
Sear
h for relativisti
 magneti
monopoles with the AMANDA-IIdete
torVon der Fakultät für Mathematik, Informatik und Naturwissens
haften der RWTH Aa
hen University zurErlangung des akademis
hen Grades einer Doktorin der Naturwissens
haften genemigte Dissertationvorgelegt vonDiplom PhysikerinHenrike WissingausHattingen
Beri
hter: Universitätsprofessor Christopher Wiebus
hDr. Christian SpieringTag der mündli
hen Prüfung: 25. 02. 2009Diese Dissertation ist auf den Internetseiten der Ho
hs
hulbibiothek online uverfügbar.



ii



ZusammenfassungDas Antar
ti
 Muon And Neutrino Dete
tion Array (AMANDA) ist ein Neutrinote-leskop, das in der antarktis
hen Eiskappe in unmittelbarer Nähe des geographis
henPols installiert ist. Mittels eines dreidimensionalen Gitters aus rund 680 Sekundärelek-tronenvervielfa
hern in dru
kfesten Glaskugeln, die in Tiefen zwis
hen 1500m und2000m im südpolaren Glets
her eingefroren sind, werden die die Spuren elektris
hgeladener relativistis
her Teil
hen anhand ihrer �erenkov Strahlung detektiert. Nebendem primären Ziel, der Detektion von elektris
h geladenen Leptonen aus We
hselwirkun-gen von ho
henergetis
hen Neutrinos, bietet AMANDA die Mögli
hkeit, na
h bisherunentde
kten, magnetis
h geladenen Teil
hen zu su
hen.Die elektromagnetis
he We
hselwirkung sol
her magnetis
her Monopole wäre aus Sym-metriegründen der We
hselwirkung elektris
h geladener Teil
hen sehr ähnli
h, zei
hnetesi
h jedo
h dur
h eine erhebli
h gröÿere Kopplungskonstante aus. Daher überträfe dieIntesität der �erenkovstrahlung eines relativistis
hen Monopols in Eis die eines elektris
hgeladenen Teil
hens glei
her Ges
hwindigkeit um mehrere Gröÿenordnungen.Die vorliegende Arbeit bes
hreibt dir Su
he na
h �erenkov-Signaturen magnetis
herMonopole in den im Jahr 2000 mit AMANDA aufgezei
hnet Daten. Der zur Analysebereitstehenden experimentelle Datensatz entspri
ht, na
h Totzeitkorrektur, einer Dan-tennahmezeit von rund 155 Tagen.Der dominante Untergrund für die Su
he na
h magnetis
hen Monopolen sind Bündel ho
h-energetis
her atmosphäris
her Myonen. Zur Unterdrü
kung dieses Untergrundes wirdAnhand von simulierten Untergrund- und Signalereignissen eine s
hrittweisen Datense-lektion entwi
kelt. Selektionskriterien sind zum einen die während eines Ereignisses imDetektor deponierte Li
htmenge, und zum anderen die mittels einer Maximum-LikelihoodRekonstruktion ermittelte Spurri
htung.Der Untergrund atmosphäris
her Myonen besteht auss
hliessli
h aus Teil
henspuren mitEinfallsri
htungen oberhalb des Horizontes. Na
h einer ersten Vorselektion, werden dieEreignisse in Datesätze mit jeweils aufwärtslaufenden Teil
hen (Einfallsri
htung unterhalbdes Horizonts) und abwärtslaufenden Teil
hen (Einfallsri
htung oberhalb des Horizonts)geteilt, und die weiteren Selektionskriterien werden für aufwärts- und abwärtslaufendeTeil
hen getrennt optimiert. Für die Su
he na
h magnetis
hen Monopolen unterhalbdes Horizonts verbleibt nur ein geringer Untergrund derjenigen atmosphäris
hen Myonen,die als aufwärtslaufend misrekonstruiert wurden. Daher errei
ht die Su
he na
h mag-netis
hen Monopolen unterhalb des Horizonts eine wesentli
h bessere Sensitivität als dieSu
he oberhalb des Horizonts. Letztere ist aber dadur
h motiviert, dass die abgeleitetenFlussgrenzen für einen gröÿeren Massenberei
h magneteis
her Monopole gültig sind.Die na
h der Anwendung aller Selektionskriterien im experimentellen Datensatzverbleibenden Ereignisse sind kosistent mit dem zu erwartenden verbleibenden Unter-grund. Unter Berü
ksi
htigung systematis
her und statistis
her Fehler in den Signal-und Untergrunderwartungen werden, abhänging von der Monopolges
hwindigkeit, obereFlussgrenzen bestimmt. Bei einem 90% Kon�denzniveau liegen die Flussgrenzen füraufwärtslaufende Monopole zwis
hen 3.8×10−17 
m−2s−1sr−1 (v = c, c = Vakuumli
ht-ges
hwindigkeit) und 8.8×10−16 
m−2s−1sr−1 (v = 0.76 c). Diese Flussgrenzen sind fürMonopole mit Massen oberhalb von 1011GeV uneinges
hränkt gültig und sind die bestenmomentan vorliegenden experimentellen Grenzen. Die Flussgrenzen für abwärtslaufendeMonopole liegen etwa eine Gröÿenordung höher, gelten jedo
h für au
h lei
htere Monopolemit Massen ab 108GeV. Für diesen Massenberei
h sind die hier abgeleiteten Flussgrenzenverglei
hbar mit den momentan besten experimentellen Grenzen.
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Abstra
tCherenkov emissions of magneti
ally 
harged parti
les passing through a trans-parent medium will ex
eed those of ele
tri
ally 
harged parti
les by several ordersof magnitude. The Antar
ti
 Muon And Neutrino Dete
tor Array (AMANDA),a neutrino teles
ope utilizing the gla
ial i
e at the geographi
 South Pole asCherenkov medium, is 
apable of e�
iently dete
ting relativisti
 magneti
 monopolesthat may pass through its sensitive volume. This thesis presents the sear
h forCherenkov signatures from relativisti
 magneti
 monopoles in data taken withAMANDA during the 2000. No su
h signal is observed in the data, and the analysisallows to pla
e upper limits on the �ux of relativisti
 magneti
 monopoles.The limit obtained for monopoles rea
hing the dete
tor from below the hori-zon, i.e., those monopoles that are 
apable of 
rossing the Earth, is the moststringent experimental 
onstraint on the �ux of magneti
 monopoles to date: De-pendent on the monopole speed, the �ux limit (at 90% 
on�den
e level) variesbetween 3.8×10−17 
m−2s−1sr−1 (for monopoles moving at the va
uum speed oflight) and 8.8×10−16 
m−2s−1sr−1 (for monopoles moving at a speed just above theCherenkov threshold). The limit obtained for monopoles rea
hing the dete
tor fromabove the horizon is less stringent by roughly an order of magnitude, owing to themu
h larger ba
kground from down-going atmospheri
 muons. This looser limit isvalid for a larger 
lass of magneti
 monopoles, sin
e the monopole's 
apability topass through the Earth is not a requirement.
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1 Introdu
tionWith the advent of ele
trodynami
s, ele
tri
ity and magnetism are 
on-sidered as two manifestations of one and the same underlying physi
alphenomenon. Ele
tromagnetism posses a symmetry between ele
tri
 andmagneti
 �elds; it is however dissemetri
 with respe
t to the sour
es ofthe �elds. Only ele
tri
 
harges are observed in nature as isolated sour
esof ele
tromagneti
 �elds, whereas �magneti
 
harges� are only observed asdipoles. From a theoreti
al point of view, there is no obvious intrinsi
 rea-son for this asymmetry, and it seems natural to 
onje
ture the existen
e ofisolated magneti
 poles.While ele
trodynami
s 
ould in prin
iple a

ommodate magneti
 mono-poles without restraint, quantum me
hani
s allows the existen
e of mono-poles only on one 
ondition: Both ele
tri
 and magneti
 
harge have to bequantized. Ele
tri
 
harge quantization, however, is an observational fa
t,for whi
h no explanation was known until the emergen
e of Grand Uni�edTheories. So, the quantization 
ondition a
tually supports the existen
eof magneti
 monopoles. In Grand Uni�ed Theories �nally, the existen
e ofmonopoles is an in
ontrovertible ne
essity.The monopoles predi
ted by Grand Uni�ed Theories have extremely largemasses, far beyond the energies rea
hed by any operated or foreseen a
-
elerator. In fa
t, the only environment that provides enough energy toprodu
e these �grand uni�ed� monopoles is the early universe. Fortunately,monopoles are predi
ted to be stable. So, monopoles that may have beenprodu
ed shortly after the Big Bang should have survived until the presentday and should still be abundant in 
osmi
 radiation. Over the past threede
ades, these reli
 monopoles have been sear
hed for by various experi-ments, but so far, there is no experimental proof for their existen
e. Today,the �ux of magneti
 monopoles is experimentally 
onstrained to a level of
O(10−16) 
m−2s−1sr−1, meaning that only extremely large dete
tors havethe potential to either dete
t a monopole or to further improve existing�ux limits.Large s
ale Cherenkov teles
opes deployed in open naturally o

urringtransparent media like sea water or gla
ial i
e, whi
h were originally 
on-stru
ted to dete
t Cherenkov light from se
ondary ele
tri
ally 
harged par-ti
les produ
ed in rare intera
tions of high energy extraterrestrial neutrinoswith the surrounding matter, 
ould dete
t magneti
 monopoles with spe-
i�
 properties: (1) Relativisti
 monopoles moving at a speed above theCherenkov threshold of the utilized medium 
ould e�
iently be dete
ted,be
ause the intensity of their Cherenkov emissions is enhan
ed by severalorders of magnitude 
ompared to the emissions from ele
tri
ally 
hargedparti
les. (2) Monopoles that 
atalyze the de
ay of nu
leons in the targetmatter, a property that is predi
ted within several Grand Uni�ed Theories,
ould be dete
ted via the Cherenkov emissions from relativisti
 se
ondaryparti
les produ
ed in 
onse
utive nu
leon de
ays along the monopole tra-je
tory.This thesis 
on
erns the sear
h for relativisti
 magneti
 monopoles usingdata taken with the AMANDA-II dete
tor, a neutrino teles
ope embeddedin the gla
ial i
e at the South Pole. The outline of this work is as follows:Chapter 2 gives a brief overview of the signi�
an
e of magneti
 monopo-les in various theoreti
al 
ontexts from 
lassi
al ele
trodynami
s to GrandUni�ed Theories and Big Bang Cosmology, and treats those monopoleintera
tion me
hanisms that are essential for their dete
tion. Chapter 31



explains the basi
 fun
tionality of neutrino teles
opes and how su
h dete
-tors 
an be used (and have been used in the past) to sear
h for magneti
monopoles. Parti
ularities of the AMANDA-II neutrino teles
ope are ex-plained in 
hapter 4. By 
onvention, all data taken with AMANDA-II areanalyzed in a �blind� manner, meaning that data sele
tion strategies haveto be optimized based on simulations. Thus, the simulation of the dete
torresponse to both relativisti
 magneti
 monopoles and ba
kground atmo-spheri
 muons formed an integral part of this work. Chapter 5 explains thesimulation software and the strategies that were used to establish a basisfor a blind analysis. Chapter 6 summarizes the properties of both experi-mental and simulated data sets and des
ribes the handling and �ltering ofthe data. The progression of the data sele
tion is des
ribed in 
hapter 7to 
hapter 9. The ultimate analysis result, a limit on the �ux of magneti
monopoles, is derived in 
hapter 10. A summary of the analysis results anda brief outlook on the future I
eCube neutrino teles
ope are presented in
hapter 11.
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2 Magneti
 MonopolesModern parti
le physi
s suggest that extremely massive, stable parti
les
arrying magneti
 
harge ought to exist. If Big Bang 
osmology is 
orre
t,su
h magneti
 monopoles should have been produ
ed during symmetrybreaking phase transitions in the early universe. Most of the monopolesprodu
ed shortly after the Big Bang should have survived until the presentday, but their density will have been strongly diluted during the in�ationaryphase of the Universe. Re
ent sear
hes for reli
 monopoles rely on theirele
tromagneti
 intera
tion with matter or on their potential ability to
atalyze nu
leon de
ay.2.1 Theory of magneti
 monopolesThe idea that magneti
ally 
harged parti
les should exist has a long historyin theoreti
al physi
s. While magneti
 monopoles are formally permittedby 
lassi
al ele
tro dynami
s and quantum me
hani
s, they are mandatoryin Grand Uni�ed Theories.2.1.1 Monopoles in 
lassi
al ele
tro dynami
sThe introdu
tion of magneti
 
harges to 
lassi
al ele
trodynami
s 
an
elsthe asymmetry between ele
tri
ity and magnetism, whi
h is apparent inthe Maxwell equations [1℄. The Maxwell equations in presen
e of mattertake the form:
∇ · ~D = 4πρe (1)
∇ · ~B = 0 (2)

∇× ~H − 1

c

∂ ~D

∂t
=

4π

c
~je (3)

−∇× ~E − 1

c

∂ ~B

∂t
= 0, (4)where

~D = ǫ ~E and ~B = µ ~H, (5)with ~E and ~B being the ele
tri
 and magneti
 �eld, and ǫ and µ being thepermittivity and permeability.The ele
tri
 
harge and 
urrent densities ρe and je appear as sour
e termsin the Maxwell equations (1) and (3), while equations (2) and (4) arehomogeneous, a

ounting for the experimental fa
t that neither magneti
monopoles nor magneti
 
urrents have ever been observed in nature. Mag-neti
 
harges and 
urrents 
an however simply be added to the theory. Thetwo initially homogeneous equations would then take the form
∇ · ~B = 4πρm (6)

−∇× ~E − 1

c

∂ ~B

∂t
=

4π

c
~jm, (7)where ρm and ~jm denote the magneti
 
harge and 
urrent densities. Themodi�ed Maxwell equations (1-4) and the 
onstitutive equations (5) arethen invariant under the substitutions [2℄:

( ~E, ~H) 7→ ( ~H,− ~E), ( ~D, ~B) 7→( ~B,− ~D)

(ρe, ρm) 7→ (ρm,−ρe), (~je,~jm) 7→(~jm,−~je)

ǫ 7→ µ, µ 7→ǫ.

(8)3



For symmetry reasons, 
lassi
al magneti
 
harges would look very similarto ele
tri
al 
harges. They would give rise to a radial magneti
 �eld and in-tera
t via a 1/r potential, with likes repelling and opposites attra
ting. Infa
t, the des
riptions of ele
tromagneti
 phenomena, as for instan
e ioniza-tion or Cherenkov radiation, remain largely form-invariant when evaluatedfor magneti
 instead of ele
tri
 
harges (see se
tion 2.5).2.1.2 Monopoles and Quantum Me
hani
sA persuasive argument for the existen
e of magneti
 monopoles was putforward by Dira
, when he studied the 
onsequen
es of the existen
e ofmagneti
 monopoles in a quantum me
hani
al 
ontext. He found thatquantum me
hani
s allows magneti
 monopoles only, if magneti
 
hargeso

ur as multiples of an elementary magneti
 
harge gD (the Dira
 Charge),whi
h relates to the ele
tri
 elementary 
harge e as
gD =

~c

2e
. (9)Classi
ally, 
harged parti
les 
ouple to ele
tromagneti
 �elds solely via theele
tri
 and magneti
 �elds, but quantum-me
hani
ally, they 
ouple to thes
alar and ve
tor potentials Φ and ~A.1 At �rst glan
e, magneti
 monopolesseem to 
on�i
t with quantum me
hani
s, for if we de�ne ∇ ~B ∝ ρm thereis no well de�ned ve
tor potential su
h that ~B = ∇ × ~A. Dira
 showedthat the monopole �eld 
an 
onsistently be des
ribed with a ve
tor poten-tial whi
h is well de�ned everywhere ex
ept for a line extending from themonopole to in�nity (the 
elebrated Dira
 String). In his 1931 paper [3℄,Dira
 demonstrated that the string-singularity had no physi
al meaning,only if the quantization 
ondition (9) was obeyed.Dira
's result be
omes more plausible if we envisage a magneti
 monopoleas an semi-in�nitely long in�nitesimally thin solenoid, as sket
hed in Figure2.1 [4, 5, 6℄. Classi
ally, there is not mu
h di�eren
e between the solenoidFigure 2.1 � The magneti
 �eld atthe end of a semi-in�nite solenoidis indistinguishable from a magneti
monopole [4℄. An Aharanov-Bohm-like experiment would fail to dete
tthe solenoid only, if Dira
's quanti-zation 
ondition is obeyed.

and a monopole: The magneti
 �eld at the end of su
h a solenoid wouldlook like an isolated magneti
 
harge. Quantum-me
hani
ally, however, thesolenoid 
an be identi�ed with a monopole only, if it remains undete
ted inan ele
tron interferen
e experiment via the Aharanov-Bohm e�e
t [7℄. The
ondition for the phase pi
ked up by the wave fun
tion of an ele
tron whenmoved around the solenoid to be trivial is exa
tly the Dira
 QuantizationCondition (9).One of the most attra
tive features of Dira
's monopole theory when it was�rst proposed was that it explained 
harge quantization. If there were atleast one monopole in the universe, all ele
tri
 
harge must be a multipleof a 
ommon unit, the inverse of twi
e the Dira
 Charge. The numeri
alvalue of Dira
 Charge follows from the �ne stru
ture 
onstant α = e2/~c:
gD =

e

2α
≈ 137

2
e. (10)The magneti
 elementary 
harge, and 
onsequently the 
oupling 
onstant,is obviously mu
h larger than the ele
tri
 one.1Re
all, for instan
e, the S
hrödinger Equation for a parti
le in an ele
tromagneti
�eld: h

−
1

2m
(∇− ie ~A)2 + Φ

i

Ψ = EΨ.
4



2.1.3 Monopoles in Grand Uni�ed TheoriesIn 1974, magneti
 monopoles reappeared as integral part of Grand Uni�edTheories (GUTs). GUTs are based on the hypothesis that at some su�-
iently high energy s
ale Λ , all fundamental intera
tions (ex
ept gravity)
an be des
ribed with a single gauge group G, in whi
h only one gauge 
ou-pling appears [8℄. At lower energies, the symmetry of G is spontaneouslybroken to the symmetries of the standard model. 't Hooft and Polyakovdis
overed that in non-abelian gauge theories spontaneously broken downto some U(1) subgroup, monopoles appear as solitons, i.e., as regular, �niteenergy solutions to the �eld equations [9, 10℄.Loosely speaking, a GUT monopole is a region in spa
e where the va
uumremains in the G-symmetri
 state (also referred to as the false va
uum),and asymptoti
ally approa
hes its �true� va
uum 
on�guration at largedistan
es. Contrary to the Dira
 monopole, the GUT monopoles does notrequire the introdu
tion of magneti
 
harge �by hand�. The radial mag-neti
 �eld of the GUT monopole arises from the 
on�guration of the gauge�elds in the monopole solution. Remarkably, the total magneti
 �ux emerg-ing from the GUT monopole is quantized exa
tly as demanded by Dira
'squantization 
ondition. Unlike the point-like Dira
 monopole, a GUT mo-nopole has a rather 
ompli
ated stru
ture (Figure 2.2). In the innermostregion, extending to a radius of order Λ−1 [11, 4℄, the full symmetry ofthe uni�ed gauge group G is restored. Further outward, the monopole issurrounded by 
loud of gauge bosons and virtual pairs of elementary parti-
les. Intera
tions of parti
les with the monopole inner 
ore 
an involve theex
hange of gauge bosons asso
iated with the uni�ed gauge group. Su
hintera
tions might, for instan
e, violate the 
onservation of baryon num-ber. This is the reason why monopoles might be able to �
atalyze� nu
leonde
ay (see se
tion 2.5.4).
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Figure 2.2 � Possible stru
ture ofa GUT monopole. In the 
en-ter of the monopole, out to Λ−1(≈ 10−29 
m for the most 
ommonGUTs) there is a GUT symmetri
va
uum (labeled X). From [12℄.Monopole solutions are a general property of gauge theories whi
h unifyele
tromagnetism with the other fundamental for
es. The pre
ise monopoleproperties, like mass and 
harge, vary for di�erent uni�ed gauge groups,but are pre
ise and unambiguous predi
tions of ea
h theory. The monopolemass is related to the uni�
ation energy s
ale as
M &

Λ

α
, (11)where α = e2/~c is the running 
oupling 
onstant renormalized at theenergy s
ale Λ.The simplest group that 
an a

ommodate the symmetries of the stan-dard model is SU(5). As determined from the running of the low-energy
oupling 
onstants, Λ and α should be of the order of 1015GeV and 10−2respe
tively. An SU(5) monopole should 
onsequently have a mass around

1017GeV, and it would 
arry one Dira
 Charge [13, 14℄. The group SO(10)is the next simplest realisti
 GUT. Asso
iated with the symmetry break-ing of SO(10) are two types of monopoles [11, 4℄: One monopole is veryheavy (M > 1016GeV) and is minimally 
harged. The other one is lighter,with a mass somewhere between 1010 and 1016GeV, and multiply 
harged[15, 11℄. Monopoles with masses around 108GeV appear in an SU(15)GUT [16, 17℄. Some supersymmetri
 models predi
t multiply 
harged mo-nopoles with masses as low as 107GeV [18, 19℄Although predi
tions for GUT monopole masses span many orders of mag-nitude, none of the predi
ted monopoles is light enough to be produ
ed at5



man-made a

elerators. Any monopoles abundant today must be reli
s ofan epo
h shortly after the �Big Bang�, when the universe was extremelyhot.2.2 Monopole 
reation in the early universeA

ording to the Big Bang theory, the universe started from a tremen-dously hot and dense state and has been 
ooling and expanding ever sin
e.In the 
on
ept of Grand Uni�
ation, the full uni�ed gauge symmetry wasful�lled when the temperature ex
eeded the uni�
ation energy s
ale Λ.As the universe further expanded and 
ooled, it underwent several phasetransitions asso
iated with the GUT Higgs �elds a
quiring some non-vanishing expe
tation value, thereby breaking the uni�ed symmetry [20,21℄. At the time of the phase transition, the Higgs �elds must have ne
-essarily been un
orrelated at distan
es larger than the horizon distan
e(the furthest distan
e that light 
ould have traveled sin
e the Big Bang),and the parti
ular va
uum 
on�guration taken by the Higgs �elds shouldhave been di�erent in 
ausally dis
onne
ted domains. With further evolu-tion of the universe, the horizon size 
ontinuously grew. When the 
ausaldomains 
oales
ed, monopoles were formed at the interse
tion points ofseveral domains via the so-
alled Kibble me
hanism [22℄. A

ording to[22℄, the density of monopoles 
reated in the early universe is about oneper horizon-volume at the time of the phase transition.It is 
ommonly believed that shortly after the Big Bang the universe un-derwent a phase of exponential expansion (a so-
alled in�ationary phase)[23, 24℄. Without this in�ationary phase, reli
 monopoles should be soabundant today that their mass density would ex
eed the mass densityof the observable universe by many orders of magnitude [25℄.2 In�ationsolves this in
onsisten
y, as the monopole density is drasti
ally redu
edduring in�ation. The issue of in�ation is however not settled theoreti
ally.Monopoles may have been produ
ed either during in�ation, at the endof in�ation, or even afterwards [26, 27, 28, 4, 29℄. Some s
enarios allowmonopole �uxes 
lose to present experimental limits [30, 31, 32℄. As of to-day, 
osmology seems to make no �rm predi
tion about the reli
 monopoleabundan
e.2.3 A

eleration of 
osmi
 monopolesDuring the lifetime of the universe, reli
 monopoles should have a
quiredkineti
 energy in long range 
osmi
 magneti
 �elds. Like ele
tri
 
hargesare a

elerated along ele
tri
 �eld lines, magneti
 monopoles are a

eler-ated along magneti
 �eld lines. The kineti
 energy gained by a monopoleof 
harge g on traversing a magneti
 �eld ~B along a parti
ular path is[33, 34℄
T = g

