 195.80 22.27 28.36 86.08 {23.1915186523 252 34151 146.92 314.79 17.73 56.92 85.14 31.5415655178 252 40071 99.64 9.27 15.75 9.64 18.22 45.583737276 256 15734 131.63 322.84 12.33 41.63 145.08 74.11544695 256 44394 165.30 191.79 5.05 75.30 136.82 19.761724744 256 59407 123.38 214.15 7.74 33.38 186.59 24.882340945 256 67267 146.61 354.72 0.56 56.61 120.44 {6.179765274 258 4217 158.35 327.65 8.93 68.35 146.04 36.4012039520 258 34181 155.54 71.78 10.34 65.54 143.95 44.925530269 260 81813 145.77 208.58 14.61 55.77 96.67 55.651021539 261 33065 112.53 238.63 23.10 22.53 93.18 {34.172376827 261 52028 163.07 203.85 6.70 73.07 141.68 25.18753861 272 17008 128.98 356.93 11.46 38.98 173.44 68.91569921 275 1037 122.19 80.04 1.67 32.19 134.78 {29.56497811 276 23639 139.74 46.47 10.27 49.74 164.96 52.76392929 277 71350 120.17 53.17 23.18 30.17 98.33 {27.8482755 279 2063 135.62 149.52 21.59 45.62 90.92 {4.702347862 279 31401 165.93 290.69 20.35 75.93 108.98 21.10112258 279 60044 144.01 160.18 13.03 54.01 119.66 63.05177052 279 60890 162.07 110.23 16.59 72.07 104.55 35.94221671 280 9418 131.78 55.25 5.99 41.78 170.24 8.84265938 280 9983 167.11 141.96 0.36 77.11 121.23 14.331001647 280 46749 146.60 142.07 10.60 56.60 152.81 51.922312985 280 63564 131.77 350.35 1.39 41.77 129.33 {20.701197960 285 18132 156.97 261.56 18.99 66.97 97.57 24.071328993 287 30385 114.83 89.85 9.98 24.83 206.32 51.30911354 288 4683 140.92 45.93 5.81 50.92 161.23 11.693464464 289 79430 160.37 69.82 1.11 70.37 124.20 7.53ontinued on next page



134Table E.1: ontinuedEvent Num. Day Seonds Zenith Azimuth Rt. As. Delin. Gal. Long. Gal. Lat.6089102 290 26256 143.41 194.69 2.04 53.42 133.47 {8.001229085 292 28720 143.66 341.83 17.04 53.66 81.31 37.462822463 292 48705 176.85 189.73 8.75 86.85 126.09 28.59296959 293 5163 150.37 106.38 2.25 60.37 133.06 {0.862859301 294 25839 135.19 16.63 14.05 45.19 89.23 66.961603543 295 15291 134.98 172.03 0.82 44.98 122.53 {17.891292276 295 41331 118.00 279.75 0.89 28.00 123.51 {34.871552180 295 44611 142.26 257.01 3.32 52.26 144.60 {4.284200466 299 68214 144.00 125.83 18.91 54.00 83.83 21.241113492 300 2891 142.73 355.45 9.47 52.73 164.27 44.68594071 300 54091 131.91 51.80 19.97 41.91 77.10 6.542071810 300 72466 147.53 73.20 23.66 57.53 113.41 {4.01570834 302 23965 138.78 73.30 10.28 48.78 166.37 53.21675775 302 25347 107.64 23.25 14.00 17.64 5.56 71.548301190 303 35604 164.53 32.69 16.29 74.53 107.97 35.954894124 304 27502 169.39 146.36 6.53 79.39 134.68 25.728452210 304 71447 119.23 56.53 0.75 29.23 121.32 {33.628248715 307 82811 156.24 165.34 20.86 66.24 101.90 13.7421744 308 8809 109.97 43.79 8.42 19.97 204.14 29.24633532 308 16445 150.31 267.31 19.65 60.31 92.32 17.81535305 308 40316 156.61 51.47 16.68 66.61 98.00 37.517733050 310 7076 97.82 16.00 9.92 7.82 229.40 44.102377443 310 39963 156.49 128.74 11.57 66.49 134.54 48.85149932 311 8939 115.02 334.40 13.28 25.02 13.97 83.941231561 311 79400 136.36 162.96 20.33 46.36 82.96 5.641236687 311 79464 106.76 266.74 13.43 16.75 342.37 76.901695439 311 85155 126.31 69.80 4.15 36.30 161.52 {11.375307050 312 43792 135.06 35.72 18.96 45.06 75.08 17.7710775427 313 25373 97.44 313.99 19.35 7.45 42.92 {3.103368378 318 35157 110.40 324.35 21.71 20.40 74.07 {24.075602132 318 62817 138.32 110.37 19.68 48.32 81.25 12.35
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Appendix F
On Reonstrution
The reonstrution methods urrently in use within the ollaboration, while suÆient to establishthe observation of atmospheri neutrinos, are in many ways rather rude. There are at least threeseparate areas in whih the reonstrution ould be improved, and it is hoped that work on thesetopis would result in signi�ant improvements in bakground rejetion, in signal eÆieny, and inthe extration of physially useful information from the detetor. Considerable amounts of workwill be required to produe suh improvements, but it is hoped that with the establishment of thedetetor as a working instrument and with the inreasing size of the ollaboration some resouresmay be available for these projets. This Appendix is inluded in the hope that it may prove usefulas a guide for future development work.
F.1 Calulation of the LikelihoodThe heart and soul of any AMANDA event reonstrution, whether of muons or showers,whether using a maximum likelihood method or a Bayesian, is the likelihood funtion. This funtionalulates, given a test hypothesis (a trak or a shower, say), the probability that the hypothesiswould generate the observed detetor response. Although AMANDA reonstrution is by neessityfairly sophistiated ompared to many astrophysial detetors, our alulation of the likelihood fun-tion remains ad ho in many ways. It seems that progress in this area will likely result in largeimprovements in physis analyses. I will therefore attempt to give a proper mathematial treatmentof the likelihood funtion, and disuss a number of areas where improvements ould be made.



