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1
Chapter 1
Introdution
High energy neutrino astrophysis is a �eld whih is still in its infany, but whihpromises to reveal a great deal about the universe in whih we live. The AntartiMuon and Neutrino Detetor Array (AMANDA) is by far the largest omplete neutrinotelesope onstruted so far, although it will be joined in the next several years bysimilar detetors in the Mediterranean and in partiular by its own suessor, IeCube.It therefore provides both the best opportunity to look for high energy neutrinos anda means of testing di�erent analysis methods whih an later be applied to the largerIeCube array.This thesis presents a rolling searh for a transient neutrino soure using as-ades in the AMANDA-II detetor. The analysis disussed here optimizes the searhfor a gamma-ray burst neutrino signal, but this method is also valid for other tran-sients. Sine the searh does not require oinident photon emission like other GRBsearhes, it o�ers the possibility of disovering something ompletely unexpeted. Thismethod for deteting previously unidenti�ed transients will not supplant the triggeredGRB searh, point soure and di�use analysis methods that have been used by manyresearhers over the ourse of the past several years in AMANDA. However, one ad-



2vantage of high energy neutrino detetors is the versatility of methods used to examinethe inoming data set, and the Rolling Searh method adds a new tool to this toolkit.This doument is organized as follows: the next three hapters fous on sum-marizing the relevant bakground information in the areas of neutrino astrophysis(Chapter 2), high energy neutrino detetion with AMANDA (Chapter 3), and thephysis of Gamma Ray Bursts (Chapter 4). Chapter 5 gives a generi overview ofthe rolling searh method. The next several hapters provide the spei� details ofthe analysis, inluding �ltering and reonstrution tehniques (Chapter 6), data re-dution (Chapter 7), and the statistial tehniques employed (Chapter 8). Chapter 9provides more details about analysis proedure, inluding a disussion of systematierrors. Chapter 10 presents the results of the analysis and disusses possibilities forfuture extensions.
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Chapter 2
Neutrino Astrophysis
2.1 Neutrino PropertiesNeutrinos were postulated by Wolfgang Pauli in the 1930s in order to explainwhy neutrons appeared to have more total energy than the protons and eletrons intowhih they deayed. Pauli famously ommented about the neutrino \I have done aterrible thing. I have invented a partile that annot be deteted [1℄." He had a prettystrong ase for this assertion. The neutrino is almost massless and therefore virtuallyuna�eted by the gravitational fore. It is also a lepton, meaning it is una�eted bythe strong nulear fore, and hargeless, making it immune to eletromagneti e�ets.Like many other laims that a sienti� disovery was impossible, however, thisone proved to be false. Neutrinos are subjet to the weak nulear fore, and, while themajority of neutrinos an pass through the entire Earth without being even slightlya�eted, one will oasionally interat with a partile of matter through a weak inter-ation. The produts of this deay are detetable. In the 1950's Reines and Cowanused liquid sintillators to observe neutrinos whih were reated in a nulear reator



4[2℄, giving rise to the �eld of experimental neutrino physis.2.2 Reasons For Neutrino AstronomyThere are several reasons to study astrophysial neutrinos. The most generalreason to study neutrinos is that they are a di�erent way of viewing the universe.Throughout the history of astronomy, whenever a new method of viewing the universehas been developed, usually studying a new range of the eletromagneti spetrum,new siene has been disovered that was ompletely unantiipated. This is demon-strated anedotally in the following table:Surprising Disoveries in AstronomyWavelength User Year Intended Use Atual UseOptial Galileo 1608 navigation moons of JupiterRadio Jansky 1932 Noise Radio GalaxiesMirowave Penzias,Wilson 1965 Radio Galaxies CMBX-ray Giaonni et al. 1967 sun, moon neutron stars-ray military 1960's nulear explosions GRBsThere are, however, more onrete and spei� reasons for neutrino astronomy.Ironially, the same reasons that make neutrinos so diÆult to detet also make themuseful as an astrophysial signal. Sine neutrinos interat only through the weak fore,and then only rarely, they an pass through intervening matter whih is opaque toboth photons and osmi rays. This means that they may be the only signal to omediretly from otherwise invisible objets, suh as the entral engines of Ative GalatiNulei. A related advantage is that neutrinos point diretly bak to their soure. Byontrast, photons an be absorbed and re-emitted by intervening matter as they travelto us. Cosmi rays an be deeted by the galaxy's magneti �eld, an e�et whihannot be adjusted for mathematially beause the strength of the galaxy's magneti



5�eld is not well known. Therefore, the gamma rays and osmi rays whih do make itto Earth have lost their diretional information.Spei� sienti� questions whih searhes for high energy neutrinos an addressinlude the nature of dark matter and the existene of the GZK uto�. Perhaps themost signi�ant motivating question in neutrino astronomy is the mystery of highenergy osmi rays, whih we disuss in the next setion.2.3 Cosmi RaysCosmi rays are positively harged nulei oming from spae. Roughly 90% ofosmi rays are protons, with the remaining 10% being omposed of heavier elements,although omposition varies as a funtion of energy. Beause neutrinos are produedprimarily in hadroni proesses, very energeti neutrinos generally require similarlyenergeti protons to reate them. Astrophysial objets that emit neutrinos of veryhigh energies therefore should also produe high energy protons, meaning that theyare andidates to be the soure of the heretofore unexplained high energy osmi rays.In ontrast, photons an't be used as a probe for osmi ray prodution, sine theyan also be reated in eletromagneti proesses in the absene of aelerated protons.The osmi ray energy spetrum follows a power law index of 2.7 over manyorders of magnitude up to a break, referred to as the knee. The spetral index thenshifts to roughly 3.2 until a seond break, alled the ankle (see Figure 2.1). The exatslope of the spetrum at this energy is unlear due to low statistis.



6

Figure 2.1: The osmi ray spetrum, borrowed from [3℄.2.3.1 Fermi AelerationThe proess by whih osmi rays are thought to reah high energies is alledFermi Aeleration. Up to the knee, the osmi ray spetrum is generally attributedto Fermi aeleration in supernovae. Although their origin is unlear, it is oftenpostulated that a similar aeleration proess in gamma-ray bursts is at least partiallyresponsible for osmi rays above the knee [4℄ [5℄.Seond order Fermi aeleration was postulated by Enrio Fermi in 1949. Charged



7partiles enounter magneti �eld on�gurations in a turbulent setting. They reeto� these \magneti mirrors" with a gain in momentum 2mVm in the ase of a head-onollision or an equal loss of momentum in the ase of an overtaking ollision. Here,m is the mass of the harged partile,  is the Lorentz fator and Vm is the veloityof the moving �eld on�guration. The gain in a single head-on ollision equals theloss in an overtaking ollision on average. However, the random ollisions result in anet aeleration of the partile beause the the total number of head-on ollisions isgreater than the number of overtaking ollisions. This is analogous to the fat that asouthbound ar on an expressway will generally pass by many more northbound arsthan southbound ones.The net gain in aeleration through seond order Fermi aeleration is, however,insuÆient to explain how osmi rays are aelerated to the energies at whih theyare observed. First order Fermi aeleration, explained 30 years later, is a muh moreeÆient aelerator. First order Fermi aeleration requires turbulent shoks, suh asthose found in the relativisti jets of AGN and GRBs. Shoks, like any longitudinalwave, ompress the medium they are in. The magneti �eld on�gurations whih thepartiles reet o� therefore travel at a redued veloity inside the shok ompared toout of it, by a fator equal to the ompression ratio of the shok. Thus, for partilesbeing reeted bak and forth aross the shok front, momentum losses for overtakingollisions in the shoked medium are now lower in magnitude than the gains fromhead-on ollisions outside the shoked region. The net gain in aeleration aross theshok is therefore muh greater than would be found in shok-free 2nd order Fermiaeleration.



8There are signi�ant di�erenes between relativisti shok aeleration (suh asthat found in GRBs) and the nonrelativisti version. In a relativisti shok proessthe only partiles that an outrun the shok are those traveling in almost the same di-retion as the shok itself, whih results in a very non-uniform distribution of partilesin the area of the relativisti shok [6℄, unlike the non-relativisti ase. Additionally,in relativisti shok aeleration, the �rst time a partile rosses a shok it reeives alarge boost in veloity but the kinematis are suh that subsequent rossings are muhless eÆient [7℄.2.4 Astrophysial NeutrinosIn general, neutrinos are produed in astrophysial soures through proton-photon interations of the form:p+  ! �+ ! �+(+n)! �+ + �� ! e+ + �e + ��� + ��: (2.1)Proton-proton sattering an also result in neutrinos through prodution of both �+and ��. The primary di�erene in the two reation mehanisms is that p+ reationsalways lead to positively harged partiles (�+), while pp interations an yield �+or ��, whih alters the predited ratio of neutrinos to antineutrinos. In some ases,similar proesses an our with the more massive kaons instead of pions. There aremany possible soures of astrophysial neutrinos; a brief overview is presented here.2.4.1 Atmospheri NeutrinosAtmospheri neutrinos ome from interations of osmi rays with moleules inthe upper atmosphere. They therefore follow the same power law energy spetrum asosmi rays at low energies, but transition to a slope an order of magnitude steeper as



9the pions and kaons from whih they are reated start to undergo signi�ant energylosses before deaying [8℄. In the ase of neutrino telesopes suh as AMANDA, theyare a lower energy bakground for extraterrestrial neutrino soures. However, theyalso serve as a alibration tool and an be used as a sample to study many aspets ofneutrino physis. AMANDA observes �103 atmospheri neutrinos per year.2.4.2 SupernovaeThe detetion of neutrinos from the relatively nearby Supernova 1987A by Super-Kamiokande-II in Japan [9℄, Baksan in the Cauasus and the IMB experiment inthe U.S. [10℄ is to date the only on�rmed detetion of neutrinos from outside thesolar system. The supernovae neutrino spetrum peaks in the MeV range. For highenergy detetors suh as AMANDA, neutrinos in this energy range are unresolvableindividually due to sparse detetor spaing, but a large number of MeV neutrinoswould lead to a measurable inrease in the overall event rate of the detetor. Sensitivityto supernova neutrinos is generally limited to soures within our own galaxy [11℄.2.4.3 Points Soures and TransientsThere are many types of astrophysial objets whih may be relatively steady-state emitters of neutrinos. Spei� andidates for point soures inlude miroquasarsin our own galaxy and ative galati nulei (AGN), both of whih may produe highenergy osmi rays and neutrinos in their relativisti jets. Gamma ray bursts, themost promising transient soure for extragalati neutrinos, are disussed in detail inthe next hapter.



102.4.4 WIMPsWeakly Interating Massive Partiles (WIMPs) are a leading dark matter an-didate. WIMPs may aumulate in astronomial objets, suh as the sun or even theEarth, as a result of neutral urrent weak fore elasti sattering. WIMPs may thenannihilate with anti-WIMPs, produing a variety of deay produts inluding neutri-nos. Although the exat parameters of WIMPs are not well known, a WIMP neutrinosignal would be identi�able by its diretion, as it would ome from the Earth's enteror the sun [22℄.2.4.5 Hidden SouresThe most obvious neutrino soures are those whih emit observable photons. Aspreviously mentioned, however, every time the universe has been viewed through adi�erent lens, ompletely unexpeted disoveries have been made. It is very possiblethat there may exist high energy neutrino soures without visible photon signatureswhih we urrently have no information about. In the absene of proton and photonand proton emission, suh astrophysial objets would not neessarily be onstrainedby the Waxman-Bahall bound [12℄, a limit on neutrino ux onstraining emissionfrom optially thin soures. For example, for soures at high redshift �TeV energyphotons may be absorbed before reahing Earth or there may be loser soures inwhih photons beome absorbed but whih allow neutrinos to esape.2.5 Neutrino OsillationNeutrinos ome in three avors. These are the eletron neutrino (�e), muonneutrino (��), and tau neutrino (�� ), orresponding to the more massive eletron, �,



11and � leptons. Eah of these avors has a orresponding anti-partile.Ray Davis's experiment at Homestake mine was the �rst to detet solar neutri-nos, in the late 1960's. They observed a ux of solar �� by using a hlorine tank asthe detetor medium [13℄. However, they saw only 1/3 of the expeted number. This\solar neutrino problem" was eventually solved with data from the SuperKamiokandeand SNO experiments. They determined that neutrinos are able to osillate from oneavor to another over a suÆiently large distane, allowing the �� to onvert intoavors whih ould not be deteted by the Homestake experiment. This disovery wasrevolutionary not only beause neutrino osillations solved the solar neutrino problem,but beause in doing so they demonstrated that neutrinos have mass1. Eah avoreigenstate is a mixture of mass eigenstates, with the mixing desribed by the matrix:24 m01m02m03 35 = 24 1213 s1213 s13�s1223 � 12s23s13 1223 � s12s23s13 s2313s12s23 � 1223s13 �12s23 � s1223s13 2313 3524 m1m2m3 35 (2.2)where m is the neutrino mass, ij is os(�ij) and sij is sin(�ij). Further ompliatingthe issue is the possibility of a non-fourth, \sterile" neutrino, a noninterating leptonthat is predited by some partile physis models, but has not been proven to exist.For most astrophysial phenomena, the predited ratio of the three avors �e : �� : ��is 1:2:(3X10�5) [14℄. The ratio of 1 �e for every 2 �� is simply a result of the produtsin the p reation desribed in equation 2.1. The �� prodution omes from harmedmesons, an entirely di�erent proess whih is suppressed relative to pion and kaondeay due to low ross-setions and a higher energy threshold [15℄. Over astrophysial1Aording to relativity, no time passes for a partile traveling at the speed of light. A masslessneutrino would travel at exatly , and therefore ouldn't osillate beause it wouldn't have had anytime to do so.



12distanes, neutrino osillations should onvert the ratio of �e:��:�� at Earth to 1:1:1(lumping together neutrinos and anti-neutrinos of eah avor) [14℄. This assumes aratio of Earth to soure distane (in parses) to neutrino energy (in GeV) suh that:L(p)E(GeV ) � 10�10: (2.3)For an ultra-high-energy 109 GeV neutrino, this means a minimum distane of 10�1parses, only about a third of a light year and only a fration of the distane to thenearest star. For lower energy neutrinos, this minimum distane is even less.However, Kashti and Waxman [15℄ point out that at high energies, � are morelikely than � to deay before losing a signi�ant amount of their energy, meaningthat the �+ partiles in equation 2.1 don't deay into neutrinos, altering the 1:2 lowenergy avor ratio of �e:�� to 0:1 at high energies. This alters the expeted avorratio at Earth to 1:1.8:1.8 for very energeti events. The transition between the lowand high energy avor ratios ours over a ouple orders of magnitude in log10(E).The energy at whih this transition starts depends on the spei� properties of theneutrino soure, but is typially �1 PeV for gamma-ray bursts.Even in the ase where the avor ratio is 1:1:1, the neutrino to antineutrino ratiois not neessarily 1:1. For the p interation desribed in equation 2.1, the ratio of �to �� at soure is 1:0 for eletron neutrinos and 1:1 for ��. After neutrino osillations,one expets a avor ratio of 0.8:0.6:0.6 for neutrinos and 0.2:0.4:0.4 for antineutrinos.For pp interations, however, all neutrino to antineutrino ratios are 1:1 at soure, lead-ing to equal numbers of neutrinos and antineutrinos for all avors. Although rosssetions are somewhat di�erent for neutrinos and antineutrinos, it is unlikely that



13AMANDA or IeCube ould distinguish between neutrino and antineutrino intera-tions in most ases. However, there is a large enhanement in the ross setion forharged urrent e��e interations at around 6.3 PeV (the Glashow resonane) whihreates a distint di�erene between the �e and ��e spetra. Given a suÆiently largesample of astrophysial �e, the prominene of the Glashow resonane ould thus beused to distinguish between p and pp neutrino prodution mehanisms.
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Chapter 3
AMANDA
3.1 High Energy Neutrino DetetionAs previously mentioned, the vast majority of neutrinos pass through the Earthwithout interating at all, and thus annot be deteted. However, one will oasionallyinterat with a nuleon through the weak fore with either a harged urrent or neutralurrent interation, represented shematially by the following Feynman diagrams:
�WN
�l

H
l
�Z0N
�l

H
�l

Figure 3.1: Charged Current (left) and Neutral Current (right) neutrinointerationsHere, l is one of the three lepton avors, N is a nuleon and H is a hadroni shower.The W boson is the exhange partile for harged urrent interations, while Z0 is theexhange partile for neutral urrent interations.When neutrinos interat with a partile in the detetor medium, their deay



15produts are observable by Cherenkov radiation. When the speed of a partile exeedsthe speed of light in a given medium1, Cherenkov photons are reated by atoms inthe surrounding medium as they quikly restore themselves to their ground state afterbeing disturbed by the eletromagneti �eld of the passing partile [16℄. This radiationis emitted in a one with angle: os(�) = 1�n(�) : (3.1)This angle is approximately 41Æ in ie or water. One obtains a similar onial shapeany time the soure of a spherially propagating wave is moving faster than the veloityof the wave itself, as an be seen by the applying Huygen's priniple. Analogies arethus often drawn between Cherenkov radiation for light and the wake of a boat inwater. Cherenkov light is emitted over a large range of wavelengths, but it followsa ��2 emission spetrum whih puts the majority of its ux in the blue wavelengthrange, and thus it appears blue.Naturally, the use of Cherenkov light as a method of detetion requires a detetorto be built in a transparent medium. Antarti ie, suh as that used in the AMANDAand IeCube experiments, is very useful as a medium for the detetor beause it isremarkably transparent and uniform for a natural medium, allowing a minimum ofsattering and absorption of Cherenkov photons. The depth and size of the Antartiieap also allows for muh larger instrumented volumes than would be feasible ifplaing detetors in an arti�ially onstruted medium, suh as the mines used by1It an do this beause the speed of light in matter is /n (where n is the index of refration ofthe medium) whih is less than the \osmi speed limit" . Einstein is okay with partiles travelingfaster than light in ie or water, just not in vauum.



16Super-Kamiokande [9℄ and other lower energy neutrino experiments. This larger sizeis neessary beause the expeted event rates of astrophysial neutrinos are muhsmaller at higher energies and beause higher energy neutrinos reate events whihemit light over longer distanes, requiring a larger detetor to adequately reonstrutthe event.Most other high energy neutrino experiments either abandoned (Dumand [17℄),urrently operating (Baikal [18℄) or under onstrution (ANTARES [19℄) use waterrather than ie as a Cherenkov medium. Both media have advantages. Ie has amuh longer absorption length than water, but also has a shorter sattering length[20℄. This means that, other variables being equal, an ie Cherenkov telesope wouldhave worse angular resolution than a water Cherenkov telesope beause the photonshave hanged diretions more by the time they reah the photomultiplier tube. On theother hand, the energy resolution should be better in ie beause a lower perentageof detetable photons wind up being lost in the detetor medium. Loations suh asHawaii and the Mediterranean are more aessible than the South Pole, whih hasa deployment season limited to a ouple of months per year. However, using ie asa medium minimizes ompliations in reonstrution whih an our in water-baseddetetors. These ompliations inlude urrents, radioativity in the detetor mediumand bioluminesent marine life. The �rst of these auses the position of the detetorsto vary signi�antly as a funtion of time, while the last two signi�antly inreasebakground noise.