∫

path

~B · d~l ∼ gBξ, (12)where B is the magneti
 �eld strength, and ξ is the 
oheren
e length of the�eld. In the magneti
 �eld of our galaxy for instan
e, whi
h has a strengthof ∼3×10−6G and a 
oheren
e length ξ ∼ 300 p
, a monopole with oneDira
 
harge 
an gain up to 6×1010GeV. Typi
al magneti
 �eld strengthsand spatial extensions of even more powerful monopole a

elerators andthe 
orresponding maximum energy gain for a singly 
harged magneti
2This is known as the �monopole problem�.6



monopole are listed in Table 1.A

ording to [33℄, magneti
 monopoles should have en
ountered a suf-�
iently large number of 
osmi
 a

elerators to gain kineti
 energies of
∼1014GeV. Monopoles with masses smaller than ∼1014GeV should hen
ebe relativisti
A

elerator B/µG L/Mp
 gDBξ/GeV Ref.normal galaxies 3-10 10−2 (0.3 − 1) · 1012 [35℄star-burst galaxies 10-50 10−3 (1.7 − 8) · 1011 [36℄AGN jets ∼100 10−4 − 10−2 1.7 · (1011 − 1013) [37℄galaxy 
lusters 2-30 10−4 − 1 3 · 109 − 5 · 1016 [38℄extragal. sheets 0.1-1 1-30 1.7 · 1013 − 5 · 1014 [39℄ Table 1 �Magneti
 �eld strength B,
oheren
e length ξ of various 
osmi
obje
ts, and the maximum kineti
energy a
quired by a singly 
hargedmagneti
 monopole on traversingsu
h a magneti
 �eld [33℄.2.4 The Parker BoundThe a

eleration of monopoles in magneti
 �elds also implies a severe the-oreti
al 
onstraint on the monopole abundan
e: Monopoles residing in ourGalaxy would gain kineti
 Energy at the expense of the Gala
ti
 magneti
�eld. The requirement that the magneti
 �eld be not depleted faster thanit is regenerated by the Dynamo e�e
t [40℄ 
onstraints the monopole �uxto be less than

Φ = 10−15 
m2sr−1s−1. (13)This is the well known Parker Bound [41℄. The bound is valid for mono-poles with masses smaller than 1017GeV.2.5 Intera
tion with matterThe essen
e of the energy loss of ele
tri
ally 
harged parti
les passingthrough matter 
an be des
ribed by 
lassi
al ele
trodynami
s. The sameholds for magneti
 monopoles. Ele
tromagneti
 intera
tions (and hen
ethe energy loss) of magneti
 monopoles is 
al
ulated using the Maxwellequations with the substitutions given in equation (8) [42, 43℄, in analogyto ele
tri
ally 
harged parti
les.2.5.1 IonizationEle
tri
ally 
harged parti
les passing through matter lose energy mainly byionization or ex
itation of atoms in the target matter via ele
tromagneti
intera
tions. The mean energy loss per path length dE
dx

of a parti
le with
harge ze, speed β, and boost fa
tor γ = E/M (with M the mass of theparti
le) 
an be 
al
ulated with the Bethe-Blo
h formula [44, 45, 46℄,
dE

dx
=

4πNez
2e4

mec2
· 1

β2

[

ln

(

2mec
2β2γ2

I

)

− β2

]

, (14)where Ne and I are the ele
tron density and mean ionization potential ofthe target material, and me is the ele
tron mass.A similar formula holds for the energy loss of magneti
 monopoles [43℄.From the substitutions for the Maxwell equations given in (8), one might
on
lude that any fa
tor ze in the Bethe-Blo
h formula des
ribing theenergy loss of a parti
le with (ele
tri
) 
harge ze had to be repla
ed withthe magneti
 
harge g to des
ribe a monopole. A monopole with one Dira
Charge gD = 137/2e would then mimi
 a heavy ion with 
harge z =∼ 69.7



This is indeed a valid approximation for monopoles with speeds 
lose tothe speed of light (β = v/c ≈ 1). The 
orre
t substitution, however, is
ze 7→ gβ, (15)where β is the speed of the monopole. The additional fa
tor β arises,be
ause the ele
tri
 �eld from a moving magneti
 monopole as seen by anatomi
 ele
tron is proportional to β [43℄. As a 
onsequen
e, there is norise in ionization loss for monopoles towards lower velo
ities. A monopolewith one Dira
 Charge and speed β ≈ 1 would lose (g/e))2 ≈ 4700 timesmore energy than a parti
le whi
h one unit ele
tri
 
harge.2.5.2 Radiative energy losses
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Figure 2.3 � Energy losses of100 TeV monopoles in air [47℄.Losses due to photo-nu
lear inter-a
tions and dire
t pair-produ
tiondominate for boost-fa
tors γ >
104. Bremsstrahlung is suppressedby a fa
tor 1/M , and is hen
e lessimportant.

The Bethe-Blo
h formula does not in
lude the energy loss due to dire
t pairprodu
tion, bremsstrahlung and photo-nu
lear intera
tions. The probabil-ity for these so-
alled radiative energy losses rises with the parti
le energy.For ultra relativisti
 parti
les, radiative pro
esses dominate the total en-ergy loss.The radiative energy loss of magneti
 monopoles is dis
ussed in detailin [47℄. Photo-nu
lear intera
tions and dire
t pair-produ
tion dominatefor Lorentz boosts γ > 104. Bremsstrahlung is inversely proportional tothe monopole mass and hen
e negligible for massive magneti
 monopo-les. Boost fa
tors of 104 and higher are expe
ted only for relatively lightmonopoles. Radiative pro
esses are negligible over a wide range of pre-di
ted monopole masses. Figure 2.3 shows a 
omparison of radiative andionization energy loss pro
esses for 100TeV monopoles in air.2.5.3 Cherenkov light from relativisti
 monopolesA fra
tion of the energy lost by 
harged relativisti
 parti
les traversing adiele
tri
 medium is emitted from ex
ited atoms in the medium as 
oher-ent radiation, so-
alled Cherenkov radiation [48℄. Cherenkov radiation isemitted if the parti
le's speed βc ex
eeds the speed of light in the medium
c/n (where n denotes the index of refra
tion). The radiation is emitted ata spe
i�
 angle θC, su
h that

cos(θC) =
1

βn
. (16)From the Huygens 
onstru
tion in Figure 2.4, one 
an see that the wave-front forms a 
one around the parti
le tra
k. Cherenkov radiation has a
ontinuous frequen
y spe
trum. In dissipative media, n and θC are fun
-tions of the frequen
y ν. For a parti
le with ele
tri
 
harge ze, the radiatedenergy per unit tra
k length isct/n

θc

vtFigure 2.4 � Huygens 
onstru
tionof the Cherenkov light 
one. dE

dx
=

4π2z2e2

c2

∫ (

1 − 1

β2n2

)

ν dν. (17)The number of photons of a 
ertain frequen
y or wavelength is proportionalto dν or dλ/λ2, meaning that short wavelengths dominate the Cherenkovspe
trum.Like ele
tri
ally 
harged parti
les, relativisti
 magneti
 monopoles willlose energy due to Cherenkov radiation. The intensity of the radiationis proportional to the square of the magneti
 
harge g. From substitut-ing g for the ele
tri
 
harge ze in the energy loss 
al
ulation (equation8



(17)), one would 
on
lude that monopoles with one Dira
 Charge emit
(gD/e)2 ≈ 4700 times more Cherenkov photons than parti
les with oneunit ele
tri
 
harge. This is true for monopoles traversing a medium re-fra
tive index n = 1. For other media the 
orre
t substitution is

ze 7→ ng. (18)The refra
tive index enters be
ause not only the magneti
 and ele
tri

harge have to be inter
hanged, but also the permeability µ (assumed to be1) and the permittivity ǫ (see equation (8)), whi
h are related through therefra
tive index n. For a minimally 
harged monopole traveling throughwater or i
e, (n = 1.33), the Cherenkov radiation is enhan
ed by a fa
-tor (gDn/e)2 ≈ 8300, 
ompared to an ele
tri
ally 
harged parti
le withthe same speed. The geometry and frequen
y spe
trum of the emission,however, will be exa
tly the same [49℄.2.5.4 Catalysis of nu
leon de
ay q

q

l

q

XFigure 2.5 � Example diagram forfor the ex
hange of a heavy gaugeboson (X) asso
iated with theuni�ed gauge group that violatesbaryon number 
onservation. Su
hpro
esses 
ould be 
atalyzed bymagneti
 monopoles. From [50℄.
Intera
tions of parti
les with the innermost 
ore of a GUT magneti
 mono-poles might involve ex
hanges of the heavy gauge bosons asso
iated withthe uni�ed gauge group. Su
h intera
tions 
an violate baryon number 
on-servation (Figure 2.5). As a 
onsequen
e, GUT monopoles passing throughmatter might 
atalyze nu
leon de
ays along their traje
tories (Figure 2.6).As the 
ore size of of a typi
al GUT monopole is Λ−1 ≈ 10−29 
m, onewould, one geometri
 grounds, expe
t the 
atalysis 
ross se
tion to be ofthe order σcat ∝ Λ−2 ≈ 10−58 
m2. Callan and Rubakov however foundthat, due to monopole stru
ture outside its 
ore, the 
atalysis 
ross se
tionshould be enhan
ed to values similar to typi
al strong intera
tion 
rossse
tions [51, 52℄. The 
ross se
tion depends on the monopole speed as

σcat =
σ0

β
, (19)where the 
onstant σ0 should roughly be of the order of 10−28 
m2 [53℄.The exa
t 
ross se
tion depends on parti
ularities of the monopole stru
-ture, whi
h in turn varies for di�erent GUTs and symmetry breaking pat-terns. Some GUT monopoles, as for instan
e the lighter monopoles arisingfrom SO(10) symmetry breaking, will not 
atalyze nu
leon de
ay at all[11, 4℄. Other theoreti
al un
ertainties are related to the properties of thetarget material. For 
ertain materials and monopole velo
ities, σ0 mightbe smaller by two to six orders of magnitudes [54℄. Also, the velo
ity de-penden
e might be β−2 rather than β−1 [54, 53℄. Although the theoreti
aldes
ription is ex
eedingly di�
ult, nu
leon de
ay 
atalysis is very interest-ing for monopole sear
hes, be
ause it permits dete
tion of extremely heavy,sub-relativisti
 monopoles.
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Figure 2.6 � The pro
ess p → π0e+is an example of nu
leon de
ay that
ould be 
atalyzed by GUT mag-neti
 monopoles. From [55℄2.6 Experimental boundsEver sin
e monopoles were predi
ted, they have been sear
hed for witha variety of experimental set-ups (see [56℄ for a review). Over de
adesof monopole sear
h, the experimental 
onstraints on the monopole abun-dan
e be
ame progressively more stringent. Today, the �ux of magneti
monopoles is experimentally 
onstrained to a level well below the ParkerBound.The most stringent �ux limit resulted from monopole sear
hes with theMo-nopole Astrophysi
s and Cosmi
 Ray Observatory (MACRO). The MACRO9



dete
tor 
onsisted of three types of sub-dete
tors: Liquid s
intillators,streamer tubes, and nu
lear tra
k et
h material [57℄. More than �ve yearsof experimental data have been sear
hed for signatures of magneti
 mono-poles in various velo
ity intervals between β = v/c = 4 × 10−5 and β ≈ 1[58℄. The non-observation of any monopole 
andidate implies a limit on the�ux magneti
 monopoles at a level of ∼ 1.4 × 10−16 
m−2s−1sr−1 (Figure2.7).The MACRO limit is superseded by results from other experiments onlyunder 
ertain 
onditions:(a) If magneti
 monopoles 
atalyze nu
leon de
ay, observations of theluminosity distribution of neutron stars imply a stringent bound onthe monopole �ux [59, 60℄: Nu
leon de
ays 
atalyzed by monopoleswhi
h were gravitionally 
aptured inside neutron stars would 
ausethe stars to heat up and emit ultra-violet and x-ray photons. Thebound on the monopole �ux inferred from on observational limits onultra-violet and x-ray emissions from neutron stars lies at least sixorders of magnitude below the Parker Bound.(b) In the velo
ity range near β = 10−3 [61℄, bound states of magneti
monopoles and nu
lei would leave an et
hable tra
k in an
ient Mi
a[61℄. With an exposure time 
lose to 500Myr, the absen
e of su
htra
ks in nearly 1000m2 of s
anned Mi
a implies a �ux limit two tothree orders of magnitude below the Parker bound [61, 56℄.(
) For monopoles moving at relativisti
 speeds (β > 0.8), the MACROlimit is superseded by monopole sear
hes performed with neutrinoteles
opes.
Figure 2.7 � Limit on the �uxof magneti
 monopoles set by theMACRO 
ollaboration. The limit isa result of the 
ombination of di�er-ent analyses using the various sub-dete
tors of the observatory. Indi-vidual analyses were optimized onthe dete
tion of monopoles in a 
er-tain velo
ity range (hen
e the rather
ompli
ated stru
ture of the overalllimit). Also shown are the limits setby the Ohya [62℄ and Baksan [63℄experiments. t

10



3 Monopole sear
h with neutrino teles
opesThe immense amount of Cherenkov light expe
ted from a relativisti
 mag-neti
 monopole traversing a transparent medium suggests to sear
h formonopoles with Cherenkov dete
tors. Neutrino teles
opes are presentlythe only Cherenkov dete
tors operated that are large enough to rea
h sen-sitivities to �uxes below the Parker Bound. Several neutrino teles
opes are
urrently in operation [64, 65℄. Others are under 
onstru
tion [66, 67, 68℄or planned [69, 70℄. The main s
ien
e obje
tive of these experiments isthe identi�
ation of the sour
es of high energy 
osmi
 rays via neutrinodete
tion. Nevertheless, data from neutrino teles
opes are also routinelysear
hed for signatures of monopoles.3.1 The s
ien
e obje
tive of neutrino teles
opes: Neu-trino Astrophysi
sNeutrino Astrophysi
s is a relatively young dis
ipline, whi
h attempts touse neutrinos as messenger parti
les to probe physi
s pro
esses in extremelyenergeti
 
osmi
 environments su
h as galaxy 
enters and Gamma RayBursts, or super-nova remnants and mi
ro quasars. The main mission ofneutrino astrophysi
s is to identify su
h obje
ts as sour
es of high energy
osmi
 rays. Cosmi
 ray physi
s is of general importan
e to any s
ien
eobje
tive involving neutrino teles
opes, be
ause se
ondary 
osmi
 rays arean inevitable ba
kground to both the sear
h for astrophysi
al neutrinosand the sear
h for exoti
 parti
les. The ba
kground to magneti
 monopolesear
hes in parti
ular, originates from intera
tions of 
osmi
 rays of highestenergies.3.1.1 Primary 
osmi
 raysPrimary 
osmi
 rays 
onsist mostly of protons (∼90%), and a smaller fra
-tion of helium nu
lei (∼9%) and heavier nu
lei (∼1%) [71℄. Their �ux atthe top of the atmosphere is about 1000 nu
lei per square meter per se
-ond. The energy spe
trum extends from a few hundreds of MeV to above
1020 eV. Over this wide range of energy, the spe
trum appears relativelystru
tureless, and 
an be well be approximated by broken power laws as
dN/dE ∝ E−γ . Two (perhaps three) 
hanges of the slope are the onlyknown features [72, 73, 46℄: Around 3 · 1015 eV, the slope steepens from
γ ≈ 2.7 to γ ≈ 3.1. This bend in the spe
trum is referred to as the knee(Figure 3.1). Around 1018 eV the slope �attens again to γ ≈ 2.7 at whatis 
alled the ankle. Between the knee and the ankle, around 5 · 1017 eV, athird break in the spe
trum has been observed (the se
ond knee), wherethe slope steepens to γ ≈ 3.3 [74, 75, 76℄. (Figure 3.2 shows a blowup ofthe 
osmi
 ray spe
trum in the region between the knee and the ankle,exposing the se
ond knee.)
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Figure 3.1 � Observed energy spe
-trum of primary 
osmi
 rays. Be-tween 1011 and 1020 eV, the spe
-trum follows a power-law with
hanges in the slope at ∼3·1015 eV(knee), and ∼1018 eV (ankle) [73℄.For a better exposure of the fea-tures in the slope, the spe
trumis weighted by E2.7. The slope
hange around ∼5·1017 eV (referredto as se
ond knee) is less exposedin this presentation. The integral�ux of 
osmi
 ray parti
les abovethe knee and the ankle are approxi-mately 1 per square meter and oneper square kilometer per year, re-spe
tively [72℄.
The broken power law spe
trum as well as the 
hemi
al 
omposition of 
os-mi
 ray parti
les is believed to be a result of sho
k a

eleration (�rst orderFermi me
hanism [77, 78℄) and subsequent di�usion through the interstel-lar medium (leaky-box model, see e.g. [71℄). Fermi a

eleration naturallyprodu
es an energy spe
trum 
lose to E−2. The observed energy spe
trumis steeper than the one at the a

eleration site, be
ause (a

ording to theleaky-box model) the typi
al residen
e time τ of 
osmi
 rays in our galaxyde
reases with energy as τ ∝ E−δ, with δ ≈ 0.6. The limiting fa
tor toboth the maximum energy a
hieved by sho
k a

eleration and the resi-11



Figure 3.2 � Available 
osmi
 raydata at the end of the 
osmi
ray spe
trum (the measured is �uxweighted by E3). One possible ex-planation for the smooth 
ontinu-ation of the energy spe
trum upto the se
ond knee is a signi�
ant
ontribution from elements heavierthan iron [84℄). The �ux of the�trans-iron� elements is labeled 28-92. From [85℄. den
e time in our galaxy is magneti
 
on�nement: Cosmi
 ray nu
lei withhigher nu
lear 
harge Z gain more energy in 
osmi
 a

elerators and aremore e�
iently 
on�ned in the gala
ti
 magneti
 �eld.In the traditional interpretation of the observed broken power law spe
-trum, parti
les with energies below the knee are a

elerated within ourgalaxy. The most 
ommon environment in whi
h sho
k a

eleration 
antake pla
e are super-nova sho
ks expanding into the inter-stellar medium.Gala
ti
 super-nova explosions 
an a

ount for the bulk of 
osmi
 rays,provided about 10% of the kineti
 energy of their eje
ta is 
onverted intointo relativisti
 
osmi
 rays. One therefore identi�es the knee in the 
os-mi
 ray spe
trum with the 
ut-o� energy of protons a

elerated in gala
ti
super-novae. Sin
e the maximum energy that 
osmi
 ray parti
les 
an a
-quire in super-nova sho
ks is proportional to Z [79, 80, 81℄, the steepeningof the slope above the knee is believed to re�e
t the 
onse
utive 
ut-o�s ofprogressively heavier elements, 3 and to some extent, the 
harge dependentleakage of 
osmi
 rays from the galaxy.The ankle is traditionally believed to mark the transition from gala
ti
to extra-gala
ti
 
osmi
 rays. Parti
les with energies of 1018 and beyondhave gyro radii larger than than the extensions of the gala
ti
 disk, andare hen
e believed to be of extragala
ti
 origin. The ankle stru
ture 
ouldbe due to 
osmi
 rays from more powerful extragala
ti
 a

elerators thatpenetrate into the galaxy and dominate the observed �ux above 1018 eV.The 
osmi
 ray spe
trum is expe
ted to break o� above ∼5 ·1019 eV, whereprotons are absorbed through pion produ
tion with the 2.7-K mi
rowaveba
kground photons (pγ → ∆+ → nπ+(pπ0)), an e�e
t referred to asGreisen-Zatsepin-Kuz'min (GZK) 
uto� [83℄.The interpretation of the 
osmi
 ray spe
trum is however not free of debate.Detailed examinations of the energies a
hievable in standard gala
ti
 super-nova sho
ks suggest that the maximum energy is limited to E/Z ∼ 1014 eV[81, 80℄. Then, gala
ti
 super-novae were not su�
ient to a

ount for thesmooth 
ontinuation of the 
osmi
 ray spe
trum all the way up to theankle. Several s
enarios have been suggested to explain observations:� A signi�
ant 
ontribution of extremely heavy elements (poly-gonato4model): The heaviest 
ommon nu
leus abundant in 
osmi
 radiation3Re
ent measurements indeed indi
ate a 
omposition transition from light to heavierelements above the knee [82℄.4poly gonato (Greek): �many knees� 12



is iron (Z = 26). As the knee positions of individual elements s
alewith nu
lear 
harge Z, a gala
ti
 
omponent of super-heavy elementswith Z > 26 
ould explain the all parti
le spe
trum up to the se
ondknee [85, 84℄ (see Figure 3.2).� The presen
e of a se
ond 
lass of gala
ti
 
osmi
 ray a

elerators,whi
h are rarer than supernova remnants but a

elerate 
osmi
 raynu
lei to higher energies [86, 87, 88℄.� An onset of the extragala
ti
 
omponent already around 1017 eV[89, 90℄: Extragala
ti
 protons would su�er, besides the GZK ef-fe
t, from energy loss asso
iated with the photo-produ
tion of e+e−pairs on the 
osmi
 mi
ro wave ba
kground. This would result in a�pair-produ
tion dip� between 1018 and 1019 eV, whi
h would mimi
the ankle, if extragala
ti
 
osmi
 rays predominantly 
onsisted ofprotons and started dominating the spe
trum at energies mu
h lowerthan previously assumed (Figure 3.3).
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Figure 3.3 � The upper end of the
osmi
 ray spe
trum. The hat
hedarea shows the probable fall o�of the gala
ti
 
omponent, as in-ferred from measurements of theKASCADE experiment [82℄. Thethi
k 
olored lines represent mod-els for the �ux of extragala
ti
 
os-mi
 rays. The dashed lines ofsame 
olor represent the amountof 
osmi
 rays that must, withinthese models, be due to gala
ti
sour
es. An extragala
ti
 
ompo-nent 
onsisting predominantly ofprotons whi
h dominates the overallspe
trum just above ∼1017 eV (redline labeled �EGAL p�) would allowa steeply falling gala
ti
 
omponentas suggested by KASCADE. From[86℄.
Mu
h spe
ulation surrounds the origin of 
osmi
 rays above the ankle. A
-tive gala
ti
 nu
lei or gamma ray bursts might provide enough power toa

elerate 
osmi
 rays up to the highest energies observed. The observa-tion of high energy neutrinos from these 
andidate sour
es would provideinevitable eviden
e for hadron a

eleration in these sour
es.3.1.2 Cosmi
 messengersSour
e tra
ing of 
osmi
 rays is restri
ted to highest the energies. Protonswith energies below 1019 eV will be de�e
ted in gala
ti
 magneti
 �elds andthus lose all dire
tional information. Parti
les above this energy will travelin straight lines through gala
ti
 and intergala
ti
 magneti
 �elds, but willbe absorbed in the inter-stellar photon ba
kground. The a

eleration of
osmi
 rays, however, is always 
onne
ted with the emission of gamma raysand neutrinos. This 
orrelation must exist, be
ause some fra
tion of thethe a

elerated parti
les will intera
t in their sour
es with ambient matteror photons (This me
hanism is referred to as �astrophysi
al beam dump�,see Figure 3.4). The intera
tion will result in the produ
tion of pions. Theneutral pions will de
ay into photons as π0 → γγ, while the 
harged pionsde
ay as π± → µ±νµ, µ± → e±νµνe. Apart from protons, also photonsand neutrinos 
an be used as messenger parti
les from 
osmi
 a

elerators.The (neutral) photons are not a�e
ted by magneti
 �elds. However, highenergy gamma rays will be absorbed when intera
ting with the photonba
kground via Pair-produ
tion (γγ → e+e−). As a 
onsequen
e, theuniverse is opaque to high energy gamma rays.
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μ μFigure 3.4 � Astrophysi
al beamdump. From [91℄.
Neutrinos in 
ontrast, do not su�er de�e
tion or absorption during prop-agation. Their great penetrating power allows them to es
ape from densesour
es that may be opaque to other parti
les, and rea
h the Earth fromthe most distant 
osmi
 obje
ts. However, their small intera
tion prob-ability poses the greatest 
hallenge to neutrino astrophysi
s: Extremelylarge dete
tors are needed to address the small �uxes predi
ted for 
osmi
neutrinos.3.2 The 
on
ept of a neutrino teles
opeFundamentally, a neutrino teles
ope maps the Cherenkov light generatedby 
harged parti
les with a three dimensional grid of opti
al sensors embed-ded in a transparent medium whi
h a
ts as target and Cherenkov medium13



(Figure 3.5). Neutrinos 
an only be dete
ted through the Cherenkov lightemitted by se
ondary 
harged leptons that are 
reated in 
harged 
urrentintera
tions with nu
lei in the target matter as

ν

nucleus

OM

μ

Figure 3.5 � Prin
iple of a neutrinoteles
ope: The Cherenkov light
one from 
harged leptons, pro-du
ed in neutrino nu
leon intera
-tions, is mapped with a matrix ofopti
al sensors (labeled OM).