136F.1.1 The MathAMANDA events are reonstruted by �nding the set of parameters ~X (for an in�nite minimumionizing muon, ~X = fx; y; z; �; �g) whih maximizes the likelihood L of produing the observeddetetor response. If the responses of the phototubes are independent (that is, negleting ross talk),L is the produt of the likelihoods of the responses of the individual phototubesL = NOMYi=1 Li; (F.1)so the problem is to alulate the likelihood of the response observed from an individual tube.Given the hypothesis ~X and knowledge of the relevent physial proesses (the optial propertiesof the ie, tube glass and gel, the quantum eÆieny of the tube, and so forth), we an alulatep(~� j ~X), the probability of having n photoeletrons produed at times ~� = f�i; : : : ; �ng. However,what is observed, at least with the present AMANDA eletronis, is a single amplitude a and aseries of leading edge times ~t and pulse durations ~d. These observations depend on the true series ofphotoeletrons via the hardware response funtion pi(a;~t; ~d j~�), whih is unique to eah hannel andinludes e�ets like noise. In general there are multiple series of photoeletrons whih ould generateany given observed tube response. The likelihood funtion for the tube response is thus an integralover the possibilities eah weighted by its probability given the parameters of the hypothesis:Li(ai; ~ti; ~di j ~X) = Z d~� pi(ai; ~ti; ~di j~�) p(~� j ~X):The integral over ~� is an integral over time series, but it an be made tratable by �rst summing overthe number of photoeletrons omposing the seriesLi(ai; ~ti; ~di j ~X) = Z d ~�n 1Xn=0 pi(ai; ~ti; ~di j ~�n) p( ~�n jn; ~X) p(n j ~X) (F.2)(where ~�n denotes a vetor of n times) and trunating the series at some high value of n.The standard AMANDA reonstrution tehnique takes a rather avalier approah to Eq. F.2.We set the last term on the right hand side to unity for all n and set n = 1 in the seond term, and foromputational simpliity we use an analyti approximation to the form of p(~�1 jn = 1; ~X) preditedby Monte Carlo1. We use a hardware response funtion whih is at in ~d and a (i.e., we ignore the1No analyti solution for the arrival times of photons propagating through a medium intermediate between thesattering and non-sattering regimes is known, so the solution must be determined by numerial simulation.