173.2 the DetetorThe Antarti Muon and Neutrino Detetor Array (AMANDA) is a high-energyneutrino detetor situated at the South Pole. It onsists of 677 optial modules, eah ofwhih is omposed of an 8 inh, 14 stage photomultiplier tube (Hamamatsu R-5912-2) and supporting hardware surrounded by a glass pressure sphere. These optialmodules are buried in the ie on a total of 19 strings. Optial modules are spaedbetween 10 and 20 meters apart, depending on the string, and the entire array has aradius of approximately 200 meters.The �rst 4 AMANDA strings were deployed in the austral summer of 1993-1994 at a depth of 800-1000 m below the ie. These are referred to as AMANDA-A.Unfortunately, the presene of bubbles in the ie at this depth means that satteringis too large to reonstrut the paths of muons, although the array was e�etive as aalorimeter [21℄. In the austral summers of 1995-1996 and 1996-1997, 10 strings weredeployed at a depth of 1500 to 2000m. These strings are olletively referred to asAMANDA-B10. Three more strings were deployed in 1997-1998 and and an additional6 strings were deployed in 1999-2000. These strings inluded optial �ber readouts inaddition to the standard twisted pair ables. The ombination of AMANDA-B10 andthese additional 9 strings is referred to as AMANDA-II. See Figure 3.2 for a shematiof AMANDA-A, B-10 and II.The pulse output of eah photomultiplier tube is approximately 1V per photo-eletron, with an instantaneous dynami range of 10-20 photoeletrons. After travel-ing upward through �2 km of able, however, the typial amplitude is around 5-15MeV. At the surfae, this signal is enhaned by Swedish Ampli�ers (SWAMPs). The



18SWAMPs also serve to supply high voltage to the optial modules and deouple thesignal from the high voltage (both are transmitted on the same able). From theSWAMPs, the signal is fed at 25� gain into peak sensing analog to digital onverters(ADCs). As a parallel proess the signal is ampli�ed by 100�, fed through a disrim-inator and time to digital onverter (TDC), and �nally through a digital multipliityadder (DMAD). The DMAD is used to produe a multipliity trigger, whih requiresat least 24 OMs to �re simultaneously to register an event. The hardware is set upso that the ADCs are sensitive to pulses within �2�s of the trigger time while theTDC an reord information for up to 8 pulses per optial module in a window of 32�saround the trigger time [22℄.The suessor to AMANDA is alled IeCube. As of February 2007, IeCubeonsisted of 22 strings. The �rst string was deployed in January of 2005, 8 stringswere deployed in the austral summer of 2005-2006, and 13 additional strings weredeployed in the 2006-2007 season. IeCube will eventually be omprised of between70 and 80 strings and have an instrumented volume of roughly 1 km3, with roughly17 meters between modules. IeCube will also work in oordination with IeTop, a1 km2 surfae air shower array, whih employs digital optial modules frozen withintanks of ie. Due to both the larger number of optial modules deployed and widerstring spaing, IeCube will have an instrumented volume two orders of magnitudegreater than AMANDA. In addition, IeCube employs larger photomultiplier tubesand more advaned tehnology, inluding digital optial modules whih house dataaquisition software whih digitizes signals within the detetors themselves. Thistehnology was prototyped on strings 18 and 19 of AMANDA. AMANDA itself was



19oÆially integrated into IeCube in Marh 2005 and will ontinue to funtion as alower energy subdetetor of the IeCube array.3.3 Detetion of Di�erent Neutrino FlavorsThe most ommonly studied neutrino signature in AMANDA analyses is themuon trak (see Figure 3.3). If a muon neutrino deays via the harged urrent han-nel, it will produe a muon traveling in a diretion within an angle of approximately1 degree of the original neutrino. Muons lose energy due to Cherenkov radiation at asteady rate of about 0.2 GeV/m. Additionally, higher energy muons su�er stohas-ti energy losses through bremsstrahlung and pair prodution, whih appear as smallbursts of light along the trak.The other neutrino signature whih AMANDA an use is alled a \asade".Casades our when energy is imparted to multiple photons, leptons and/or hadrons,eah of whih produes more partiles as it deays, resulting in a shower of parti-les. These deay produts produe a roughly spherially-shaped mass of light in thedetetor (see Figure 3.3). There are two distint types of asade. An eletromag-neti asade is omposed of leptons and photons, reating more partiles throughbremsstrahlung and pair prodution. In a hadroni asade, hadrons are produedthrough strong fore interations. When hadroni asades pair produe or reate-rays, these partiles will produe eletromagneti asade subomponents. Overall,hadroni asades emit roughly 80% as muh light as eletromagneti asades.Compared to asade analyses, muon searhes have higher overall neutrino e�e-tive areas beause the long trak-length of muons allows AMANDA to pik up trakswhih originated far away from the detetor, whereas asade events must originate



20at least partially within the detetor radius. Muon analyses an also use spatial on-straints to redue bakground beause their trak-like shape gives them muh betterpointing resolution. Sine only neutrinos an travel through the entire Earth, muonanalyses are able to ut out the majority of the bakground by only taking upward-traveling events. The only remaining bakground is thus atmospheri neutrinos anddowngoing events whose diretion has been misreonstruted. Diretional reonstru-tions an use tighter angular uts to redue bakground even further for muon analyseswhih searh for neutrinos from spei� soures.However, the asade hannel also has advantages. While �-indued � traksare only aused by harged urrent �� interations, asades an be produed by in-terations of all 3 neutrino avors. Proesses produing asade signatures inlude�xN neutral urrent interations of any neutrino avor, �eN or ��N harged urrentinterations and ��ee� at 6.3 PeV (the Glashow Resonane). Sine asades are topo-logially distint from AMANDA's primary bakground of atmospheri muons, it isnot neessary to use the Earth as a �lter, so asade analyses have full (4� sr) skyoverage, as opposed to 2� sr for muon analyses. This doubles the number of potentialneutrino soures that are able to be analyzed.�� are a unique ase. If the � deays into an eletron (18% branhing ratio)it produes a typial asade, indistinguishable from an eletron neutrino signature.If it deays into mesons (about a 64% branhing ratio), but its energy is below 100TeV the situation is similar sine the trak that is produed is <5 m and generallyindistinguishable from the asade [23℄. It is possible, however, in a very energeti� asade to rereate an energeti � whih travels some distane before produing



21a seond partile asade. This is ommonly referred to as a \double bang event"and would provide a unique means of learly identifying a �� event [24℄. A relatedsignature is the \lollipop", whih is a partially ontained double bang event in whiha single asade and a � trak (the stik of the lollipop) are visible in the detetor[25℄. Neither of these signatures are visible using AMANDA beause the detetor'svolume is insuÆient. It is hoped however that this phenomenon will be identi�ablewith IeCube (see Figure 3.4).



22

120 m

snow layer

����

optical module (OM) 

housing
pressure

Optical
Module

silicon gel

HV divider

light diffuser ball

60 m

AMANDA as of 2000

zoomed in on one

(true scaling)

200 m

Eiffel Tower as comparison

Depth

surface
50 m

1000 m

2350 m

2000 m

1500 m

810 m

1150 m

AMANDA-A (top)

zoomed in on

AMANDA-B10 (bottom)

AMANDA-A

AMANDA-B10

main cable

PMT

Figure 3.2: A shemati drawing of the AMANDA detetor
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Figure 3.3: Muon (left) and asade (right) signatures in the AMANDAdetetor.
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Figure 3.4: A tau double-bang event simulated in the IeCube detetor
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Chapter 4
Gamma Ray Bursts
4.1 A Brief History of GRB ObservationsGamma-ray bursts (GRBs) were disovered by the Vela satellite network in thelate 1960s. Vela was a series of military satellites monitoring Soviet ompliane withthe nulear test ban treaty using optial, x-ray and -ray detetors. When alibratingtheir detetors by turning them skyward, they were surprised to �nd -ray signalsoming from spae. After the information was delassi�ed, 16 gamma-ray burstsdeteted by Vela satellites were reported in 1973 [26℄. Not long after this, the IMP-6satellite determined that the photon spetrum for GRBs peaked in the gamma-rayrange, rather than simply being the tail end of a lower energy distribution [27℄.GRBs remained very mysterious phenomena for the next ouple of deades.Starting in 1991, the Burst and Transient Soure Experiment (BATSE) aboard theCompton Gamma Ray Observatory olleted data whih greatly expanded what wasknown about GRBs. One of the most important disoveries was the isotropi distri-bution of bursts at all luminosities (see Figure 4.1). This distribution implied thatGRBs were osmologial in origin, rather than originating in our own galaxy [28℄ as



26previously thought. This was surprising beause, based on experimental observations,GRBs originating at osmologial distane sales from Earth must be almost unbe-lievably energeti, in the range of 1052 to 1053 ergs. Additionally, BATSE was ableto measure the duration of GRBs. The approximate burst duration as measured byBATSE is alled T90, de�ned as the time during whih the entral 90% of the gammaray emission ours. See Figure 4.2 for a plot of observed T90 times.The Italian satellite Beppo Sax was the �rst to identify longer wavelength after-glows of GRBs, with photons in the x-ray, optial and radio wavelengths. Beppo Saxdata allowed the Hubble Spae Telesope to identify the host galaxies of some GRBs,providing further evidene supporting their osmologial origin [29℄. Up to this pointthere was still some speulation that the observed isotropi burst distribution ouldhave ome about if GRBs originated in the Oort loud of our own solar system [30℄.NASA's Swift satellite began operation in November 2004. Beause Swift's skyoverage is only about a third of BATSE's, it identi�es fewer bursts. However, it isable to provide a great deal of information about eah burst in multiple wavelengths.One of its hief aims is to determine the origin of GRBs, and when used in onert withground-based observatories, is apable of diretly measuring redshift values for �25%of bursts it identi�es [31℄. GRBs have been observed with redshifts as far away asz=6.3 [32℄ and as lose as z=0.0085 [33℄. Measured redshift values are onsistent withmodels wherein the frequeny of GRBs is roughly onsistent with the star formationrate [34℄.
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Figure 4.1: Isotropi spatial distribution of GRBs from the BATSE ata-log, demonstrating osmologial origin of GRBs. GRBs originating in ourown galaxy would lump along the galati plane, at least in the ase ofthe more distant fainter bursts (lighter dots in this piture).4.2 Properties of GRBsMuh about GRBs is still not known with ertainty, but a oherent piture isgradually oming together. In this setion, we disuss several more aspets of gamma-ray bursts and their progenitors.4.2.1 Compatness and Relativisti AelerationThere are short time-sale utuations in GRB light urves of sale Æt on theorder of a few milliseonds, implying that they ame from ompat objets of size< Æt. This ompat size indiates that the GRB should be optially thik, a laimwhih is at odds with the observed non-thermal photon spetra. This ontradition



28is historially referred to as the \ompatness problem". However, if the soure hasa large Lorentz boost fator �, the photon spetrum is blue-shifted to a lower energyand the size of the objet beomes Æt�2, allowing a mathematially onsistent pitureof GRBs [7℄. Eah shok front within the GRB jet travels at a di�erent veloity, butthe required bulk (average) Lorentz boost fators are typially around � � 300.4.2.2 Central Engines and Bimodal DistributionThe inner workings of the mehanisms whih ause GRBs annot be observeddiretly, but numerous theoretial senarios have been proposed to desribe theseentral engines. Based on the observed T90 times, GRBs appear to follow a bimodaldistribution, with \long" bursts lasting more than 2 seonds and \short" bursts lastingless than 2 seonds [35℄ (see Figure 4.2). It is urrently thought that the two lassesof GRBs may have di�erent progenitors, with short duration bursts resulting fromneutron star - neutron star or neutron star - blak hole mergers [36℄[37℄ and longerbursts resulting from hypernovae (the ollapse of massive stars) [38℄. The latter isreferred to as the ollapsar model, and should be aompanied almost simultaneouslyby a supernova. Based on the growing atalog of observations, additional lasses ofbursts have been proposed. For example, there may be distint populations of low-luminosity and high-luminosity bursts [39℄.The supranova model is a ompeting senario for long bursts. This also involvesthe ollapse of a massive star into a blak hole, but requires a two-step proess. First,the star ollapses into a neutron star, triggering a supernova. After roughly a week toa month, the unstable neutron star then ollapses into a blak hole. It is this seondollapse whih auses the gamma-ray burst [40℄. Currently, however the observed as-



29soiations between supernovae and GRBs (e.g. GRB060218 [41℄ and GRB030329 [42℄)show very little delay between the two, meaning that the ollapsar model is urrentlystrongly favored over the supranova model based on the experimental evidene.
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Figure 4.2: BATSE 4b atalog T90 times demonstrating bimodal distribu-tion of GRBs.4.2.3 BeamingIt is believed that GRBs are beamed. That is to say, the emission of GRBsours in two relatively narrow jets rather than isotropially. Physial evidene forbeaming omes from the observations of GRB afterglows whih gradually deay at�rst, then suddenly begin a more rapid dropo� [43℄[44℄[45℄. This dropo� is explainedby the Earth no longer being on-axis with the GRB jet. While beaming redues thetotal energy requirement for eah GRB from �1053 ergs to �1051 ergs, it inreasesthe overall number of GRBs ourring by the same fator, sine only GRBs beamed



30towards us will be diretly observable [29℄.4.3 Neutrino (and Photon) Emission From GRBsThe most suessful and generally aepted model aounting for the observedproperties of GRBs is the �reball shok model [46℄, whih applies regardless what theentral GRB engine is. In this model, protons are Fermi aelerated by internal andexternal shoks resulting from a ollimated relativisti �reball. Neutrino emission,along with photon emission, is predited to our at various stages of the GRB.4.3.1 Prompt EmissionPrompt neutrino emission ours in oinidene with the gamma-rays of theGRB, through p interations (equation 2.1) within the relativisti jets of the GRBitself. Sine shoks are aused by turbulene within the GRB jet, the di�erene inveloity between the two sides of the shok front is not great, even though the veloityin the observer's frame is quite large. Thus, shok aeleration at this stage is onlymildly relativisti.The prompt photon spetrum is generally �t by a Band funtion, whih modelsthe energy spetrum as a broken power law [47℄:
N(�) = N0� (h�)�exp(� h�E0 ) for h� < (�� �)E0((�� �)E0)���(h�)�exp(� � �) for h� > (�� �)E0 (4.1)where � and � are the two spetral indies, whih vary from burst to burst. Thepredited neutrino spetrum, however, ontains two `break energies' at whih thespetrum hanges slope. This spetrum is:



31E2 d�dE = f�8�e Fln(10)8<: (E=Eb)���1 E < Eb(E=Eb)���1 Eb < E < E�(E=Eb)���1(E=E�)�2 E > E�: (4.2)The lower break energy, Eb, ours beause of the break in the photon spetrum,sine the neutrino energy is diretly impated by the -rays whih produe it. Thehigher energy break, E�, results from synhrotron energy losses of the pions whihprodue the neutrinos [48℄ and therefore applies only to the neutrino spetrum. Breakenergies and spetral slopes will vary signi�antly from GRB to GRB due to varyingdistanes, energies, Lorentz fators, et etera, but \typial" values, as estimated in[48℄ and elsewhere are 105 and 107 GeV for the two break energies, with spetralslopes �=-1 and �=-2 (see Figure 4.5). Further details for modeling neutrino uxwith this method, inluding spei� parameters for two sample bursts, are providedin Appendix E.Murase and Nagataki have produed more detailed models of neutrino emission,using three di�erent sets of burst parameters [49℄. While one of the sets (set C) usesassumed values whih are too extreme to be representative of all bursts, set A produesa predited neutrino ux similar to that predited by Waxman-Bahall, althougharrived at by di�erent alulations. Applying the MSN osillation matrix to preditedspetra for �e and ��1 [50℄ at soure, Ignaio Taboada has obtained preditions forall neutrino avors, treating neutrinos and antineutrinos separately. The somewhatsimplisti avor ratio assumptions made when testing other spetra are therefore notneeded in this ase. These preditions are shown in Figure 4.3 . This neutrino ux uses1As disussed previously, the p prodution mehanism is not expeted to produe any �� atsoure. Any prodution of tau neutrinos will be suppressed by several orders of magnitude relative tothe other two avors. Sine, aording to the best available mixing parameters, �� and �� are fullymixed at astrophysial distanes, their predited spetra at Earth are idential.
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Figure 4.3: Neutrino ux at Earth for Murase and Nagataki Model A. ��spetral preditions are idential to ��.a burst distribution based on satellite observations from BATSE and other detetors(with a total rate of �690 bursts per year). However, the predited ux is not muhdi�erent if the burst rate is tied to the star formation rate and integrated out to aredshift of zmax=7 (see Figure 4.4), so the seletion e�ets are not too signi�ant.In the supranova model of emission [51℄ [40℄, one an also get substantial neutrinoemission from jet interations with photons in the pulsar wind bubble external to thejet. This would reate a separate spetrum of neutrino emission in addition to theWaxman-Bahall spetrum whih would arrive simultaneously with the burst (seeFigure 4.5).
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Figure 4.4: Neutrino ux predited by Murase and Nagataki Model A [49℄at soure for �� and �e. Two di�erent redshift evolutions are assumed, onebased on the burst observations of -ray satellites and the other based onthe star formation rate integrated out to z=7. Sine the bulk of the neu-trino ux is predited to ome from relatively nearby bursts, the di�erenein the net neutrino ux between the two assumptions is minimal.



344.3.2 Afterglow Neutrino EmissionAfter the initial burst of gamma-rays, afterglow photon emission on longer timesales has been observed for many bursts in the x-ray, optial and radio bands, in manyases enabling diret measurements of redshift and identi�ation of the host galaxy.Waxman and Bahall have also theorized an ultra-high energy neutrino afterglowspetrum oming from \reverse shoks" whih result from the interation betweenprotons in the GRB's relativistially expanding �reball and the photon �eld in thesurrounding medium. In this ase, the shoks are ultrarelativisti, sine the two sidesof the shok front (the jet and the surrounding medium) are moving at vastly di�erentspeeds. The predited afterglow spetrum an be seen in Figure 4.5. Synhrotronemission hanges the photon spetrum above a �xed energy, leading to the observedbreak in the predited neutrino spetrum [52℄.4.3.3 Thermal NeutrinosMany low energy thermal neutrinos (MeV range) are also predited by somemodels, suh as the ollapsar and neutron star merger models. These are not beamedlike the neutrinos ourring within the relativisti GRB jet, but rather are emittedisotropially. Along with gravitational waves emitted at the same time, these arrywith them a onsiderable fration of the entire system's energy. However, these neutri-nos are not detetable at osmologial distanes and would be indistinguishable fromneutrinos reated in an aompanying supernova [7℄.
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Figure 4.5: Prompt and afterglow neutrino emission spetra (dotted lines)from Waxman and Bahall paper [48℄ Also shown is di�use ux preditionfor the supranova model (solid) assuming all (top) or 10% (bottom) ofGRBs have aompanying pulsar winds. The ux is for ��, but has notbeen adjusted for neutrino osilations. This plot is borrowed from [53℄.4.3.4 Preursor NeutrinosIn the ase that a GRB results from the ollapse of a massive star, there maybe a preursor neutrino spetrum whih is quite di�erent from the spetrum expetedfrom prompt emission. The proess produing preursor neutrinos ours internallywithin a GRB jet, just as in prompt emission, but ours as the jet is still propagatingwithin the stellar body itself. This alters the neutrino spetrum and, beause theinside of the star is optially thik to  emission, means that the neutrinos are notaompanied by a photon signal. The predited spetra for preursor emission anbe seen in Figure 4.6 for two models. In the H model, the helium ore of a star issurrounded by a hydrogen loud. In the He model, this hydrogen loud is not present.Preursor emission is expeted approximately 10-100 seonds before prompt emission
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Figure 4.6: Preursor spetra preditions for stars with He and H layers(solid lines) with WB ux (dotted line), taken from [54℄. Note that theux in this plot is divided by �op, the fration of jet energy dissipated insub-stellar shoks.[54℄.4.4 Related Phenomena4.4.1 X-Ray FlashersX-Ray ashers our on similar timesales to GRBs, but their photon spetrapeak in the X-ray range. Optial afterglows have been observed from at least twoX-ray ashers [7℄. It is urrently not lear whether these transients are just lowerenergy GRBs or if they are a distint lass of phenomenon. These are not promisingneutrino soures under the ollapsar model, sine a small fration of proton energywould be onverted to pions, but the neutrino prodution under the supranova model



37ould be signi�ant [55℄.4.4.2 Choked BurstsIt is possible to generate the \preursor" spetrum desribed in the previoussetion without a subsequent GRB [54℄. In the ase of slowly-rotating or partiularlylarge stars, the jet may produe neutrinos while still in the stellar body, but fail to getthrough the stellar envelope and therefore not produe a GRB. Sine they have neverbeen identi�ed, the ommonality of these \hoked" bursts is unknown, but they mayoutnumber onventional GRBs by as muh as a fator of 100 if their rate is tied tothe rate of supernovae [56℄.4.4.3 Mildly Relativisti SupernovaeIt is possible that massive ollapses whih do not produe gamma-ray bursts mayalso produe neutrino spetra from jets with smaller Lorentz fators (� �3 ratherthan � �100). If one inludes kaon as well as pion deays in neutrino prodution,this neutrino ux may be signi�ant. The neutrino energies predited, however, areat muh lower energy than for a onventional burst, loser in energy range to anatmospheri neutrino spetrum, making their detetion more diÆult [57℄.4.4.4 Soft Gamma RepeatersSGRs are a distint phenomenon from GRBs, thought to originate from theglobal magneti rearrangement of the rust or interior of a magnetar (a type of highlymagnetized neutron star). Like gamma ray bursts, soft gamma repeaters are tran-sient gamma ray, and possibly neutrino, soures. SGRs, however, are known to havemultiple ary periods, separated in many ases by several years, whereas a GRB is a



38one-time-only event. They also have a softer photon energy spetrum than GRBs2.Four distint SGRs have been observed so far. Neutrino preditions from SGR are notwell determined, partiularly sine the baryon loading is not theoretially onstrainedas in GRBs. It is generally assumed however, that neutrinos would be produed in pinterations and would therefore have a simple power law energy spetrum, followingthe photon spetrum [58℄ [59℄ .