νl(ν̄l) + N → l−(l+) + X, (20)where l is one of the lepton �avors (e, µ, τ), N is a nu
leon, and X is ahadroni
 
as
ade. The exa
t Cherenkov signature of the daughter leptondepends on its �avor. Relativisti
 muons from νµ-intera
tions travel overlarge enough distan
es to leave an elongated tra
k-like signature that per-mits a

urate inferen
e of the dire
tion of the initial neutrino. Ele
tronsin 
ontrast, 
as
ade qui
kly in the target material via bremsstrahlung andpair produ
tion, resulting in a spheri
al light pattern. Extremely short-lived tau leptons travel only short distan
es in the dete
tor before theyde
ay. The signature of ultra high energy ντ are two bright 
as
ades at theprodu
tion and the de
ay vertex, respe
tively (the so-
alled double bangsignature).As neutrinos intera
t only weakly, their probability to intera
t in the vi
in-ity of a dete
tor is extremely small. One way to 
onstru
t a dete
tor largeenough to rea
h astrophysi
al sensitivity at reasonable 
ost is to utilize anaturally abundant medium for dete
tion. Su�
iently transparent mediaare deep o
eans, lakes or the thi
k i
e layer at the South Pole. Photo-multiplier tubes (PMTs) are used as light sensors, sin
e they are relativelyinexpensive and robust, have large 
olle
tion areas, and are highly sen-sitive to visible and ultraviolet light. The PMTs are deployed at depth,typi
ally one to two kilometers below the surfa
e, in order to shield thedete
tor from 
harged parti
les 
reated in 
osmi
 ray intera
tions in theatmosphere above the dete
tor.The preferred dete
tion 
hannel for 
osmi
 neutrinos is the muon 
hannel,be
ause the elongated muon tra
ks provide the best dire
tional informa-tion. At TeV energies, the dire
tion of the initial muon 
an be re
onstru
tedfrom the time and spatial pattern of dete
ted Cherenkov photons with de-gree a

ura
y or better. The simplest 
riterion to suppress the 
osmi
 rayindu
ed ba
kground, then, is to 
onsider only those muons whi
h enter thedete
tor from below the horizon. Sin
e the neutrino is presently the onlyknown parti
le 
apable of 
rossing the entire Earth, muons from below thehorizon are assumed to be neutrino indu
ed. Apart from the small fra
tionof 
osmi
 ray indu
ed muons for whi
h the dire
tion re
onstru
tion fails,the only remaining ba
kground are muons indu
ed by atmospheri
 neutri-nos, whi
h were 
reated in 
osmi
 ray intera
tions in the atmosphere onthe opposite hemisphere (Figure 3.6).
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Figure 3.6 � In a standard 
osmi
neutrino sear
h, the Earth a
ts as a�lter against the ba
kground of 
os-mi
 ray indu
ed muons. Only parti-
les that arrive from the hemisphereopposite the dete
tor are 
onsid-ered. Atmospheri
 neutrinos 
on-stitute the remaining ba
kground.
3.3 Event 
lasses in a neutrino teles
opeThe �beam dump� me
hanism (
.f. Figure 3.4) applies for meson 
as
adesnot only in stellar environments but also in the Earth's atmosphere. Colli-sions of primary 
osmi
 rays with atmospheri
 air nu
lei produ
e 
as
adesof high energy se
ondary parti
les. The most penetrating 
omponentsof these se
ondary 
osmi
 rays are highly relativisti
 muons and neutri-nos. They are 
reated as de
ay produ
ts of 
harged mesons, mostly pions.Both atmospheri
 neutrinos and atmospheri
 muons are 
apable of rea
h-ing dete
tors lo
ated several kilometers underground and form the prin
ipalba
kground to all parti
le sear
hes performed with neutrino teles
opes.14



3.3.1 Atmospheri
 muonsMuons are the most numerous 
harged se
ondary 
osmi
 rays rea
hing theEarth's surfa
e. Their energy and angular spe
trum is a 
onvolution of theprimary 
osmi
 ray spe
trum, their produ
tion probability, their energyloss and their de
ay. Atmospheri
 muons with energies of some hundredsof GeV at the surfa
e are 
apable of rea
hing depths at whi
h neutrinoteles
opes are typi
ally lo
ated. At these energies, the muon energy spe
-trum is steeper than the spe
trum of primary 
osmi
 rays (asymptoti
allyby one power in energy), be
ause mother pions with energies greater than
∼115GeV tend to intera
t in the atmosphere (i.e., lose energy) before theyde
ay [92℄.
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Figure 3.7 � Verti
al muon �ux vsdepth. The shaded area at depthsgreater than 10 km w.e. representsthe neutrino-indu
ed muons. From[46℄.Although neutrino teles
opes are shielded by several kilometers of wateror i
e, the bulk of dete
ted parti
les are atmospheri
 muons. Figure 3.7shows the depth dependen
e of atmospheri
 muon �ux underground. TheAMANDA-II teles
ope, for instan
e, is 
overed with ∼1.5 km of South Polari
e, and atmospheri
 muons 
ause an event rate around 90 per se
ond,outweighing the rate of dete
ted atmospheri
 neutrinos by a fa
tor > 106[93℄.As atmospheri
 muons are 
reated in the atmosphere above the dete
tor,they will always enter the dete
tor from above the horizon (Figure 3.8).Therefore, the most e�
ient way to eliminate the atmospheri
 muon ba
k-ground is to dis
ard down-going parti
les.
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Figure 3.8 � Zenith angle distribu-tion of atmospheri
 muons and neu-trino indu
ed muons in a neutrinoteles
ope. A zenith angle of 0◦ 
or-responds to a muon tra
k that isverti
ally down-going. The atmo-spheri
 muon ba
kground vanishesfor zenith angles greater than 85◦.From [94℄.

Some neutrino sear
hes (those that are designed to dete
t 
osmi
 neutri-nos of extremely high energies), and sear
hes for monopoles and some otherexoti
 parti
les, extend their sear
h region above the horizon. The dis
rim-inating 
riterion against atmospheri
 muons in these sear
hes 
an be basedon the amount of energy deposited in the dete
tor as Cherenkov radiation.Sear
hes above the horizon are less e�
ient than those restri
ted to onlyone hemisphere. Despite their steep energy spe
trum, atmospheri
 muons
an mimi
 the Cherenkov signature of extremely highly energeti
 parti
les:In intera
tions of very energeti
 
osmi
 rays in the atmosphere, muons areprodu
ed in bundles of many nearly parallel muons. Although the indi-vidual muons are of relatively low energy, the total Cherenkov light yield
an be 
omparable to that expe
ted in signatures of ultra-high energeti
(
osmi
) neutrinos or relativisti
 magneti
 monopoles.3.3.2 Atmospheri
 neutrinosLike atmospheri
 muons, atmospheri
 neutrinos o

ur as de
ay produ
tsof 
harged mesons that were produ
ed in 
ollisions with 
osmi
 ray parti-
les in the upper atmosphere. In the energy range of interest, that is forneutrino energies above ∼100GeV, the energy spe
trum of atmospheri
muon neutrinos is steeper than the spe
trum of primary 
osmi
 rays byone power in energy, i.e., dN/dEν ∝ E−3.7.5 In 
ontrast, the spe
trumof neutrinos 
reated in astrophysi
al beam dumps in 
osmi
 a

elerators isexpe
ted to parallel the hard energy spe
trum of a

elerated nu
lei (typ-i
ally ∼E−2), be
ause the mother mesons de
ay in free �ight in the lowdensity environment.5The �ux of atmospheri
 ele
tron neutrinos (de
ay produ
ts of atmospheri
 muons) issubstantially smaller than that of muon neutrinos, be
ause most muons at GeV energiesand above rea
h the ground before they de
ay. In fa
t, most νe originate from the de
ayof 
harged kaons. 15



Figure 3.9 shows the energy depended integral muon �ux in a neutrinoteles
ope for muons indu
ed by atmospheri
 neutrinos and muons indu
edby 
osmi
 neutrinos with an energy spe
trum as E−2.
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ted number ofmuons dete
ted in a neutrino tele-s
ope above a 
ertain threshold Eµ.The �ux of 
osmi
 neutrinos follow-ing a hard energy spe
trum as E−2
ν
an be identi�ed as ex
ess of eventsat high energies. From [94℄.

Atmospheri
 neutrinos are the prin
ipal ba
kground to sear
hes for 
os-mi
 neutrinos of (in an astrophysi
al 
ontext) relatively low energies. Forsear
hes for ultra high energy neutrinos or relativisti
 magneti
 monopo-les, atmospheri
 muon bundles are the dominant ba
kground, 
ompared towhi
h atmospheri
 neutrinos are entirely negligible.3.4 Monopole sear
hesThe most obvious way to sear
h for monopoles with a neutrino teles
opeis to look for monopole Cherenkov signatures. This of 
ourse, requiresthe monopoles to have a speed above the Cherenkov threshold, whi
h inturn implies that only lighter mass monopoles 
an be dete
ted, as onlythose would be relativisti
. Heavy, slowly moving monopoles 
ould bedete
ted via nu
leon de
ay 
atalysis. Stri
tly speaking, the 
atalysis sig-nature is also a Cherenkov signature, as the monopoles are dete
ted viaCherenkov emissions of the nu
leon de
ay produ
ts. Therefore, the dete
-tion of sub-relativisti
 monopoles requires the monopoles to be 
apable of
atalyzing nu
leon de
ay, whi
h is however only the 
ase within 
ertainuni�ed gauge theories.The sear
h strategies for relativisti
 monopoles and super heavy, sub-relativisti
 monopoles di�er. The signal of relativisti
 magneti
 monopolesstand out due to their enormous Cherenkov emission, whereas super-heavymonopoles stand out due to their sub-relativisti
 velo
ity. Dominant ba
k-ground to both sear
hes are spe
i�
 
ategories of atmospheri
 muon events:To relativisti
 monopole sear
hes, large atmospheri
 muon bundles are themost severe ba
kground. To sear
hes for slowly moving monopoles, 
oin-
ident atmospheri
 muons from independent air-showers, whi
h enter thedete
tor with a time di�eren
e of several mi
ro-se
onds relative to ea
hother, pose the most 
hallenging ba
kground, as the light �ow in the de-te
tor 
an mimi
 a sub-relativisti
 parti
le 
rossing.3.4.1 Cherenkov signature of ba
kground atmospheri
 muonsMuons dete
ted in a neutrino teles
ope are ultra-relativisti
 (β ≈ 1) andhave velo
ities well above the Cherenkov threshold (Ethresh = 160MeV,for muons in i
e or water). Cherenkov radiation is emitted at an angle
θC ≈ 41◦ relative to the muon tra
k. Light sensors used in neutrino tele-s
opes are sensitive to opti
al photons, with wavelengths between 350 to650 nanometers. Within this wavelength interval, the refra
tive index isapproximately 
onstant. The number of photons emitted per path length
dx and wavelength interval dλ is given by the Fran
k-Tamm Formula

d2Nγ

dxdλ
=

2πα

λ2

(

1 − 1

β2n2

)

, (21)where α denotes the Finestru
ture 
onstant. In the relevant wavelengthinterval, a muon will emit about 200 Cherenkov photons per 
entimeter.The total energy loss of a relativisti
 muon due to Cherenkov radiationis about 400 eV per 
entimeter, whi
h is marginal 
ompared to the energyloss due to ionization (≈ 2MeV per 
entimeter tra
k, for a minimally ioniz-ing muon) [46℄. In addition to Cherenkov radiation and ionization, muonswill lose energy in radiative pro
esses like bremsstrahlung, pair produ
-16



tion, and photo nu
lear intera
tions. The ionization loss shows only small�u
tuations and is pra
ti
ally independent of the muon energy. The otherpro
esses are highly sto
hasti
 in nature.The total average energy loss per unit length 
an be parameterized as
−
〈

dEµ

dx

〉

= α(Eµ) + β(Eµ)Eµ. (22)
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Figure 3.10 � Energy depen-den
e of energy loss pro
esses(ionization, bremsstrahlung, pair-produ
tion, and photo-nu
lear in-tera
tions) of relativisti
 muonstraversing matter. The loss pro-
esses were simulated with theMuon Monte Carlo mm
. From [95℄.
The 
oe�
ient α represents the ionization loss and 
an be des
ribed by theBethe-Blo
h formula (see for example [46℄). β a

ounts for the sto
hasti
fra
tion. A �rst order approximation 
an be made by 
onsidering α and
β to be 
onstant. Assuming the muon minimum-ionizing α is about 0.2GeV m−1. The value of β is about 3.4 ·10−4 m−1 in i
e, so that thesto
hasti
 pro
esses start to dominate over the 
ontinuous ones at about600 GeV (Figure 3.10). Se
ondary parti
les have momenta aligned with themuon tra
k. Their Cherenkov light is therefore peaked at the Cherenkovangle of the muon, preserving the 
oni
al geometry of the emission. Theresulting enhan
ement of the Cherenkov light intensity permits estimatesof the muon energy.3.4.2 Arrival dire
tions of magneti
 monopolesThe energy loss that monopoles su�er during their passage through matterdi
tate the mass range to whi
h monopole sear
hes with underground de-te
tors are sensitive. Like neutrinos, magneti
 monopoles are predi
ted tobe extremely penetrating. Unlike neutrinos, this penetrating power riseswith the monopole mass. Super heavy GUT monopoles with masses around
1017GeV 
an pass through the entire Earth without being absorbed and
ould hen
e rea
h a neutrino teles
ope from all dire
tions. Lighter monopo-les are expe
ted to be relativisti
 but are, below a 
ertain mass threshold,absorbed in the Earth. Hen
e, they 
an rea
h a neutrino teles
ope onlyfrom above the horizon.Magneti
 monopoles traversing matter lose energy mostly through ioniza-tion. The full Bethe-Blo
h formula adapted for monopoles is dis
ussed in[43℄. In
luding all 
orre
tions, it has the form

dE

dx
=

4πNeg
2e2

mec2

[

ln

(

2mec
2β2γ2

I

)

− 1

2
+

K(|g|)
2

− δ

2
− B(|g|)

]

, (23)where Ne density of ele
trons, me is the ele
tron mass, I mean ionizationpotential, δ density e�e
t 
orre
tion [96℄, and K(|g|) is the Kazama-Yang-Goldhaber (KYG) 
ross se
tion 
orre
tion [97℄, whi
h takes the values
K(|g|) =

{

0.406 for |g| = 137e/2,
0.346 for |g| = 137e,

(24)for monopoles 
arrying one or two Dira
 
harges, respe
tively. B(|g|) is theBlo
h 
orre
tion, taking the values
B(|g|) =

{

0.248 for |g| = 137e/2,
0.672 for |g| = 137e.

(25)17



Formula (24) holds for moderate Lorentz boosts γ = E/M < 100 [43℄.For su
h Lorentz boosts, radiative energy losses are negligible, and theionization loss of a minimally 
harged monopole passing through i
e orwater is of the order of 10GeV per 
entimeter. In the Earth's mantle(
onsisting mostly of sili
on) and the Earth's 
ore (
onsisting mostly ofiron) the ionization loss is three to ten times higher. On traversing the fulldiameter of the Earth, a relativisti
 monopole would lose O(1011)GeV [98℄.Sin
e the monopole kineti
 energy a
quired in 
osmi
 magneti
 �elds is ofthe order of 1012 to 1015GeV, monopoles may rea
h neutrino teles
opesfrom below.In order to be dete
table via dire
t Cherenkov emissions, monopoles musthave a velo
ity above the Cherenkov threshold when rea
hing the dete
tor.For i
e or water this requires a minimum Lorentz boost of γ ∼ 1.5. With aninitial kineti
 energy of 1014GeV, monopoles with masses up to ∼1014GeVare fast enough to be dete
ted by their dire
t Cherenkov emissions.
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oFigure 3.11 � Lorentz boost oflight magneti
 monopoles at a de-te
tor as a fun
tion of their ar-rival dire
tion. A zenith angleof 90◦
orresponds to a horizontaltra
k, 180◦
orresponds to a verti-
ally up-going tra
k. From [33℄.
For very light monopoles (M < 107GeV), the initial Lorentz boost willbe high and radiative energy losses are dominant. The passage of lightmonopoles through the Earth is treated in detail in [33℄. Figure 3.11 Showsthe Lorentz boost of light magneti
 monopoles with initial kineti
 energiesbetween 1011 and 1014GeV after traversing the Earth. With these initialkineti
 energies, monopoles with masses down to 107GeV 
an traverse thefull diameter of the Earth.3.4.3 The Monopole Cherenkov signatureThe total number of Cherenkov photons per tra
k length dx and wave-length interval dλ emitted by a monopole is 
al
ulable with the Fran
k-Tamm formula adapted for magneti
 monopoles [49℄:

d2N

dxdλ
=

2πα

λ2

(gn

e

)2
(

1 − 1

β2n2

)

, (26)where g denotes the magneti
 
harge and n is the refra
tive index. A mini-mally 
harged monopole traversing i
e will lose about 300MeV per 
entime-ter due to Cherenkov radiation. The number of emitted Cherenkov pho-tons is of the order 106 per 
entimeter in the wavelength interval between400 nm and 600 nm.For monopole with a speed β ≈ 1, the total amount of Cherenkov light dueto the bare magneti
 
harge equals the amount of light emitted by a muonwith an energy of ∼14PeV. If the monopole is extremely relativisti
, thisamount of Cherenkov light is enhan
ed by the emissions from se
ondaryparti
les.1.
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Figure 3.12 � Number ofCherenkov photons emittedper 
entimeter path length bymonopoles 
arrying a Dira

harge g = gD = 137/2 e and
g = 137 e. The threshold fordire
t Cherenkov radiation is
β ≈ 0.75. Monopoles with
β > 0.52 
an produ
e δ-ele
tronswith enough kineti
 energy to emitCherenkov light.

Monopoles whi
h are dete
table with a neutrino teles
ope are not ne
es-sarily ultra-relativisti
. Monopoles with β < 1 emit Cherenkov light atsmaller angles θC and with smaller intensities (see equation (26)). TheCherenkov threshold in water or i
e is β ≈ 0.75. Monopoles with velo
itiesbelow this threshold 
an still be dete
ted via the Cherenkov emission ofse
ondary ele
trons (δ-ele
trons). With a speed of β ≈ 0.5 or greater, amonopole 
an produ
e δ-ele
trons with su�
ient kineti
 energy to emitCherenkov radiation. Figure 3.12 shows the number of Cherenkov pho-tons emitted by monopoles and se
ondary δ-ele
trons as a fun
tion of themonopole velo
ity. 18



The sear
h for relativisti
 magneti
 monopoles arriving from the oppositehemisphere i.e., those whi
h would be dete
ted as up-going parti
les ina neutrino teles
ope, is almost ba
kground-free. Ba
kground events fromatmospheri
 neutrinos have only a small Cherenkov light yield 
omparedto relativisti
 monopoles and are easily reje
ted. Large atmospheri
 muonbundles in 
ontrast 
an illuminate large areas of the dete
tor. Bundlesindu
ed by 
osmi
 rays of highest energies 
an 
ontain up to tens of thou-sands of muons, spread over a 
ross se
tional area as large hundreds ofsquare meters [99℄. Tra
k re
onstru
tions are more probable to fail onbundle events, sin
e the 
one geometry of the Cherenkov emission is lessregular than the geometry of the emission from only a single tra
k. Theba
kground of mis-re
onstru
ted muon bundles is reje
ted using 
riteriasensitive to the Cherenkov light intensity rather than to the timing of thedete
ted Cherenkov photons. Su
h 
riteria have enough reje
tion power toextend the sear
h to the angular region above the horizon.3.4.4 Catalysis signatureSuper-heavy monopoles (M > 1016GeV) are expe
ted to have velo
itiesaround 10−3c [56℄. Monopole passing through a neutrino teles
ope at su
hsub-relativisti
 speeds might 
atalyze the de
ay of protons and neutrons inthe target matter, mainly as [100℄
p → e+π0 and p → µ+K0,

n → e+π− and n → µ+K−.
(27)The signature of a nu
leon de
ay 
atalyzing monopole would be a series of
losely spa
ed bursts of Cherenkov light, emitted from the de
ay produ
ts,along the monopole traje
tory. The mean free path of the intera
tiondepends on the 
atalysis 
ross se
tion, for whi
h there is no �rm theoreti
alpredi
tion (see se
tion 2.5.4). It may lie in the sub-millimeter range, but
ould also ex
eed meters (in whi
h 
ase neutrino teles
opes 
ease to besensitive [101℄).In a sear
h for sub-relativisti
 monopoles, the main distin
tive feature isthe event duration (i.e., the time span over whi
h Cherenkov light is 
ol-le
ted) rather than the light yield. A 
hallenging ba
kground to this kindof analysis are overlapping atmospheri
 muon events. If muons from inde-pendent air showers 
oin
ide within tens of mi
ro se
onds they may fakethe time 
hara
teristi
s of slowly moving parti
le [101℄.3.5 Experimental boundsSear
hes for relativisti
 monopoles have been 
arried out with the BAIKALneutrino teles
ope [102, 65℄, and with AMANDA-II's prede
essor AMANDA-B106 [103℄. Neither experiment has observed a monopole signal, and bothanalyses yielded upper �ux limits (Figure 3.13). Both experiments have
onsidered monopoles 
arrying one Dira
 
harge and monopole speedsgreater than β = v/c > 0.8. As these analyses were restri
ted to mono-poles from below the horizon, the limits apply to monopoles with massesroughly between 107 and 1014GeV.Strategies for monopoles sear
h with the ANTARES underwater neutrinoteles
ope, whi
h is presently under 
onstru
tion in the Mediterranean, have6The AMANDA-B10dete
tor is a sub-array of AMANDA-II. It 
orresponds to an earlier
onstru
tion stage, when only about half the number of opti
al sensors were deployed.The AMANDA-B10 dete
tor was operated during the year 1997.19



Figure 3.13 � Existing �ux limitsand expe
ted ANTARES sensitivityto the �ux of relativisti
 magneti
monopoles. The limit by BAIKALwas obtained from the analysis ofdata taken during 994 days onwhi
h the dete
tor was operational[102, 65℄. The AMANDA-B10 [103℄was obtained from 179 days e�e
-tive dete
tor livetime, taken during1997. The sensitivities of the fu-ture ANTARES dete
tor to mono-poles above the Cherenkov thresh-old (labeled �ANTARES (1)�) andbelow the Cherenkov threshold (la-beled �ANTARES (2)�) are expe
tedafter 365 days of operation. β
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already been developed. Based on simulations, the ANTARES 
ollabora-tion has investigated the feasibility to dete
t monopoles via their dire
tCherenkov emissions [104℄ and via the emissions from se
ondary δ-ele
trons[105, 106℄. The latter sear
h would be sensitive to monopole velo
itiesdown to β=0.51 (
orresponding to the threshold velo
ity in sea water,above whi
h monopoles 
an produ
e Cherenkov light by δ-ele
trons). Theexpe
ted sensitivity of the ANTARES analyses is shown in Figure 3.13,along with the existing AMANDA-B10 and BAIKAL limits.Sub-relativisti
 monopoles have been sear
hed for with the SUPER-KA-MIOKANDE [107℄, IMB [108℄, BAIKAL [109℄, and MACRO [100℄ exper-iments. No 
andidate events have been observed so far. Due to largetheoreti
al un
ertainties in the 
atalysis 
ross se
tion, the non observa-tions of a signal are di�
ult to translate into a �ux limits. Flux limitsare usually quoted dependent on the monopole velo
ity β and the 
atalysis
ross se
tion σ0 (see equation (19)). 