137amplitude and pulse length information ompletely) and for the resulting p(~t j ~�1) we simply pathp(~�1) with a half-Gaussian at early times and introdue a minimum probability, a noise oor, toaount for random noise hits. Somewhat surprisingly, the resulting likelihood funtion is able toreonstrut traks suÆiently well for neutrino identi�ation, but it seems lear that improvementsan be made.The problem of formulating the hardware response funtion p(a;~t; ~d j ~�) is of ourse verydiÆult. It may be that the integral over ~� alled for in Eq. F.2 is omputationally too intesive tobe pratial. The funtion is in priniple not invertible (information is neessarily lost due to �nitehardware response), but it may be possible, espeially with the more advaned optial modules ofAMANDA-II and IeCube, to at least partially invert the funtion | to allow the integral over ~�to be trunated by the exlusion of pulse trains whih are learly inonsistent with the observedresponse. Deonvolution methods (see, e.g., [102℄ for an impressive demonstration of the degreeto whih hardware response funtions an be orreted for) may be useful in this e�ort, although ofourse they rely on preise knowledge of the hardware response and require a relatively high waveformsampling rate relative to the width of a pulse. At the least, these methods may be useful in obtainingdata from the analog eletrial strings of B10 of omparable quality to that from the modern strings,if ash ADCs are installed on the inner hannels.A proper alulation of the likelihood is of ourse far more involved than the methods presentlyin use, and the availability of omputational resoures may make a full treatment of every eventimpratial. Nevertheless, one an imagine a reonstrution sheme in whih faster algorithms areused to progressively redue the data set to the point that more sophistiated tehniques beomefeasible.
F.1.2 ParametrizationAt present we use an analyti parametrization to p(~�1 j n = 1; ~X). There have in fat beentwo suh parametrizations suggested, the more ommonly used one being a gamma distribution withan exponential absorption term, originally due to D. Pandel and named for him [103℄. The otherparametrization is an F-funtion with an exponential tail, and was developed by A. Bouhta [54℄.Parametrizations o�er one advantage over numerial desriptions of the timing distributions:



138they an be alulated and di�erentiated on the y, and therefore do not require large amountsof omputer memory. However, parametrizing a distribution neessarily introdues inauraies,and with the inrease in available memory and the use of on-the-y interpolation tehniques, theseparametrizations no longer seem as worthwhile. Software whih alulates the timing probabilitiesvia diret referenes to the tabulated numerial distributions is now being developed, and promisesto improve the auray, and possibly the speed, of the reonstrution.
F.1.3 Multiple PhotoeletronsAt present we use only the �rst leading edge time t1 reorded from eah hannel, and assumethat it was produed by a single photoeletron sampled from the distribution2 p(t j n = 1; ~X), asdesribed above3. One attempt to better model the ase of multiple photons is to use instead of thesingle-photon time distribution p(t jn=1; ~X) the probability

p(MPE)1 (t jn; ~X) = n p(t j ~X)�Z 1t dt p(t j ~X)�n�1 (F.3)
that the �rst of n photons would arrive at time t; this is referred to as the \multiphoton" or \MPE"distribution. The measured ADC response divided by that of a single-photoeletron pulse, roundedto the nearest integer, is assumed to be the number of photoeletrons n. A further re�nement, morein line with the mathematially orret alulation of the likelihood, is to use the \Poisson saturateddistribution"

p(PS)1 (t j ~X) = 1Xn=1 p(n j�) p(MPE)1 (t jn; ~X)
a sum of the MPE distributions for various possible numbers of photoeletrons eah weighted by thePoissonian probability

p(n j�) = �ne��n!2Here p(t jn=1; ~X) will be used to denote p(~�1 jn=1; ~X) modi�ed by the addition of a half-Gaussian and a noiseoor, as desribed in Setion F.1.1.3In some analyses subsequent leading edges are also used, with the overall likelihood being the produtLi = NpulseYj=1 p(tj jn=1; ~X):