2Hene the name, soft gamma repeater.
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Chapter 5
Overview of the Rolling Searh Method
5.1 Summary of TehniqueThe onept of the rolling searh is straightforward: starting with every survivingneutrino andidate event, we look in a prede�ned time window for additional survivingevents. A lumping of events whih is extremely unlikely to have ourred due tobakground utuations (modeling the bakground as a stohasti Poissonian proess)is evidene of a neutrino signal from a transient soure. Signi�ane is evaluatedaounting for trial fators inurred over the entire 3 year period, so areful dataredution is required (disussed in detail in Chapter 7). Sine this analysis uses theasade hannel, no angular uts are performed.5.2 Comparison With Other GRB AnalysesSeveral AMANDA searhes for GRBs have already been onduted, all of whihhave looked for neutrinos orrelated with GRB -ray detetions by satellites [29℄ [60℄[61℄ [62℄ [63℄. Compared to the rolling searh, these have signi�ant advantages inbakground rejetion, sine one must only worry about bakground during the time in



40whih the burst is ourring. This leads to a smaller number of events being requiredfor signi�ane. Additionally, if one has identi�ed an individual burst, depending onwhat parameters were measured, it is possible to use spetral indies, redshift valuesand so forth to model eah burst individually and get more aurate preditions aboutthe neutrino rate of that GRB [64℄ [62℄ [55℄ (see also Appendix E). Sine Swift diretlymeasures redshift for a large perentage of bursts it identi�es, this dataset will be par-tiularly onduive to this individualized analysis. The majority of satellite-oinidentanalyses up to this point, however, have utilized the same averaged preditions thatthe rolling analysis uses.On the other hand, satellite-oinident searhes an't look for bursts whih thesatellites didn't see. Obviously, a rolling searh is better equipped to identify -raydark transients, but it also has the potential to see many GRBs missed by satellites.Sine the loss of BATSE in early 2000, the rate of GRB detetion by the IPN3 networkhas been onsiderably smaller, approximately a rate of �1 burst per week rather than�1 per day in the ase of BATSE. Swift has reently inreased this rate, but its fousis on gaining a lot of information about eah GRB it detets rather than deteting asmany GRBs as possible. Swift's narrower �eld of view means it is still less proli� thanBATSE, and BATSE itself only had �2� sky overage at any given time1. At any rate,in the period over whih this analysis was onduted, 2001-2003, whih was betweenthe eras of BATSE and Swift, the majority of GRBs went undeteted. Additionally,if neutrino emission does not arrive simultaneously with prompt -ray emission, this1In priniple, even some bursts whih were within BATSE's �eld of view but had photon signaturestoo weak to trigger the detetor ould still have been signi�ant neutrino soures. However, urrentlyfavored theoretial models onstrain the baryon loading fators within GRBs to a narrow enoughrange that neutrino and photon uxes at Earth should be more-or-less diretly proportional foronventional gamma-ray bursts.



41may ause a triggered searh to miss an observation, but will not adversely a�et arolling searh.Given worse per-burst sensitivity, but an inreased number of possible targetsompared to the satellite-oinident searhes, it is best to view the rolling searh as auseful omplement to the analyses already onduted.5.3 Seletion of Time WindowsSine the distribution of GRBs is bi-modal, two time windows were seleted: 1seond for the short burst lass and 100 seonds for the long burst lass. Beause ofthe large amount of variation in the shapes of GRB light urves, it is not realisti totune the uts with great preision, but these hoies are roughly optimized to makethe best tradeo� between retained signal and bakground allowed in eah window.Analyses utilizing rolling time windows performed by the Tibet Air Shower Array [65℄and Milagro [66℄ utilize similar time windows. Although the 100 seond time windowtrunates some longer GRBs, many of these longer GRBs still have a very large per-entage of their photon ux within a 100 seond time window. This is demonstrated,at least indiretly, by Figure 5.2. Figure 5.2 demonstrates that among the \long"burst population (T90 > 2 seonds) uene and duration are only weakly orrelated.Thus, we are not preferentially utting away ux from the strongest bursts by usinga time window whih trunates some long GRBs. An approximate orretion for thelost ux from very long bursts is applied when determining sensitivity.Another possible method of seleting time windows would be to �t the two peaksof the bimodal distribution with gaussians and take the point of 1 sigma upwardutuation. This doesn't hange the deision muh for the long burst set, but would
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Figure 5.1: BATSE T90 times vs. T50 times for bursts with T90 > 90seonds taken from the 4B atalog [35℄. Many very long bursts still ontaina substantial fration of their ux within a muh smaller time period.
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Figure 5.3: BATSE T90 times taken from the 4B atalog [35℄, learly show-ing two burst lasses. The blak line is a double-gaussian �t to the data,solid vertial lines are the uts atually taken, dotted lines are the 1 �upward utuation points for the �t.extend the hoie from 1 seond to �2 seonds for the shorter duration bursts (seeFigure 5.3).5.4 Piking the Right Rolling Searh MethodSome onsideration must be given to the exat method used to ondut a rollingsearh. Obviously, if one simply measures the number of events in onseutive, non-overlapping 100 seond windows, one risks utting a signi�ant luster of events intotwo smaller groupings. If the same tehnique is performed, but with overlapping win-dows (starting, say, every 10 seonds), one is less likely to miss a luster of events,
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Figure 5.4: Shemati of the rolling searh method.but this is still a distint possibility. Additionally, one introdues a ompliated trialsfator equation with eah window oupled in a non-trivial way to 10 other windows.Thus, we have eleted to start a time window at eah surviving event, whih guar-antees that no signi�ant luster will be missed and allows simple alulations (sinestatistis are low enough that eah window an be treated as an approximately inde-pendent trial). The sensitivities resulting from the overlapping windows method andthe approah we have hosen are nearly idential, but for the above reasons startinga new window with eah event is philosophially more appealing.
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Chapter 6
Data Proessing and Simulation
Now that some bakground and a general overview has been presented, the next fewhapters present the tehnial details of turning some un�ltered sets of data into aompleted rolling searh analysis. This hapter overs the basis of data proessing inAMANDA. Chapter 7 desribes the uts used to isolate the events we are looking for,and Chapter 8 disusses the statistial proess of ut optimization.6.1 File SeletionThe same bad �les whih were omitted from the Zeuthen point soure analysis�le seletion were omitted from this analysis. \Bad" in this ontext overs a range ofproblems, suh as eletronis failures, windstorms and unknown disturbanes whihprevent data from being usable. Aording to Zeuthen's standards, �les are generallyevaluated by requiring a high perentage of optial modules to have ount rates withina few standard deviations of their average [67℄. Additionally, the number of hannelsvariable Nhannel, whih is de�ned as the number of optial modules with at least onehit1, was heked to ensure a reasonable distribution in eah run. Sine the rolling1A \hit" ours eah time an optial module is triggered by a photon.



47searh requires by its nature a stable and uninterrupted period of data, short runsunder 4000 seonds were removed. Additionally, the austral summer seasons, duringwhih time the South Pole station had a onsiderably higher population and work wasbeing done on the AMANDA detetor, were left out of the data sample. Runs 7219and 7249 from the 2003 data sample were removed beause bad �les within these runsaused a very large number of gaps in the data. Run 3399, the �nal �le in the 2001sample, was omitted due to the unusual behavior in are heking2 variables.6.2 Hit Cleaning and FilteringThe 2001 data set was �ltered in Madison using the �ltering and reonstru-tion pakage Siegmund [68℄. The 2002 and 2003 data samples started with HenrikeWissing's �ltering at Zeuthen, using the more reently developed Sieglinde [69℄ soft-ware. In spite of the di�erenes in initial �ltering, results between data sets are quiteonsistent.Cleaning the runs so that they are ready to be used in analysis requires severalsteps. Dead or unreliable optial modules are removed from the analysis, using thestandard AMANDA-II bad OM list for eah year [67℄. Hits outside a time window of-2 �s to +4.5 �s around eah event are also eliminated. This is larger than the time-span of an event, but removes most PMT noise and redues PMT afterpulsing, whihtypially ours on a sale of �6 �s. Isolated hits (those without another hit within500 ns and 70 m) and hits with small amplitude (ADC<0.3 in 2001 and ADC<0.1 in2002 and 2003) are removed as well, whih redues ross-talk and noise hits.Sine ross-talk still remains after this basi leaning, a dediated �lter to redue2Flare heking is explained in setion 6.3.



48eletroni ross-talk was applied. The �rst part of the ross-talk �lter onsists ofTOT uts individually tailored to eah optial module and realbirated eah year.Additionally, 2 dimensional ADC vs. TOT uts are applied to eah OM and a ross-talk map is used to remove ross-talk between the top and bottom of strings.6.3 Flare ChekingThe proedures desribed above do a good job of removing noise and ross-talkhits for valid events. However, due to oasional high winds, external eletromag-neti emission and other fators, entire \non-physial" events an sometimes show upin AMANDA data whih are an artifat of the detetor and not aused by an a-tual partile detetion. Non-physial events are olloquially referred to as \ares" inAMANDA and IeCube. In this analysis, it is very important to remove ary events.This is true not just beause they are an unwanted soure of additional bakground,but, more importantly, the distribution of ary events annot be represented by thesame Poissonian distribution as surviving events whih result from atual partiles.It is therefore oneivable that a lustering of non-partile events ould register as asignal. Flare heking software, developed by Arvid Pohl, an be used to identify thelikelihood of an event being of non-partile origin aording to 9 di�erent observableparameters, referred to as are heking variables. De�nitions of these nine variablesare as follows:



49Variable Name Desriptiononly ad number of hits with ADC values but no leading edgesmissing hannel number of hannels with a missing leading or trailing edgenhannel dead number of OMs marked as dead whih have hits in themshort M hits whih are too short among a partiular lass of OMsshort H hits whih are too short in hybrid and oaxial OMslong noise hits with long TOT that have leading edges in the noise regionlong missing hits with long TOT in a subevent missing the leading edgein the �rst hit or trailing edge in the last hitindu B10 ompares hits in the twisted pair strings 5-10 to the on-timehits in oaxial strings 1-4 to look for indutane related eventsindu 1119 similar to indu B10, but for AMANDA-II strings 11-19More detail is available in [70℄.Flare heking values are normalized aording to the base-10 logarithm of theirprobability, so that 1 event in 10 will have a value above 10, 1 event in 100 will havea value above 2, and so forth. A sample that has no uts and is undisturbed by non-partile events thus normally yields an exponential distribution. This distribution anbe upset by non-partile disturbanes, whih don't �t into this exponential patternand an also be thrown o� by uts whih naturally selet higher values in ertainvariables. In order to orretly assign values, the are heker must be run on adata sample at the minimum bias level, before any uts are made. The are hekinguts themselves, however, an then be applied at a later stage of the analysis. Someevents, partiularly in this high energy analysis, have values outside the range for



50whih the are heking uts are normalized. These events reeive a value of -1 andare onsidered unlassi�able by the are heking software. Adopting a onservativeapproah towards removal of events whih may or may not be ary, these events arekept in the sample.The �rst step in are heking is to remove the events whih are obviouslyoutside of the expeted exponential distribution of events, restoring the distributionsto their proper shape. This is done visually, starting with the learest ut and workingonseutively from there. The uts for 2002 and 2003 are indu B10<16, indu 11<8and missing hannel<14. The uts used for 2001 are indu B10<16, indu 11<8 andshort M<14. See Figures 6.1 to 6.3 for plots demonstrating these uts.After this step is ompleted, the top 1% of are heking values are eliminatedfor those variables whose distributions are not hanged by tightening uts, sine itis inferred that real signal will not be preferentially ut away. These were foundto be long noise, long missing, nhannel dead, indu 11 and missing hannel. Theremaining variables demonstrate energy-dependent seletion e�ets, meaning that asuts tighten, more of the high value events are retained. This step is therefore notperformed using these variables, sine utting 1% of surviving events may in fatbe reduing signal retention by a muh larger amount. This proedure follows the\extended" proedure reommended in Arvid Pohl's are heking proposal [71℄. Plotsof the distributions at various ut levels are found in Figures 6.4 to 6.6.The are heking uts were designed to identify non-partile events, and le-gitimate signal events will not on average have higher average values for the 9 areheking variables relative to normal bakground events (aside from the energy orre-
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Figure 6.1: Flare heking variables for 2001. Solid lines show kept events,dotted lines show events removed by uts.
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Figure 6.2: Flare heking variables for 2002. Solid lines show kept events,dotted lines show events removed by uts.
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Figure 6.3: Flare heking variables for 2003. Solid lines show kept events,dotted lines show events removed by uts.
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Figure 6.5: Flare heking variables for 2002 at various ut levels. Indereasing orders these are: high energy �lter, diret hits ut, loose sup-port vetor mahine and tighter support vetor mahine. The �rst fourvariables, whih show no notieable seletion e�ets, are used for extendedare heking uts. (Note that for unknown reasons, the variable only adhas a uniform value of 0 in 2002 and is therefore not used for this year.I am unable to orret this as it was the ase in the original data �les Iobtained.)
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Figure 6.6: Flare heking variables for 2003 at various ut levels. In de-sending order these are: high energy �lter, diret hits ut, loose supportvetor mahine and tighter support vetor mahine. The �rst �ve vari-ables, whih show no notieable seletion e�ets, are used for extendedare heking uts.



57lation present in some variables). However, after unblinding the analysis was re-runwithout are heking uts as an a posteriori hek. The results were not substantiallydi�erent ompared to the original unblinding results, ensuring that no observation wasmissed as a result of are heking and also demonstrating that non-partile eventsdid not reate a large enough disruption in the distribution of events in this ase toupset the distribution of oinidenes predited by Poissonian statistis.6.4 Reonstrutions6.4.1 First Guess FitsAlthough more aurate reonstrution methods exist, �rst guess �t methodsare muh quiker than more sophistiated methods of reonstrution and an be ofsigni�ant use when used as an initial seed in more sophistiated algorithms (as isdone in this analysis) or when used as an initial �lter in data redution.The �rst guess asade �t is also alled the enter of gravity �t. It assumes theasade is spherial in shape and takes the weighted average of the ADCs of all hitoptial modules to determine x, y and z vertex oordinates [22℄.The �rst guess muon �t used in this analysis is all the diret walk �t [72℄ [73℄.The diret walk method alulates pairs of hits onsistent with a muon moving at thespeed of light by omparing the distane between hit optial modules to the di�erenein times between the two events by the formulaD=� 30ns < �t < D=+ 30ns where D > 50m: (6.1)The program then selets trak andidates based on the number of orrelated hits



58as determined by this formula and their spread along the possible trak. The atualtrak is seleted by �nding the largest luster of quality trak andidates, sine thetrue trak should produe many nearby andidate traks while fake traks should beisolated.The line �t is another fast muon �t used in this analysis. It models the muontrak as a line with veloity ~v and minimizes the funtion:Xhits ADC(~rhit � ~r0 � ~v � thit)2 (6.2)with respet to ~v and the trak vertex ~r0.6.4.2 Iterative Likelihood ReonstrutionsThe primary �ts used in this analysis were Pandel trak-like and point-like �tsfor muon and asade events, respetively. The likelihood for a given hypothesis isde�ned as: L = hitsXi=0 p(tires; di) (6.3)where p(tires,di) is the probability of a photon arriving at a distane d from the enter ofthe oordinate system at time tres, measured with respet to the ideal Cherenkov one.In the ase of the asade �t, the oordinate system is �xed at the enter of the asade,while for the muon �t the enter of the oordinate system is attahed to the muon,moving along the muon trak at the speed of light [22℄. Likelihood reonstrutionsattempt to �nd the most likely �t for an event, whih for mathematial onvenieneatually involves minimizing the funtion �log(L) [2℄. Mathematially, the funtionused in the Pandel reonstrution (originally developed for the Baikal detetor) is [74℄:



59p(tires; di) = � d� t d��1 exp�(t+ ie tX0 + dX0 )�( d�) (6.4)with X0 orresponding to the absorption length, � the sattering length and � thesattering time. This proedure is pathed with a Gaussian funtion whih aountsfor PMT jitter. These �ts are able to make multiple attempts at minimizing the loglikelihood funtion. The �rst attempt starts with a �rst guess seeded by a previous�t and subsequent attempts minimize the funtion starting from a random �rst guess.This proedure helps avoid getting stuk in a loal minimum rather than the trueminimum in likelihood spae. In this analysis, the iterative muon �t is seeded withthe diret walk �t and the iterative asade �t is seeded with the asade �rst guess.Maximum likelihood reonstrutions in AMANDA are desribed in more detail in [75℄.6.4.3 Reproduibility issuesFor events without lear traks, partiularly asades and very high energyevents, the Pandel muon reonstrution may produe wildly di�erent results depend-ing on what random seed is used, sine there is no lear minimum for the likelihoodmaximization proedure to �nd. This is not really a failure of the �t method, sine forthese events there really is no \trak-like" hypothesis that �ts the data. However, sinewe don't know a priori whih events are trak like and whih are best desribed byasades, the uts in this analysis use both hypotheses on all events, often omparingone against the other.Given a reasonably large ensemble of events, the distributions of our observablesare not a�eted by the random number seed hosen, sine the event-by-event randomutuations will anel eah other out. However, on an individual event-by-event



60basis, whether or not an event survives all uts and is kept as signal an in someases depend on whih random number seed is hosen. It is of ourse well known thatsome perentage of the real signal will be removed by our uts in order to redue thebakground to an aeptable level, so the only philosophial and logistial problem thispresents is that sienti� experiments depend, by basi priniple, on reproduibility.For this reason, the reonstrution program reoos [76℄ was adapted to ondut thePandel muon reonstrution using a known user-de�ned seed rather than one drawnfrom the proess identi�ation number, as is normally done. This ensured that if anyreproessing was neessary, the same events would be kept as signal.6.5 DeadtimeIn addition to the time when the detetor is physially o� (i.e. during mainte-nane), AMANDA also experienes deadtime between events. During this time, thedetetor annot reord new data beause the eletronis are being read out. The dead-time is typially on the order of a few milliseonds between eah event, but longer forhigher energy events (see Figure 6.7.) The deadtime perentage removes a fration ofthe potential events from eah burst, in ontrast to the time the detetor is atuallyo� or not taking reliable data, whih redues the total number of bursts in our sample.Thus, this analysis distinguishes between ontime, the net period of time the detetor istaking stable data, and livetime, the total time during whih events atually register.Generally, livetime = ontime � (1 � deadtime). The livetimes for the datasets usedin this analysis were 183.4 days for 2001, 193.8 days for 2002 and 185.2 days for 2003,for total livetime 562.4 days. Deadtime perentages were 21.3% for 2001, 15.0% for2002 and 15.3% for 2003.
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6.6 Monte Carlo SimulationCasade signal events were simulated with the ANIS software pakage [77℄. 600thousand events of eah of the three neutrino avors were generated. ANIS uses adefault E�1 power law spetrum so that an equal number of events are generated ineah deade of log(Energy). The spetrum was then re-weighted to math the shapesof the various neutrino ux preditions. Signal Monte Carlo was also generated usingthe Tea pakage [78℄, whih was found to be in good agreement with ANIS, as shouldbe the ase sine they use the same underlying physial assumptions. Tea was onlyused to test the Waxman-Bahall model, sine it was diretly generated as a Waxman-Bahall type broken power law spetrum.Bakground Monte Carlo was generated using CORSIKA3 [79℄. The bakground



62Monte Carlo was not used in determining uts, rather atual data was used sine anysignal is well buried by bakground. However, the bakground simulation is stillimportant sine omparing it to real data allows us to verify that the software ismodeling a given observable orretly, giving us more on�dene in the auray ofthe signal Monte Carlo. Approximately 1 million events were generated in order tohave an adequate sampling of high-energy events to ompare to real data.After being generated, all Monte Carlo was run through the program MMC(Muon Monte Carlo)[80℄, whih simulates the propagation of trak-like partiles (pri-marily muons) in the ie. Sine the signal for whih we are looking is a asade ratherthan a trak, MMC makes a very small di�erene for the signal Monte Carlo, but isnevertheless used to simulate the signal more aurately. The Monte Carlo is thenrun through AMASIM [81℄, whih simulates the response of the AMANDA detetorusing appropriate alibrations for eah year.