 

 

 IMB limit, β = 10
-2

 MACRO catalysis limit, β = 5⋅10
-3

 AMANDA-II sensitivity, β = 10
-2

0Figure 3.14 � Expe
ted sensitivityof the AMANDA-II dete
tor to sub-relativisti
 monopoles (β = 10−2)[101℄ 
ompared to limits set by theIMB [108℄ (β = 10−2) and MACRO(β = 5 · 10−3) [100℄. Figure 3.14 shows the limits obtained by MACRO and IMB for an assumedmonopole velo
ity of β = 5−3 and β = 10−2, respe
tively. A sear
h for sub-relativisti
 monopoles with AMANDA-II data is presently being performed[101℄. The AMANDA-II sensitivity expe
ted for the analysis of one yearof experimental data shown in Figure 3.14 for 
omparison.
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4 The AMANDA-II neutrino teles
ope
South 

Pole 

ANTA
R

C
T

I C
AFigure 4.1 � AMANDA is lo
atedon the Antar
ti
 
ontinent, at thegeographi
 South Pole (marked bythe red star).

The Antar
ti
 Muon And Neutrino Dete
tor Array (AMANDA) [64℄ is aneutrino teles
ope that is deployed and operated on the Antar
ti
 
ontinentat the geographi
 South Pole (Figure 4.1). The almost three kilometers-thi
k i
e sheet 
overing the 
ontinental bedro
k serves as Cherenkov medium.Be
ause of its purity and low temperature7, the Polar i
e provides an idealenvironment for operating photo-multiplier-tubes, and its solid surfa
e isadvantageous for the installation, operation, and maintenan
e of a neutrinoteles
ope. The full AMANDA-II dete
tor 
omprises more than 600 light sen-sitive opti
al modules (OMs), ea
h 
onsisting of an 8-in
h photomultipliertube and supporting ele
troni
s in a transparent pressure housing. Mostof the OMs are deployed at depths greater than 1500m below the sur-fa
e (Figure 4.2). Power is supplied from the surfa
e via ele
tri
al 
ables,whi
h, in some OMs, are also used for signal transmission. Other OMsare read out via opti
al �ber. The low dark noise rate of the OMs (beingoperated in a 
old in sterile environment) permits to use a simple majoritytrigger that is implemented in the surfa
e ele
troni
s. With the spe
i�
trigger 
onditions presently used, AMANDA re
ords atmospheri
 muons atan average rate around 90Hz. The tra
k re
onstru
tion a

ura
y for muonsindu
ed by neutrinos of TeV energies is around two degrees after applyingstandard quality 
riteria [111℄. Presently, atmospheri
 muon-neutrinos 
re-ated in the northern hemisphere are dete
ted at an average rate of ∼4 perday [111℄. AMANDA-II in its �nal 
on�guration has been operational fromthe beginning of the year 2000 on. The data 
olle
ted so far permitted tomeasure the spe
trum of atmospheri
 neutrinos, pla
e limits on the �ux ofextra-terrestrial neutrinos, and probe physi
s beyond the Standard Model.
1500 m

2000 m

2500 m

1000 m

50 m

Figure 4.2 � Arrangement ofAMANDA-II OMs (bla
k dots).The sket
h of the Ei�el tower (trueto s
ale) is to illustrate the size ofthe dete
tor.

4.1 The dete
tion medium: South Polar i
eThe parti
le tra
ks in a neutrino teles
ope are re
onstru
ted from theCherenkov light pattern, mapped with a sparse matrix of opti
al sensors.Photons in AMANDA typi
ally propagate some tens of meters before hit-ting an opti
al module. Tra
k re
onstru
tion, therefore, requires a goodunderstanding of light propagation in the Cherenkov medium. Quanti-tative modeling of light propagation involves two mi
ros
opi
 pro
esses:S
attering and absorption of photons, whi
h generally depend on the pho-ton wavelength. The AMANDA opti
al modules are sensitive to visible andultra-violet light with wavelengths from 300 to 600 nm. In this wavelengthinterval, deep South Polar i
e is extremely transparent, and both s
atteringand absorption mainly arise from dust impurities. The dust 
on
entrationshows a depth dependen
e, as the Polar gla
ier has a

umulated over mil-lennia as small annual snowfall. Dust impurities at 
ertain depths (andhen
e the propensity of the i
e to s
atter and absorb photons) tra
e theimpurities whi
h were present in the Antar
ti
 air and whi
h pre
ipitatedin snow�akes at a 
ertain epo
h.The opti
al properties of the Polar i
e have been measured in situ, usingvarious arti�
ial light sour
es that were deployed at depth together withthe OMs. These measurements, together with empiri
al parameterizationsof the variations of s
attering and absorption with wavelength, allowed to7about −20◦C between depths of 1500-2000m [110℄21



model the light propagation in Polar i
e at depth between 1100 and 2350mthroughout the wavelength range from 300 nm to 600 nm.4.1.1 AbsorptionThe Polar i
e is remarkably transparent to light at visible wavelengths andnear ultraviolet. With absorption lengths of 100 meters and more, it ismu
h 
leaner than any i
e grown under laboratory 
onditions. Figure 4.3shows the the measured absorptivity (de�ned as the re
ipro
al absorptionlength) for several wavelengths between 300 and 600 nm and at depthsof 1655, 1675, and 1755 meters. Absorptivity is minimal around 400 nm,rea
hing values as low as 10−2m−1. This is a fa
tor two lower than ab-sorptivities measured in deep sea water [112℄. The wavelength dependen
yis in ex
ellently des
ribed by the empiri
al, Three-
omponent model [113℄a

ording to whi
h there are three 
ontributions to absorptivity:1. light absorption due to an ele
troni
 band gap in the in the i
e 
rystal,whi
h dominates absorption in the far ultraviolet (λ < 200 nm),2. absorption due to ex
itation of H20 mole
ules, whi
h is dominate inthe infrared (λ > 500 nm), and3. light absorption due to impurities, su
h as dust grains inherent inthe i
e.100 200 300 400 500 600 700 800 900 1000
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Figure 4.3 � Wavelength depen-den
e of absorptivity in i
e. Mea-surements in Polar i
e (red mark-ers) [114℄ show ex
ellent agreementwith the �Three-
omponent model�(bla
k line) [113℄. Measurementsfor i
e grown from pristine H20under laboratory 
onditions (graymarkers) are shown for 
omparison.Taken from [114℄.
In the wavelength interval between 200 and 500 nm, pure i
e is extremelytransparent, and absorptivity depends almost solely on the 
on
entrationof impurities. At depths around 1000m and below 2000m, the dust 
on-
entration are lowest and absorption lengths well in ex
ess of 100 metersare rea
hed.4.1.2 S
atteringThe geometri
 s
attering length (the photon mean free path, λs) in SouthPolar i
e is of the order of meters, mu
h shorter than the absorption length.If the s
attering were isotropi
 (i.e., photons were s
attered in all dire
tionswith equal probability), λs would be the length s
ale over whi
h the initialphoton dire
tion is randomized. However, in South Polar i
e, s
attering ispreferentially forward. In this 
ase, the randomization length s
ale is givenby the �e�e
tive s
attering length� 8 (the transport mean free path),

λe =
λs

1 − 〈cosΘ〉 , (28)with 〈cosΘ〉 being mean s
attering angle. The mean s
attering anglemainly depends on the size of the s
atting 
enter. For s
attering on dustgrains abundant in South Polar i
e, the average 〈cosΘ〉 is 0.94 [115℄, and
onsequently λe is signi�
antly greater than λs. Apart from dust grains,sub-millimeter-sized air bubbles trapped in the i
e 
an s
atter photons.For s
attering on air bubbles, the average 〈cosΘ〉 is 0.75. Air bubbles areresponsible for a dramati
 de
rease of the s
attering length above∼1400m.The strong s
attering at these shallower depths was the main reason to de-ploy AMANDA-II in deep i
e, below 1500m. Here, due to the high pressure,8For a 
ollimated light beam in a non-absorbing medium, λe has a natural interpre-tation: It is the distan
e along the original inje
tion dire
tion after whi
h the net �uxin that dire
tion is zero. 22



air bubbles underwent a phase transition from the gas phase to solid airhydrate 
rystals [116℄. The refra
tive indi
es of air hydrate and of normali
e are almost identi
al [117℄, and 
onsequently, light passes through airhydrate 
rystals with almost no s
attering.The measured e�e
tive s
attering length in South Polar i
e below 1500mvaries between 15 and 50 meters and depends on wavelength and on depth[114℄. The wavelength dependen
y of s
attering 
an be modeled with apower law as 1/λe ∝ λ−α [115℄, with α ≈ 0.9. The numeri
al value ofthe index α was derived from measurements [114℄. For ultra-violet light,the average λe is around 20m. Like absorption, the depth dependen
e ofs
attering follows the 
on
entration of dust impurities in the i
e.
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Figure 4.4 � Absorption length(bla
k) and s
attering length (red)at depths between 1300 and2200m. The depth range on theabs
issa is relative to the 
enter ofthe AMANDA dete
tor, lo
ated at1730m. Ea
h graph 
orresponds tothe s
attering or absorption lengthfor one parti
ular wavelength be-tween 300 and 600 nm. Taken from[118℄.

Figure 4.4 shows the depth dependen
e of the s
attering and absorptionlengths in the depth range 1300 to 2200 meters for wavelengths of 300 to600 nm.4.2 Deployment and dete
tor geometryAMANDA-II, in its �nal state, 
onsists of 677 opti
al modules (OMs). Mostof the OMs are 
ontained in a 
ylindri
al volume of 500m height aroundthe dete
tor 
enter, whi
h is lo
ated 1730m below the surfa
e. The OMsare arranged on 19 verti
al strings. During 
onstru
tion, the strings werelowered into water �lled holes, drilled with pressurized hot water to a depthof at least 2000m. Two days after deployment, the OMs were frozen per-manently into pla
e. Their relative lo
ation after re-freezing 
ould be de-termined to within less than a meter. Figure 4.5 shows a s
hemati
 view ofstring lo
ations in the horizontal plane.9 The strings are arranged roughlyin three 
on
entri
 
ir
les of 80, 160 and 200 meter diameter respe
tively,with one additional string in the 
enter. The strings are numbered a

ord-ing to the 
hronologi
al order of their deployment. OMs are numbered also
hronologi
ally. Within ea
h string, the OM number is in
remented within
reasing depth.Strings 1-4 (OM1 - OM86), lo
ated in the inner part of the dete
tor,were deployed �rst (Austral summer 1995/96). Ea
h 
ontain 20 OMs at averti
al spa
ing of 20m. These four strings 
over the depth range 1500 
m to2000m. The 
entral string (string 4) 
omprises six additional OMs, whi
hwere deployed for test purposes. The OMs are lo
ated at the bottom ofthe string and are not used for physi
s analyses.Strings 5-10 (OM87 - OM302) were deployed in 1996/97. Ea
h string
arries 36 OMs with a verti
al spa
ing of about 10m. These strings area little shorter than strings 1-4 and 
over a depth range from 1500m to1800m. 1

2

345
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16 17
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19

200 mFigure 4.5 � Arrangement of the19 AMANDA-II strings in the hori-zontal plane. The string numbering
orresponds to the order in whi
hthere were deployed.
Strings 11-13 (OM307 10 - OM344) were deployed in 1997/98. Thesestrings extend the depth range of the dete
tor by ∼350m in both upwardand downward dire
tion. In the 
entral region (1500m - 2000m), ea
hstring 
ontains 26 OMs, spa
ed by 20m. Up to 16 additional OMs perstring are deployed with larger verti
al spa
ing in the upper and lowerextensions. The main purpose of these OMs was to explore the opti
alproperties of the i
e over a larger depth range, in anti
ipation of the future9A detailed OM map showing the verti
al OM spa
ing for ea
h parti
ular string isshown in Figure 6.3 in se
tion 6.2.1.10OM303, 304, 305, and 306 are missing due to time pressure at deployment23



I
eCube dete
tor. OMs on the upper and lower string extensions are usuallynot used in physi
s analyses.Strings 14-19 (OM345 - OM681) were deployed during Austral summer1999/2000. Ea
h string 
omprises 43 OMs at a verti
al spa
ing of 15m.Five of the strings 
over the 
entral range from ∼1500m. to ∼2000m.String 17, unintentionally, ranges from ∼1000 to ∼1500m. During deploy-ment, this string got stu
k in its bore-hole, whi
h was re-freezing fasterthan expe
ted.4.3 The opti
al moduleEa
h OM 
onsists of an 8-in
h photomultiplier tube (PMT) and its base,en
losed in a pressure resistant glass sphere, to whi
h they are opti
ally andme
hani
ally 
oupled with transparent, refra
tion index adapted sili
on gel(Figure 4.6). Most OMs are also equipped with a nylon ball, lo
ated eitherinside (strings 11-19) or outside (strings 1 to 10) the pressure sphere, whi
his 
onne
ted to the surfa
e via an opti
al �ber. The nylon ball serves aslight di�user for laser signals that are transmitted from the surfa
e for
alibration purposes.The PMTs are operated at a high gain, typi
ally 109, to make it possible todistinguish single photo-ele
tron pulses from dark noise after attenuationover 2 km-long 
ables.
silicon gel

photomultiplier

pressure sphere

main cable

metal harness

HV divider

light diffuser ballFigure 4.6 � The opti
al module. Sensitivity: The OMs are sensitive to light with wavelengths between300 and 600 nm. The limit at long wavelengths is set by the de
line inphoto 
athode quantum e�
ien
y, whi
h is maximal (∼22%) at wavelengtharound 390 nm and falls below 1% around 600 nm [119℄. The short wave-length limit is set by the transmission properties of the glass spheres (Fig-ure 4.7). After using �rst generation spheres for strings 1-4, with a 
ut-o�transmittan
e (<5%) 
lose to 340 nm, se
ond generation spheres with bet-ter transmission properties (∼65% at 340 nm) were used for strings 5-19.The λ−2 wavelength spe
trum of Cherenkov light, when 
onvoluted withthe glass transmission 
hara
teristi
s and the PMT quantum e�
ien
y,results in an OM sensitivity maximum near 400 nm, where, in
identally,Polar i
e is most transparent.0
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Figure 4.7 � Wavelength depen-den
y of glass transmission (�rstgeneration pressure spheres) andPMT quantum e�
ien
y, 
omparedto the absorption length in Polari
e. From [120℄. Dark noise rates: Being operated in 
old and sterile environment, theOM dark noise rate is dominated by the radioa
tivity inherent in the glass.The se
ond generation pressure spheres, used in strings 5-19, have superiortransmittan
e, but a higher 
ontamination of radioa
tive 40K, resulting ina noise rate around 1.5 kHz, substantially higher than the 300-500Hz noiserate in the �rst generation OMs.Afterpulsing: Afterpulses o

ur if residual gas atoms in the PMTs areionized by the ele
tron 
as
ade between the dynodes. Be
ause of theirhigher mass, positive gas-ions drift towards the 
athode more slowly thanele
trons drift towards the Anode. The pulse 
aused by positive ions whenhitting the 
athode is delayed relative to the ele
tron pulse by a PMT-spe
i�
 drift-time, whi
h mainly depends on the geometry of the tubes. InAMANDA-PMTs, afterpulses happen typi
ally about 6µs after the mainsignal. The probability for afterpulsing to o

ur is proportional to thenumber of initial photoele
trons. 24



Signal readout: The step-wise deployment of AMANDA-II also wentalong with an improvement of PMT signal transmission te
hniques. TheOMs on strings 1-4 are 
onne
ted to the surfa
e with 
oaxial 
ables, whi
his highly dispersive and has a strong attenuation. Typi
al single photo-ele
tron pulses have amplitudes around 1V and a width of 10 ns. Aftertransmission to the surfa
e through 
oaxial 
able, pulses have amplitudesof only a few milli-Volts and are up to 600 ns wide [119℄. Coaxial 
ables,however, have the advantage of being insensitive of �
ross-talk�, i.e., noisepi
k-up from pulses in adja
ent 
ables by indu
tion.In strings 5-10, the 
oaxial 
ables were repla
ed by twisted pair 
ables,whose dispersion and attenuation is lower by roughly a fa
tor of three[121℄. Single photo ele
tron pulses from these OMs have widths of 100 -200 ns and have a

ordingly higher amplitudes. Cross-talk is an additionalsour
e of noise in these strings. The origin of the 
ross talk is not fullyunderstood. Cross Talk patterns were studied in great detail [122℄, and we
an say that a least a portion of the 
ross-talk happens between adja
ent
ables during transmission to the surfa
e.11Opti
al modules on the outer strings (strings 11-19) are read out via op-ti
al �ber. A Light Emitting Diode (LED) lo
ated inside ea
h moduletransforms the PMT pulse into a light pulse, whi
h is then transmitted tothe surfa
e through an opti
al �ber. As the �ber is essentially dispersion-free, a nearly identi
al 
opy of the original pulse 
an be produ
ed at thesurfa
e with a photo-diode (Figure 4.8), and pulses with separation of aslittle as 10-15 ns 
an be resolved. Also, the problem of 
ross-talk duringsignal transmission is eliminated. However, the opti
al �bers have provensomewhat more vulnerable to damage during refreezing after deployment,with a loss rate of nearly 10%. Those OMs whose �bers were brokenare read out via twisted pair ele
tri
al 
able, with however slightly worsetransmission properties than the 
able used for strings 5-10.12 Figure 4.8 � PMT pulse before(bla
k) nd after (blue) transmissionover 2 km opti
al �ber. From [121℄.PMT jitter: The the transit time of the ele
tron 
as
ade through the tubeshows variations, referred to as the PMT jitter. Deviations from the meantransit time are approximately Gaussian, with the width of the Gaussiandepending on the geometry of the tube and arrangement of the dynodes[119℄. For the 12 dynode PMTs used in AMANDA, the jitter is about 2.5 ns[124℄.4.4 Surfa
e ele
troni
sAfter transmission to the surfa
e, the PMT pulses are ampli�ed. Ele
tri-
ally transmitted pulses are ampli�ed with so-
alled SWedish AMPli�ers(SWAMPs), opti
ally transmitted pulses are ampli�ed in Opti
al Re
eiverBoards (ORBs). Both types of ampli�ers have dual output. One output
hannel is used to build the trigger and measure the timing of the arriv-ing PMT pulses (
hannel A), the other one is used to measure the pulseamplitude with a peak sensing ADC (
hannel B, see Figure 4.9).In 
hannel A, the ampli�ed PMT pulses are fed into a 
onstant-thresholddis
riminator. The dis
riminator produ
es re
tangular pulses of prede-�ned hight, starting when the input voltage rises above threshold and end-ing when it falls below it. One 
opy of the dis
riminator output is given11There are strong indi
ations that 
ross-talk also happens within the surfa
e ele
-troni
s. Surfa
e 
ross-talk patterns have however never been investigated in detail.12Twisted pair 
ables used as ba
kup readout in strings 11-19 is thinner than the onesused in strings 5-10 [123℄. 25



Figure 4.9 � S
heme of theAMANDA surfa
e ele
troni
s.From [125℄.
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to the Multipli
ity ADDer module (MADD)13, whi
h is used to form themultipli
ity trigger, another 
opy is given to a multi-hit Time to DigitalConverter (TDC) to re
ord the starting and ending times of the pulses.4.4.1 Multipli
ity triggerMost physi
s analyses use the data stream de�ned by a 24-fold majoritytrigger. An event is triggered if pulses from at least 24 OMs are re
eived atthe surfa
e within a 
oin
iden
e window of 2.5µs. The MADD module inthe trigger logi
 stret
hes the in
oming pulses to 2.5µs lengths. When thesum of the stret
hed signals rises above the multipli
ity threshold (whi
hwas set to 24 during the year 2000), a trigger is issued. In addition to themultipli
ity trigger, other triggers are implemented (logi
al OR): A so-
alled string-
orrelation trigger, optimized for low energy events, requiresseveral neighboring OMs in one string to �re in 
oin
iden
e. AMANDA 
analso be triggered externally from the SPASE air shower array [126℄, lo
atedat the surfa
e.4.4.2 Timing measurement: Time to Digital Converter (TDC)
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Figure 4.10 � Distribution of pulseleading edges of atmospheri
 muonevents. Most of the hits attributedto the a
tual event o

ur in a smalltime interval, about [-2µs ,5 µs℄around the trigger time (around22000 ns). Earlier hits are due todark noise, later ones are predom-inantly due to afterpulsing of thePMTs. The ADC gate is open dur-ing the time span where most pho-ton hits from 
rossing relativisti
parti
les are expe
ted.