139of observing n photoeletrons given an expetation of � photoeletrons based on the trak hypothesis~X. Both of these methods begin to address the inauray of using the single-photoeletron timingdistribution without taking into aount the number of photoeletrons, that is, the number of timesthe distribution was sampled. However, neither the MPE nor the PS tehniques are now in ommonuse for muon reonstrution. Furthermore, there is the problem that raising parametrizations of thesingle-PE distribution to high powers ompounds the inauraies of the �t. It is possible to alulateEq. F.3 numerially from the original numerial desription of the single-PE time distribution, andthis may improve the auray of the reonstrution.
F.1.4 Hit Probabilities\Is there any point to whih you would wish to draw my attention?"\To the urious inident of the dog in the night-time."\The dog did nothing in the night-time."\That was the urious inident," remarked Sherlok Holmes.Sir Arthur Conan DoyleSilver BlazeThe Memoirs of Sherlok Holmes

Probably the most striking problem in our urrent sheme is that we ignore the probabilityp(n j ~X) of a tube reeiving any given number n of photoeletrons. This term is omitted from theprodut in Eq. F.2, whih is equivalent to setting it to unity for all n. This means that a tube whih�res far from the hypothetial trak is not taken as evidene against the trak, nor is a tube thatfails to register a hit despite being very lose to the trak. In most analyses the failure to make useof this information is partially orreted in the analysis phase by making uts on the smoothnessparameter, whih attempts to measure the self-onsisteny of the observed hit topology.Some attempts have been made to inorporate this information into the reonstrution, butall attempts to date have used a �t to the expeted number of photoeletrons, and have failed toaount for the unertain hardware response in any systemati fashion. The problem of inauraiesin this probability funtion are partiularly important beause most modules fail to �re in any givenevent, and so any systemati errors in the probability that a module not �re introdued by inorretmodelling of the tails of the photon transport funtion will be raised to large powers.



140F.2 Expanding the Likelihood SpaeProbably the most important diretion for further work is the expansion of the likelihoodspae itself. At present in the muon analysis, the likelihood spae is �ve-dimensional: a three-dimensional vertex and two angles to desribe an in�nite, minimum-ionizing muon trak. In someanalyses a separate one-dimensional �t is done based on the results of the positional �t to attempt toreonstrut the energy. A �t to a \shower" (i.e., point-like) hypothesis is also frequently done, and theresults of the shower and muon �ts an be ompared o�ine during the data analysis. However, therather ad ho manner in whih these omparisons is done is unsatisfying; the reonstrution softwareought to be able to determine whether an event is a muon trak or a pointlike emission without userintervention.The framework of the Bayesian reonstrution gives us the ability to expand the sope of thereonstrution in a straightforward fashion by omparing various models of the event. For example,the reonstrution program ould determine whether the trak was a throughgoing, starting, orstopping muon or a shower, inluding �tting the energy of the trak and any large stohasti lossesalong the trak. This type of �t is diÆult in a frequentist framework, where the hypothesis must bespei�ed a priori, and a hypothesis with more free parameters will almost always produe a solutionwith a better likelihood. There is no leverage to guide the reonstrution to simpler models, as themodels are not diretly ompared.In the Bayesian framework, however, it is quite natural to ompare models. Okham's razormanifests itself quite naturally through the normalization of the prior funtions of the di�erent models| the posterior probability of the more detailed hypothesis will su�er a penalty for having additionalparameters, and the simpler model will be preferred unless the more ompliated one results in asigni�antly better �t to the data [104℄.Consider the example of a muon event whih is to be �t to either a throughgoing (i.e., in�nite)or a stopping trak. The stopping trak has one more parameter than the in�nite trak hypothesis:the position of the muon's deay. The frequentist maximum likelihood �t is able to �ne-tune theadditional parameter, so that if even a single tube near the end of the trak failed to �re, the stoppingmuon hypothesis will be strongly favored. Intuitively, we know that it is highly unlikely that a muon