3CORSIKA is the leading air shower simulation pakage, used for various experiments worldwide.Here, it used to generate the muon ux at the surfae of the Earth (ie).
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Chapter 7
Data Redution
Using the proedures outlined in the previous hapter, we have obtained a high qualitysample that is relatively free of distortion from noise hits, afterpulsing, ross-talk andso forth. However, at this point we have roughly 5 million remaining events per day,and loating even a fairly sizable signal in this large amount of bakground withoutfurther uts would be hopeless. This hapter desribes the steps by whih we makeuts to remove as muh of this bakground as possible while eliminating a minimalamount of our predited high energy asade signal.7.1 High Energy FilterSine we are looking for events that are at onsiderably higher energy than mostof the downgoing muoni bakground, the �rst step in data redution is applying ahigh energy �lter. This employs two uts. First, the total number of hits in all OMsin an event must be greater than 160. Seond, at least 72% of the OMs used musthave two or more hits in them. This �lter uts bakground to �1% of its previouslevel (from around 5 million to 50 thousand events per day) while retaining about



64two-thirds of the signal events.7.2 Cut on Number of Diret HitsStep 2 involves utting on the number of diret hits, Ndir. The time of a hit isompared to the expeted arrival time of a photon traveling diretly from the appro-priate point along the reonstruted muon trak or asade. If the �t hypothesis isorret, those photons that are delayed very little by sattering in ie will arrive loseto the predited time and are ounted as a diret hit. Several time window hoiesare available for determining what onstitutes a \diret" hit. The widest possibletime window was used in this analysis, 15 nanoseonds before and 150 nanoseondsafter the predited time. This provided the learest separation between signal andbakground.There is too muh disagreement between the simulated bakground and the realdata in Ndir to fully trust the signal simulation. This problem is far from uniqueto this analysis. Ndir, sine it relates diretly to photon sattering, is more a�etedthan most variables by simpli�ations and inauraies in the modeling of the ieproperties. Rather than inlude it in the �nal ut stage, whih requires low systematiunertainties in the atual shape of the signal spetrum, we instead use it as a looseut to get the number of events down to a more reasonable level. In addition to savingproessing time, applying this ut improves the overall separation between signal andbakground one all uts have been applied.Nmuondir (the number of diret hits for the muon �t) is a useful ut beause one getsfewer diret hits with an inorret hypothesis than a orret one, meaning asadeswill generally be lumped at small values of Nmuondir . A signi�ant tail in the asade



65signal simulation is aused by partiularly energeti events with a large number oftotal hits, sine these events an have a onsiderable number of events whih registeras \diret" aording to the trak hypothesis simply by random hane. One antherefore eliminate this tail by dividing number of diret hits by total number of hits(see �gure 7.1). This was the ut used in the original 2001 analysis.A further improvement was made for the years 2002 and 2003. The signal spe-trum is kept in a tighter peak if one takes Nmuondir �N asadedir than if one just takes Nmuondir(see �gure 7.1). While a asade event may oasionally happen to wind up with anon-negligible number of diret hits based on an (inorret) trak �t, this inorret �twill very rarely result in a signi�antly greater number of diret hits than would beobtained by a orret asade hypothesis. It was deided not to make this adjustmentfor the 2001 dataset beause it had previously been unblinded with the original ut,and inurring the additional trials penalty would not be justi�ed.7.3 Support Vetor Mahine CutThe �nal step in data redution is a ut using a six-variable support vetormahine (SVM). Support vetor mahines are programs whih �nd the optimal multi-dimensional ut to separate two di�erent lasses of data (referred to here as \signal"and \bakground") using input variables. They are related in onept to neural net-works, and in some ases, the de�nitions of the two overlap. Previous uses of SVMshave inluded fae detetion in images, text ategorization and harm quark detetion[82℄. The program used to train the support vetor mahine used in this analysis wasSVMlight [83℄.The support vetor mahine learns to lassify data by being fed a series of bak-
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Figure 7.1: Number of diret hits ut for 2001, 2002, 2003.



67ground and signal events. Signal events are taken from asade Monte Carlo whilebakground events are taken from the real data sample. It is assumed that any signalburied within the real data will be overshadowed by thousands of legitimate bak-ground events, therefore real data does a better job of haraterizing the real bak-ground than monte arlo simulation.Five runs (�1 day eah) from eah year are used as bakground events for train-ing. These 5 training runs were left out of the �nal analysis, sine AMANDA's blind-ness standards require that all seletion riteria applied to an analysis be �nalizedbefore the experimental data is atually examined. Properly onduting a blind anal-ysis allows the experimenter to avoid unonsiously hoosing the uts in suh a waythat the statistial signi�ane of an observation is arti�ially inreased or dereased.(See [84℄ for a brief disussion of blindness as applied to partile physis experiments.)When training the SVM, eah event is entered as a series of numerial values.The �rst value tells the program whether the sample event is signal or bakground.The following six values are the ut variables, re-saled to have a value between 0 and 1.This resaling is done to normalize the variables to eah other, preventing one variablefrom beoming dominant simply beause of the numerial sale it is plotted on. Onean SVM has been trained with several thousand bakground and signal events, it usesthis information to lassify additional data as either \signal" or \bakground".When using a support vetor mahine, several hoies must be made by the user,the �rst of whih is the mathematial kernel. This kernel is the mathematial equationwhih is used to translate the multidimensional spae of the variables into a higherdimensional spae where the deision funtion an be expressed as a linear funtion of



68the input variables [82℄. For this analysis, a Gaussian radial basis funtion kernel withwidth 30 was empirially determined to be the best hoie. Other hoies of kernelinlude a simple polynomial of arbitrary degree p and a hyperboli tangent funtion.One the kernel is seleted, the \ost fator", also known as the error penalty, an bevaried. This is the \ost" of allowing a given event to be labeled as bakground, andis the variable by whih the support vetor mahine ut an be tightened or loosenedto allow more or less bakground (and signal) to be kept by the ut.Optimization proedures for deiding whih ost fator to take are disussed inthe next hapter. A sample plot showing support vetor mahine output is shownin Figure 7.2 and the six variables used in the support vetor mahine are plotted inFigures 7.3 to 7.8. Comparisons of di�erent neutrino avor asade reonstrutionsin the six variables are shown in Figure 7.9. These six ut variables are desribed asfollows:7.3.1 Cut 1: Fration of hit modules with 8 or more hitsThe �rst variable in the SVM is the fration of hit optial modules whih have8 or more hits. (Eight hits per event is the most AMANDA hardware an reord, soanything whih would have more than 8 events is reorded as 8.) This is primarily anenergy-related ut, as higher-energy events are more likely to produe a larger numberof hits in the detetor and tend to produe partiles in bundles. However, a asadewill also produe on average a higher number of hits per module ompared to a muonindued by a neutrino of omparable energy beause of the multiple partiles produedin the shower.



697.3.2 Cut 2: Number of hits divided by Number of hannelsThis ut operates on the same priniple as the previous variable in that highenergy events and asades both tend to have larger numbers of events per hit hannel.Nhannel and Nhits are by themselves rough indiators of energy, but the ombinationhas more power to separate asades from muoni bakground than the variablesindividually. Support Vetor Mahine results are similar if one takes the two variablesindependently, meaning the SVM apparently �nds this ombination on its own as well.7.3.3 Cut 3: Number of late hits: N asadelate - NmuonlateA late hit is de�ned as a hit ourring at least 150 ns after the nominal start ofan event. The number of late hits works as a ut variable for the same reason as Ndir.It is useful in distinguishing between muons and asades sine more late hits willour for an inappropriate hypothesis (e.g. a asade �t when the partile is really amuon) than a orret one. Subtrating the number of late hits for the muon �t fromthe number of late hits for the asade �t allows a diret omparison of the aurayof the two �ts. While this ut is orrelated with the number of diret hits variable, itis a less powerful ut. However, there is onsiderably better agreement between thenumber of late hits variable in real data and simulation, allowing its inlusion in thesupport vetor mahine.7.3.4 Cut 4: Length of diret hits: LmuondirLength of diret hits is another topologial variable. The trak length is de�nedby projeting eah of the diret hits (see diret hits disussion in setion 6.2) onto thereonstruted muon trak and measuring the physial distane between the �rst and



70last events on the trak. Properly �t trak-like muon events will have signi�antlygreater lengths than more spherially-shaped asades.7.3.5 Cut 5: Likelihood RatioThe likelihood ratio variable used is atually de�ned as negative log likelihoodfor mathematial onveniene: �ln(LasadeLmuon ) (7.1)where Lmuon is the likelihood of the event being a muon aording to the muon�t and Lasade is the probability of the event being a asade aording to the asadereonstrution, as disussed in the previous hapter.7.3.6 Cut 6: Veloity of the Line FitVeloity of the line �t [76℄ works as a topologial ut beause the line �t mathesmuon trak events better than asades. The veloity of a line �t applied to a morespherial asade event will be slower beause the events don't our in a linear pro-gression as the line �t assumes, but spread out in multiple diretions.7.4 Overall Signal RetentionAs a summary of the data redution proess, simulated signal (weighted to aWaxman-Bahall power law) and experimental bakground passing rates for the var-ious stages of data redution are shown in the table below (with the �nal ut stagesoptimized aording to the proedure desribed in the next hapter).



71Exp Data �e + ��e signalInitial 100% 100%Filter 0.80% 62%Ndir uts 0.10% 62%SVM short window searh 0.0027% 58%SVM long window searh 0.00040% 43%
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Chapter 8
Cut Optimization
There are two di�erent, albeit related, methods of seleting the optimal uts inAMANDA analyses. Setion 8.1 desribes how to perform a sensitivity optimizationfor this analysis. This method, whih is designed to plae the best possible neutrinoux limit in the absene of a signal, is the one used for most AMANDA analyses.Although this method was not the one seleted for this analysis, it is still useful toexamine the sensitivities at various ut strengths to make sure the seleted uts arenot too far from the optimal sensitivity. Additionally, the proedure used to alu-late upper limits, desribed in setions 8.1.2 and 8.1.3, is essentially the same whenalulating sensitivity and when determining �nal limits. Setion 8.2 desribes theproedure ultimately used to selet our �nal uts, whih optimizes the analysis for thebest hane of making a signi�ant disovery.



818.1 Sensitivity8.1.1 The Model Rejetion Potential MethodSensitivity optimizations in AMANDA generally follow the Model Rejetion Po-tential formalism [85℄. This method is designed to be an unbiased means of optimizingthe limit setting potential of an analysis assuming no signal will be observed. The min-imum neutrino ux to whih an analysis is sensitive at a 90% on�dene level is foundby the formula: �90 = ���90Ns (8.1)The same alulation an of ourse be done for any on�dene level, but 90%is the value generally used in AMANDA analyses. � is a referene ux1. Ns is thenumber of signal events one expets in the detetor given this referene ux. ��90 isthe average upper limit expeted from the experimental bakground, obtained usinga 90% on�dene belt alulated under the Feldman Cousins [86℄ ordering system (asdesribed in the next setion). The ratio ��90/Ns is referred to as the model rejetionfator (MRF), the saling fator between the atual experimental sensitivity �90 andthe referene ux �.It has reently been proposed that the median upper limit should be used inplae of the average upper limit. It is philosophially a more appealing hoie sine,unlike average upper limits, it is independent of the metri used [87℄. It is even easier1Sensitivities and upper limits relative to Waxman-Bahall spetra are traditionally expressed interms of a di�use ux whih is the summation of the total output of eah disrete GRB soure spreadout through the entire year and 4� sr solid angle. The limits are given in units of GeV m�2 s�1 sr�1,whih atually refers to the normalization of the E�2 portion of the spetrum, between the two breakenergies, whih appears at on an E2� plot.



82to alulate, sine it is just the upper limit given the median result (the enter of thedistribution if it is symmetri). However, sine pathologial e�ets were observed inother analyses whih attempted to use the median upper limitmethod [88℄, the analysisdesribed in this thesis uses average upper limits. Median and average upper limitsshould not generally result in drastially di�erent results and, sine this partiularanalysis optimizes for disovery, this hoie does not diretly impat the results of therolling searh.8.1.2 Determining Upper Limits in This AnalysisThe average upper limit is alulated by:��90(nb) = 1Xnobs=0�90(nobs; nb)(nb)nobsnobs! exp(�nb) (8.2)whih is just saying that one determines the average upper limit by taking the upperlimit resulting from eah possible outome of the experiment (generally, the numberof events atually observed) and multiplying this by the Poissonian likelihood of thatoutome ourring.For most analyses, whih simply use the number of events remaining after utsas the observable, the upper limits are available from lookup tables. For this analysis,whih relies on temporally-orrelated lusters of events in order to evaluate signi�-ane, the proedure is more ompliated. However, it still uses the exat method laidout in [86℄.The observable in this analysis is Nlarge, the largest observed lustering of eventsfor a given time window ourring at any point in the data sample. This observable washosen under the assumption that any signal observed would most likely originate from



83a unique event with muh larger than average ux, rather than part of an ensembleof similar transients.A Monte Carlo simulation was developed in order to alulate sensitivity. Theprogram was run for a wide range of ut strengths (support vetor mahine ostfators) and over a wide range of overall signal uxes. To generate good statistis,an ensemble of 50 000 monte arlo \experiments" was run for eah ombination ofut strength and signal ux. For eah of these \experiments", the number of eventsobserved in the detetor for eah of the 1238 bursts2 assumed to be in our livetime isalulated. The signal strength (expeted number of neutrino events in the detetor)for eah burst is alulated by the formula:s = g � d� p� n (8.3)where g is a model-dependent saling fator desribed in detail in setion 7.3.3, d isthe deadtime orretion, and p is the perentage of events retained by the supportvetor mahine ut. The average number of events per burst n is inremented in themonte arlo from 0 to 0.5 events per burst in steps of 0.001 events. The value of ninreases linearly with ux, so the saling fator between n and the overall neutrinoux an be alulated using ANIS signal simulation, aounting for all detetor e�etsand uts up to the �nal support vetor mahine ut. Sine both p and d are slightlydi�erent for di�erent years, 425 of the 1238 bursts simulated use 2001 information,413 use 2002 information and 400 use 2003 information, saled with the ontime of thedata used for eah year.2Arrived at by adjusting the rate of GRB observations by BATSE for �eld of view and livetimeof the analysis.
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85sorting algorithm sans through all the signal uxes and �nds the maximum likelihood,Lmax, whih is the highest probability of obtaining that value of Nlarge given any signalux. After maximum likelihoods are obtained for allNlarge, on�dene belts are assem-bled for eah signal strength. For a given belt, the �rst value of Nlarge to be inludedis the value whih has the highest likelihood ratio. This is de�ned as Ls/Lmax, whereLs is the probability of observing that value of Nlarge at this signal strength and Lmaxis the maximum likelihood at any signal strength. The seond highest likelihood ra-tio is seleted after the highest, and so on until the inluded values aount for atleast 90% of the total probability. This range then onstitutes a 90% on�dene levelbelt. Sine the on�dene belt is assembled from disrete rather than ontinuousquantities, the total perentage inluded in the on�dene belt is in pratie generallygreater than the nominal 90% value. For example, in Figure 8.1, at a signal ux ofE2� = 0:7�10�6 GeV m�2 s�1 sr�1, the relevant values are as follows:Nlarge likelihood ratio LsLmax likelihood Ls3 0.427 0.3224 0.907 0.3415 0.646 0.1426 0.452 0.0797 0.300 0.0448 0.072 0.027Thus, one would inlude these in the on�dene belt by desending likelihood ratioin the order Nlarge =4,5,6,3,7,8. Adding the likelihoods of getting Nlarge=3, 4, 5 or 6one obtains 0.322+0.341+0.142+0.079=0.884. This is not yet at the required value of0.9, so we add 7 to the on�dene belt, giving us a total probability of 0.884+0.044



86= 0.928. This is greater than a 90% probability, so our on�dene belt at this signalstrength goes from Nlarge = 3 to Nlarge = 7, inlusive.One on�dene belts have been onstruted for the relevant range of signaluxes, the upper limit for a given value of Nlarge an be read o� the plot as the �rstux whih is not ontained within a on�dene belt. At Nlarge=3 events, for example,the upper limit from Figure 8.1 is around 1:4�10�6 GeV m�2 s�1 sr�1. A disadvantageof employing the likelihood ratio ordering method is that for large values of Nlarge, themaximum likelihood ours at very high signal strengths, so one is obligated to runsimulation over a muh wider range of signal uxes than is otherwise diretly relevantto limit setting.The determination of sensitivity before the experiment is unblinded and the �nalexperimental limit afterwards are nearly idential proesses, exept that the weightedaverage of possible values ofNlarge are used for sensitivity and the single experimentallyobserved value is used for the �nal limit.8.1.3 Inlusion of Systemati UnertaintiesSystemati unertainties are evaluated in the manner laid out in [89℄ and [90℄.Rather than take the signal eÆieny �s as a single known value, the numerator inthe likelihood ratio is integrated over the entire probability distribution funtion ofpossible signal eÆienies. In the ase of this analysis, the PDF used was a at ratherthan gaussian distribution. Integrating the maximum likelihood (denominator of thelikelihood ratio) over the full range of possible signal strengths has been observed insome ases result in pathologial e�ets. For example, the resulting limits an atuallyimprove as unertainties inrease in ases where this is learly not a logial result. As
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Figure 8.2: Sensitivity as a funtion of signal retention for long and shortduration searhes.



88reommended in [91℄, the denominator therefore uses the original best guess �s ratherthan integrating over a range. The full equation for the systematis-adjusted likelihoodratio is thus: R = R�0s L(nj�s; �b; �0s)P (�0sj�s; ��s)d�0sL(nj�s; �b; �0s) (8.4)In pratie, this integration is arried out numerially rather than analytially bysampling at random from the possible range of signal eÆienies for eah trial in theMonte Carlo simulation used to determine sensitivity.8.2 The Model Disovery Potential MethodSine our limits are onsiderably above the predited neutrino ux and the sensi-tivity is not strongly dependent on uts, it was deided to optimize for the best haneof disovery, using the proedure disussed in [87℄. Optimizing for disovery in thisanalysis means seleting the ut at whih one has a 90% hane of seeing a lusterof at least 5� signi�ane at the minimum possible neutrino ux. 5� was seletedbeause it is the standard threshold for disovery in the astrophysis ommunity. Thehoie of 90% probability3 is more arbitrary, but a reasonable hoie to have a solidlikelihood of seeing a signal without making exessive demands. In pratie, it is justneessary to hoose a value for alulation purposes and the optimization does notdepend strongly on the hosen value, as long as the probability hosen is above 50%or so (see Fig. 8.3).The number of events whih is suÆient for a 5� disovery is a disrete quantity3The spei� probability hosen is referred to as the statistial power in this ontext.