The TDCs used to measure the pulse timing have a bu�er depth of 16 edges(
orresponding to eight pulses ea
h 
omposed of a leading and a trailingedge), and a bu�er length of 32µs. The TDC bu�ers are read out whenthey re
eive a 
ommon stop signal, whi
h is issued 10µs after the trigger.The TDCs provide the timing information of PMT pulses from 22µs beforeto 10µs after the trigger. This readout window is mu
h longer than theduration of a typi
al event. Hits due to the passage of a relativisti
 parti
leare spread over a few mi
ro se
onds around the trigger time (Figure 4.10).Hits re
eived during the �rst 15µs of the interval are related to either PMTnoise or to radioa
tivity in the glass spheres. The hit rate observed in thistime window is used to determine (and monitor) the noise rates of individ-ual OMs. In general, ea
h OM in an event will produ
e a series of pulses,
orresponding to several photoele
trons produ
ed at the photo
athode. Ifmore than eight pulses arrive within the 32µs bu�er window, the respe
-tive OM is �agged as �over�owed�. Two di�erent types of TDCs are used inAMANDA, whi
h slightly di�er in their over�ow behavior. Strings 1-10 are
onne
ted to CAMAC TDCs; strings 11-19 are 
onne
ted to VME TDCs.In both types of TDCs edges are kept for 32µs and then 
leared. If thebu�er has �lled up and a new edge arrives,� the CAMAC-TDC will dis
ard the oldest edge in favor of the newedge, whereas� the VME TDC will keep the �rst 16 edges and ignore any new edge.13In pra
ti
e, the dis
riminator and and the MADD are realized within one singleele
troni
s unit, the DMADD (Dis
riminator Multipli
ity ADDer).26
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Figure 4.11 � Time 
orrelations be-tween trigger, ADCs and TDCs. Atthreshold 
rossing time of ea
h am-pli�ed PMT pulse (A), a re
tan-gular pulse of 2.5 µs length is 
re-ated (B). If the sum of these pulses(C) 
rosses a 
ertain threshold (24in AMANDA-II), a trigger is issued,and the ADC gate (D) is openedfor 10 µs. After these 10µs, theTDCs re
eive the 
ommon stop sig-nal (E). The input to the ADCs isdelayed by 2µs 
ompared to theTDC inputs, and the ADCs are sen-sitive 2µs before and 8µs after thetrigger time (F). The TDCs in 
on-trast keep re
ord of the pulse lead-ing and trailing edges 22µs beforeand 10 µs after the trigger time (G).While this subtlety is of minor interest in standard neutrino sear
hes, wherethe average signal event produ
es no more than a 
ouple of photoele
trons,it is of parti
ular importan
e for the analysis of very bright events. Espe-
ially the OMs in the inner part of the dete
tor (strings 1-10, whi
h are
onne
ted to CAMAC-TDCs) have a high probability to produ
e after-pulses. In bright events, the timing information 
arried by uns
atteredphotons (whi
h enables an a

urate tra
k re
onstru
tion) is overwrittenby after pulses or hits from highly s
attered photons, whi
h 
ontain noinformation about the parti
le dire
tion.4.4.3 Amplitude measurement: Analog to Digital Converter (ADC)The ampli�er output from 
hannelB of the SWAMPS is delayed by 2µs andthen fed into a peak-sensing Analog to Digital Converter (ADC) to mea-sure the pulse amplitude. The ADC is operated with a 10µs-wide gate.The gate is opened by the trigger signal, su
h that, due to the delay, theADC is sensitive 2µs before and 8µs after the trigger (Figure 4.11). Whilethe TDC bu�er depth is mu
h longer than the duration of an a
tual event,the time interval over whi
h the ADCs are sensitive is 
hosen su
h that itbra
kets the time interval in whi
h hits due to Cherenkov photons from arelativisti
 parti
le are expe
ted (
f. Figure 4.10).The ADCs used in AMANDA are peak-sensing, that is, in 
ase an OM seesmultiple pulses, only the largest amplitude is re
orded, and the rest ofthem will be lost. In this 
ase, there is an ambiguity in assigning the peakamplitude to one parti
ular hit in the OM. Be
ause the probability of oftwo or more highly s
attered photons arriving at a module simultaneouslyis very small, the amplitude is usually assigned to the �rst pulse in theseries, and subsequent pulses are assumed to be single photo ele
trons. Inele
tri
ally read out OMs, dispersion 
an 
ause several subsequent pulsesto merge into one, and, in general, the resulting amplitude is not just thesum of the amplitudes of the 
ontributing pulses (Figure 4.12). Sin
e thepulse shape information is not re
orded, the true number of photoele
trons27



Figure 4.12 � Multi-photoele
tronpulses in AMANDA. Two single-photoele
tron pulses arriving attimes t1 and t2 
an easily mergeinto one pulse, due to dispersion. In
ase of two separate pulses, only thehighest amplitude will be re
orded.Therefore, re
orded amplitude is nota dire
t measure the number of ini-tial photo ele
trons (adapted from[127℄).
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initially 
reated at depth 
annot be retrieved.14 Nevertheless, the peakamplitude provided by the ADCs will be 
orrelated to the amount of lightinitially seen by an OM.4.4.4 The data a
quisition system (DAQ)For ea
h triggered event, pulse data for all �red OMs (or 
hannels) iswritten to disk and magneti
 tape, along with the time at whi
h the triggerwas issued. The trigger time is taken from a GPS 
lo
k.15 An event, readyfor analysis, 
ontains the following information:� The trigger time, and the parti
ular trigger 
ondition that was ful-�lled. In 
ase multiple triggers were issued, the event 
ontains mul-tiple trigger times.� The starting and ending time of ea
h pulse (leading and trailing edge)within the 32µs-readout window of the TDCs,� One peak amplitude per 
hannel from the ADCs,14In prin
iple, one 
ould use both, pulse amplitude and width (time span betweenleading and trailing edge) to re
onstru
t the number of photo ele
trons. However,the dete
tor simulation does not reprodu
e dispersion of pulses from individual OMsa

urately: While the extend of smearing in reality will depend on 
able length (i.e.,depth), the simulation uses template PMT pulse shapes that are independent of depth(see se
tion 5.1.2).15A se
ond data a
quisition system (the TWR DAQ) based on Transient WaveformRe
orders has been operational from 2003 on. PMT pulses are digitized at the surfa
e,and the full �wave form� is re
orded. Both data a
quisition systems were operated inparallel until 2006/2007, when the 
onventional system was �nally de
ommissioned.28



� One over�ow bit per �red 
hannel, whi
h is set to true in 
ase theTDC has re
orded more than 16 edges.4.4.5 Dead timeWhile TDCs and ADCs are being read out, they are not able to 
olle
tdata. During this time the data a
quisition is blo
ked: a veto inhibitsthe a

eptan
e of further triggers. The amount of this dead-time duringdata taking depends on the frequen
y at whi
h events are triggered andwritten out. At an average trigger rate of 90Hz, the dete
tor is �dead� fora fra
tion of 17% of the data taking time.4.5 CalibrationThe passage time of a relativisti
 parti
le through AMANDA-II is of theorder of mi
ro-se
onds. Tra
k re
onstru
tion requires the times at whi
hphoto-ele
trons are produ
ed at depth to be known with nanose
ond pre-
ision. In order to retrieve the a
tual hit times, the pulse leading edges(as re
eived by the surfa
e DAQ) have to be 
orre
ted for 
able delay anddispersion. The number of initial photele
trons is inferred from the ADCvoltage.4.5.1 Time 
alibration
100 mV thresholdLE 1 LE 2Figure 4.13 � Slewing 
orre
tion ofleading edges. Due to dispersion,higher amplitude pulses will 
rossthe the �xed dis
riminator thresh-old earlier. As the rising of the pulse
an be des
ribed by a parabola[119℄, the slewing 
orre
tion is pro-portional to 1/
√

VADC.The time at whi
h photoele
trons were produ
ed at depth (tOM) 
an beretrieved from the leading edge times at the surfa
e (tLE) with adequatea

ura
y as:
tOM = tLE − α√

VADC

− t0. (29)The 
onstant t0 is the pulse transit time through ele
tri
al 
able or opti
al�ber. The term α/
√

VADC is the so-
alled slewing-
orre
tion (see Figure4.13). It 
orre
ts for the amplitude dependent pulse rise time: If two pulseso

ur at the same time but have di�erent amplitudes, the pulse with thehigher amplitude will 
ross the 
onstant dis
riminator threshold earlier. t cable

t fiber

t total

laser
stop start

t transport

OMel
ec

tr
ic

a
l 

ca
b
el

fib
er

diffuser

ballFigure 4.14 � Time 
alibration. the
able delay is measured from thetime di�eren
e between the emis-sion of a laser pulse (start) at theand the leading edge re
eived atthe surfa
e (stop). The transmis-sion time of the light pulse (tfiber)and the photon propagation time(ttransport) are 
al
ulable from the�ber length and distan
e from thedi�user ball to the OM. From [128℄.

Both 
onstants, t0 and α, are OM-spe
i�
 and are measured annually dur-ing the summer maintenan
e period: Light pulses of varying intensity froma YAG laser lo
ated at the surfa
e are transmitted through an opti
al �berand released near the OM (Figure 4.14). A linear �t to the distribution tLEversus 1/
√

VADC, gives a total time o�set t′0 and the slope α. The a
tual
able delay t0 is 
al
ulated from t′0 by subtra
ting the transit time of thelight pulse (tfiber) and the photon travel time from the di�user ball, fromwhi
h the light was released, to the OM (ttransport).Generally, the hit times retrieved from the surfa
e leading edge times a
-
ording to equation (29) are a

urate to within ∼5 ns. However, in 
asean OM has seen a series of hits, the slewing 
orre
tion is stri
tly 
orre
tonly for one of them. During 
alibration, one therefore applies the slewing
orre
tion for the peak ADC value to earlier hits (whi
h are most likelydue to un-s
attered photons) and 
orre
ts later hits for the rise time of aone-photoele
tron pulse.
29



4.5.2 Amplitude 
alibrationThe number of photoele
trons (NPE) that 
ontributed to a PMT pulse 
anbe inferred from the pulse amplitude measured at the surfa
e (VADC) as
NPE = (VADC − Vpedestal) · β, (30)where Vpedestal is a 
onstant voltage o�set. Both β and Vpedestal are OMspe
i�
. Unfortunately, the ADC pedestals are not known. They were onlyestimated after 2003 from 
omparisons between data from the 
onventionalDAQ (des
ribed above) and a se
ond DAQ based on Transient WaveformRe
orders that had been installed in the Polar season 2002/2003 [129℄.These 
omparisons indi
ate that the ADCs have negative pedestals, whi
hlie around -20mV for stings 1-4, -30mV for strings 5-10, and -40mV forstrings 11-19.ADC voltage [mV]
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Figure 4.15 � Distribution of theADC voltage in trigger level datafor one parti
ular OM. The voltage
orresponding to a single photoele
-tron hit is determined from the peakposition of this distribution. The 
onstant β is inferred from ADC voltage observed for single photoele
-tron pulses, V1PE. As the vast majority of pulses observed in atmospheri
muon events is due to single photoele
trons, V1 PE is simply determinedfrom the peak position in the ADC voltage distribution in trigger leveldata (Figure 4.15).4.6 Trigger rateAMANDA-II is taking data 
ontinuously frommid February to early Novem-ber, annually. During the Austral summer the dete
tor undergoes mainte-nan
e and 
alibration. Figure 4.16 shows the trigger rate over four yearsof data taking (2000 to 2003). The maintenan
e periods are 
learly visi-ble as gaps where no data are available. The annual modulation in therate, i.e., de
rease towards Austral winter and the subsequent rise to-wards Austral summer is due to seasonal temperature variations in theatmosphere whi
h a�e
t the atmospheri
 muon rate. This behavior iswell understood [130, 131℄. The jump in the trigger rate at the end ofSeptember 2002 (around day 1000) was 
aused by sudden warming in theStratosphere above the Pole (see appendix A). In normal operation,the AMANDA DAQ is 
ontinuously 
olle
ting data in 24 hour intervals(so-
alled runs), in-between whi
h the DAQ reset and restarted.Data are written at a rate of some tens of kilobytes per se
ond, dependingon the year and season. Ea
h �le is approximately 10 minutes livetimeequivalent. The AMANDA monitoring system [132℄ 
ontinuously surveysand evaluates the stability of all hardware 
omponents on a �le-by-�lebasis.Figure 4.16 � Deadtime-
orre
tedtrigger rate from January 1st 2000to De
ember 31st 2003. SeveralOMs that were malfun
tioning in2000 were re
overed during Australsummer 00/01, whi
h lead to a sub-stantial in
rease in the trigger rate.  2000
st

day from Jan 1
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4.7 Dete
tor monitoringDuring regular dete
tor operation, the South Pole is ina

essible (owing tothe Antar
ti
 winter), and the data quality is monitored remotely from thenorthern hemisphere [132℄. In order to diagnose potential hardware failuresat an early stage, the monitoring system surveys (among other things):� Trigger rates and dead time� OM spe
i�
 parameters (monitored for ea
h OM):- the dark noise rate (determined from the TDC hit rate over the15µs of the TDC bu�er)- the total TDC hit rate- the total ADC hit rate- the position of the single photoele
tron peak in the ADC voltagedistribution
channel number
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Figure 4.17 � Dark noise rates ofall OMs in the dete
tor. A fra
-tion of the OM show an abnormallyhigh noise rate, others have zero hitrates. Also visible is the di�eren
ein the dark noise rate between OMwith �rst generation glass spheres(
hannel numbers <= 86) and se
-ond generation OMs. Noise ratesare determined from the hit ratere
orded over the �rst 15µs of theTDC bu�er [133℄. Figure takenfrom the monitoring system [132℄.
Hardware failures whi
h require intervention by the winter-over 
rew16are rare. Monitoring information is hen
e predominantly used o�ine forsele
tion of data whi
h meet quality standards for various physi
s analyses.The distribution shown in Figure 4.17 was generated with the AMANDAmonitoring system. It shows the dark noise rates of all OMs in the dete
tor,averaged over one �le (≈10 minutes of livetime). The dark noise rates aredetermined from the hit rate re
orded over the �rst 15ms of the TDCbu�er window. Correlated in
rease of the noise rates for groups of OMsis the prime reason to ex
lude 
ertain data �les (or even entire runs) fromthe physi
s analysis.4.8 Removing ele
troni
 noiseEvents re
orded by the DAQ 
ontain a 
ertain fra
tion of hits due to varioustypes of ele
troni
 noise. In extreme 
ases, the majority of hits, or eventhe entire event, is due to ele
troni
 noise. Although the exa
t origin ofthese artifa
ts is not always understood, these hits or non-physi
s events
an be identi�ed.4.8.1 Hit 
leaningThere is a variety of strategies to reje
t noise hits. The exa
t hit-
leaningpro
edure varies for di�erent analysis purposes, but the general strategy isas follows.Time window 
leaning: Hits due to Cherenkov photons arrive withina short time interval of a few µs of the TDC bu�er around the triggertime. Noise hits are reje
ted by sele
ting hits within this time interval.The exa
t 
hoi
e of the interval depends on the analysis purpose. Tra
kre
onstru
tion, for instan
e, requires the event to 
onsist mostly of un-s
attered Cherenkov photons, and hen
e, the time interval is usually 
hosento be relatively narrow. For assessing the total light yield of an event by
ounting hits, one uses a broader interval in order to in
lude hits fromphotons delayed by s
attering (or even after-pulses).31
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TOT [ns]Figure 4.18 � TOT distribution for an OM whi
h is read out via 
oaxial ele
tri
al 
able (left panel), an OM whi
h isread out via twisted pair ele
tri
al 
able (middle), and an OM whi
h is read out via �ber opti
s (right). The peak due tosingle-photoele
tron hits lies around 500 ns for the 
oaxial readout, around 200 ns for the twisted-pair readout, and around30 ns for the opti
al readout. Pulses with signi�
antly shorter TOT values are due to ele
troni
 noise. From [134℄.TOT 
leaning: Pulses due to ele
troni
 noise are typi
ally mu
h shorterthan those due to photo-ele
trons. Requiring a minimum TOT value e�-
iently removes noise hits. The TOT threshold is set individually for ea
hOM, depending on its TOT 
hara
teristi
s. The TOT 
hara
teristi
s ofan OM mainly depends on the signal transmission. Example TOT distri-butions for OMs whi
h are read out via 
oaxial or twisted-pair ele
tri
al
ables and opti
al �ber, are shown in Figure 4.18. The minimum TOTrequired for OMs of the same transmission type are very similar. Typi
alvalues are 150 ns for OMs read out via 
oaxial 
able, 75 ns for OM readout via twisted pair 
able, and 5 ns for those read out via an opti
al �ber.Amplitude 
ut: Ele
troni
 noise hits typi
ally have amplitudes smallerthan single photoele
tron hits. Analyses that aim at dete
ting moderatelysignals events (as for instan
e neutrinos with TeV energies) keep only hitsin 
hannels with a minimum peak amplitude of 0.1 photoele
trons. Thethreshold 
an be higher in analyses that sear
h for extremely bright signals.Isolation 
ut (RT -
leaning): Contrary to hits from Cherenkov photons,noise hits o

ur un-
orrelated in time and lo
ation within the dete
tor.Noise is e�
iently redu
ed by requiring ea
h hit to be 
oin
ident with atleast one more hit within a 
ertain time and spatial distan
e. A maximumdistan
e of R = 100m and a time interval of T = ±500 ns are 
ommonvalues to de�ne the 
oin
iden
e window.Cross talk 
leaning: Cross talk is one type of ele
troni
 noise whi
hpreferably o

urs in strings 5-10, where twisted pair 
ables are used forsignal transmission. Capa
itative 
oupling between adja
ent 
ables leadsto additional non-photon signals in parti
le indu
ed events. This type of
ross talk o

urs between OMs lo
ated in the same string. By nature, 
rosstalk hits are 
orrelated in both time and spa
e with the a
tual photon hits,and hen
e their reje
tion is more 
ompli
ated.Talker
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120 130 140 150 160Figure 4.19 � Cross talk map forstring 6 (OM 123 to 158). Ea
hmarker indi
ates where a talker-re
eiver -pair was identi�ed [122℄. Pairs of 
ross-talking OMs (so-
alled talker - and re
eiver -pairs) are iden-ti�ed using the dete
tor 
alibration data [135℄: During 
alibration, thehigh voltage of all OMs but one (the one that is being 
alibrated) is turneddown. The a
tive OM (the talker) is �red through a pulse of laser light, andthe entire dete
tor is read out. Those OMs for whi
h hits are re
orded al-though their high voltage is turned down are likely to re
eive 
ross-talk hitsfrom the talker -OM also during parti
le indu
ed events. Figure 4.19 showsa map of talker and re
eiver OMs in string 6. High level hit-
leaning (see16About 50 people spent the winter at the Amundsen S
ott South Pole Station, main-taining a variety of s
ienti�
 equipment and dete
tion set-ups. Two or three �winter-overs� are responsible for the AMANDA and I
eCube neutrino teles
opes.32



se
tion 7.2.1) usually removes hits in re
eiver OMs if they were re
ordedin 
oin
iden
e with a hit in an OM that is known to be a talker to thisparti
ular OM.
TOT [ns]

A
D

C
 [

m
V

]

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 100 200 300 400 500 600

cross-talk

photons

Figure 4.20 � Correlation betweenADC and TOT for Cross talk hits
ompared to photon hits. Crosstalk hits 
an be reje
ted by requir-ing the hits to lie left/below the sep-arating border (red line) given byequation (31).

The se
ond method to identify 
ross talk relies on the amplitude and TOT
hara
teristi
s of the hits. Cross talk pulses are indu
ed by other pulsesrather than photo-ele
trons. Therefore they should be the time derivativesof the mother pulse. Hen
e, 
ross talk hits are bipolar, and 
onsequentlyhave shorter TOTs. Figure 4.20 shows a the 
orrelation between ADC andTOT values for both photon pulses and 
ross talk pulses.Photon- and 
ross talk hits obviously fall into di�erent region in the ADC-TOT plane. The separation boundary 
an be parameterized as [122℄
ADCbound = eA+B∗TOT C

+ (TOT/D)E (31)This fun
tion is used to reje
t 
ross talk hits during high level hit 
leaning.The parameters A, B, C, D, and F of equation (31), referred to as 
ross-talk 
onstants, are OM spe
i�
 and are determined for ea
h individual OMfrom 
alibration data.4.8.2 Events of ele
troni
 origin (�Flares�)A small fra
tion of events 
ontain only few photon hits, if any at all. Theorigin of su
h events is not fully understood, but they 
an be identi�edby an abnormal time pattern of leading edges. For a parti
le indu
edevent, the hits re
orded at the surfa
e originate from PMT pulses thatwere 
reated at depth and then transmitted over more than a kilometer ofeither ele
tri
al 
able or opti
al �ber. The transit time from the dete
tionpoint to the DAQ is of the order of mi
ro se
onds, of the same order as theduration of the a
tual event (parti
le 
rossing) at depth. The transmissiondelay is OM spe
i�
 and depends primarily on the depth at whi
h theOM is lo
ated. Therefore, the time pattern of the re
orded raw leadingedges will to some extend re�e
t the depth distribution of hit OMs. TheOMs are numbered in as
ending order from the top to the bottom of ea
hstring, and hen
e the OM number re�e
ts the depth at whi
h a 
ertainOM is lo
ated. Hits within one string will therefore always show a positive
orrelation between OM number and leading edge time (higher OM numbermeans later arrival time).Figure 4.21 shows the 
orrelation between the raw leading edge times andthe OM number for a typi
al atmospheri
 muon event. Su
h 
orrelationdiagrams are referred to as event �ngerprints.
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Figure 4.21 � Fingerprint of an at-mospheri
 muon event.
If the leading edge times show no 
orrelation with OM numbers, the hitsre
orded during the event were most probably not produ
ed at depth dur-ing a parti
le 
rossing, but are rather 
reated at or 
lose to the surfa
e.Figure 4.22 shows an example for su
h an abnormal �ngerprint.
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Figure 4.22 � Fingerprint of a non-parti
le event (�are-event). Theabsen
e of a 
orrelation between
hannel numbers and leading edgetimes suggests that hits are pro-du
ed at or 
lose to the surfa
e.
The �ngerprints themselves 
annot be used for tagging �are events duringdata pro
essing. However, the event �ngerprints were used to develop a setof observables, nine so-
alled �are-indi
ators that quantify the probabilityof an event to be of non-parti
le origin [134℄.17 The �are-indi
ators areusually used during o�ine analysis as simple sele
tion 
riteria requiringsu�
iently low indi
ator values. However, in this analysis events with17The nature of the �are-indi
ators and their usage in AMANDA analyses is explainedin more detail in Appendix B. 33



�are 
hara
teristi
s were observed to 
luster in time, and hen
e the �areindi
ators are also used for de�ning the initial data set (see se
tion 6.1.1).4.9 Re
ent results from AMANDAAMANDA-II is optimized to sear
h for neutrinos with energies in the TeVregion. The main dete
tion 
hannel for this purpose is up-going muons(indu
ed by muon neutrinos after traversing the Earth). Sele
tion 
riteriafor up-going muons are well established, and have been applied to multipleyears of data. Figure 4.23 shows the re
onstru
ted arrival dire
tions ofseveral thousand neutrinos sele
ted from data taken between 2000 and2004 [111℄.
Figure 4.23 � AMANDA-II skymapof neutrino arrival dire
tions in thenorthern hemisphere. From [111℄.
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Neither a statisti
ally signi�
ant 
lustering of the neutrino arrival dire
tionwas found in the data, nor an ex
ess of neutrino 
andidates with higherenergies than expe
ted from the atmospheri
 neutrino spe
trum [136, 99℄.The limits that were pla
ed on the �ux of extraterrestrial neutrinos fromboth point-like and di�use sour
es are the most stringent ones to date.Figure 4.24 shows the signature of a neutrino event observed with AMANDA-II during the year 2000.
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Figure 4.24 � Signature of aneutrino-indu
ed muon from the2000 data set. Colored 
ir
les in-di
ate an OM that has dete
tedlight. Their 
olor represents there
onstru
ted photon arrival times;their size represents the amplitude(in photo ele
trons) of the hits.
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5 Simulation of parti
les in AMANDA-IIThe simulation of events in the AMANDA dete
tor pro
eeds in three sub-sequent steps:1. Generation of primary parti
les.2. The propagation of parti
les, i.e., the simulation of the energy lossand the generation of se
ondary parti
les along the initial tra
k.3. The dete
tor simulation.A s
hemati
 sket
h of the data �ow is shown in Figure 5.1.The standard event generators used in AMANDA allow to simulate atmo-spheri
 muons and neutrino indu
ed leptons of all three �avors. In 
aseof atmospheri
 muons, the event generation in
ludes the simulation of theparti
le 
as
ade whi
h is indu
ed by 
osmi
 ray intera
tions with air nu
leiin the atmosphere. Only muons whi
h are 
apable of rea
hing the dete
torare written out. The simulation of neutrino indu
ed leptons involves thepotential intera
tion and absorption of the primary neutrinos during theirpassage through the Earth. Neutrinos are usually simulated with an energyspe
trum ∝ E−1
ν . The simulated events 
an later be re-weighted a

ordingto an arbitrary neutrino spe
trum (des
ribing either atmospheri
 neutrinosor neutrinos of astrophysi
al origin) as desired.The simulation of magneti
 monopoles is not foreseen within the standardsimulation set-up and requires modi�
ations to the simulation software.

particle type (e, μ,  ... )
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add secondary particles

photon propagation

detector response
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PROPAGATOR

DETECTOR  SIMULATION

Figure 5.1 � The simulation ofevents pro
eeds in three generalsteps (see text): The generationand propagation of parti
les, andthe dete
tor simulation. 5.1 The dete
tor simulationThe dete
tor response to the Cherenkov light emitted by either primary orse
ondary parti
les depends on the following parameters:� the parti
le type (e.g., muon, ele
tron, ...),� the tra
k starting position and a starting time,� the tra
k dire
tion, given as zenith angle θ and azimuth ϕ,� the tra
k length, and� the energy of the parti
le.These quantities are passed to the dete
tor simulation. The simulation ofthe dete
tor response breaks up into two parts:1. The simulation of the dete
tor response itself, i.e., the simulation ofthe OMs and data a
quisition system 
omponents, and2. the simulation of the Cherenkov light generation and propagationthrough the dete
tion medium, i.e., the polar i
e.
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5.1.1 Photon Tra
kingA relativisti
 muon emits more than 107 Cherenkov photons during its pas-sage through the dete
tor. The propagation of ea
h individual Cherenkovphoton is too CPU intensive to be performed for ea
h simulated event.Therefore, the light propagation is simulated beforehand with a separateprogram (the Photon Transport and Dete
tion program PTD [120℄). Therelevant probability distributions are stored in large look-up tables whi
hare then a

essed by the dete
tor simulation, amasim [128℄ (see below).PTD pre-
al
ulates the OM response to Cherenkov light from muons andele
tromagneti
 or hadroni
 
as
ades. The program simulates s
atteringand absorption of photons on their way from the point of emission tothe PMT photo
athode. I.e., PTD not only tra
ks photons through i
e,but also through the glass and gel layers surrounding the PMTs. Thesimulation results are stored in two �ve-dimensional tables, whi
h 
ontainthe arrival time distribution of Cherenkov photons in an OM at a 
ertaindistan
e and with a 
ertain orientation relative to the parti
le tra
k, andthe probabilities for photoele
trons to be produ
ed. The time t is takenrelative to the Cherenkov time. The Cherenkov time is the propagationtime of a Cherenkov photon from the point of emission to the photo
athodewithout delay due to s
attering. The spatial 
oordinates whi
h des
ribethe geometry of the parti
le with respe
t th the OM are sket
hed in Figure5.2.
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Figure 5.2 � The photon table 
oor-dinate system [128℄. The distan
ebetween OM and parti
le tra
k isgiven by two spatial 
oordinates
(z, ρ), where z is the distan
e alongthe parti
le tra
k measured fromthe point of minimum distan
e be-tween parti
le and OM. The orien-tation of the OM with respe
t tothe path of an uns
attered Cheren-kov photon is given by two angles(θ, φ) whi
h are not shown in the�gure.