141would deay just at the edge of the detetor, and we would want muh stronger evidene for thishypothesis than the failure of a single tube to �re. In the Bayesian approah, the normalization of theprior produes the desired preferene for the simpler model. The prior for eah model is normalizedto unity, and so the prior probability for the muon to stop in any given di�erential element of a trakof length l is redued by a fator dl=l (assuming a uniform prior). The evidene from the data thatthe muon did indeed stop would need to be suÆiently ompelling to outweigh this fator for thestopping muon hypothesis to be preferred.Furthermore, the prior naturally enodes knowledge about the relationships between parame-ters of the �t. For example, a high energy trak is less likely to deay and more likely to produe astohasti deposition of energy than is a low energy trak, and this information an be inorporatedpreisely into the reonstrution program via a multidimensional prior funtion. The Bayesian ap-proah to event reonstrution thus gives a very straightforward presription for greatly inreasingboth the sophistiation and the simpliity of the analysis.It an be argued that it is not neessary to approah these questions from a Bayesian per-spetive. One an ertainly reonstrut ontained muons, for example, by �tting to an in�nite muontrak and then inventing some more or less ompliated series of quality parameters to attempt toidentify those events whih are likely to be ontained muon traks. But there are two disadvantagesto this strategy: �rst, it is extremely time onsuming, and seond, there is no lear presription fordeveloping suh parameters (or statistis, in the tehnial sense), and there thus will always be anelement of arbitrariness in the analysis. Moreover, the full information about the event is ontainedin the likelihood funtion and the prior (properly formulated), whereas ut parameters and otherestimators an never ontain the full information.What we have is indeed the fundamental question of Bayesian vs. frequentist theories of infer-ene | whether it is better to diretly approah the question of the superior model by alulatingwhih hypothesis is more probable, given the data, or rather to sequentially assume the truth ofvarious hypotheses and then to attempt to develop some olletion of statistis of varying omplexityto assess the self-onsisteny of the hypotheses. Note, however, that the lassial objetions to theBayesian theory are ompletely irrelevent to this problem. We are not attempting to reate a uniform



142or unbiased prior in this ase; the prior funtions are highly nonuniform, and they are ompletelyspei�ed. We know the distributions of osmi ray muons and atmospheri neutrinos to rather preisedetail; their angular distributions and energy spetra are known from other experiments, as is thebehavior of high energy muons travelling through matter. It is diÆult to imagine a problem whihis more perfetly suitable for the appliation of Bayesian tehniques.
F.3 MinimizationThe problem of reonstruting an event is a two-step proess. The �rst step, as desribedabove, is to speify the likelihood funtion and the prior | to desribe what physial proess mayour and how the detetor responds to them. The seond step is to determine, for the spei� event,whih of the many possible physial hypotheses was atually responsible for the reorded event.This step is aomplished by some algorithm designed to �nd the global optimum of the posteriorprobability funtion, for example as desribed in Se. 5.3.Optimization problems onsitute a major fous of inquiry in some �elds, although physiistsseem to be rather slow in importing new tehniques. Many optimization tehniques from otherdisiplines are intended to address ombinatorial problems (i.e., those de�ned over a disrete solutionspae, suh as the travelling salesman), but a number of these an be adapted to ontinuous or mixedoptimization problems.Continuous minimization problems are often solved by a two-level proess. The top level ofthe proess is the global minimizer. The global minimizer is an algorithm whih attempts to ensurethat when a minimum is found it is in fat the global minimum, not merely a loal minimum inthe likelihood spae. The global minimizer is typially a fast but impreise algorithm, whih onlyapproximately loates minima. When the global minimizer �nds an approximate solution, it feedsthe solution to a loal minimizer. The loal minimizer takes this initial guess and attempts to re�neit, improving on the preision of the solution. The loal minimizer then returns the solution to theglobal minimizer, whih may deide to ontinue searhing for better minima. Loal minimization istypially a time onsuming operation, and so one desideratum for a global minimizer is that it allthe loal minimizer as infrequently as possible.There are many global and loal minimizers on the market. The loal minimizer urrently in