89whih must be evaluated at eah possible ut strength. Beause the statistial signi�-ane of a luster of n events is determined by how likely it is to be a \false" detetion,the number of events needed for a disovery at eah ut level is determined entirelybased on the bakground rate. The signal ux at whih one has a 90% probabilityof deteting at least this many events for that ut is determined with monte arlosimulation similar to that used when determining sensitivity.For the rolling searh, eah measured event starts a new 1 or 100 seond timewindow. When determining the number of events required for statistial signi�ane,we assume a bakground that is reasonably stable over large timesales and an beadequately modeled with Poissonian statistis (see Appendies B and C for plotssupporting these assertions). Thus, eah time window is expeted to ontain theevent that starts the window, plus an additional number of events determined byPoissonian statistis.When determining the odds of getting an upward utuation by hane, it ismathematially muh more onvenient to alulate the odds of not getting an upwardutuation of at least n events rather than of getting suh a utuation. Not onlydoes this avoid alulating what is tehnially an in�nite series of probabilities, but italso makes it easier to ombine alulations for multiple time windows.The probability of getting n or more events in a window is of ourse equal to theprobability of getting fewer than n events subtrated from 1 (beause either you get atleast n events or you don't). Likewise, the probability of getting n or more events inat least one of two windows is the same as the Poissonian probability of getting fewerthan n events in both windows subtrated from 1, expressed formally in this ase as:



90p(� n) = 1� n�2Xi1=0 �i11i1! exp(��1) n�2Xi2=0 �i22i2! exp(��2) (8.5)where �1 and �2 are the event number expetation values in the two time windows.Note that here we are ounting the single event whih starts eah time window ofthe rolling searh towards our total of n events in the above equation, whih thenalulates the probability of getting at least n � 1 additional events. This is true ofthe remaining equations in this setion as well. Easily generalizing to an ensemble ofm time windows, one for every event, the probability of getting n or more events inany window is therefore: p = 1�Yj=1 n�2Xij=0 �ijjij ! exp(��j): (8.6)The event rate �j is not quite idential for eah window beause the bakgroundrates vary non-negligibly over the year. See [103℄ for a disussion of seasonal variationin the atmospheri muon rate. If a di�erent � is seleted for periods whih are tooshort, say eah day, one winds up overestimating the spread of event rates beause one'shoies of � are based on insuÆient statistis, beoming inuened by upward anddownward utuations rather than reeting a true Poissonian average. On the otherhand, a single averaged rate for the whole sample produes a distribution of eventsthat is too narrow beause it ignores real variations in the atual average bakgroundrate. Thus, an appropriate ompromise was found splitting eah year into �ve periodsand using the average �j in eah of the �ve periods for all time windows within thatperiod.So, using �ve periods with di�erent �'s, one obtains a probability of obtaining



91n or more events in any window of:p = 1� 5Yj=1(n�2Xij=0 �ijjij! exp(��j))mj (8.7)where mj is the number of events (hene time windows) in eah of the �ve periods.Our riterion for a \disovery" requires that the observed luster of events has nomore than a 5:73�10�7 probability of ourring as a hane utuation of bakgroundalone. This is after trials fators are aounted for, so to leave a little room forthe possibility of signals resulting from oinidenes with observed GRBs or sums ofmultiple bursts (see next hapter) the total hane probability for eah of the twosearhes was not allowed to exeed 2:0�10�7 and still ount as a disovery. Modeldisovery potential plots for the long and short searhes are shown in Figure 8.3. Thejagged nature of the plots is expeted beause the number of events needed to laim asigni�ane of 5� is a disrete quantity. It stands to reason that the minimum possibleux to have a 90% hane of obtaining a 5� event will our at a threshold where aertain number of events is just barely suÆient to laim signi�ane. At the optimalut for the 1 seond searh, a luster of 5 events in a window would be required for a5� disovery whereas 7 events are required for the 100 seond searh.8.3 Modeling the Distribution of Events Per BurstThe way the neutrino ux is divided between soures is important in this analysisbeause it ounts lusters rather than individual events. One is more likely to get asigni�ant luster from one strong soure than an ensemble of weaker ones ourringat di�erent times, even if the net ux is the same. The experimentally motivated



92distribution of expeted events atually used in this analysis is based on alulationsperformed in Guetta et al. [55℄ and is therefore referred to in this thesis as the \Guetta"distribution. In addition, two muh simpler assumptions were studied for omparisonusing 2001 data: a single burst distribution wherein all ux is onentrated in a singlesoure and a at distribution wherein eah burst has equal ux. The three assumptionsare summarized below and plots of sensitivity and Model Disovery Potential (MDP)are given for 2001 data in Figure 8.3.8.3.1 Guetta DistributionThe \Guetta" Distribution is the most realisti model of burst distributionsstudied and therefore the one atually used in the analysis. The variable g in equation8.3 is applied beause all neutrino uxes are not equal. Beause of fators inludingdistane from Earth, spetral shape and overall luminosity, the predited number ofneutrino events varies by several orders of magnitude from burst to burst. Preditionsof the number of expeted neutrino events in a kilometer sale detetor were madefor a large ensemble of real bursts by Guetta et al. in [55℄. We �t a Gaussian to thisdistribution (see Figure 8.4). The variable g multiplies eah burst by a random fator,weighted so that the overall distribution of signal strengths relative to the averagewill math this Gaussian. Thus, the majority of bursts will have the \average" signalstrength or lose to it, but a few will be muh weaker and a few will be muh stronger.Long and short bursts were �t separately, with the long burst �t applied to the 100seond searh and the short burst �t applied to the 1 seond searh. In the short burstase, two gaussians were used to better math the distribution.The Gaussian is �t in logarithmi rather than linear sale on the x-axis. When



93sampling from this shape there is therefore a greater likelihood of getting a value abovethe peak than below it. To restore n in equation 8.3 to its original meaning of averagenumber of events per burst, one must divide the result of the equation by 2.73 for thelong burst set and 1.79 for the short burst set to adjust for this asymmetry.In addition to adjusting eah burst by some fator taken from this distribution,several other adjustments are made by randomly seleting whih ategory a givenburst falls into. Half of the bursts experiene Earth shadowing e�ets, while the otherhalf are una�eted by this loss of signal. There is also a 33% hane of a given burstfalling into the short burst lass, whih dramatially dereases its expeted uene.Furthermore, for long bursts, roughly 7% of the time some non-negligible ux willbe outside the searh window beause the duration of the burst exeeds 100 seonds.The perentage retained for eah burst in this 7% is modeled by seleting a randomretention rate from a distribution funtion estimated using the light urves of burstsin the BATSE 4b atalog.8.3.2 Seletion E�etsObviously, sine Guetta et al. have ompiled preditions for bursts atuallymeasured with the BATSE experiment, signi�ant seletion e�ets are present in thissample. There are many more GRBs ourring per year with jets aligned towardsEarth than the nominal 667 per year deteted by BATSE. However, sine the moredistant and less energeti bursts whih do not provide suÆient gamma-ray output totrigger the detetor will generally also not provide strong neutrino ux at Earth, thebursts observed by BATSE are generally the most relevant to neutrino searhes (al-though there are aveats to onsider, suh as bursts with high baryon loading fators).



94The redshift distribution of GRBs is urrently a topi of muh debate. Atualmeasured redshifts are not available for the vast majority of bursts from the BATSEera. The redshift distribution used by Guetta et al. assumes redshifts derived fromthe luminosity-variability relationship [92℄. This distribution is signi�antly di�erentthan the distribution obtained through diret measurement of afterglow observationsusing the Swift satellite in onert with ground-based telesopes, whih is itself stillsubjet to seletion e�ets due to detetor thresholds. It has been postulated thatthe rate of GRBs may roughly math the star formation rate. Although sophistiatedsimulations of GRB distributions based on the Rowan-Robinson star formation ratehave been performed [94℄, there is still a signi�ant amount of unertainty within thisframework. It is urrently not even lear whether all long bursts are part of the samedistribution, as postulated in some papers (e.g. [93℄), or whether low luminosity burstssuh as GRB980425 and GRB060218 are a separate population from high luminositybursts [39℄.Hopefully, a learer piture of the atual redshift distribution will emerge onemore data has been olleted (only �50 bursts have had redshifts diretly measuredso far [95℄). Regardless, however, redshift assumptions have only a seondary e�eton the predited neutrino output in the �nal analysis. Refer bak to Figure 4.4 fora omparison of predited net neutrino uxes for the Murase and Nagataki param-eterization using both satellite observations and linking GRBs to the star formationrate for a demonstration of this point. Sine this analysis is expliitly designed to beindependent of satellite triggers, it would be ideal for it to use a parameterization thatis also entirely independent of satellite seletion e�ets, and this may be possible in



95similar analyses in the future. However, the seletion e�ets of treating only burstswhih would trigger BATSE rather than more distant and less energeti bursts do notgreatly a�et the �nal result, making this primarily an aestheti onern.8.3.3 Single Burst DistributionThis alternate model assumes that instead of an ensemble of bursts, there isonly one burst that has any signi�ant neutrino ux. This is an unphysial model,but interesting to onsider sine it is a simpli�ation of the realisti ase in whiha single burst dominates the neutrino ontribution for the year. The optimal utsusing this distribution are quite similar to the \Guetta" distribution, disussed below,beause that distribution also tends to be dominated by one, or at most a few, GRBs.8.3.4 Flat DistributionIn the at distribution, it is assumed that all bursts are equal and eah bursttherefore reeives equal weighting. This is physially quite unrealisti, but it is in somesense the obvious \default" model. Sine it is mathematially simple, it provides aonvenient means of heking the sensitivity alulations employing Monte Carlo om-puter simulations and Feldman Cousins Likelihood Ratio Ordering against a simplebak of the envelope alulation, presented below:8.3.4.1 Bak-of-the-Envelope Sensitivity Calulation ChekMathematially, a 90% C.L. sensitivity alulation is di�erent than determiningthe ux at whih one has a 90% hane of seeing something above bakground. How-ever, one expets they should generally have similar values. Here, we alulate theux at whih one has a 90% of seeing a utuation above bakground assuming 425



96idential bursts (equivalent to the 2001 data set), whih should orrespond roughly tothe sensitivity of 1:3�10�5 GeV m�2 s�1 sr�1 whih one obtains under the FeldmanCousins method when assuming equal ux for eah burst.To have a probability of 0.9 of deteting a signal, one has a 0.1 probabilityof failing to detet a signal. If there are 425 equivalent bursts during our ontime,then statistially, the odds of failing to detet any bursts is just the produt of theprobabilities of the failure to detet eah burst individually. Thus:0:1 = p425 (8.8)p = 425p0:1 (8.9)p = 0:9946 (8.10)where p is the probability of not deteting one individual burst. Sine 5 events isoutside the 90% on�dene belt at 0 events, 5 or more events is above bakground forthe purposes of this alulation, even though this would not be signi�ant enough tolabel it a disovery. Assuming Poissonian statistis and ounting 5 or more events asa \signal", the odds of failing to detet an individual burst with signal expetation �is simply the odds of obtaining 4 or fewer events:0:9946 = e��(1 + �+ �22 + �36 + �424) (8.11)When solving for �, one obtains an expetation of 1.1 events per burst. Multiplyingthis by the total expeted number of bursts per year, 6674, one obtains an expetation4425 is the approximate number of bursts ourring during the time when usable data was beingtaken, whereas 667 is the approximate number of bursts ourring over the ourse of the whole year.



97of 733.7 events. One an then sale this with the total number of events one obtainsfrom ANIS given a total ux of 1:3�10�8 GeV m�2 s�1 sr�1 (summed events from�e, �� and �� with 4:5�10�9 ux eah), whih is 0.323, to sale up to the ux we aresensitive to. � = 4:5� 10�9 GeV m�2 s�1 sr�1 � 733:50:323 (8.12)� = 1:02� 10�5 GeV m�2 s�1 sr�1 (8.13)After orreting for deadtime, one obtains 1:3� 10�5GeV m�2 s�1 sr�1, idential tothe sensitivity determined for the at model for a single year. Thus, the alulated sen-sitivity resulting from the on�dene belt onstrutions is onsistent with this simplerestimate.
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Short Bursts: Percent Signal Retained
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Figure 8.3: Minimum ux needed to have a 90% hane of getting a 5� detetion as a funtion of signal retention for long and short durationsearhes.
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100 second flat model 5 sigma discovery potential
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Figure 8.5: Model Disovery potential funtions for three di�erent distri-butions of events per burst, with statistial power ranging from 1% to99%.
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Chapter 9
Signi�ane of a Detetion andSystematis
The rolling searh is optimized to identify a single burst, sine all urrent predi-tions indiate that detetion would require an anomalously lose and/or bright event.However, it is also possible that two or three separate events, while not signi�ant inthemselves, would lead to a statistially signi�ant observation when taken together.(An objet like a soft gamma repeater, for example, may have multiple \bright" peri-ods, or there may really be multiple GRBs.) Additionally, a luster of events whih isnot statistially signi�ant in and of itself may beome statistially signi�ant if it isobserved to be in oinidene with a gamma-ray trigger of a satellite. Even though therolling searh ignores satellite oinidene, it is still reasonable to make an a posteriorihek against the times that these ourred.In order to have a mathematially well-de�ned probability of false detetion,it was neessary to arefully de�ne all senarios to be heked before the unblinding.These are summarized in the following two setions. Systemati unertainties are thendisussed in Setion 9.3.



1029.1 Cheks for -ray oinideneFor our purposes a time window is de�ned as \in oinidene" with a satellitetrigger if any part of the window overlaps with any part of the duration of the measuredprompt -ray emission. Aside from being the only pratial way to de�ne this, it alsotaitly aounts for the possibility of an observation of preursor neutrinos, sine adetetion starting roughly 100 seonds before the trigger time will still ount as being\in oinidene" in the long duration searh. Given 1 luster of n events, the odds ofit ourring in oinidene with a burst are, to good approximation, simply(Nbursts � time window length + total duration of all bursts)total livetime (9.1)Based on this data and a ompilation of triggers from the IPN satellite network, inthe 100 seond searh a luster of 6 events would have a signi�ane greater than 5�and a 4 or 5 event luster would have a signi�ane greater than 4�. Similarly, for the1 seond searh, a 4 event luster would have a signi�ane greater than 5� and a 3event luster would have a signi�ane greater than 4�.The approximate durations and trigger times used in this analysis are given for2001, 2002 and 2003 respetively in the following 3 tables. In the �rst olumn is theyear, month and day in the format normally presented for GRB triggers. For example,Marh 17, 2002 reads as 020317. The seond olumn is the time of day in seonds(using Greenwih Mean Time). The �nal olumn is approximate duration. Wherepossible, externally approved values were used, partiularly in the ase of those usedin previous satellite-oinident analyses [61℄, but many were estimated based on thelight-urves provided by Konus-Wind [96℄ and should be onsidered approximations



103only. However, these values are suÆient for an a posteriori hek.2001 TriggersY/M/D Time(s) Duration(s) Y/M/D Time(s) Duration(s)010220 4488668.66 9 010222 4605791.65 26010222 4650184.16 6 010224 4769357.83 19010226 4994114.24 12 010304 5462335.99 5010305 5533503.17 19 010306 5697344.65 21010308 5845138.47 2 010315 6447669.86 7010317 6589691 2 010326 7355700.54 25010327 7499741.8 8 010408 8491522.83 5010420 9534786.67 1 010420 9585483.16 2010427 10176252.97 1 010429 10362163.9 6010502 10547957.43 2 010504 10723432.03 11010508 11107028.28 15 010517 11922694.19 22010520 12097887.72 15 010522 12338066.05 3010522 12343910.66 11 010523 12372259.05 12010526 12671986.75 32 010526 12678903.05 13010530 12992067.67 5 010607 13704923.52 12010611 14076366.97 6 010612 14092398.83 28010613 14196841.69 12 010613 14217788.36 5010615 14386466.06 9 010616 14448924.03 1010619 14698706.24 13 010619 14743023.77 3010623 15046274.63 8 010624 15168929.13 2010625 15269310.04 5 010628 15534018.4 12010628 15469806.82 2 010629 15596467.23 14010701 15727589.58 15 010706 16186745.01 33010710 16587251.59 20 010721 17467011.43 5010723 17689356.58 20 010725 17859688.51 8010726 17890282.53 6 010729 18183325.29 9010801 18469829.78 33 010802 18520516.71 5010804 18735204.93 14 010806 18847924.67 2010813 19475042.27 8 010818 19921995.91 2010821 20179623.55 30 010826 20628453.59 15010828 20751498.35 5 010902 21210114.82 1010903 21338874.45 17 010903 21288644.59 30010917 22470336.04 1 010918 22606273.79 14010921 22828557.15 16 010922 22959413.75 18010923 23016271.26 6 010928 23475226 29011004 24006552.8 35 011008 24350152.99 15011016 24998199.99 5 011018 25165379.11 5



1042002 TriggersY/M/D Time (s) Duration (s) Y/M/D Time(s) Duration (s)020214 3955773.43 20 020218 4264863.11 1020218 4304952.45 30 020221 4522074.34 20020226 4983222.24 5 020302 5315019.69 23020303 5438840.22 6 020304 5446947.12 26020306 5684280.71 1 020311 6056492.73 13020313 6225471.76 22 020317 6632131 10020326 7383182.94 1 020327 7439169.36 29020402 7954371.93 18 020402 7977305.02 10020404 8158457.35 1 020405 8210499.5 30020406 8360295 130 020407 8396077.86 23020409 8629885 59 020413 8958015.2 10020417 9264984.35 9 020418 9362312.8 15020418 9394984.89 5 020426 10108571.05 1020429 10284535.83 7 020430 10369609.16 6020430 10444919.45 9 020504 10769435.14 10020508 11074019.62 3 020508 11133711.26 2020509 11145674.56 2 020514 11644557.33 11020525 12544014.63 1 020525 12548164.12 30020530 13022544.17 18 020602 13256514.31 2020602 13282230.32 1 020603 13369833.99 2020604 13443223.21 7 020608 13775629.9 16020609 13825745.67 8 020620 14821090.34 3020623 15049383.3 13 020625 15247549.3 125020630 15662246.74 13 020630 15667131.13 0020706 16169426.83 30 020708 16346050.94 150020712 16697386.87 3 020714 16904970.69 20020715 16989266.14 1 020715 17004063.04 10020715 17014660.45 9 020730 18252473.07 1020731 18318435.9 1 020731 18367031.74 1020801 18445959.42 4 020803 18602931 8020813 19449880.65 25 020819 19987001.06 1020819 20012259.77 20 020821 20190843.48 5020828 20756737.98 1 020904 21365621.69 18020908 21691102.73 12 020910 21931051.87 24020911 22010415.79 3 020914 22221610.15 5020914 22283598.85 12 020020918 22597692.5 4020923 23029582.58 5 020924 23087411.99 1020926 23259162.72 22 021004 23976373.6 100021008 24303650.6 26 021008 24330603.19 13021013 24724896.86 8 021014 24820308.9 11021016 25007384.74 50 021020 25387972.53 20021023 25584825.67 9 021025 25820311.15 11021027 25950831.05 13



1052003 TriggersY/M/D Time (s) Duration (s) Y/M/D Time(s) Duration (s)030225 4892573.55 7 030226 4938392 100030227 5042520 20 030228 5171212.16 10030301 5257644 30 030304 5528064.73 3030306 5629078.98 18 030307 5754719.63 4030308 5807904.83 8 030317 6591529.2 20030320 6862319.3 14 030320 6893362.81 28030324 7182762 12 030325 7308909.99 3030329 7645049.25 25 030329 7659258.82 17030331 7796320.34 25 030403 8048269.46 8030405 8216253.08 5 030406 8376127.54 19030410 8681025.17 1 030413 8926479.56 15030414 9035307.76 19 030419 9421927.38 30030421 9592590.53 13 030422 9705080.07 10030422 9709286.71 12 030422 9739584.15 4030425 9992911.06 500 030426 10106999.61 11030428 10276278.88 12 030429 10306288.5 5030501 10459041.82 6 030501 10529090.26 8030505 10832605.6 15 030506 10893851.47 27030509 11166620.73 9 030509 11208505.42 11030514 11643750.9 12 030518 11928223.89 27030518 11934738.64 19 030518 12000522.95 16030519 12060299.08 2 030523 12406249.12 1030523 12411059.45 30 030601 13212726.95 20030605 13486819.53 6 030605 13554385.93 2030606 13650470.86 13 030607 13659557.39 1030614 14261441.66 20 030620 14836254.44 23030626 15299211.11 40 030629 15564404.1 1030629 15599336.31 15 030706 16156935.26 10030709 16454245.76 27 030710 16585501.09 7030714 16928091.49 6 030715 16950350.86 10030721 17538072.2 30 030722 17587900.69 27030725 17840788.68 16 030726 17908712.1 30030801 18463909.18 29 030806 18846610.15 10030808 19064868.59 8 030814 19537572.57 9030817 19787067.7 50 030821 20151096.97 17030822 20284827.76 26 030823 20335690.6 79030824 20450855.1 16 030827 20707720.9 5030830 20975853.81 21 030831 21049624.21 23030903 21310999.22 3 030908 21696371.11 14030913 22180017.5 8 030916 22456758.38 1030919 22713037.95 14 030921 22840703.28 16030922 22927404.12 21 030922 22962648.56 15030926 23043147.27 1 030929 23552835.43 1031004 24009250.94 7 031007 24228731.23 5