A photon table represents the 
ylindri
al volume with the length zmax andthe radius ρmax 
entered around the lo
ation of an OM. Standard muontables used for mass produ
tion have maximum ranges of 250 to 400 metersin both longitudinal and radial dire
tions. The simulation of extremelybright events, su
h as the Cherenkov signatures from magneti
 monopoles,requires tables of longer range. For ea
h 
oordinate inside the table rangeand ea
h possible orientation, the following quantities are stored:� the mean number of photo-ele
trons produ
ed per square meter pho-to
athode, assuming a peak PMT quantum e�
ien
y of 100%, and� the probability distribution of the delay times relative to the Che-renkov time.During the simulation pro
ess, the tabulated values are s
aled a

ordingto the a
tual photo
athode area and quantum e�
ien
y (whi
h are setindividually for ea
h OM).The following parameters are spe
i�
 to a 
ertain set of photon tables:� The mean s
attering angle and geometri
 s
attering length in themedium. These values are taken from the in-situ measurements de-s
ribed in se
tion 4.1.� The absorption length and its dependen
y on the wavelength a

ord-ing to the Three Component Model (see se
tion 4.1.1).� Spe
tral 
hara
teristi
s and angular distribution of the emitted pho-tons, whi
h is usually the Cherenkov wavelength spe
trum and emis-sion geometry for either relativisti
 muons (v ≈ c), or for parti
les ofan ele
tromagneti
 or hadroni
 
as
ade in i
e. In addition, PTD al-lows to simulate various arti�
ial light sour
es, like those deployedwith the AMANDA strings. 37



� The wavelength dependent transmissivity of the OM pressure sphereand the sili
on gel layer between sphere and PMT. Tables are usu-ally generated for the transmissivity of the more transparent, se
ondgeneration OM spheres (see se
tion 4.3). The sensitivity of OMswith less transparent spheres is s
aled down a

ordingly during thesimulation pro
ess.� A model for the �hole i
e�, i.e., the i
e around the OMs inside therefrozen bore-hole. This refrozen i
e has a higher 
on
entration ofair bubbles than the surrounding bulk i
e, resulting in a shorter s
at-tering length. The hole i
e model model that des
ribes experimen-tal data best assumes a geometri
 s
attering length of 50 
m within
ylindri
 volume of 60m 
m diameter around the OMs [137, 138℄.Within the volume represented by a photon table, the opti
al propertiesof the bulk and the hole i
e (i.e., s
attering and absorption lengths) are
onstant. To a

ount for the variations with depth, di�erent tables areused for di�erent OMs, depending on their lo
ation. The most 
ommonlyused simulation set-up de�nes 16 i
e-layers of varying opti
al propertieswithin AMANDA's depth range [139℄. In this approa
h, the tabulated pho-ton dete
tion probabilities for a 
ertain OM 
orrespond to the dete
tionprobabilities of photons that propagates through opti
ally homogeneousi
e with opti
al properties identi
al to those prevailing at the OM lo
a-tion.18 This approa
h is valid for moderately bright events, in whi
h mostof the photons do not propagate through more than one i
e layer, and theresponse of an OM is governed by the opti
al properties of its immediatesurroundings. Relativisti
 monopoles, however, are visible over hundreds ofmeters away from the parti
le tra
k. For simulation su
h extremely brightevents, more a

urate results are obtained by using average i
e propertiesthroughout the entire depth range. The simulations for this analysis wereperformed using photon tables with averaged opti
al parameters of theso-
alled MAM i
e-model [141℄.19In order to simulate events in AMANDA, one usually needs two sets ofphoton tables:1. Muon tables, whi
h 
ontain the OM response to Cherenkov lightfrom muon tra
ks20. Sin
e a muon radiates 
ontinuously along anelongated tra
k, photons emitted from many di�erent points in spa
e
ontribute to the total OM response.18In the meantime, the PTD photon tra
king pa
kage was repla
ed by a newer pa
kage(Photoni
s [140℄), whi
h tra
ks photons through individual i
e layers. The Photoni
swas still in an early testing phase when Monte Carlo events for this analysis were beingprodu
ed, and is hen
e not used in this work.19The modeling in of the light propagation through Polar i
e is still being re�ned. Theopti
al parameters entering the photon propagation simulation during generation of thephoton tables are being varied, and simulation results are 
ompared to experimentaldata. As of today, the simulation results are still not 
ompletely satisfa
tory. In thissimulation e�ort, we use average opti
al parameters of an i
e model that is referred to MAMmodel (Muon Absorption Model). In the MAM i
e model, the photon absorption lengthsare slightly enhan
ed, 
ompared to values obtained from in-situ measurements. Theabsorption lengths that �nally entered the model were �t to high quality atmospheri
muon data (hen
e the name). The original MAM i
e model is a 16 i
e layer model. Here,we use averaged parameters of the model.20In pra
ti
e, we use three sets of muon tables, rather than one: 1) tables for muonswhi
h start within the volume over whi
h the table is valid, 2) muons whi
h stop withinthis volume, and 3) those whi
h both start and stop within the volume. Te
hni
ally,only one muon table would su�
e. The use of three sets of tables is however moree�
ient with respe
t to 
omputing time (see [128℄ for details).38



2. so-
alled shower tables, whi
h 
ontain the OM response to Cheren-kov light from ele
tromagneti
 or hadroni
 
as
ades. In 
ontrastto elongated muon tra
ks, ele
tromagneti
 or hadroni
 
as
ades are
ontained within a small volume. Although the Cherenkov emis-sion is peaked at the Cherenkov angle, the Cherenkov 
one is lesspronoun
ed than for muons. The total number of emitted Cheren-kov photons s
ales linearly with the 
as
ade's energy. Shower tablesare usually produ
ed for a 
as
ade of 1GeV energy [91℄, and the re-sponse to 
as
ades of arbitrary energy is 
al
ulated by s
aling thelight intensity (i.e., the number of photoele
trons) a

ordingly. Ele
-tromagneti
 and hadroni
 
as
ades are treated with di�erent s
alingfa
tors, in order to a

ount for the redu
ed light output from hadroni

as
ades [91℄. The emission geometries of hadroni
 and ele
tromag-neti
 
as
ades are not identi
al [91℄, but di�eren
es are largely washedout over length s
ales at whi
h AMANDA 
olle
ts light.Photon tables for relativisti
 magneti
 monopoles are similar to muon ta-bles be
ause the Cherenkov signature of monopoles is tra
k-like. Monopoletables, however, have to be generated with di�erent light intensity and, ifthe monopoles move slower than the va
uum speed of light, with a di�erentCherenkov angle.5.1.2 Simulation of the dete
tor responseThe simulation of the dete
tor response for Cherenkov light emitting par-ti
les is performed with the dete
tor simulation pa
kage amasim [128℄. Thedata generated by the program are almost identi
al to the data taken withthe AMANDA dete
tor, whi
h enables us to use the same pro
essing 
hainfor both simulated and experimental data from an early pro
essing stageon.The dete
tor simulation pa
kage amasim reads and writes events in f2000format [142℄, an as
ii-format whi
h was developed in the 1990s togetherwith the rdm
 I/O-library [143℄. An f2000-�le 
onsists of a �le header fol-lowed by a stream of subsequent events. During mass simulation, amasimreads the required event parameters (parti
le type and energy, tra
k posi-tion, time, dire
tion, and length) from f2000-�les, whi
h were written bythe Monte Carlo generator and parti
le propagator pa
kages (see below).amasim distinguishes two types of parti
les: (tra
k-like) muons, and 
as-
ades. In general, a muon signature 
ontains 
ontributions from the 
ontin-uous Cherenkov emission of the muon itself, and Cherenkov emissions fromse
ondary parti
le 
as
ades produ
ed along the muon tra
k (the sto
hasti
energy losses). Se
ondary 
as
ades are simulated only for pro
esses abovean energy deposit larger than 0.5GeV. Se
ondary pro
esses below 0.5GeVare extremely frequent, and are treated as quasi-
ontinuous enhan
ementof the muon Cherenkov light intensity.5.1.3 Simulation of the OMFor ea
h tra
k and 
as
ade of an event passed to amasim, the mean num-ber of photoele
trons 〈NPE〉 at ea
h OM lo
ation is retrieved from thePTD tables. 〈NPE〉 is then s
aled with the photo
athode area, the relativesensitivity and the PMT quantum e�
ien
y of the respe
tive OM. Thesimulation of the OM response, then, pro
eeds as follows39



1. The number of photoele
trons, NPE, is randomized using a Poissondistribution with mean 〈NPE〉.2. For ea
h photoele
tron, the 
orresponding ADC voltage is random-ized a

ording to the individual distributions of amplitudes for single-photoele
tron signals (
.f. Figure 4.15).3. For ea
h photoele
tron, a random s
attering delay is 
hosen from thedelay probability distribution in photon tables.4. A Gaussian smearing is added to the hit times to simulate the transittime jitter.This pro
ess results in a series of amplitudes and hit times Ti, Ai, i =
1, ..., NPE. In 
ase of muon tra
ks, the amplitudes are s
aled by an energydependent fa
tor

A = Abare muon · 1.72 + 0.023 · ln(Eµ[GeV ]), (32)in order to a

ount for the quasi-
ontinuous Cherenkov emissions from lowenergy se
ondary parti
les [91℄.21Dark noise hits are added randomly a

ording to noise rates measuredfor individual OMs. The amplitudes of noise hits are simulated as single-photoele
tron signals, similar to the pro
edure des
ribed above. The noiserates are assumed to be 
onstant.Afterpulses are added to the hit series with a typi
al probability and timedelay relative to the initial photon pulse. The probabilities for afterpulsingand 
hara
teristi
 delays were determined from the hit time distributionof the already deployed OMs [128℄. The values are set individually forea
h OM; typi
al values are 6% per single photoele
tron for the afterpulseprobability and 6µs for the delay relative to the photon hits. Hits aresimulated over a time window of 64µs, whi
h is signi�
antly larger thanthe 32µs of the data a
quisition.5.1.4 Signal transport to the surfa
eThe transit time of the PMT pulses to the surfa
e is several mi
ro se
onds.In order to mimi
 the output of the real dete
tor and to simulate the trigger
orre
tly, the OM spe
i�
 
able delays (measured during the 
alibration ofthe dete
tor) are added to the simulated hit times.Transmission over kilometer-long ele
tri
al 
ables also means smearing ofthe pulse shapes. The degree of smearing in
reases with 
able length (i.e.,depth). Depths dependent smearing of the pulses is not simulated. Instead,amasim uses a set of template pulse shapes for spe
i�
 types of OMs andsignal readouts. The template pulse shapes were obtained by averagingdigitized single-photoele
tron pulses taken with an os
illos
ope from OMsin the i
e.Cross talk, whi
h predominantly o

urs in the twisted pair 
ables, is notsimulated. The 
ross talk 
leaning (see se
tion 4.8.1) is still applied to sim-ulated data, in order to reprodu
e the potential loss of a
tual photon hits
aused by the applied 
leaning 
riteria. Due to the simpli�ed simulation of21The parameterization of the light yield from se
ondary pro
esses was obtained fromGEANT [144℄ simulations. 40



the PMT pulses using template ADC spe
tra and pulse shapes, the ADC-TOT 
hara
teristi
s of individual OMs di�ers between experimental andsimulated data. Figure 5.3 shows a 
omparison of ADC-TOT 
hara
teris-ti
s in experimental and simulated data for one parti
ular OM (OM#264).This OM is lo
ated at the bottom of string 9. For bottom OMs, the smear-ing of the pulse asso
iated with the transmission over kilometer-long 
ableis strongest. I.e., single-photoele
tron pulses are wider and have lower am-plitudes than the average (template) pulse. For OM264, the separatingboundary between photon hits and 
ross-talk hits in experimental data(grey line in Figure 5.3) is indeed shifted towards larger TOT and smallerADC values 
ompared to the boundary in simulated data (for the sake of
larity, the boundary for simulated data is not shown in the �gure). Forsimulated data, a large fra
tion of the single-photoele
tron hits falls intothe 
ross-talk region that was determined for experimental data. Thosesimulated photon hits would be removed by the 
ross-talk 
leaning if ex-a
tly the same ADC-TOT 
ut were applied to simulated as for experimentaldata. 0 100 200 300 400 500
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Figure 5.3 � ADC-TOT 
hara
ter-isti
s of OM264 for experimentaldata (bla
k markers) and simulateddata (red markers). The separatingboundary between photon hits and
ross talk hits in experimental data(equation (31)) is indi
ated by asgrey line. For this parti
ular OM,the separating boundary in simu-lated data (not shown) is shifted to-wards smaller TOT and higher ADCvalues.
In order to be able to apply 
ross talk 
leaning also to simulated data, ded-i
ated 
ross talk 
onstants (see equation 31 in se
tion 4.8) are determinedfrom the ADC-TOT 
hara
teristi
s of the simulated OMs.5.1.5 Simulation of the surfa
e ele
troni
sFor ea
h 
hannel, the net surfa
e pulse is retrieved by adding a templatepulse shape (shifted by the respe
tive 
able delay time) for ea
h of thephotoele
trons and for ea
h noise hit and ea
h after pulse. The resultingpulse is used to determine the threshold 
rossing time and peak amplitude.Thresholds are set individually for ea
h 
hannel, a

ording to the hardwaresettings of the dete
tor.The Multipli
ity trigger, ADC gate, TDC bu�er length et
. 
an now besimulated realisti
ally. Also the over�ow behavior of VME and CAMACTDCs (see se
tion 4.4.2), is reprodu
ed a

urately.5.1.6 CalibrationThe 
alibration 
onstants t0 an α (see se
tion 4.5) depend on the surfa
epulse shapes, The template pulses used by amasim have di�erent 
onstantsthan pulses in experimental data. Like for the 
ross talk 
onstants, dedi-
ated 
alibration 
onstants have to be determined for simulated data. The
alibration 
onstants are obtained with the same �tting pro
edure as usedfor the experimental data.Figure 5.4 shows a 
omparison of 
alibrated hit times in experimental dataand in simulated atmospheri
 muon events at trigger level. The hit times,amount of noise, and afterpulsing show good agreement. hit time [ns]
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Figure 5.4 � Calibrated hit timesfor experimental data (bla
k) andsimulated atmospheri
 muon events(red).5.2 Simulation of magneti
 monopolesThe simulation of magneti
 monopoles is not implemented in the simula-tion pa
kages. However, existing pa
kages are modi�ed to simulate eventsindu
ed by magneti
 monopoles.
41



5.2.1 Monopole tra
k generationLike muons, monopoles produ
e a tra
k like Cherenkov signature. There-fore, it is te
hni
ally most 
onvenient to pass events 
ontaining a singleparti
le tra
k labeled as a muon to amasim.The program muo0 is a generator for single parti
le tra
ks whose types are
ontained in the rdm
-library. The output format is f2000. In order toprodu
e initial tra
ks that will later be
ome monopole signatures, we usemuo0 to generate an isotropi
 �ux of muons. The muon tra
ks are sam-pled su
h that their verti
es are homogeneously distributed on a generationplane of radius R0 = 1000m at a distan
e of 1000m from the dete
tor 
en-ter (Figure 5.5). The muon dire
tion is pointing perpendi
ularly towardsthe dete
tor 
enter. The generation plane may take all possible orienta-tions relative to the dete
tor, resulting in an isotropi
 muon �ux throughthe dete
tion volume.θ
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φ y

x
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Figure 5.5 � Generation of muontra
ks with muo0. The tra
ks aresampled from generation plane withradius R0 = 1000m at a 
onstantdistan
e of 1000 m to the dete
tor
enter. From [145℄. All dependen
ies on the parti
le energy are disabled in the following pro-
essing steps. The muon energy 
an hen
e be set to an arbitrary value.5.2.2 Monopole propagationThe length of a parti
le tra
k is usually 
al
ulated from the energy losssimulated with the propagator program. Energy loss pro
esses other thanCherenkov radiation strongly depends on the monopole mass. In the massrange interesting for AMANDA, the velo
ity of the monopole 
an be as-sumed 
onstant over the dete
tor's sensitive volume [146℄, and we 
annegle
t the probability of monopoles potentially stopping in the dete
tor.Cherenkov light from se
ondary pro
esses is only relevant for monopolesof extremely high Lorentz boosts (see se
tion 2.5.2), Su
h Lorentz boostsare expe
ted only for extremely light monopoles, whi
h are unlikely torea
h AMANDA. Therefore, se
ondary Cherenkov light is negle
ted in thesimulation, and monopole ta
k lengths are set manually to a �xed value of10 km.225.2.3 Monopole photon tablesThe simulation of monopoles of di�erent speed and 
harge requires the gen-eration of dedi
ated photon tables: One set of photon tables is generatedfor ea
h 
ombination of monopole speed and 
harge.23For this analysis, we 
onsider only minimally 
harged monopoles 
arryingone Dira
 
harge, and four distin
t monopole velo
ities: β = 0.76 (justabove the Cherenkov threshold in i
e), β = 0.8, β = 0.9, and β = 1.0.24Average i
e properties and a range of ρmax = zmax = 1000m are used.22The tra
k lengths were set using a Perl s
ript within the f2000 data stream.23Be
ause of the dependen
e of the Cherenkov angle on the monopole speed, thegeneration of one set of photon tables per speed is a ne
essity. The monopole 
hargeon the other hand only a�e
ts the intensity of the Cherenkov light (the intensity s
aleswith the monopole 
harge as d2N / dxdλ ∝ g2). Hen
e, an approximate simulation ofmonopoles with various 
harges 
an be a

omplished by s
aling the OM sensitivities inthe dete
tor simulation appropriately.24Theoreti
ally of 
ourse, the velo
ity β = 1.0 is not allowed for a massive parti
le.However, the velo
ity 
an be arbitrarily 
lose to β = 1.0. For the simulation, we usethe numeri
al value β = 1.0, and hen
e we will refer to ultra relativisti
 monopoles as
β = 1.0 monopoles, although this is stri
tly speaking in
orre
t.42



5.2.4 Modi�
ation of the dete
tor simulationThe tra
ks generated with muo0 are treated by amasim like muons, butwhen these muon tra
ks are passed to amasim along with monopole pho-ton tables, the simulated Cherenkov geometry and intensity will be thatof magneti
 monopoles. The simulation of the 
orre
t monopole Cheren-kov response requires some additional smaller modi�
ations to amasim:25� The photon arrival times stored in the tables is relative to the Che-renkov time. The 
onversion to absolute hit times involves the vertexposition and time and the parti
le velo
ity. As amasim assumes allparti
les to travel at the speed of light, time 
al
ulation had to bemodi�ed su
h that amasim 
an handle variable parti
le speeds.� By default, on re
eiving a muon tra
k, amasim adds the Cherenkovlight due to quasi 
ontinuous emissions from low energy se
ondaries(δ-ele
trons) by s
aling the pulse amplitudes a

ording to equation(32). For monopoles, this s
aling would depend on the Lorentz boost[47℄. For the Lorentz boosts 
onsidered here, the light enhan
ementdue to se
ondary Cherenkov light is negligible 
ompared to the di-re
t Cherenkov emissions. Hen
e, the light s
aling is disabled in thesimulation altogether.Figure 5.6 shows a simulated signature of an up-going β = 1.0 monopolein the event display.
Figure 5.6 � Cherenkov signatureof an up-going relativisti
 mag-neti
 monopole passing throughAMANDA with speed β = 1.. Fora better exposure of the time pat-tern, only the �rst hit in ea
h OMis displayed.

5.3 Simulation of atmospheri
 muonsBundles of down-going muons from extended air showers are the mainba
kground to monopole sear
hes. The air shower simulation pa
kageCORSIKA (COsmi
 Ray Simulation for KAs
ade) [148℄ provides a tool tosimulate the development of the full parti
le 
as
ade initiated by intera
-tions of 
osmi
 ray primaries of energies up to 1011GeV.Atmospheri
 muon events are simulated as a 
ollaboration-wide data pro-du
tion e�ort, using CORSIKA. These data are however insu�
ient for mo-nopole sear
hes for a variety of reasons:� The dominant ba
kground to monopole sear
hes, espe
ially for sear
h-es above the horizon, are muon bundles from intera
tions of 
osmi
rays at highest energies. Due to the steeply falling energy spe
trum,the statisti
s at relevant energies obtained with standard simulationsettings is insu�
ient for statisti
ally su�
ient ba
kground studies.� The theoreti
al input that is used as default spe
trum (in terms ofboth 
omposition and energy) of primary 
osmi
 rays does not de-s
ribe high energy atmospheri
 muon data reasonably well (see be-low).� The simulation is based on the standard sets of layered PTD pho-ton tables. The approximation of the layering using PTD tables (seeabove) yields in
orre
t results in the energy range of interest.Consequently, a monopole sear
h requires a dedi
ated simulation e�ort forboth signal and ba
kground events.25The modi�
ations to the dete
tor simulation were done to the amasim pa
kage afterthe Grapefruit-�x3 release [147℄. 43



5.3.1 Hadroni
 intera
tion models in CORSIKACORSIKA provides several options to model the hadroni
 intera
tion at highenergies. None of the available models yields an a

urate reprodu
tion ofair-shower data over the full energy range [82, 149℄. For this work, we usethe model QGSJET01. This model is known to under-produ
e high energymuons. The shape of the energy spe
trum of atmospheri
 muons is howevera

urate, and a good agreement between simulated and experimental muondata is a
hieved by s
aling the simulated �ux by an overall fa
tor.5.3.2 Cosmi
 ray 
omposition and energy spe
trumCORSIKA allows to simulate air-showers indu
ed by primary 
osmi
 nu
leifrom Z = 1 (protons) to Z = 26 (iron). Heavier primaries 
annot besimulated.By default, the AMANDA 
ollaboration uses the poly-gonato model (seese
tion 3.1.1) as theoreti
al input spe
trum to their simulations, sin
e itprovides a straight forward parameterization of the energy spe
tra of indi-vidual elements [84℄.The poly-gonato model: A

ording to the poly-gonato model, the energyspe
trum of an element with nu
lear 
harge Z is a broken power-law, as
dΦZ

dE0
(E0) = Φ0

ZEγZ

0

[

1 +

(

E0

ÊZ

)ǫc]
∆γ
ǫc (33)The spe
tral slope γZ and the 
ut-o� energy ÊZ above whi
h the spe
trumsteepens (the knee) are spe
i�
 to ea
h element, as well as as the absolutenormalization Φ0

Z . Slopes and normalizations are taken from availablemeasurements. The 
ut-o� energies are assumed to s
ale with Z as ÊZ =
Z · Ê1. The parameter ǫc, 
hara
terizing the smoothness of the 
hangein slope at the knee, and the 
hange of the slope ∆γ are universal to allelements.The all parti
le spe
trum is the sum over the 
ontributions of all stableelements of the periodi
 table up to uranium with Z = 92:

dΦ

dE0
(E0) =

92
∑

Z=1

dΦZ

dE0
(E0). (34)10
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le spe
trum.The thin dashed, dotted, and dash-dotted lines represent the spe
tra ofindividual mass groups as labeled inthe plot. The thi
k dotted line isthe sum of all elements up to 
obalt(Z = 27); the red dash-dotted lineis the sum of all elements heavierthan 
obalt. From [84℄.