143use in the ollaboration is Powell's minimizer from [70℄, although there is some disussion of using theCERNlib MINUIT pakage for minimization. There are at least two global minimization algorithmsin use. The �rst is simply to make an analyti �rst guess and give the event to the loal minimizer.This has the advantage of being extremely fast, but is unreliable for two reasons. First, the initialguess may not be near the global minimum, and seond, there is no guarantee even if the initial guessis near the mark that the loal minimizer will onverge orretly to that minimum. It is possible fora loal minimizer to atually esape from the well in whih it is started and onverge to a ompletelydi�erent minimum, although this should be a rare ase if the initial guess is reasonably aurate. Thegreater danger, espeially if the likelihood funtion has multiple minima, is that the initial guess willbe near a minimum that is shallower than the global minimum.The seond strategy is to restart the loal minimizer a ertain number of times, giving it arandom initial guess at eah restart. This is perhaps the simplest global minimization strategy thatan be implemented whih guards against the possibility of multiple minima. Nevertheless, restarting,say, �ve times is no guarantee that di�erent solutions will be found even if there are multiple minima;it is possible for the �ve minimizations all to onverge to the same solution, even if it is not the globalminimum. As the number of restarts inreases, of ourse, the hane of this happening is redued.However, partiularly in a high-dimensional likelihood spae, it may take very many restarts andthus a very large amount of CPU time to guarantee with any reasonable on�dene that the globalminimum has been found. The random multistart algorithm is thus an e�etive but slow and ratherrude global minimizer, whih has been suÆient for simple �ve-dimensional AMANDA �ts but whihmay beome prohibitively expensive if more parameters (energy, trak length, et.) are to be �t.Another approah whih was investigated in AMANDA [54℄ but whih has fallen by the waysidewas the use of the Metropolis algorithm [105℄, also known as simulated annealing. Simulated annealingis a global minimization algorithm developed for ombinatorial problems, but whih was adapted tothe ontinous problem of trak �tting by using a downhill simplex algorithm, as desribed in [70℄. Thisalgorithm is rather di�erent from those desribed above in that it does not rely on a loal minimizerbut rather settles in on a (hopefully global) minimum itself. The basi idea is that the algorithm movesthrough parameter spae, at eah point being o�ered a possible next move. The algorithm deides



144whether to take the pro�ered move based on the urrent `temperature', an externally set parameterwhih is gradually dereased. Moves downhill in the likelihood (i.e., those whih apparently aretoward a minimum) are always aepted; uphill moves are aepted with probability e��L=T . Theidea is that as the temperature is redued, the algorithm will settle into the global minimum, justas a rystalline solid will settle into its lowest energy state as its temperature is redued after beingheated. The primary drawbak to simulated annealing is that the speed and dependability of thealgorithm depends on the initial temperature and the rate of ooling, whih must be optimizedby trial-and-error to best �t the harateristis of the typial likelihood funtions being minimized.Nevertheless, this approah may prove to be useful for AMANDA in the future.One other global minimizer in ommon use in other disiplines takes its inspiration from nature,this time from biology rather than physis. Geneti algorithms are also designed for ombinatorialproblems, but they seem easily adaptable to the ontinuous ase by means of Grey enoding4 [108℄.In this algorithm, possible solutions are represented by strings of bits in analogy to hromosomes,and a population of solutions is allowed to evolve and aused to mutate, leading eventually to themaximally adaptive (i.e., optimal) solution. Geneti algorithms may be worth investigating, thoughthey seem to be falling into disfavor in the disiplines most interested in optimization.Finally, a global minimization algorithm whih seems very well suited to AMANDA's require-ments is the Continuous Reative Tabu Searh (C-RTS) [106, 107, 108℄. Tabu is the name of ageneral approah to ombinatorial optimization, where the algorithm is prevented from falling intoloal minima by delaring these solutions temporarily o�-limits (tabu). Battiti and Tehioli haveadapted this strategy to ontinuous problems by use of Grey enoding, using the Tabu algorithm tosearh for minima and then alling a loal minimizer to re�ne the solutions. As the algorithm ex-plores the searh spae it adaptively tunes its searh strategy, optimizing the strategy to the shape ofthe likelihood funtion for the partiular event. Battiti and Tehioli have demonstrated impressiveresults for many ontinuous funtions, and I believe that AMANDA ould drastially improve itsreonstrution speed and reliability by using this method. The amount of time spent searhing for4Grey enoding is a transformation of the normal binary representation of numbers suh that a one-bit hange ofthe number produes an adjaent number (as opposed to the binary ase, where hanging the �rst digit produes avery large hange, the last digit a small hange).



145the minimum ould also be diretly set, allowing the tehnique to be used both for relatively quik�ltering and for very thorough searhes of the parameter spae. The algorithm may also be usefulbeause in the ourse of searhing it adaptively samples the entire likelihood funtion, the results ofwhih sampling ould be used to roughly integrate the likelihood over various parameters.