1069.2 Cheks for statistial signi�ane from multiple burstsThe following ombinations of events would have a statistial signi�ane greater than5�:� A single ourrene of 7 events in the 100 seond searh� A single ourrene of 5 events in the 1 seond searh� An ourrene of 6 events and an independent ourrene of at least 5 evenets inthe 100 seond searh� Three independent ourrenes of at least 5 events in the 100 seond searh� Two independent ourrenes of 4 events in the 1 seond searh� Two independent ourrenes of at least 5 events in the 100 seond searh and oneourrene of 4 events in the 1 seond searh
The following senarios would have a signi�ane greater than 4�:� One 6 event window in the 100 seond searh� Two independent 5 event windows in the 100 seond searh� One 4 event window in the 1 seond searhLikewise, one 5 event window and at least one 4 event window in the 100 seondsearh would have a signi�ane greater than 3� but less than 4�. Given only Pois-sonian bakground, the total probabilities of all senarios whih are listed as beingonsidered a \disovery" are below the 5:73 � 10�7 probability needed to be onsid-ered a �5� disovery (likewise for the appropriate probabilities for 3� and 4�). This



107is summarized in the following table:Disovery Senario Probability7 events in long time window 2:0� 10�75 events in short time window 2:0� 10�72 or 3 event ombinations 1:2� 10�7IPN oinidene 0:2� 10�7Total 5:4� 10�7These possibilities are added linearly, sine the oupling of any two of thesesenarios is extremely weak (well under a perent di�erene in the end result) assumingonly stohasti bakground.9.3 Systemati UnertaintyBeause AMANDA is onstruted in a natural medium and deals with higher en-ergy ranges, its systemati unertainties tend to be larger than those of other neutrinoexperiments. Eah of the unertainties in the signal eÆieny desribed below is takenas a separate nuisane parameter and treated as desribed in setion 8.1.3. Sine thebakground is diretly measured from real data, no unertainty in bakground rateswas assumed.9.3.1 Ie PropertiesThere is signi�ant unertainty onerning the properties of the ie in whihAMANDA was deployed. Although Antarti ie is remarkably lear for a naturalmedium, the propagation of light is a�eted by a number of properties whih areimperfetly modeled in our omputer software, partiularly the layers of dust whihinuene absorption and sattering. Whereas muon analyses generally use layered ie



108models with relatively lear and dusty layers, these do not work as well for asades, soasade simulations use a single average ie model. The potential e�et of systematison the �nal result was estimated by simulating Monte Carlo with the most extremeproperties possible, both dustier and more lear, in addition to the normal average ieproperties. Average sattering lengths are 14 m, 24 m and 28 m for dusty, normal andlear ie, respetively. Taking these dusty and lear extrema as the possible boundsfor the real ie properties, then propagating the signal Monte Carlo through all stagesof the analysis, one obtains roughly a �50% unertainty in the signal retention, whihwe treat as a at error. It should be pointed out that taking the possible extrema is avery onservative approah and asade analyses have a larger unertainty due to ieproperties than do muon analyses.9.3.2 OM SensitivityOM sensitivity was varied by �10% by shrinking or enlarging the modeled pho-tomultiplier tube surfae area in the AMANDA geometry �les. This has an overalle�et of � �5% in the overall signal generated. For 2001 data, OM sensitivity and IeProperties were also varied in the same �les, reating a total of 9 possible senarios(dusty and low sensitivity, dusty and normal sensitivity, et etera). The results showedno unexpeted orrelations, so the Sensitivity and Ie Properties unertainties weretreated as independent parameters. The net e�et of the OM Sensitivity unertaintyis of ourse very small, sine it is a full order of magnitude less signi�ant than thelargest unertainty.



1099.3.3 Distribution of events per burstAs disussed in setion 7.3.3, sine this analysis looks for a luster of eventsin temporal oinidene, the way the net neutrino ux is distributed between eventsis very important. The burst-to-burst distribution of the detetable neutrino uxwill depend on several fators of varying signi�ane, inluding total photon uene,distane from Earth, spetral shape and baryon loading. Many ompeting modelsexist for prediting neutrino event rates from GRBs. In [55℄, two of these modelsare used to reate distributions of expeted neutrino event rates at Earth, spei�allyone modeling proton-photon interations in the GRB jet and the other assuminga \supranova" progenitor and thus inluding proton interations with pulsar windphotons. Additionally, eah model is alulated using two di�erent sets of assumptions,giving a total of 4 rate preditions. In the ase of the �rst model, alulations aremade both assuming the energy fration transferred to pions is �xed and assuming theenergy fration varies aording to an approximate formula. In the ase of the seondmodel, event rate alulations are made assuming two di�erent timesales between thesupranova and the GRB.Based on the di�erene in sensitivity when these di�erent relative event ratedistributions are used as the underlying assumption, the net unertainty resultingfrom variations in the distribution of signal events is taken as 20%. Sine the model-to-model di�erene was onsiderably larger than the unertainty of the individual �tsthemselves, no additional adjustment was made for the �t unertainty.



1109.3.4 Variations in atual spetraThe atual values of the break energies for a given burst a�et the energy distri-bution of the expeted neutrino events. Changing break energies therefore alters thesignal eÆieny of the uts ompared to the \averaged" Waxman-Bahall spetrum(with breaks at 105 and 107 GeV) whih was the assumed signal input in the analysis.The \Guetta" distribution aounts for variations in shape and normalization up tothe trigger level of the detetor, but naturally does not take into aount the di�eringsignal eÆienies when the spei� uts of this analysis are applied. Variation in thehigher break energy does not impat the results strongly and is near its nominal valueof 107 GeV for the majority of bursts ontained in [97℄. However, when holding thesynhrotron break at 107 GeV but varying the lower break energy, the signal eÆienyat Eb=104 GeV is only 70% of what it is at the nominal value Eb=105 GeV and 142%as great at Eb=106 GeV. The signal eÆieny relative to a burst with 105 GeV breakenergy roughly follows the empirial �t:�Eb�105GeV = log10(6:44Eb)=2:74 (9.2)The gaussian \Guetta" distribution desribed in setion 8.3.3 was adjusted bymodifying the predited neutrino event rates for BATSE bursts found in [97℄ by theabove formula. After this adjustment was made, the hange in the resulting Gaussian�t was within the unertainties of the original gaussian �ts themselves and onsiderablyless than the di�erene between the �ts resulting from various models. On a burst byburst basis, the predited observed neutrino ux an vary substantially, but it appearsthat these di�erenes more or less average out over the entire ensemble. Therefore no



111adjustment has been made for varying signal eÆieny due to hanges in spetralshape, and this an be onsidered to be inluded in the 20% unertainty for the wayin whih events are distributed among the ensemble of bursts.
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Chapter 10
Results
10.1 Experimental ResultsAs de�ned in Chapter 8, our experimental observable is Nlarge, the maximumnumber of events observed in any window. Upon unblinding, Nlarge was 2 in the 1seond analysis, a result that is 70:1% probable assuming only bakground. Nlarge inthe 100 seond searh was 3, a result that is 75:3% probable under the assumption ofonly stohasti bakground. Thus, there is no evidene of a GRB or other transientin the 2001-2003 dataset.10.2 Doublet and Triplet DistributionsNot only is the largest number of events observed onsistent with expetations,but the total number of ourrenes of 2 or 3 events per bin is onsistent with bak-ground expetations as well. Bakground event distributions were simulated for theentire 3 year sample using 10000 iterations of toy Poissonian omputer simulation.The simulation was done with separate Poissonian rates for 5 periods in eah year, inthe same manner as the alulations used to determine model disovery potential (see



113setion 8.2). The total number of doublets (windows with 2 events) in both the 1 and100 seond searh and triplets (windows with 3 events) in the 100 seond searh foreah Monte Carlo trial produe roughly gaussian distributions, plotted in Figure 10.1.The atual number of doublets and triplets observed are superimposed on these plots.They demonstrate that the atual results are quite onsistent with the bakgroundexpetation (well within 1� unertainties), arguing strongly against any signi�antinuene from non-stohasti unphysial events. The plots are for all 3 year-longdata sets ombined. Distributions of doublets and triplets show a reasonable spreadbetween years. A summary of individual event times for doublets in the 1 seondsearh and triplets in the 100 seond searh is given in Appendix A. The year-by-yearbreakdown of doublets and triplets is as follows:2001 2002 2003 totalDoublets in 1 Seond 95 102 114 311Doublets in 100 Seonds 328 321 351 1000Triplets in 100 Seonds 6 8 6 2010.3 Testing Models of Neutrino EmissionAlthough the analysis was optimized based on the averaged Waxman-Bahallspetrum, it is possible to examine several of the model preditions shown and dis-ussed in setions 4.3 and 4.4. The following table summarizes the Model RejetionFator (if available), expeted number of events per year before the �nal SVM utand average perent retention through the support vetor mahine ut. A limit plotfor these various models is shown in Figure 10.2. All numbers assume the 100 seondsearh time window uts. Spei� details of the assumptions made for eah ase aregiven in the remainder of this setion.
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100 Second Search: Number of Bins With 2 Events
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100 Second Search: Number of Bins With 3 Events
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Figure 10.1: Number of doublets and triplets in real analysis omparedto distribution produed by omputer simulation. The distributions ofsimulated events are approximately Gaussian, and the atual numbers ofobserved events are well within the 1� error bars in eah ase.



115Model MRF Events/Year Energy Range % KeptWaxman Bahall spetrum 120 0.373 70 TeV to 8 PeV 63.9%Murase Nagataki (Model A) 94 1.22 100 TeV to 10 PeV 75.0%Supranova (top urve) 41 2.11 50 TeV to 7 PeV 49.1%Choked Burst 72 0.055 13 TeV to 5 PeV 18.7%Afterglow n/a 0.0044 n/a 84.5%10.3.1 Waxman-Bahall uxAssuming a avor ratio at Earth of 1:1:1, as has traditionally been done forAMANDA analyses, the limit set by this analysis by the ux of all neutrino avorsfrom GRBs is E2�=1:6�10�6 GeV m�2 s�1 sr�1 (referring to the E�2 portion betweenthe two break energies). This is presented as a di�use ux by averaging the emission of6671 transient point soure GRBs over the whole year and the entire sky. Without theinlusion of systemati errors, the limit would be 1:2�10�6 GeV m�2 s�1 sr�1. If oneignores the other two avors, the limit on �e emission alone would be 9:7�10�7 GeVm�2 s�1 sr�1. Adjusting for the transition to a avor ratio of 1:1.8:1.8 at high energieswould result in a �10% redution in the limit.10.3.2 Murase-Nagataki uxThe MRF shown assumes 690 total bursts per year, as Murase and Nagatakithemselves did for this model. The predited ux, however, only results from thelong burst sub-lass (short bursts were not modeled). Sine both �� and �e spetraat soure were provided, preise osillation alulations have been applied and it wasunneessary to assume a 1:1:1 avor ratio. Sine the �e and �� spetra are di�erent,the exat avor ratio varies as a funtion of energy.1This is the number of observable bursts as based on the detetion rate by BATSE.
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Figure 10.2: Limits relative to various models of GRB neutrino emission.Solid lines are for this rolling analysis, dashed lines are for the 73 burst2000 asade triggered analysis [63℄. The plotted ranges are for the entral90% of events. Models shown are Waxman-Bahall (W 03), Murase andNagataki (MN 06), Razzaque's supranova model (R 03) and Meszaros andWaxman's preursor/hoked burst spetrum (MW 01).



11710.3.3 Supranova ModelSignal retention for the predited supranova model emission is only slightly worsethan for the ollapsar model. Sine the supranova model applies only to long bursts,sensitivity was evaluated onsidering only the long burst lass and the 100 seond timewindow. For the 3 year analysis, one obtains a Model Rejetion Fator of 35 relativeto the top supranova ux in Figure 4.5. This ux is summed with emission fromthe standard broken power law spetrum as well, beause the proesses generatingthe two spetra both ontribute to the total neutrino ux in the supranova senario[55℄. Ignoring the broken power law ontribution, the Model Rejetion Fator beomesabout a fator of 41.10.3.4 Choked Burst SensitivityAs disussed in setion 3.4.1, hoked bursts have a onsiderably di�erent pre-dited neutrino spetrum ompared to prompt GRB emission. Sine the hoked burstspetrum peaks at lower energies, signal retention is onsiderably worse in omparisonwith the prompt emission spetrum. The analysis in its urrent form is not suÆientlysensitive to preursor/hoked burst emission to rule out any preditions. The fatorby whih the sensitivity would need to be improved depends on the unknown hokedburst rate. However, sine one must still get a utuation from an individual soureand the hoked burst rate inreases the number of soures, not their average strength,one does not get a linear improvement in the model rejetion fator by inreasingthe number of soures. The urrent analysis is approximately a fator of 1100 abovesensitivity onsidering only preursor emission from GRBs themselves, a fator of 380if hoked bursts are 10 times as prevalent as onventional GRBs and a fator of 60 if



118hoked bursts are 100 times as prevalent. This last fator is roughly what one obtainsif the rate of hoked GRBs is tied to the rate of type-II supernovae. An analysis op-timized for this lower energy spetrum ould of ourse do somewhat better, althoughthe improvement that would be possible would probably not justify this being donefor AMANDA.10.3.5 Afterglow EmissionThe analysis was not optimized to afterglow emission, either by signal spetrumor time window length. In fat, the timesale for afterglow emission is not a well-determined quantity and ertainly requires letting in muh more bakground thanprompt searhes. However, an a posteriori hek was done omparing the numberof events observed in the 1000 seonds following the IPN burst triggers. This wasompared to expetation and found to be entirely onsistent with bakground.10.3.6 SGRSine soft gamma repeater ares generally our on a timesale of tenths ofa seond, the 1 seond time window is appropriate for attempting to identify thisphenomenon. It is diÆult, however, to plae meaningful limits on SGR emissionsine neutrino event rates vary by orders of magnitude depending on both the slopeof the power law and normalization, whih are not well-onstrained. Considering the\monster" are on Deember 27, 2004, the neutrino spetrum alulation 8:74�10�3(E/GeV)�1:47 m�2 s�1 GeV�1 found in [58℄ would generate a few neutrino-induedasade events per seond whih, given the rolling searh uts' �95% signal retentionfor this very hard spetrum, would be suÆient for a detetion. On the other hand, if



119the more onservative and softer spetral �t 8:23�10�5 (E/GeV)�2 m�2 s�1 GeV�1 isused, the neutrino ux is many orders of magnitude lower than is needed, even thoughsignal retention during the 1 seond searh Support Vetor Mahine ut is still verygood for an E�2 spetrum (�82% for muon asades to �86% for eletron asades).10.3.7 Cosmi Strings and Other Exoti Neutrino SouresIt should be kept in mind that there are other potentially surprising soures ofhigh energy neutrino bursts to whih a rolling searh ould be sensitive whih havenot been tested. One example of these more exoti models is neutrino emission fromosmi strings, either through usp formation [98℄ or through osmi string deay [99℄.Predited spetra for neutrinos from osmi strings generally peak in the UHE (> 1010GeV) range, whih is above the energy range normally onsidered for this analysis,but should have very good signal retention (similar to 109 GeV neutrinos, whih alsosaturate the detetor). Given that the rolling searh looks for a transient on a fairlysmall time-sale, a detetion in this analysis would most likely require a deay of apartiularly lose-by string.10.4 Neutrino E�etive AreaConeptually, e�etive area is the surfae area of a theoretial perfet detetorwhih detets signal events at the same rate as the real detetor, but does not miss anyevents that pass through it. A detetor with surfae area 50 m2 that detets one outof every 50 partiles passing through it has an e�etive area of 1 m2. Mathematially,this is represented as:



120Ae�� (Elower; Eupper) = Agen nsigngen (10.1)where nsig events are suessfully reonstruted and survive all uts out of ngen totalevents passing through the detetor area Agen. Neutrino e�etive area is a funtion ofenergy, so a given value of the area is valid only for a partiular energy range Elowerto Eupper. E�etive area plots for �e and �� are shown in Figure 10.3. These plotsinorporate Earth shadowing e�ets and are thus shown for several angular ranges.Neutrino e�etive areas are of ourse generally muh smaller than the physial surfaeareas of a neutrino detetor beause the vast majority of the neutrinos passing throughdo not interat at all with the detetor medium.E�etive area is in some sense the most generi measurement of the apabilitiesof a detetor. It is model independent, but one an fold in the e�etive area as afuntion of energy with any model to obtain event rate preditions. For example,the e�etive area plots have been multiplied by the generi Waxman-Bahall neutrinoenergy funtion used in this analysis and the atmospheri neutrino spetrum to obtainthe relative number of expeted detetable neutrino events as a funtion of energy,shown in Figures 10.4 and 10.5.10.5 Casade E�etive VolumeE�etive volume is losely related to e�etive area. Casade e�etive volume isa measure of the detetor's ability to detet neutrino events that have produed ele-tromagneti or hadroni asades. In lose analogy to equation 10.1 e�etive volumeis de�ned as:
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Figure 10.3: Neutrino e�etive areas as funtion of neutrino energy (atEarth surfae) and os �� for the rolling analysis after all seletion riteriahave been applied, for both 1 and 100 seond searh windows. The peakat 6.3 PeV is due to the Glashow resonane for ��e. The e�etive areas for�� for upgoing events are larger than for �e beause of harged urrent re-generation. �� neutral urrent interations also make a small ontributionto the total ux, but this is muh less signi�ant.
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Figure 10.4: Expeted relative number of events from theWaxman-Bahallspetrum (arbitrary normalization) surviving given partiular uts, as afuntion of energy. These values are obtained by folding the preditedspetra with the e�etive area.
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Figure 10.5: Expeted relative number of muon atmospheri neutrinoevents (arbitrary normalization) surviving given partiular uts, plottedas a funtion of energy. The steep slope of the spetrum results in veryfew remaining events in this analysis.



124V e�asade(Elower; Eupper) = Vgen nsigngen : (10.2)For partiles traveling in long, linear paths, it is most appropriate to speak ofe�etive areas. For three-dimensional spherial asades, e�etive area is not a well-de�ned quantity and e�etive volume must be used instead. When alulating e�e-tive volumes using simulation, it is important to use a generation volume onsiderablylarger than the detetor, sine AMANDA an detet some energeti asades origi-nating well outside the detetor itself. Casade e�etive volume and muon e�etivearea are generally muh larger values than neutrino e�etive area sine only neutri-nos whih have interated and produed partiles are ounted towards the numbergenerated.10.6 Sphere of SensitivityIt is worth asking how lose a burst would have to be for the AMANDA detetorto be sensitive to it. This \sphere of sensitivity", the maximum radial distane fromEarth at whih one would have a 90% probability of observing a neutrino signaturefrom the burst, provides an intuitive way of viewing the sensitivity of the analysison a per-burst basis, rather than the amalgamation presented in the ux limit. Thisdistane depends, of ourse, on several properties of the individual GRB whih impatthe neutrino rate preditions. The overall photon ux (whih sales diretly withneutrino output) and the break energy both have signi�ant impat on the preditedneutrino rate. Additionally, neutrino uene at the detetor is inversely proportionalto the square of the distane between Earth and the soure. This relationship between
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Figure 10.6: E�etive volume for �e and �� as a funtion of energy.