The open parameters of the model, i.e., ∆γ, ǫc, and the proton-knee Ê1were �tted to the observed all parti
le spe
trum. Figure 5.7 shows theresulting spe
tra along with the measured 
osmi
 ray spe
trum. Withinthe poly-gonato model, the proton knee is at Ê1 = 4.5PeV, the iron knee
onsequently is at Ê26 = 26 × Ê1 = 117PeV. Due to the pre-assumptions,the high energy end of the poly-gonato spe
trum is dominated by trans-iron elements (see Figure 5.7), and the �ux of individual elements dropso� steeply after the knee with a slope 
hange ∆γ = 2.1.The high energy end of the poly-gonato model 
an obviously not be simu-lated with CORSIKA, as trans-iron elements are not supported by the pa
k-age. A

ording to the poly-gonato model, those elements start to dominatethe 
osmi
 ray spe
trum at energies larger than ∼108GeV. For standardanalyses done with AMANDA data, the ba
kground posed by muons in-du
ed by 
osmi
 ray primaries of multiple-PeV energies is usually totally44



negligible. To the sear
hes for monopoles above the horizon, however, su
hmuons prove to be the 
riti
al ba
kground.The two-
omponent model: Irrespe
tively of whether or not the poly-gonato model is 
orre
t, an a

urate des
ription of the all parti
le spe
trumat highest energies 
annot be a
hieved with this model, if trans-iron ele-ments are not simulated. An alternative, mu
h simpler input spe
trumwhi
h does not 
ontain 
ontributions from trans-iron elements (and whi
h
an 
an therefore be simulated with CORSIKA) is the two-
omponent model[150℄. As the name suggests, this model uses only two elements, protonsand iron nu
lei to represent light in heavy 
omponents of the 
osmi
 rayspe
trum, respe
tively.The two-
omponent model assumes a broken power law energy spe
trumfor ea
h of the two 
omponents. The open parameters (the spe
tral slopesbelow and above the knee, the position of the knee, and the absolute �uxof ea
h element) were �tted to data taken with the KASCADE air-showerarray [151℄.26 primary energy  E
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JACEEFigure 5.8 � The Two-Componentmodel. The open markers repre-sent the measured all parti
le spe
-trum. The full lines are the �ttedproton and iron spe
trum, respe
-tively. The iron knee should lie justabove the �t region (grey shadedarea). From [150℄.
Figure 5.8 shows the �tted iron on proton spe
tra along with the measuredall parti
le spe
trum. In the two-
omponent model, the proton knee is at
Êp = 4.1PeV, with a spe
tral slope 
hange from γ

(1)
p = −2.67 to γ

(2)
p =

−3.39. The iron spe
trum is featureless in the �tted energy range. Thespe
tral index below 108GeV is γ
(1)
Fe = −2.69. For our simulations weassume the iron knee to be at ÊFe = 26 × Êp = 107PeV (whi
h lies justabove the �t region). We further assume the iron spe
trum to 
ontinuewith the spe
tral slope γ(2) = 3.1 to reprodu
e the observed all parti
lespe
trum.5.3.3 Importan
e samplingThe simulation of air-showers with CORSIKA in large numbers is extremelyCPU-intensive. With the 
omputing resour
es at our disposal, the sim-ulation of atmospheri
 muon events in AMANDA-II pro
eeds slower thanthe rate at whi
h they are a
tually triggered in the experiment. That is,the simulation of one year of livetime equivalent would take more than oneyear of 
omputing time. If ba
kground events are sampled from a realisti
probability density (a

ording to one of the theoreti
al primary spe
traenergy des
ribed above), the vast majority of simulated events will besteeply down-going atmospheri
 muons at the low energy end of the spe
-trum. Most of these events will be reje
ted at a very early stage of the datasele
tion 
hain. It is therefore desirable to in
rease the sampling densityin the more important regions of the parameter spa
e, i.e., in the regionwhere most of the ba
kground is expe
ted at the �nal analysis level. Su
ha strategy is referred to as importan
e sampling. In the simulation e�ortfor this analysis, we in
rease the sampling density with in
reasing primaryenergy.27 During analysis, the events are re-weighted to the physi
al inputspe
trum.26The primary spe
tra were derived from the number of ele
trons and the number ofmuons observed in extended air-showers with energies around the knee (∼105−108 GeV),making use of the fa
t that for a given energy, the muon number in an air-shower isin
reasing with primary mass, while the ele
tron number is de
reasing [150℄.27An alternative approa
h would be to in
rease the sampling density with zenith angle.As the dire
tion re
onstru
tion of nearly horizontal muons is usually less a

urate, thosemuons are the most 
riti
al ba
kground to analyses as TeV neutrino sear
hes.45
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Figure 5.9 � The e�e
t of importan
e sampling in CORSIKA (poly-gonato model). The left panels show the primary energyspe
tra for atmospheri
 muon events in AMANDA-II. The right panels show the hit-multipli
ities. Ea
h panel shows thespe
tra of three event samples, with importan
e sampling (red and green histograms) and without importan
e sampling (bla
khistograms). Distributions in the upper panels re�e
t the probability densities as generated (before re-weighting the events).The distributions shown in the lower panels are obtained after re-weighting the events a

ording to the poly-gonato model.Importan
e sampling for the poly gonato model: For the simulation ofthe poly-gonato spe
trum, we sample ea
h individual element with an en-ergy spe
trum that is harder by a 
onstant ∆γ, both before and after theknee. Figure 5.9 shows the e�e
t of this sampling strategy. Shown are theprimary energy spe
tra (left panels of the �gure) and the hit multipli
i-ties (NHits) yielded in the dete
tor (right panels of the �gure) for threegenerated events samples: One without importan
e sampling, one withan over-sampling fa
tor ∆γ = 1, and one with an over-sampling fa
tor
∆γ = 1.5, The 
omputing time used to generate ea
h of the event sam-ple is approximately equal. Su�
ient statisti
s of high energy atmospheri
muon events is a
hieved only with importan
e sampling.For the development of sele
tion 
riteria, we use two of the generated poly-gonato samples: the one without importan
e sampling for developing the�rst �ltering level (at whi
h the data sample is dominated by low energyatmospheri
 muons), and the sample with an over-sampling fa
tor ∆γ = 1for the higher analysis levels. The sample with ∆γ = 1.5 is not used,be
ause it has too little statisti
s in the energy region between 10 ,TeV and100TeV.Importan
e sampling for the two-
omponentmodel: For the two-
ompo-nent model, proton and iron primaries are generated ea
h with an energyspe
trum ∝ E−2

primay. During analysis, both 
omponents are added andre-weighted a

ording to the model.5.3.4 Atmospheri
 density e�e
tsThe development of air-showers in the atmosphere, and 
onsequently the�ux of atmospheri
 muons, depends on the density of air-mole
ules (seeappendix A), whi
h in turn depends on the atmospheri
 temperature. Sea-sonal temperature variations result in variations of the AMANDA-II triggerrate, whi
h are of the order of 10%.46



CORSIKA allows to simulate di�erent atmospheri
 density pro�les, repre-senting various geographi
 lo
ations and seasons. For the South Polaratmosphere, four density pro�les are implemented: a pro�le typi
al for themonth Mar
h (Antar
ti
 autumn), one for July (winter), one for O
tober(spring), and one for De
ember (summer). Ba
kground simulations forAMANDA-II are usually done using the O
tober pro�le, sin
e it yields anevent rate 
losest to the annual average. For this analysis, we use three dif-ferent pro�les: Mar
h, July, and O
tober, in order to a

ount for seasonalvariations in the event rate. (The De
ember pro�le is not used be
ause nodata for analysis purposes are taken during the summer.)5.3.5 Muon PropagationFrom the simulated air-shower, muons with an energy Eµ > 273GeV arewritten to an f2000 �le. Muons of lower energies will not rea
h the dete
torand are dropped from the data steam. The muon energy loss due to ion-ization, bremsstrahlung, photo-nu
lear intera
tions, and pair-produ
tionduring passage through air, snow (the top 200m layer of the Polar i
e),and i
e are simulated with the Muon Monte Carlo mm
 [152℄. Apart fromthe se
ondary energy losses, the program 
al
ulates the distan
e after whi
hthe muons stop or de
ay in �ight, i.e., the ta
k lengths. Radiative pro
esseswhi
h result in an energy loss greater than 0.5GeV are treated individually.Type, energy, vertex, time, and dire
tion of the 
orresponding se
ondaryparti
les are added to the f2000 stream. Passed to amasim, the Cheren-kov light from these se
ondaries is treated individually, while the emissionsfrom from low energy, quasi-
ontinuous pro
esses are a

ounted for throughs
aling of the initial amplitudes as des
ribed in se
tion 5.1.3 above.5.3.6 Photon tables for muonsRadiative energy losses of high energy atmospheri
 muons 
an deposit alarge amount of light in AMANDA-II. Also, atmospheri
 muons 
an o

urin extended bundles of multiple nearly parallel tra
ks. Sin
e the light in-tensity from a single muon tra
k is mu
h less intense than that of magneti
monopoles, and sin
e amasim treats ea
h muon and se
ondary parti
le 
as-
ade individually, the ba
kground simulation does not su�er from a shorterphoton table range, as would the the simulation of magneti
 monopoles.For this analysis we use muon tables that were generated for sear
hes forhigh energy muon neutrinos. The tables have a range of ρmax = zmax= 400m. Like the monopole tables, they are generated with average i
eproperties throughout the whole dete
tion volume. Figure 5.10 � Simulated atmo-spheri
 muon bundle in AMANDA-II indu
ed by a 40PeV iron nu
leus.Figure 5.10 shows the signature of a simulated atmospheri
 muon bundleindu
ed by a primary iron nu
leus with an energy ∼40PeV.
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6 Data Pre-pro
essing and �rst level data se-le
tionThe data pro
essing e�ort for this analysis starts from the raw data. Thetotal data volume amounts to roughly 1.5 terabytes. The full statisti
sof raw data is available only on magneti
 tape ar
hives. A small portion(O(1 %)) of the raw data is translated into an analysis data format andmade available on disk.The preparation of analysis-ready data sets is a
hieved by three pro
essingsteps (Figure 6.1):1. The translation of experimental data in DAQ binary format to thef2000 analysis format on whi
h the analysis software operates. Sim-ulated data is produ
ed already in in f2000 format.2. Retriggering of the data after applying a �rst OM sele
tion and hit
leaning based on monitoring data (see se
tion 4.7.)3. A level 1 �lter, whi
h redu
es the initial data volume by roughly afa
tor 100.Both the retriggering and the level 1 �lter, as well the higher level pro-
essing steps des
ribed in the following 
hapters, are realized with theAMANDA software pa
kage Sieglinde [153℄. The analysis pa
kage Sieg-linde 
an operate on both f2000 data and data using the pa
kage's ownbinary data format, whi
h is based on the ROOT framework [154℄. Thelatter format is used for this analysis from retrigger level on.
OM-selection

raw hit cleaning

RAW DATA

READER

RE-TRIGGER

SIMULATED 

DATA

translate into 

f2000 format

1% STREAM 20% STREAM

(every 100th event) (every 5th run)

set up further 

analysis chain

LEVEL 1 

FILTER
- quality checks 

   of trigger-level 

   data

- verify

   level 1 filter 

   OM selection 

   hit-cleaningFigure 6.1 � Pro
essing s
heme forthe two data streams that are usedfor the development of data sele
-tion 
riteria. A third data stream,80% of the data set, is used to de-rive the �nal analysis result. Thisdata is pro
essed only after the fullanalysis 
hain has been established.

Two data streams are produ
ed that are used for the development of higherlevel data sele
tion:1. A so-
alled minimum-bias data stream of roughly 1% of the availabledata, whi
h is used for quality 
he
ks of trigger level data and veri-�
ation of the level 1 �lter. This data stream 
omprises every 100thevent that passes the retriggering.2. A data stream of roughly 20% of all available data whi
h is usedto optimize the data sele
tion 
hain up to the �nal analysis level.This data stream is written out after applying the level 1 �lter and
omprises every �fth run.The data set 
omplementary to the 20 per
ent of the data whi
h are usedto develop the analysis is set aside and kept blinded until the analysis is�nalized. Only then, it is pro
essed and �ltered using the the developedsele
tion 
riteria. At the �nal sele
tion level, the data set is unblinded andeventually used to derive the �nal analysis result.6.1 Experimental and simulated data setsPERIODI : Feb. 1515 � May 6thPERIODII : May 7th � Sep. 2ndPERIODIII : Sep. 3rd � Nov. 4thTable 2 � Starting and ending dates ofthe three OM sele
tion periods for theyear 2000 [133℄.
The experimental and simulated data streams are further sub-divided intothree separate streams. This is ne
essary, be
ause three di�erent dete
tor
on�gurations, in terms of properly fun
tioning OMs, were de�ned for theyear 2000 (see se
tion 6.2.1). Ea
h OM sele
tion applies for a 
ertain timeperiod of the year [133℄ (Table 2). Ea
h of the three periods roughly falls48



into one Antar
ti
 season, i.e., PERIODI roughly 
overs the Antar
ti
autumn, PERIOD II 
overs the winter, and PERIODIII 
overs the spring.For the simulation, we use the appropriate atmospheri
 pro�les (Mar
h,July, and O
tober) to reprodu
e the respe
tive event rates.6.1.1 The 2000 data setIn 2000, the regular data taking period started on February 13th (day 44,starting with run 193), and ended on November 4th (day 309, ending withrun 281). The total data taking time amounts to 248.3 days. The deadtime varies slightly with time (periods with higher trigger rates also havea higher dead time fra
tion). For this analysis the total the livetime was
al
ulated on a run-by-run basis.28 On average, 17% of the exposure timeis lost due to dead time of the DAQ system. From the resulting 202 daysof e�e
tive livetime, about 7 days livetime equivalent is reje
ted be
auseof insu�
ient data quality.Within the standard data sele
tion strategy [133, 156℄, individual �les arereje
ted if more than 50 OMs show an abnormally high noise rate.29 Inaddition, extremely short runs are ex
luded. A run usually lasts 24 hours.An early termination indi
ates hardware or DAQ problems. Therefore,we ex
lude runs whi
h 
omprise less than 5 �les (∼50 minutes livetimeequivalent) from the analysis.In addition, we perform a �le 
leaning based on nine �are-indi
ators (de-s
ribed in se
tion 4.8.2 and appendix B). Ea
h �are indi
ator is a positivenumber, whi
h is a measure the probability of an event to be due to ele
-troni
 noise. Spe
i�
ally, in a sample of N events, one expe
ts less thanone event with an indi
ator value
I & log N + 1 (35)in any of the nine indi
ators. As this analysis 
on
erns O(109) events,we 
onsider ea
h event with any indi
ator value greater than 10 as a �areevent. Flare events preferentially o

ur over distin
t time periods. Figure6.2 shows an example of one run in whi
h the �are rate is enhan
ed overa time span of three hours. Su
h time periods where ex
luded from thisanalysis on a �le-by-�le basis (see also appendix B.2). A list of reje
ted�les is given in Table 3. Altogether, about 40 hours of e�e
tive livetimewere ex
luded be
ause of enhan
ed �are rates.
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RUN   270 Figure 6.2 � Time dependen
e ofthe maximum value of the nine�are indi
ators assigned to events inrun 270. The run has an enhan
ed�are rate over ∼3 hours. Time ismeasured in se
onds from midnight.After reje
tion of periods of insu�
ient data quality and 
orre
tion fordead time, a total of 194 days of e�e
tive livetime remains for analysis.28The Live and Dead-time Analysis web interfa
e [155℄, allows to 
al
ulate live anddead time for arbitrary data taking periods between 1999 and today.29Total outage of individual OMs is is less 
riti
al. Dead OMs 
an be ex
luded fromdata analysis during o�ine �ltering in both Monte Carlo and experimental data streams.After identi�
ation and ex
lusion of su
h OMs, the multipli
ity trigger 
ondition is re-applied as o�ine software trigger (see se
tion 6.2.3).49



run day �les se
onds duration [s℄ dead time fra
tion [%℄ livetime [s℄270 115 110-129 67329-79805 12476 16.806 1037.9271 116 all entirely reje
ted 86313.9 17.155 71506.8272 117 all entirely reje
ted 86313.9 17.242 71431.6305 127 48-51 50618-52755 2137 17.63 1760.2total 145736.5Table 3 � List of �les that were reje
ted be
ause of a high fra
tion of �are events.6.1.2 BlindnessThe AMANDA dete
tor has been built to dis
over phenomena that havebeen postulated but not observed so far. In order to prevent physi
istsfrom biasing their analyses, i.e., adjusting analyses to an anti
ipated out-
ome, the AMANDA 
ollaboration has agreed on a blind analysis pro
edure[157℄, in whi
h any experimental data that enter the �nal physi
s resultmust either be altered or kept blind until the entire analysis 
hain is �-nalized. While a standard point sour
e sear
h uses the former approa
h(data are altered, in that the re
onstru
ted parti
le dire
tions are random-ized), a di�use sear
h will keep the majority of the data fully blind andwill, therefore, heavily rely on Monte Carlo simulations. In an ideal blindanalysis, the entire analysis 
hain is developed without any referen
e toexperimental data at all. The 
omplete analysis is optimized on MonteCarlo simulations and then applied to experimental data without 
hange.However, simulations often do not fully reprodu
e reality, and experimen-tal data have to be used to some extent, in order to identify unsimulatedba
kgrounds or determine normalization fa
tors.30For this analysis we use a �data pres
aling� approa
h, in whi
h the analysisis developed on the pres
aled fra
tion of the data and then applied to theremainder. The pre-s
aled data set in our 
ase 
omprises roughly 20% ofthe data.6.1.3 Simulated data setsUsing the te
hniques des
ribed in 
hapter 5, events are simulated withsu�
iently high statisti
s. The statisti
al error of the �nal analysis isnegligible 
ompared to the systemati
 error.Magneti
 monopole eventsFor ea
h of the four 
onsidered monopole speeds (β = 0.76, β = 0.8,
β = 0.8, and β = 1.0), a sample of 2.5 · 107 tra
ks was generated asdes
ribed in se
tion 5.2.1. The dete
tor simulation yields triggers for 12%to 7% of the generated tra
ks, dependent on velo
ity (see Table 4).β #tra
ks trigger e�
ien
y0.76 2.5 · 107 ∼7%0.8 2.5 · 107 ∼9%0.9 2.5 · 107 ∼11%1.0 2.5 · 107 ∼12%Table 4 � Statisti
s of generated mo-nopole events with various speeds β =

v/c. Atmospheri
 muon eventsIn order to establish su�
ient ba
kground statisti
s, several data sampleswere generated for ea
h of the three OM sele
tion periods (de�ned in Table2), using di�erent importan
e sampling strategies:30For this analysis for instan
e, the atmospheri
 muon ba
kground simulated withCORSIKA des
ribe experimental data reasonably well up to a s
aling fa
tor, whi
h isassessed by 
omparing event rates in simulated and experimental data. Analyses forwhi
h atmospheri
 neutrinos pose the dominant ba
kground, also determine the absolutenormalization of the simulated ba
kground from experimental data, be
ause the absolute�ux of atmospheri
 neutrinos is theoreti
ally un
ertain.50




omposition sampling in energy energy range [GeV℄ atmosphere #primaries trigger e�
ien
ypoly-gonato poly-gonato 800 − 1011 Mar
h 3.88 · 1010 ∼6 · 10−5poly-gonato poly-gonato 800 − 1011 July 5.66 · 1010 ∼5 · 10−5poly-gonato poly-gonato 800 − 1011 O
tober 3.07 · 1010 ∼6 · 10−5poly-gonato poly-gonato, ∆γ = 1 103 − 1011 Mar
h 1.02 · 109 ∼0.3%poly-gonato poly-gonato, ∆γ = 1 103 − 1011 July 1.48 · 109 ∼0.3%poly-gonato poly-gonato, ∆γ = 1 103 − 1011 O
tober 8.04 · 108 ∼0.3%proton E−2 104 − 1011 O
tober 7 · 108 ∼0.3%iron E−2 104 − 1011 O
tober 7 · 108 ∼0.3%Table 5 � Ba
kground samples generated with CORSIKA.� For ba
kground studies up to level 1 sele
tion, we use a ba
kgroundsample generated without importan
e sampling, assuming a 
osmi
ray 
omposition and energy spe
trum a

ording to the the poly-gonato model. This sample yields the best statisti
s of low energyatmospheri
 muons.� For higher �ltering levels, we use a ba
kground sample with a 
os-mi
 ray 
omposition a