126uene and distane is intuitively obvious in the ase of isotropi emission, but is validfor beamed jets suh as GRB �reballs as well, sine these are just onial setions andthe same basi geometry applies to a part of a sphere as well as a whole one.The distane between GRBs and Earth is usually disussed in terms of redshift z,the reddening of the wavelengths of light emitted by the GRB beause of aelerationaway from Earth. Aording to [55℄, the relationship between r and z an be alulatedusing the formula: r = H Z z0 dz0p
va + 
M(1 + z0)3 : (10.3)The osmologial variables inluded in this equation are the Hubble onstant Has well as 
M and 
va. These are the ratios of matter density and vauum densityto the ritial density of the universe. As summarized in [100℄, the urrent best valuefor 
M is around 0.3 and 
va is therefore about 0.7 assuming a at (
M + 
va = 1)osmology. The Hubble onstant's urrent best value is around 71 km s�1/Mp.These values use the urrently favored old dark matter osmology and are based onthe results of the WMAP satellite as well as other experiments. The redshift z and(omoving radial) distane r have a roughly linear relationship at osmologially smalldistanes (z . 0:04).Calulating how lose a given burst would have to be for its neutrino spetrum tobe visible is ompliated by the fat that relativisti e�ets alter the predited neutrinospetrum of a nearby burst relative to a distant one. Spei�ally, the �rst break energyin the Waxman-Bahall spetrum is determined aording to the formula:



127�b� = 7� 105 1(1 + z)2 �22:5�b;MeVGeV [55℄ (10.4)Given this relationship's dependene on z, a burst at a very lose redshift (z <<1) will have a break energy almost 4 times higher than a burst at z=1. Depending onthe spei� slopes and break energies of that given burst, this an alter the predited�nal neutrino rate by anywhere from 50% to 300% for the same ux normalization.Within the range z=0 to z=0.02, however, the hange in the break energy is less than4%, whih leads to a negligible hange in neutrino prodution and signal retention.Therefore, to good approximation at small z, the relationship between neutrino uxand redshift an be modeled as a simple inverse square relationship.Fators other than observed uene and overall spetral shape (suh as baryonload and fration of energy onverted to ��) are intrinsi properties of the burstthemselves whih are not redshift dependent. We an therefore predit the distane atwhih a given burst would have an observable neutrino spetrum simply by adjustingthe spetral break energies appropriately and inreasing the uene at the detetoras the burst is brought loser. (Our riterion for \sensitivity" in this ontext is a90% probability of observing at least 5 neutrino events.) We have performed thisalulation for 9 BATSE bursts with measured redshift using data ompiled in [97℄.Results for these bursts are summarized in the following table:



128BATSE Trigger uene (erg/m2) Atual Redshift Observable Redshift6225 3.96�10�6 0.84 9.36�10�46533 1.25�10�5 3.42 1.70�10�36891 6.22�10�5 0.97 2.99�10�37343 4.87�10�4 1.6 3.89�10�37549 2.11�10�4 1.3 1.42�10�27559 2.21�10�7 1.62 3.12�10�47560 2.06�10�5 1.62 1.09�10�37648 5.83�10�6 0.43 7.99�10�47906 2.51�10�4 1.02 8.32�10�38079 1.61�10�6 1.12 1.87�10�4We have also performed a general alulation for \typial" bursts with � �300,and a break energy of either 77 or 300 TeV as observed at a redshift of 1. Figure 10.7shows the redshift at whih this \typial" burst would be observable for a realistirange of uenes for both long and short bursts. The results on�rm that at thisstage an extremely unusual bright and/or lose burst would be required for detetion.However, future methods (and IeCube) will extend our range onsiderably. Thereare already many galaxies (inluding approximately 2000 galaxies in the Virgo luster)whih are within our sphere of sensitivity for bursts with fairly typial properties. OneGRB, GRB980425, had a measured redshift of�9�10�3, although this partiular bursthad an anomalously low eletromagneti uene.10.7 Conlusions and Future DiretionsThe rolling searh method provides a useful omplement to satellite-oinidentanalyses. The sensitivity on a per-burst basis is lower than for the satellite-triggeredanalyses, but the total sample of bursts is not limited to those whih triggered satel-lites. Therefore, the overall sensitivity is ompetitive for periods in whih there is
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Figure 10.7: \Sphere of sensitivity" for bursts above the horizon assuminga bulk Lorentz fator of 300. The top and bottom lines are for 77 and300 TeV break energies at z=1, respetively. The x-axis is the intensityof the burst, represented by the eletromagneti uene normalized to adistane from Earth of z=1. The x-axes are plotted over realisti ueneranges. Measured uenes of BATSE bursts in the range z=0.7 to 1.3 areplotted as blak marks for omparison.



130no dediated GRB detetor suh as BATSE. Additionally, this method is apable ofsearhing for photon-dark transients that other methods are not.10.7.1 Muon Rolling SearhA future appliation of the rolling searh method may be to apply a similar pro-edure to the muon hannel. This has two primary advantages. The �rst is that spatialas well as temporal uts an be applied, further reduing bakground. After obtainingmultiple events in temporal oinidene, one an determine the angular di�erene intheir reonstruted diretions to see how many arrive within a pre-determined angularradius. Additionally, if one uses uts similar to those used in the Zeuthen point soureanalysis, signal retention is far less dependent on energy than is the ase for asadeuts, meaning it is also far less model-dependent. This may therefore be the bestmeans of obtaining a reasonable onstraint on hoked burst models. Preliminary esti-mates indiate that reasonable sensitivity to GRB spetra an be obtained using utsfrom existing point soure analyses, so it may be most pratial to use pre-existingdata seletion from point soure searhes, thereby signi�antly reduing the overheadinvolved in performing suh an analysis.10.7.2 Rolling Searhes Optimized for Non-GRB TransientsAlthough this analysis optimized on GRB prompt emission, there is no reasonwhy future rolling analyses ould not expliitly optimize for hoked burst spetra,GRB-like supernova jets, or other non-GRB transient phenomena. AMANDA muonhannel point soure analyses have already used a tehnique somewhat similar to therolling searh method desribed in this thesis to searh for neutrinos from ary periods



131in spei� blazars [101℄. The analysis desribed in this thesis uses non-ontainedasade events (originating outside the detetor) beause this dramatially inreasesthe e�etive volume for higher energy events. For lower energy spetra, however, itmay be bene�ial to require ontained asades, suh as was done in asade analysesby Marek Kowalski [102℄ and Ignaio Taboada [22℄. The redution in e�etive volumewill not be as severe for lower energy events and the better reonstrutions wouldallow onsiderable improvements in bakground rejetion.10.7.3 Coinidene StudiesLooking for a simultaneous upward utuation in two or more experiments anbe a means of improving sensitivity relative to a single experiment. In ertain ases,suh as gravitational wave detetors, where the experimental bakground is not wellunderstood this is in fat one of the primary methods used in data redution. Rollingsearhes are an obvious andidate for oinidene studies with other detetors. SineGRBs and other phenomena should emit multiple signals nearly simultaneously, otherneutrino telesopes, gravitational wave detetors and large �eld-of-view -ray detetorssuh as Milagro are all obvious andidates for oinidene studies.10.7.4 IeCubeThe �rst 22 strings of IeCube have already been installed and rolling analy-ses stand to bene�t as muh as any other analysis from a large inrease in e�etivearea ompared to AMANDA. The wider string spaing should not negatively e�etsearhes for GRB neutrino emission too severely, sine the predited spetra peak inthe energy range for whih IeCube is optimized. An estimate of the improvement one
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Figure 10.8: Suessful neutrino apture by Buky the Badger (artist'soneption).would expet when onduting an IeCube asade rolling searh analysis is providedin Appendix D. Sine we are not in the regime of very small bakgrounds, sensitivitydoes not improve linearly with e�etive area and one only gains an order of magni-tude improvement in sensitivity by porting the urrent analysis more-or-less diretlyto IeCube. The future usefulness of asade rolling searh analyses in omparisonwith other tehniques therefore hinges on improved bakground rejetion. Fortunately,IeCube's superior data aquisition system should in priniple make it possible to per-form signi�antly better rejetion tehniques. As mentioned previously, muon rollingsearh tehniques will have onsiderably lower bakground beause of di�erent utseletion tehniques and the ability to take advantage of angular as well as tempo-ral oinidene. A muon hannel rolling searh using IeCube is urrently the mostpromising avenue to ondut future GRB rolling searhes with improved sensitivity.
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Appendix A
Appendix A: Doublet and Triplet Times
The following is a listing of the event times for doublets in the 1 seond searh andtriplets in the 100 seond searh.2001 Short Window Searh DoubletsRun Day Event Time 1 Event Time 2 Run Day Event Time 1 Event Time 23114 45 74929.308417 74929.441709 3263 174 71102.74321 71102.9758733116 48 28983.473251 28984.305861 3263 174 84077.614042 84077.8693193117 49 35048.498692 35048.576581 3266 177 39415.275696 39415.7703273118 49 74360.135323 74360.982763 3267 178 43892.710933 43893.421363119 51 60745.524871 60746.159925 3271 182 15271.889019 15272.3983121 53 52153.657608 52154.212144 3274 185 6886.060912 6886.869209023123 55 54558.366248 54558.375076 3277 188 11023.893724 11024.8594863145 65 17517.00291 17517.446424 3278 189 29073.606747 29073.7723813146 67 6162.19304899 6162.45024701 3284 195 4639.91779098 4640.916753023149 69 16765.872449 16766.013437 3287 197 80464.967816 80465.2463993151 71 21859.744007 21860.681535 3291 200 11365.675871 11366.368753152 72 43963.672019 43964.335737 3293 202 58388.003082 58388.9399413155 75 39284.505445 39284.695492 3299 205 11988.643878 11989.1541793157 77 13888.483011 13889.202046 3305 210 46184.685461 46184.770293157 77 13980.054664 13980.528055 3306 211 60352.392627 60352.5426453163 83 1631.83785402 1632.56043002 3306 211 60643.437404 60643.6328323171 90 65760.943136 65761.255009 3309 214 60637.87154 60638.1372313176 95 47507.227451 47508.029629 3310 215 42816.23796 42816.7757793178 97 31834.661567 31835.255072 3312 218 7112.75187501 7113.183912993180 99 13684.999283 13685.95484 3313 218 47455.647183 47456.1374783182 101 58149.650517 58149.785455 3313 219 3175.723032 3176.5504083183 102 9927.42892998 9927.47331101 3320 225 79949.45741 79950.0017663183 102 60796.347641 60797.172738 3323 228 69395.397676 69395.9818



1402001 Short Window Searh Doublets (ontinued)Run Day Event Time 1 Event Time 2 Run Day Event Time 1 Event Time 23189 108 77911.433421 77911.552138 3325 230 47505.86204 47506.0585113190 109 56835.228173 56835.689688 3329 234 26133.07737 26133.7565553195 113 67761.117376 67761.504249 3332 237 72019.032652 72019.6498993202 118 52867.608869 52867.617644 3339 239 30151.383177 30151.5754293206 123 14251.885194 14252.512322 3340 240 51577.233567 51578.0328233208 125 3824.108859 3824.65608499 3341 241 2019.68635002 2020.563385023208 125 29350.792479 29351.791203 3348 247 64614.931582 64615.4804233209 125 64561.019441 64562.017088 3358 257 38709.370362 38709.53293210 126 84909.647737 84910.151586 3360 259 86242.026138 86242.1318693216 129 26764.444702 26765.181438 3366 264 63432.725945 63433.5186243216 130 8568.46132602 8569.46128198 3367 265 48247.161812 48247.2046433219 132 30397.837817 30398.040503 3375 270 83610.4708 83610.7724663223 136 47785.324109 47786.132097 3377 272 33172.356248 33173.3097423224 137 63976.08805 63976.929545 3381 276 26843.657004 26844.4872593225 139 18000.362496 18000.856888 3386 281 34362.175526 34363.0272853226 140 13730.941989 13731.22832 3386 281 82337.362209 82337.820233228 141 51451.495873 51451.779037 3390 285 66945.091072 66945.4054233229 142 55885.383477 55885.778257 3392 287 29382.386135 29382.557143233 146 81564.854076 81565.020623 3393 287 84574.093356 84574.3560413235 149 27019.665375 27019.846504 3393 288 54822.443055 54822.6932873239 153 6208.45110099 6209.18598701 3395 289 69184.727251 69185.6303273240 153 83418.920439 83418.948591 3397 292 29238.948581 29239.4127493249 163 50033.435974 50033.685203 3398 293 5335.629176 5335.8358643252 165 78966.043162 78966.912613 3398 293 40883.852814 40884.5877213261 172 54593.499841 54594.150597
2002 Short Window Searh DoubletsRun Day Event Time 1 Event Time 2 Run Day Event Time 1 Event Time 25469 45 26675.585005 26676.195977 5793 180 68930.774728 68931.281825469 45 58018.972839 58019.069989 5808 194 45231.872571 45232.8207745470 46 68202.578345 68203.231202 5810 196 39135.534563 39136.1871685470 46 69008.093614 69008.889095 5813 199 41259.74411 41260.1405375523 56 8017.003293 8017.21065501 5817 203 86220.34776 86221.0004155559 63 61886.827399 61887.672173 5820 206 28064.962055 28065.4051125568 64 29457.440614 29457.561596 5821 206 71551.396187 71552.2774695570 67 8618.55353997 8618.90547002 5821 207 57789.037252 57789.7209655575 71 78423.501005 78423.526812 5823 208 78451.704508 78452.2397625588 74 37392.681657 37392.87914 5824 210 4417.079469 4417.146503015588 74 70885.132567 70886.120474 5832 218 13590.402481 13591.3465445589 75 60580.251363 60580.581126 5834 220 35899.719792 35899.7300265590 76 58844.55688 58845.195327 5836 222 1242.89071398 1243.225888995591 77 71818.902926 71819.448433 5837 223 67823.928947 67824.835026



1412002 Short Window Searh Doublets (ontinued)Run Day Event Time 1 Event Time 2 Run Day Event Time 1 Event Time 25599 81 55699.074198 55699.802535 5837 223 78530.284994 78530.5364265599 82 14819.781555 14819.991585 5847 232 1601.83753798 1602.415443015605 86 80071.265721 80071.311772 5847 232 35227.697383 35228.3654675606 87 47273.186532 47273.368612 5849 234 33290.861952 33291.3083065615 92 49058.773634 49059.693033 5860 243 56544.152032 56545.1146335621 97 63874.119725 63875.012933 5863 245 23165.480439 23165.5547965622 98 42709.305635 42709.652936 5866 248 54863.941495 54864.9169745628 101 30737.176555 30737.241565 5868 250 69194.23513 69194.2775515628 101 53800.480161 53800.732974 5870 253 17100.758684 17101.5111955629 102 44265.622147 44266.41963 5872 254 47925.563087 47926.4319885639 107 41580.300126 41580.578565 5873 255 38098.596136 38098.8566925639 108 4912.063123 4913.005965 5873 255 77650.96956 77651.3300825664 109 2309.21354301 2309.55080198 5874 256 58118.840766 58118.885915672 117 10024.251822 10024.524717 5875 257 45657.947433 45658.6747845675 119 84438.963511 84439.037161 5882 265 22778.212763 22779.1646555676 120 71972.174811 71972.241677 5883 266 10828.940837 10829.6817335678 123 1835.79745498 1836.63480902 5884 266 30430.108951 30430.2774435678 123 47945.494919 47946.137759 5884 266 76781.748021 76782.5337765684 128 81971.92301 81972.625353 5885 267 48144.62109 48144.7195715684 129 55655.038103 55655.095074 5887 270 10554.092862 10555.0073315688 133 60390.055085 60390.167384 5890 273 1494.91016301 1495.0833585693 137 21726.885647 21726.971492 5891 273 36150.288643 36151.0083345693 137 76948.410592 76949.246723 5892 274 79993.719319 79994.3969265704 141 55883.464744 55884.437714 5893 275 40598.93819 40599.3317785704 141 67893.525764 67893.954274 5895 278 19395.777547 19396.7267165704 142 18468.002655 18468.292885 5896 278 42612.687737 42613.0087655727 151 4476.23319299 4477.1719 5900 282 40003.144895 40003.8405055730 154 9150.464024 9150.99051398 5912 291 17554.123034 17554.6028665731 154 27392.244846 27392.430265 5917 296 60042.442687 60042.9175565733 155 72979.861246 72980.323057 5919 298 36207.558662 36207.9445495746 164 52123.164135 52123.847512 5921 300 29186.558749 29186.8404515748 167 8713.819136 8714.75246003 5925 303 82181.090199 82181.8846235751 170 7010.46264099 7010.75380198 5925 304 21610.867864 21611.2052845751 170 9608.89162298 9609.22541501 5925 304 48127.704106 48127.9287845788 175 77706.904029 77707.527488 5926 305 28989.606901 28989.8965795788 176 52667.975699 52668.60463 5927 306 69683.510364 69683.6653755789 176 83275.7683 83275.854937 5928 307 34150.793056 34151.246295



1422003 Short Window Searh DoubletsRun Day Event Time 1 Event Time 2 Run Day Event Time 1 Event Time 26912 44 63883.069263 63883.394444 7105 147 53192.884966 53193.6940896914 46 43428.333021 43429.309347 7107 148 46591.112982 46591.9155376915 47 31546.00855 31546.882764 7108 149 44747.99637 44748.6635946915 47 36522.737319 36522.919439 7111 151 5376.98927898 5377.811334026919 48 82726.71111 82727.007145 7114 154 21492.761767 21492.8798266922 49 41251.626634 41252.250597 7117 155 5527.87439699 5528.282647016925 50 18396.423413 18396.902646 7120 157 35077.449134 35077.8262546926 50 67091.812219 67092.350499 7121 157 75967.415556 75968.1025076926 51 23155.433343 23155.707954 7124 159 81881.442915 81882.0123286927 51 53285.665345 53286.444122 7126 161 78885.871703 78886.0982546927 51 58278.103125 58278.63023 7132 164 9724.82830202 9725.7608566940 55 74356.207179 74357.1474 7135 166 47608.374462 47609.1134066942 57 13440.658991 13441.168014 7136 167 27256.748462 27257.0393246943 58 29965.347485 29965.430319 7142 171 82081.317761 82081.6359356945 59 21629.267995 21630.082293 7150 177 35957.243309 35957.9208616946 59 28204.127781 28204.283394 7151 177 85862.956224 85863.7516436949 59 84600.242092 84600.864886 7153 180 17.682758976 18.4588499846952 61 28007.190364 28008.08294 7156 182 60090.372326 60091.1510276954 62 65320.333011 65321.272477 7159 185 61239.636424 61240.2199776960 64 75205.577618 75205.636572 7206 196 23128.670271 23129.2972876962 66 18551.571162 18552.373604 7206 196 47809.853602 47810.4569866967 67 17127.09372 17127.753787 7212 202 48277.609572 48277.943136974 69 76008.405108 76008.865981 7214 204 31664.241756 31664.4614286974 70 5287.41792602 5287.68339597 7217 206 66335.482368 66335.6290296976 71 16288.085391 16288.781563 7218 207 48757.602201 48757.8997626976 71 41219.327216 41220.140848 7219 208 44714.799658 44715.4092756976 71 74336.299267 74337.246618 7219 208 77816.222344 77816.4731746978 73 73248.86724 73249.152307 7222 211 34247.346066 34248.0218356979 74 21237.340262 21237.841158 7229 213 63850.259209 63850.5008666981 75 75786.058853 75786.071461 7233 216 26416.812915 26417.6721196981 76 39665.865241 39666.851514 7236 219 22064.363562 22064.937626983 78 59.660819008 60.590198976 7236 219 40733.033511 40733.5646346985 79 65620.999953 65621.022521 7240 223 41363.346707 41364.0261626986 80 5351.6876 5351.94717299 7248 230 80772.086698 80772.759446986 80 40287.875974 40288.500926 7250 232 27614.183059 27614.5315746988 82 38119.74808 38120.115937 7250 232 27695.1397 27695.7182936990 83 26841.346725 26842.123386 7250 232 49526.695605 49526.8327966997 85 75779.677127 75779.938101 7251 233 29782.294993 29782.8305026998 87 23357.997138 23358.472288 7261 236 84592.567088 84593.2156617008 92 11195.720368 11196.506261 7261 237 28787.216564 28787.3251997017 98 2410.359036 2410.41829299 7263 238 85633.775384 85633.9535977020 99 34477.166244 34477.849579 7264 240 46332.776634 46333.3992537020 100 13032.349421 13033.121235 7266 241 4242.95679302 4243.828315017021 100 18930.796184 18931.358313 7271 243 32874.705927 32875.253778



1432003 Short Window Searh Doublets (ontinued)Run Day Event Time 1 Event Time 2 Run Day Event Time 1 Event Time 27021 100 27467.815694 27468.788256 7271 243 64072.068692 64073.0383327034 108 78596.037234 78596.530405 7272 243 72496.110932 72496.74867053 117 11667.199297 11667.98796 7294 251 52875.410615 52876.16847061 122 57652.209935 57652.287364 7294 251 73254.284379 73255.0755117061 123 28408.097629 28408.783091 7297 254 61967.448554 61968.3576197068 127 67306.915676 67307.560123 7301 258 53008.170722 53008.2560627072 129 76278.820103 76279.102026 7344 296 11087.585961 11088.4843097077 133 73788.170243 73788.222884 7345 297 61764.123949 61765.1093067077 133 75969.484304 75969.492579 7346 298 31063.100027 31063.1054157077 134 46953.123383 46953.159879 7348 300 68776.529213 68777.3871527084 139 32841.504099 32841.763908 7349 301 8036.83264198 8036.981553027084 139 56252.556101 56253.521022 7353 303 32097.846932 32098.0696997084 139 56805.280341 56805.861108 7354 304 30990.419235 30991.4014897084 139 56805.280341 56805.861108 7354 304 30990.419235 30991.401489
2001 Long Window Searh TripletsRun Day Event Time 1 Event Time 2 Event Time 33123 55 27621.144132 27686.363083 27713.1675423131 61 70441.53301 70492.511013 70519.354683131 61 70492.511013 70519.35468 70563.8194453224 137 63894.791963 63976.08805 63976.9295453280 191 16738.28367 16822.991313 16834.1913853332 237 70406.229089 70419.092321 70425.997163
2002 Long Window Searh TripletsRun Day Event Time 1 Event Time 2 Event Time 35519 51 69081.526824 69092.3918 69178.4684935575 71 58305.911873 58399.77314 58402.9235765623 99 38906.664227 38928.812774 38978.8821055675 120 37356.84093 37400.451547 37411.1735335789 176 66788.815604 66811.187748 66841.7472775830 216 51753.801891 51771.97027 51774.6456545854 237 45265.325714 45268.908979 45363.1914785895 277 71857.547014 71889.589552 71933.9095



1442003 Long Window Searh TripletsRun Day Event Time 1 Event Time 2 Event Time 36961 65 30828.014481 30847.429385 30870.8165276985 79 65555.437881 65620.999953 65621.0225217021 100 61852.447915 61853.539347 61912.306497171 189 51130.15578 51147.355379 51198.9410177345 297 19170.514394 19180.009407 19239.277887348 300 51263.428526 51312.274063 51347.43506
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Appendix B
Appendix B: �t plots
It is of ritial importane that the distribution of bakground data an adequately bemodeled by the Poisson distribution. Our expeted probabilities of bakground u-tuation are based on Poissonian statistis, so a onsiderable deviation from this distri-bution would render the signi�anes alulated for a luster with a ertain number ofevents meaningless. Other than an astrophysial signal, non-physial events (ares)are an obvious potential soure of non-stohasti bakground whih ould potentiallyause signi�ant deviation from a Poissonian distribution.Figures B.1 and B.2 show �t distributions for events surviving uts in the longand short time window searhes, respetively. The superimposed dashed line is theexpeted behavior based on a Poissonian distribution normalized to the number ofobserved events. Sine the average expeted rate has been demonstrated to vary non-negligibly over the ourse of the year, this funtion is in reality the summation ofseparate Poissonian preditions for eah of �ve periods in eah year. The theoretialfuntion is therefore of the form:X�ibni exp(�t�i) (B.1)



146where �i is the expeted event rate for eah period, ni is the total number of eventswithin that time period and b is simply the bin size in seonds (in order to sale tothe real data in the plot). As an be seen in the �gures, the data is entirely onsistentwith the assumption of a stohasti bakground modeled by Poissonian statistis.
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Red Line: prediction for poissonian distribution
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Figure B.1: �t plots for events surviving uts used in the long windowsearh.
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t Between Surviving Events (seconds)∆2001 short window:  
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Black Line: real data (all events in year)
Red Line: prediction for poissonian distribution
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Figure B.2: �t plots for events surviving uts used in the short windowsearh.
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Appendix C
Appendix C: Bakground Rate Plots
In order to aurately model the expeted number of events, it is also neessary thatthe data rates be onsistent. Shown in �gures C.1 and C.2 are the rate of survivingevents per run for the long and short time window searhes, respetively. The errorbars show statistial unertainty based on the total number of events in the run,so shorter runs (whih are more ommon in 2002 and 2003) have larger error bars.These plots show relatively good onsisteny from run to run. In addition to randomutuations, there are also seasonal variations visible in the short time window plotsand even more obvious with looser uts. These are due to the seasonal muon e�et[103℄, in whih pressure hanges assoiated with varying temperature a�et the rateof atmospheri muons in the detetor. For this reason, eah year was split into �vesetions to better haraterize the bakground rate.
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Figure C.1: Surviving event rate plots for the long window searh.
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Figure C.2: Surviving event rate plots for the short window searh.
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Appendix D
Appendix D: IeCube Sensitivity
D.1 Rolling Searh SensitivityIn this setion we present a bak-of-the-envelope estimate of the improvementin the limit one should expet from an IeCube rolling searh relative to the 3 yearAMANDA rolling asade searh desribed in this thesis.Comparing trigger level e�etive volumes from my asade analysis to the pre-dited e�etive volume for IeCube [104℄, deade-by-deade improvements in e�etivevolume are as follows: Improvement in E�etive VolumeDeade log10(E in GeV) Fator Improvement4 to 5 31.35 to 6 27.26 to 7 22.17 to 8 19.18 to 9 15.3When this is weighted by the relative rates at various energies whih one expetsfrom a Waxman-Bahall neutrino spetrum (�gure 10.4) one obtains a fator of �26improvement in e�etive volume. Assuming a omparable inrease in the bakground



153rate, the expeted improvement in the limit would naively be a fator of 26=p26 � 5:1.However, the atual expeted improvement is ertainly better than this. The supportvetor mahine ut retains �64% of the signal from a Waxman-Bahall spetrum forthe 100 seond ut. By tightening the uts, one an redue the bakground to roughly1/26th of its urrent rate and still retain �19% of the signal (roughly a fator of 3.4redution in signal retention rate). So, saling up to IeCube's e�etive area, one anobtain the same bakground rates (hene the same requirements for signal detetion)with a net improvement in the limit of a fator of 26/3.4=7.6. Of ourse, this is notre-optimized for the inreased bakground and signal rates, and thus a fator of 7.6improvement is a onservative minimum and the optimal sensitivity is likely to besomewhat better.Perhaps more importantly, reonstrution methods will be improved for IeCubedata relative to AMANDA. Rough estimates indiate that only a few surviving bak-ground events per year result from atmospheri neutrinos (whih are an irreduiblebakground beause they are real neutrino events). Sine our primary surviving bak-ground is the energeti tail of the downgoing atmospheri muon spetrum, we shouldin priniple be able to distinguish real signal neutrino events from bakground givenmore information and better reonstrution tehniques. The predited signal ux is inpriniple suÆient to set limits well below the Waxman-Bahall bound within a fewyears given enough improvement in bakground rejetion.D.2 Satellite Triggered analyses in IeCubeSine triggered analyses in IeCube are in the very low bakground regime, oneexpets sensitivity to improve roughly linearly with e�etive area. The analytial ma-



154hinery developed for the rolling searh an easily be adapted to look at the triggeredanalysis ase, so in this setion I present my own preliminary estimate onerningwhat an be expeted from triggered GRB analyses in IeCube.Exluding analyses whih have foused on modeling only a single burst, triggeredGRB analyses onduted up to this point have treated eah burst as being essentiallyidential. They have simply divided the total neutrino ux in the year by the expetednumber of bursts above some threshold (usually the BATSE detetion threshold) toobtain the expeted rate per burst. Sine these analyses are simply ounting the totalnumber of events observed, this is suÆient to get a reasonable expetation valuefor the average number of neutrino events. However, as disussed previously in thisthesis, the rates of neutrino events expeted from atual GRBs an vary from burstto burst by several orders of magnitude due to distane, luminosity and other fators,so the \average" value is not partiularly meaningful when applied to an individualburst. The majority of bursts will have uxes below the average, while a few nearbyand energeti bursts will ontain a muh higher perentage of the neutrino ux. Ofourse, given a suÆiently large ensemble of bursts, the results from the realisti andat distributions will onverge as long as the expetation value is the same1, but it isnot a priori obvious what ounts as a suÆiently large ensemble.In this study we estimate the number of bursts required by IeCube to onstrainthe Waxman-Bahall GRB neutrino emission model under several sets of assumptions.We ompare results derived from Feldman-Cousins on�dene intervals onstrutedwith both the realisti \Guetta" distribution and the more simplisti \at" distribu-1Hooray for the Central Limit Theorem.



155tion, as desribed in setion 8.3 and demonstrated in Figure 8.5, to test what e�etthese assumptions have on the resulting limits. Sine we are studying triggered anal-yses rather than the rolling searh, we simply sum the signal over all examined burstsrather than look for event lusters. Additionally, rather than obtaining a limit byplotting the average expeted event rate per burst on the y-axis of the on�denebelt onstrution, we instead hold the average expeted number of events per burstonstant for eah senario and plot the total number of bursts examined on the y-axis.This allows us to easily examine how many bursts will need to be studied in order torule out the assumed neutrino ux in that senario.We have onduted this simulation for 4 di�erent assumed event rates. The�rst senario examined was detetion of the GRB ux at the Waxman-Bahall limitusing the asade hannel. Ignaio Taboada predits 0.03 events in AMANDA-IIafter all seletion e�ets for 73 bursts with neutrino emission at the Waxman-Bahallbound. Taking the average ux per burst and doing an approximate re-saling forIeCube e�etive volumes rather than AMANDA, we obtain an approximate rate of0.01 asade events per burst after uts. Propagating this through toy Monte Carlosimulation and the Feldman Cousins sorting algorithm, IeCube is estimated to besensitive to this ux level given a sample of 244 bursts under a \at" distribution and256 bursts under a realisti \Guetta" distribution of events per burst. In this ontext,sensitivity means that 0 events is exluded from the 90% on�dene level belt for thisnumber of bursts. 3 events (the standard for 5� detetion in the original AMANDAanalysis) is the minimum value inside the on�dene interval for 592 bursts for theat distribution and 590 for the Guetta distribution.



156The same proess was repeated for the muon hannel, assuming ux limit equiv-alent to Waxman-Bahall. It was then done for both the muon and asade hannel,using more realisti estimate of the atual GRB event rates in a km3 detetor as alu-lated by Guetta et al. [97℄ for a large ensemble of BATSE bursts (using their Model 1).The following table summarizes the number of bursts required under these senariosto be 90% on�dent of deteting either 1 or 3 events:Senario events at model realisti model at model realisti modelper burst 1 event 1 event 3 events 3 events�� predited 0.006 407 419 984 983�� Waxman Bahall 0.04 67 61 148 158asades predited 0.002 1220 1231 2957 2945asade Waxman Bahall 0.01 244 255 592 590To make a fair omparison between the asade and muon hannels, it is nees-sary to keep in mind that the asade hannel has full sky overage whereas the muonhannel has only half sky overage, resulting in a fator of two inrease in the numberof bursts whih an be studied with the asade hannel.Overall, the di�erene in sensitivity between assuming idential bursts and mod-eling a reasonably realisti distribution is small, but genuine and statistially signif-iant2. Using the at assumption is probably suÆient in most ases, espeially se-narios whih involve a large number of bursts. However, the di�erene an be on theorder of 10% for smaller ensembles, so it is reommended that those applying limitsshould at least be ognizant of the assumptions that they are making.2The number of bursts required for the realisti distribution in the Waxman-Bahall ux/asadehannel senario was determined several times using di�erent random number seeds and the resultsnever di�ered by more than one burst, so 244 bursts is signi�antly di�erent than 255 bursts.



157When interpreting the numbers obtained in this study there are a few aveatsto bear in mind. The numbers provided here are done without regard to systematiunertainties. By analogy with the urrent GRB analyses, one would antiipate ap-proximately a fator of �1.5 inrease in the required total signal for asades and afator of �1.2 for muons. However, the unertainties should be somewhat smallerfor IeCube analyses using photonis simulations than they were for AMANDA withPTD. The numbers stated here also assume thresholds for detetion equivalent tothose of BATSE. It is therefore more aurate to say that these are the required num-ber of bursts whih would have been above BATSE thresholds. Under urrent modelsof neutrino prodution, bursts below the threshold of BATSE detetability do notontribute signi�antly to the neutrino ux.The true omposite neutrino spetrum from real bursts will not in reality maththe Waxman Bahall spetrum shape, so this model will never be more than an ap-proximation in the same way that the E�2 spetrum used for most high energy neu-trino analyses is an approximation. Given suÆient information about eah burst, astaking analysis utilizing individual spetra ould produe a more aurate ompos-ite \averaged" spetrum, although this is unlikely to signi�antly alter the preditedevent numbers. One should also bear in mind that these numbers in this study shouldonly be taken as rough estimates and that there is a substantial hane of an upwardutuation rendering talk of ux limits unneessary before these numbers are reahed.
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Appendix E
Modeling the Neutrino Flux From GRBs
In this appendix we disuss in some detail the proess of modeling the prompt neutrinospetra of individual GRBs. We will take two examples of spei� GRBs, GRB030328and GRB020813. These two bursts were seleted beause they have the most ompletemeasurements of the relevant variables of any bursts during the timeframe of therolling searh,with the exeption of GRB030329, whose predited neutrino spetrumhas already been disussed in detail [62℄. Both these bursts were identi�ed by theHETE-II satellite. The proedure outlined in Guetta et al. [55℄ is used to derivethe neutrino spetra. These spetra an vary quite widely from the Waxman-Bahallspetrum. It should also be noted, however, that derived spetra for the same burstunder di�erent assumptions an vary signi�antly from eah other as well, as thissetion will demonstrate.The broken-power law spetrum for prompt GRB emission from the ollapsarmodel is: E2 d�dE = f�8�e Fln(10)8<: (E=Eb)���1 E < Eb(E=Eb)���1 Eb < E < E�(E=Eb)���1(E=E�)�2 E > E� (E.1)



159Note that the de�nitions for � and � used here are di�erent by a sign and a fatorof 1 from [55℄, but rather follow the de�nition used in the original power-law Bandfuntion �ts of the GRB gamma-ray spetra [47℄ (see equation 4.1) as well as MikeStamatikos's previous studies of the GRB030329 and GRB980703A neutrino spetra[105℄.Prompt high energy neutrinos are produed by the same  rays in the GRBjet whih are observed as the prompt gamma-ray emission. Thus, after integratingover all interating proton energies, the spetral slopes, � and �, and the overalluene, F, translate diretly from the observed gamma-ray spetrum. The fatorof 1/8 in equation E.1 arises beause roughly 1/2 the p interations result in theprodution of �+ (the rest produe �0) and eah end produt of the �+ deay (�e�����e)is taken to reeive roughly 1/4 of the total energy. The fator �e is the fration ofthe internal energy onverted to eletrons, a fator whih is not well-determined byurrent theoretial models. The fration of the total energy onverted to pions, f�, isalso not well onstrained, but it an be estimated using other properties of the burstvia the formula: f� = 0:2 L;52�42:5tv;�2Eb;MeV (E.2)where L;52 is the burst luminosity, normalized to 1052 erg/s, �2:5 is the bulk Lorentzfator normalized to 102:5, tv;�2 is the observed variability timesale normalized to 10�2seonds and Eb;MeV is the break energy of the gamma-ray spetrum in MeV. Thereare several unertainties in this alulation (in partiular, the ability to orretlymeasure the variability timesale and luminosity has been alled into question), and



160an alternate formulation exists in whih f� is simply taken to be 0.2. This appears toyield results that are nearly as aurate on average. Following the example of Guettaet al., we will perform alulations with both onstant and variable values of f�.Like the spetral slopes and overall uene, the �rst break energy, Eb, in EquationE.1 an be derived diretly from the -ray spetrum, although the relationship is alittle more ompliated: Eb = 7� 105 1(1 + z)2 �22:5Eb;MeV GeV (E.3)where z is the redshift of the burst. The most reliable method of determining redshiftis through diret observations of the GRB afterglow, whih fortunately were availablefor both of our sample bursts. In the absene of diretly measured redshift values,it is possible to estimate the redshift using empirially observed relationships withvalues suh as relative spetral lag and variability time [92℄, although this introduesadditional unertainties.The seond break (generally around 1 PeV) in the neutrino spetrum is notpresent in the gamma-ray spetrum at all but is rather aused by synhrotron energylosses in the parent �+ (see equation 2.1) at high energies. The break an be estimatedby the equation: E� = 1081 + z �1=2e ��1=2B L�1=2;52 �42:5tv;�2GeV: (E.4)Here, �B is another equipartition fration related to the magneti �eld whih ausesthe prodution of synhrotron photons.The bulk Lorentz fator �, whih appears in several of the above equations, is



161itself not diretly observable, but an be determined from observables. For bursts withlow break energy ( < 500 keV) we an estimate the bulk Lorentz fator by:� � 102:5vuut�1=2B �3=2e L�1=2;52Eb;MeV tv;�2 (E.5)Likewise, the Luminosity, L, an be derived from the uene at Earth, burstduration and distane between Earth and the burst through the elementary ux equa-tion: f = F=T90 = L=(4�D2): (E.6)In the above equation, D is the omoving radial distane between Earth and theGRB. We derive this distane from the observed redshift, assuming (as in the Sphereof Sensitivity disussion in hapter 9) a at universe �CDM osmology, with Hubbleonstant H0= 71 km s�1/Mp and 
M = 0.3.The table below gives experimentally measured eletromagneti parameters forour sample bursts (as ompiled in [106℄), as well as the derived luminosity and bulkLorentz fator. Approximate values assoiated with the Waxman-Bahall spetrumare provided for omparison. Unfortunately, the equipartition parameters �e and �Bare not known and estimates spei� to these bursts ould not be identi�ed, so typialassumed values of 0.33 were used for eah. Likewise, the variability timesales wereassumed to be �10 ms, as is approximately true for the majority of GRBs.Derived parametersBurst identi�ation F erg/m2 T90 s z � � E MeV L erg/s �GRB020813 9.79 � 10�5 89.3 1.25 -0.94 -1.57 0.0895 1.94� 1051 525GRB030328 3.0 � 10�5 91.9 1.52 -1.14 -2.09 0.120 7.49 � 1050 575WB 6 � 10�6 n/a 1 -1 -2 1 1052 300



162Under the assumption of isotropi emission and with f� derived from EquationE.2, these eletromagneti parameters translate into the following values for the neu-trino spetrum: Burst parametersBurst identi�ation Eb GeV E� GeV f� A GeV/m2GRB020813 4.3 �106 7.7 �108 0.057 5.7 �10�4GRB030328 3.0 �106 1.6 �109 0.011 3.5 �10�5WB 1 �105 1 �107 0.2 8.9 �10�4However, if one assumes a beamed emission with opening half-angle �jet, the totalluminosity hanges by a fator of 1 � os(�jet), whih alters the other properties a-ordingly.Plots of the predited spetra for these two bursts under various assumptionsand in omparison to the Waxman-Bahall spetrum are shown in Figure E.1. Thefat that the �rst break ours at higher energies relative to the Waxman-Bahallspetrum for both seleted bursts is a seletion e�et, sine only bursts with relativelylow breaks in the photon spetrum (hene higer breaks in the neutrino spetrum,see Equation E.3) have well-measured values for � due to the limited spetral rangeof HETE. Approximate numbers of asade events (all avors summed) expeted inAMANDA-II and IeCube1 for these spetra are given in the following table:Expeted Casade EventsBurst/Model AMANDA events IeCube eventsWaxman-Bahall 9.7� 10�5 2.4� 10�3GRB020813 Model 1 3.0� 10�5 7.0� 10�4GRB020813 Model 2 1.1� 10�4 2.5� 10�3GRB020813 Model 3 3.7� 10�5 7.6� 10�4GRB030328 Model 1 2.6� 10�6 5.4� 10�5GRB030328 Model 2 4.6� 10�5 9.6� 10�4GRB030328 Model 3 4.3� 10�6 8.1� 10�51Or, to be semantially orret, the predited number of asade events in IeCube if the 80-stringIeCube array existed at the time these bursts were deteted.



163Model 1 and 2 assume isotropi emission while Model 3 aounts for beaming.Model 1 uses equation E.2 to estimate f� while Model 2 assumes f�=0.2. The dataseletion riteria applied are the same as for the 100 seond time window rollingsearh, meaning 43% of events retained relative to trigger level for the Waxman-Bahall spetrum, with slightly better retention for bursts with higher break energies.



164

(GeV)νE
410 510 610 710 810 910 1010

2
 in

 G
eV

/c
m

Φ2
E

-910

-810

-710

-610

-510

-410

-310

-210

GRB020813

Model 1

Model 2

Model 3

Waxman-Bahcall

(GeV)νE
410 510 610 710 810 910 1010

2
 in

 G
eV

/c
m

Φ2
E

-910

-810

-710

-610

-510

-410

-310

-210

GRB030328

Model 1

Model 2

Model 3

Waxman-Bahcall

Figure E.1: Predited neutrino spetra. Model 1 uses isotropi emissionwith variable f�. Model 2 uses isotropi emission with �xed f�. Model 3assumes beamed jet emission.