ording to the poly-gonato model and over-sampling in energy by ∆γ = 1 for the spe
tral slope of ea
h ele-ment. This ba
kground sample des
ribes the ba
kground of mis-re
onstru
ted atmospheri
 muons, i.e., those muons whi
h were re-
onstru
ted as up-going, reasonably well up to the �nal analysis level.So, this sample is su�
ient for the sear
h for monopoles below thehorizon.� For the sear
h for monopoles above the horizon, we use a ba
kgroundsample 
omposed of iron and proton primaries sampled from an E−2energy spe
trum. This event sample is used only for the �nal analysislevels, when the la
k of trans-iron primaries in the CORSIKA simula-tion of the poly-gonato spe
trum be
omes apparent.The event statisti
s for all generated ba
kground samples is listed in Table5, along with the fra
tion of generated events that yield a trigger in thedete
tor simulation.6.2 RetriggeringThe purpose of the retriggering is to eliminate features from the experimen-tal data set whi
h are not reprodu
ible with simulations. One su
h featureis transient OM behavior. The dete
tor simulation assumes all OMs to befun
tioning steadily (ex
ept those that are known to be permanently dam-aged). In parti
ular, the noise rates are assumed to be 
onstant (se
tion5.1.3). In simulated events, individual OMs produ
e hits and 
ontributeto the multipli
ity trigger with 
onstant probabilities. In reality however,the OM noise rates show a transient behavior. After sorting out abnor-mally noisy or dead OMs (OM-
leaning), and reje
tion of hits whi
h arebelieved to originate from ele
troni
 noise (hit-
leaning), the multipli
itytrigger 
ondition is re-imposed.
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6.2.1 Standard OM sele
tionMany OMs operate stably when data taking starts, and be
ome be
omeunstable later in the year. In order to use as many OMs as possible, i.e.,maximize the dete
tor that is e�e
tively being used, the full data takingtime is divided into three periods, and a list of unstably operating OMs is
ompiled for ea
h of the periods.At this early level of analysis, we use a standard OM sele
tion 
riteria,whi
h were established within an earlier data �ltering e�ort [133℄. TheOM sele
tion is based on the dark noise rates whi
h are available fromthe monitoring data. OMs with noise rates higher than ∼8 kHz and lowerthan ∼80Hz are ex
luded. Table 6 lists the number of OMs that wereex
luded over a 
ertain period, along with identi�
ation numbers of theruns for whi
h the spe
i�
 sele
tion was applied. A 
omplete list of theidenti�
ation numbers of ex
luded OMs 
an be found in [133℄.Table 6 � Number of OMs ex-
luded during spe
i�
 sele
tion pe-riods [133℄. PERIODI PERIOD II PERIOD IIIrun 193-281 282-474 475-584day 44-125 126-244 245-309# ex
l. OMs 136 147 169Apart from those OMs that were identi�ed as unreliable, those OMs whi
hare lo
ated outside the main dete
tor volume are not used in the physi
sanalysis. For many of them, 
alibration 
onstants are not available, or theyare lo
ated at shallow depths (as, for instan
e, OMs of string 17), whereresidual air bubbles 
ause too strong photon s
attering. These ex
ludedOMs are listed in Table 7.Table 7 � OMs that are permanentlyex
luded from physi
s analysis. OM Id lo
ationOM 81-86 bottom OMs of string 4OM 307-310 and OM 337-344 bottom and top OMs of string 11OM 345-352 and OM 379-386 bottom and top OMs of string 12OM 387-394 and OM 421-428 bottom and top OMs of string 13OM 555-596 string 17The OM map in Figure 6.3 shows the lo
ation of the OMs ex
luded by thestandard OM sele
tion within the AMANDA-II array.6.2.2 Hit 
leaning for the retriggerThe hit-
leaning at this level 
onsists only of TOT 
leaning whi
h reje
tsextremely narrow pulses (see se
tion 4.8.1). A more sophisti
ated hit 
lean-ing is applied at later analysis levels. The TOT 
uts are set individually for
able type TOT-
utCoaxial > 150 nsTwisted-Pair > 75 nsFiber > 5 nsTable 8 � Typi
al TOT 
uts. ea
h OM, but they do not vary mu
h within a 
ertain 
lass of OMs. Typ-i
al 
ut values are listed in Table 8. Apart from extremely narrow pulses,pulses with unreasonably large TOTs are reje
ted. The upper bound onthe TOT is 2000 ns for all OM types.6.2.3 Re-imposing the multipli
ity triggerAfter applying the OM- and hit-
leaning as des
ribed above, a multipli
itytrigger 
ondition is re-imposed by requiring at least 24 OMs to be hit within52
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19 Figure 6.3 � Map of the OMpositions within the AMANDA-II dete
tor. (The depth is relativeto the dete
tor 
enter (1730mbelow the surfa
e). Lo
ations ofOMs that are permanently ex
ludedfrom physi
s analyses (either dueto irre
overable damage or be
ausethey are lo
ated outside the maindete
tion volume) are marked withopen 
ir
les. OMs that are reje
tedonly for a limited time periodduring the year 2000 are marked asasterisks.Lo
ations of �rst generation OMs,read out via 
oaxial 
ables, aremarked in green. Those OMswere deployed with strings 1-4 ininnermost part of the dete
tor.These strings ea
h 
ontain 20OMs at a verti
al spa
ing of 20m.The 
entral string (string 4) hassix additional test modules at thebottom, whi
h are not used in dataanalysis.Lo
ations of se
ond generationOMs, read out via twisted pair
ables, are marked in red. Most ofthese OMs are lo
ated at strings5-10, whi
h 
ontain 36 OMs at10m intervals.Lo
ations of OMs with opti
al�ber transmission are marked inblue. These OMs were deployedwith strings 11-19, whi
h de�nethe surfa
e area of the dete
tor. In
ase the opti
al �ber was damagedduring deployment, the OMs areread out ele
tri
ally via twistedpair 
ables (red). Due to hardwaredi�eren
es, these OMs behavedi�erently from the twisted-pairOMs deployed in strings 5-10. Thepulses at the surfa
e are generallywider, with a TOT similar to thosetransmitted over 
oaxial 
able.Strings 11-13 
ontain 26 OMsspa
ed by 20m in the 
entral regionof the dete
tor (between -250 and250m). Additional OMs on thesestrings at deeper and shallowerdepths were deployed for exploringthe i
e properties outside the maindete
tion volume and are not usedin data analysis.Strings 14-19 have 42 OMs spa
edby 15m. String 17 got stu
k atshallower depth during deploymentand is not used for the analysis.53



Figure 6.4 � Deadtime-
orre
tedevent rate from January 1st 2000 toDe
ember 31st 2003 before (brown)and after (bla
k) retriggering.  2000
st

day from Jan 1
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a time window of 2.5µs. Figure 6.4 shows the e�e
t of the o�ine retrigger.On average 77% of the experimental events pass the retrigger sele
tion.For simulated atmospheri
 muon events, the retrigger passing rate is a littlehigher, 83% on average. This is expe
ted, be
ause the hit-sele
tion �ltersout unsimulated ele
troni
 noise hits. Monopole events are marginallya�e
ted by the retriggering, be
ause the hit multipli
ity is generally higher.About 98% of the monopole events pass the retriggering, independently ofthe monopole speed.A �rst sanity 
he
k of simulated and experimental data is a 
omparisonof the observed event rates after imposing the retrigger. Table 9 lists theratio between number of retriggered events in experimental data and sim-ulated data. On average, this ratio is 1.3. The de�
it in simulated atmo-spheri
 muon events is expe
ted from the used hadroni
 intera
tion model(QGSJET01). The ratio remains approximately 
onstant over the three pre-de�ned OM-sele
tion periods, for whi
h di�erent atmospheri
 pro�les wereused for the air-shower simulation.
PERIODI 1.31PERIODII 1.30PERIODIII 1.27average 1.30Table 9 � The ratio of experimental tosimulated events at retrigger level. 6.3 Analysis Level 1The purpose of the level 1 �lter is the redu
tion of the data volume to amanageable size. A redu
tion to about 1% of the initial volume is a
hievedby pla
ing two 
uts on observables that are sensitive to the amount of lightdeposited during the event:� NHits: the total number of pulses (hits) re
orded. Ea
h 
hannel 
anre
ord up to eight pulses and this number 
an substantially ex
eedthe number of OMs in the dete
tor.� FRAC1: the fra
tion of all hit OMs for whi
h only a single hitwas re
orded (as opposed to those OMs for whi
h multiple hits werere
orded).These two observables are key observables to this analysis. They are usedrepeatedly throughout the sele
tion 
hain, with modi�
ations of the hit-and OM sele
tions applied before their 
al
ulation.31 At this analysis level,we use hit 
leaning 
riteria that were established for standard neutrinosear
hes and have been used in a variety of analyses (see e.g. [93℄). TheOM sele
tion applied is the same as used for the retriggering.31Both hit and OM sele
tion had to be re�ned at higher analysis levels, in order toensure agreement between experimental and simulated data. At the �nal analysis levelsin parti
ular, satisfa
tory agreement was a
hieved only by using only those hits thatwere re
orded for OMs with opti
al �ber readout.54



observable OM sele
tion Hit 
leaningstandard TOT 
leaning: standard, see Table 8NHits RT -
leaning: 
oin
iden
e within R ≤ 100m t ≤ 500 nsFRAC1 Amplitude 
ut: ADC > 0.1 photoele
tronsTime window: t > 14000 nsTable 10 � OM sele
tion and Hit 
leaning used for the level 1 
ut parameters.6.3.1 Hit 
leaning for the level 1 �lterThe standard hit-sele
tion 
riteria were introdu
ed earlier in se
tion 4.8.1.Apart from the TOT-
leaning that was already used for retriggering, weapply an amplitude 
ut, an isolation 
ut (RT -
leaning), and a 
ut on hittimes whi
h reje
ts early noise hits but in
ludes hits from late photonsand potential after pulses. Cross talk 
leaning was not applied at thislevel, be
ause 
ross talk 
onstants (ne
essary for the 
leaning based on theOM ADC-TOT 
hara
teristi
s, see se
tion 5.1.4) for simulated data werenot available at the time when the data were �ltered.32 The applied hit
leaning 
riteria are spe
i�ed in Table 10. Figure 6.5 illustrates the e�e
tof the various 
riteria on the hit set. hit time [ns]
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Figure 6.5 � Timing distribution ofhits passing the various hit 
lean-ing 
riteria as de�ned in Table 10.The �ve superimposed histograms
orrespond to the distribution with-out hit 
leaning (lightest gray), andto progressively tighter 
leaning:TOT-, RT -, and Amplitude 
lean-ing (darker grays). The e�e
tive-ness of individual 
riteria againstrandom noise hits 
an be inferredfrom the amount of hits remainingin the �rst 14000 ns of the readoutwindow. The time window 
ut isindi
ated by the red line.
6.3.2 CutsThe 
ut parameters NHits and FRAC1 are 
al
ulated using the 
leanedhit sets. Figure 6.6 shows the distribution of both 
ut parameters for simu-lated signal and ba
kground, and for 1% of experimental events that passedthe retriggering (minimum-bias data). The distributions are shown sepa-rately for ea
h of the three OM sele
tion periods. For ea
h of the periods,simulated atmospheri
 muon events des
ribe experimental data reasonablywell. The histograms for simulated atmospheri
 muons are s
aled to mat
hthe total number of events observed in experimental data (s
aling fa
torsare given in Table 9). Magneti
 monopole events are arbitrarily normal-ized to a �ux large enough for the distribution to be well visible against themuon ba
kground. The �ux strengths for ea
h of the monopole samples(β = 0.76 to β = 1.0) are assumed to be equal, meaning that the di�er-en
es between the samples with respe
t to the integral of ea
h histogramre�e
t di�eren
es in the trigger e�
ien
ies. 
ut#1 and #2NHits ≥ 140FRAC1 ≤ 0.72Events with less than 140 hits or events in whi
h more than 72% of all hitOMs have only a single hit are removed from the data stream.Roughly 1% of experimental events pass these 
riteria. The passing ratefor simulated atmospheri
 muons is slightly higher than for experimen-tal events. After applying the 
uts, the ratio of experimental events tosimulated events is 1.22 on average, slightly lower than at retrigger level.The ratio remains approximately 
onstant for the three OM sele
tion pe- PERIOD I 1.23PERIOD II 1.23PERIOD III 1.19average 1.22Table 11 � Ratio between the number ofexperimental events and simulated at-mospheri
 muon events after applyinglevel 1 
uts.
riods (see Table 11). Between 75% and 81% of the monopole events passlevel 1 
uts, dependent on the monopole speed. The exa
t passing e�
ien
yare given in Table 12 at the end of this 
hapter.32Earlier �ltering e�orts of AMANDA-II had by mistake used identi
al 
ross talk 
on-stants for both experimental and simulated data. The error remained long undete
ted,be
ause analyses using the �ltered data were predominantly relying on dire
tional infor-mation from tra
k re
onstru
tion algorithms. For these analyses, the in�uen
e of 
rosstalk 
leaning is weaker than for observables involving hit 
ounting.55
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Figure 6.6 � Level 1 
ut parameters NHits (top row) and FRAC 1 (bottom row). Bla
k markers indi
ate experimentaldata (minimum-bias stream), grey histograms are the simulated atmospheri
 muon ba
kground (CORSIKA), and green openhistograms are simulated magneti
 monopoles with speeds form β = 0.76 (darkest green) to β = 1.0 (lightest green). Theagreement between experimental data and simulated atmospheri
 muons is equally good for all three periods. The two 
uts(indi
ated by red lines) redu
e the data set to ∼1% of the originally triggered events.6.4 Con
lusionsFor the �rst two analysis levels (retrigger level and level 1 �lter), experi-mental data are well reprodu
ed by simulated atmospheri
 muons. Boththe overall event rate and distributions of key observables, su
h as NHits,show a good agreement. Spe
i�
ally, seasonal variations of the event rate
an be reprodu
ed by using appropriate atmospheri
 pro�les available inCORSIKA. Figure 6.7 shows the event rates in simulated and experimentaldata observed after applying level 1 
uts. The ∼20% de�
it in the absoluterate of simulated events is 
aused by the used hadroni
 intera
tion modelQGSJET01 (see se
tion (5.3.1)) and is expe
ted.The further data sele
tion is des
ribed in detail in the following 
haptersand pro
eeds iteratively. For optimizing the higher level 
uts, CORSIKAevents are normalized to mat
h the number of observed in the 20% exper-imental data set. The passing rates of the experimental and the simulatedevents are generally not exa
tly equal, and the normalization will be ad-justed at ea
h analysis level. Constan
y of the normalization after applyingprogressively tighter 
uts is an important 
he
k of the 
onsisten
y of theanalysis. Passing rates and normalization 
onstants for the �rst two anal-ysis levels are summarized in Table 12.
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Figure 6.7 � Daily rate of experi-mental events passing the level 1 �l-ter as de�ned in se
tion 6.3 (bla
kmarkers) 
ompared to the rate ofsimulated atmospheri
 muon rateusing various atmospheri
 models,resembling the South Pole atmo-sphere during Mar
h, July, and O
-tober, respe
tively (thin red lines).The overall seasonal variation in theevent rate are reprodu
ed well. Thesimulated ba
kground rate has tobe s
aled by a fa
tor 1.22 (heavyred lines) in order to mat
h themuon rate observed in experimen-tal data. This s
aling is expe
tedfor air-shower simulations using theQGSJET01 intera
tion model (seese
tion 5.3.1).

level fra
tion of passing events normalizationmonopoles
β = 1.0 β = 0.9 β = 0.8 β = 0.76 CORSIKA experimentalretrigger 98% 98% 98% 98% 83% 77% 1.3level 1 81% 81% 80% 75% 1.4% 1.3% 1.2Table 12 � Fra
tion of events passing the retriggering and the level 1 �lter, and the s
aling fa
tor ne
essary to normalizethe simulated event rate to the rate observed in experimental data.
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7 Higher level data sele
tionUltimately, this analysis aims at sear
hing for both up- and down-goingmonopoles, and the �nal sele
tion 
riteria will be optimized separately forparti
les entering from either above or below the horizon. After the sele
-tion 
riteria applied in the the next two analysis levels (level 2 and level 3,des
ribed in this 
hapter) the data set will be split into two separate datastreams, 
ontaining up- and down-going tra
ks respe
tively (
.f. Figure7.1).Be
ause the Cherenkov emissions from relativisti
 magneti
 monopoles areby several orders of magnitude more intense than that from relativisti
muons, most of the observables used as 
ut parameters are a measure ofthe light yield. These observables are by nature mutually 
orrelated. ALinear Dis
riminant Analysis is an e�
ient and robust tool to separatesignal from ba
kground in the presen
e of su
h mutual 
orrelation.In addition to the light yield, we use the parti
le dire
tions, whi
h areobtained from tra
k re
onstru
tions, to suppress the ba
kground of down-going atmospheri
 muons. Tra
k re
onstru
tions are relatively CPU in-tensive and are, therefore, applied only after further data redu
tion. Inthe next pro
essing level, the data are further redu
ed based on fast-to-
ompute measures of the light yield and the results of a fast �rst guessalgorithm, the line�t (see se
tion 7.1.3 below). A likelihood re
onstru
tion(see se
tion 7.1.2 below) is then applied to the redu
ed data set. While theline�t is an analyti
 method and hen
e 
ompletely deterministi
, the like-lihood re
onstru
tion uses a numeri
al pro
edure to �nd the minimum ofa rather 
ompli
ated multi-dimensional likelihood fun
tion, whi
h involvesrandom pro
esses. There is no guarantee that the obtained solution is infa
t the �
orre
t� one, i.e., the global minimum of the fun
tion. Hen
e,it is desirable to apply the likelihood re
onstru
tion repeatedly with al-tering (but prede�ned) seeds, and adopt the best solution as the ultimatere
onstru
tion result. Iterating the re
onstru
tion pro
ess several timesobviously in
reases the required CPU time. So, an iterative likelihoodre
onstru
tion 
an only be applied on a relatively small data set.This analysis is the �rst monopole sear
h performed with a blindness 
on-dition. Many (usually small) dis
repan
ies between the real dete
tor andthe idealized dete
tor simulation be
ome apparent for high energy eventsand at higher analysis levels. Presumably, most of the dis
repan
ies are
aused by hardware 
omponents su�ering from additional ele
troni
 noise
ontributions during registration of extremely large Cherenkov signals. Thehigher analysis levels, therefore, not only involve the sele
tion of events,but also the sele
tion of dete
tor 
omponents whi
h still work reliably forlarge light depositions in the dete
tor.7.1 Pro
essing and data sele
tion strategy
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Figure 7.1 � Pro
essing steps afterlevel 1. Figure 7.1 shows a s
hemati
 sket
h of the pro
essing des
ribed in this
hapter. Filter level 2 involves the appli
ation of the line�t, and afterfurther data redu
tion a likelihood re
onstru
tion using a single iteration.Cuts that remove potential �are events (
.f. se
tion 4.8.2) are applied atthe the end of this level.In �lter level 3, an iterative re
onstru
tion is applied. The obtained tra
kdire
tion serves to divide the events into up- and down-going parti
les,58



whi
h are treated separately from there on (as des
ribed in the following
hapters). Dis
repan
ies between experimental and simulated data withrespe
t to the re
onstru
ted tra
k dire
tion and observables sensitive tothe light yield require drasti
 tightening of the OM sele
tion at this level.One further 
ut is imposed using on the light deposition in the dete
tor,assessing the light yield using only those OMs whose response is reprodu
edmost a

urately by the simulation.All 
ut parameters ex
ept the �are indi
ators are optimized using a lineardis
riminant analysis. The dis
riminant analysis, the likelihood re
onstru
-tion, and the line�t are des
ribed in the following se
tions.7.1.1 Linear Dis
riminant AnalysisLinear Dis
riminant Analysis (LDA) is an analyti
al te
hnique to 
lassifyobje
ts into mutually ex
lusive and exhaustive groups based on a set ofmeasurable features. In our 
ase, the re
orded events are to be 
lassi�edas either signal (magneti
 monopoles) or ba
kground (atmospheri
 muons).The linear dis
riminant analysis is a so-
alled linear 
lassi�er, providing ade
ision rule for 
lassifying events based on a linear dis
riminant fun
tion
d( ~X) = ~V · ~X, (36) discriminant
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Figure 7.2 � The Fisher dis
rimi-nant.where ~X = [x1, x2, ..., xn] is a ve
tor 
ontaining n event features, and ~V =
[v1, v2, ..., vn] is a ve
tor of optimized 
oe�
ients. That is, the dis
riminantfun
tion is simply a weighted sum of the n observables. Geometri
ally,the n-dimensional ve
tor ~X is proje
ted onto the ve
tor ~V . One possibleoptimization of the 
oe�
ients ~V is to maximize the Fisher 
riterion [158℄,

f =
(〈d1〉 − 〈d2〉)2

σ2
1 + σ2

2

, (37)where 〈di〉 and σi are the mean values and expe
ted varian
es of the dis-
riminant fun
tion for either signal or ba
kground (see Figure 7.2). TheFisher 
riterion measures the di�eren
e of the two means normalized bythe averaged varian
e. The extremum of f 
an be found analyti
ally [159℄,yielding the 
oe�
ient ve
tor NCH
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Figure 7.3 � Correlations of theobservables NHits and NCH. Sim-ulated atmospheri
 muon events(ba
kground) are represented bygrey markers, simulated signalevents are represented by greenmarkers (darkest green for the slow-est simulated monopole speed, β =
0.76, lightest green for the fastestsimulated speed, β = 1.0). The�ve large round markers indi
atethe respe
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e.
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(
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, (38)where Σi are the 
ovarian
e matri
es and ~Mi are the 
lass means in n-dimensional feature spa
e. These quantities are assessed numeri
ally us-ing subsets (so-
alled learning data) of simulated signal and ba
kgroundevents. The resulting dis
riminant fun
tion d( ~X) is 
alled the Fisher dis-
riminant. Figure 7.3 shows example distributions of the learning dataused at level 2 of this analysis in the two-dimensional spa
e, spanned bythe observables NHits and NCH.The a
tual 
lassi�
ation of the events is done by 
hoosing a thresholdvalue d0 above or below whi
h the events are assigned to either of the two
lasses. A 
ommon 
hoi
e of d0 is the one that minimizes the expe
tednumber of mis
lassi�ed events, that is the sum of the number of signalevents that are expe
ted to be 
lassi�ed as ba
kground and the number59



of ba
kground events that are expe
ted to be 
lassi�ed as signal. Thisnumber is minimal where the signal and ba
kground distributions of d( ~X)interse
t [159℄. The expe
ted number of mis
lassi�ed events, then, is justthe overlap of the two distributions (
.f. Figure 7.2). The overlap, however,depends on normalization of the two distributions. I.e., stri
tly speaking,we need to know the a priori probability for an event to be signal orba
kground in order to minimize the probability of mis
lassi�
ation. Inthis analysis, the abundan
e of magneti
 monopoles would determine thea priori probability of an event to be signal. Sin
e the monopole �ux isunknown (barring the fa
t that it must be extremely small), the 
hoi
eof d0 is somewhat arbitrary. Throughout this analysis, the motivation to
hoose one parti
ular d0 varies with the analysis level. At lower levels, d0is typi
ally 
hosen su
h that the maximum possible amount of signal isretained.Theoreti
ally, the Fisher dis
riminant yields optimum separation betweentwo 
lasses with normally distributed observables and equal 
ovarian
e ma-tri
es [159℄. This is not stri
tly the 
ase for this analysis (
.f. Figure 7.3),meaning that a better separation might be a
hieved with more sophisti-
ated pattern re
ognition te
hniques.33 However, for an analysis in whi
hdata are rather poorly understood, the simpli
ity, transparen
y and robust-ness of a linear 
lassi�er 
ompensate for potential losses in performan
e.7.1.2 The Likelihood Re
onstru
tionBesides the light yield, the dire
tion of parti
les entering the dete
tor'ssensitive volume is an important observable. The parti
le is re
onstru
tedfrom the arrival times of the Cherenkov photons at the OMs using a likeli-hood method [160℄. If we 
onsider a 
ertain dete
tor response R = {ri} ofan event, where ri 
onsists of the timing and position information of the ithhit of the event, we 
an 
al
ulate the individual likelihoods p̂i(ri|H) of ea
hhit to o

ur with respe
t to a 
ertain tra
k hypothesis H . If we assume thatthe parti
le travels in a straight line, and neither starts nor stops inside thedete
tion volume, the initial tra
k hypothesis is an in�nitely long straightline, whi
h in three dimensional spa
e has �ve degrees of freedom. They
an be 
hosen as three spatial 
oordinates (x, y, z), de�ning the position ofthe muon at some arbitrary time, and two angles (Θ, Φ) de�ning its dire
-tion. In order to re
onstru
t the tra
k, the �ve tra
k parameters are varieduntil the best-�t tra
k hypothesis H(x, y, z, Θ, Φ) is found. The best-�t hy-pothesis is that whi
h maximizes the likelihood L(R|H), or equivalently,its logarithm
log[L(R|H)] = log

(

Nhits
∏

i=1

p̂i

)

=

Nhits
∑

i=1

log(p̂i)
!
= max . (39)The individual hit probabilities p̂i are approximated with an analyti
 fun
-tion, the Pandel fun
tion [161℄. The Pandel fun
tion gives the probabilityfor a Cherenkov photon to arrive with a 
ertain time delay t relative to theCherenkov time at an OM lo
ated at a 
ertain perpendi
ular distan
e ρfrom the tra
k. Parti
les are assumed to travel at the speed of light, pho-33The separating boundary de�ned by a linear 
lassi�er is a hyper-plane in n-dimensional feature spa
e. More 
omplex (i.e., bent) hyper-surfa
es obtained fromhigher order 
lassi�ers 
an yield a better separation, if the events are distributed in amore 
omplex way (i.e., if the distributions deviate signi�
antly from normal distribu-tions). 60



tons are assumed to be emitted at the respe
tive Cherenkov angle. Figure7.4 shows the time delay probabilities 
al
ulated with the Pandel fun
tionat a �xed distan
e of ρ = 20m. At su
h short distan
es, the Pandel fun
-tion has a sharp maximum at t = 0, 
orresponding to uns
attered photonsarriving at the OM. In a real dete
tor however, the hit times are smearedwith the PMT transit-time jitter. When 
al
ulating the hit probabilities,the jitter is a

ounted for by a 
onvolution of the Pandel fun
tion with aGaussian of width 7 ns [162℄.
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time delay [ns]Figure 7.4 � Time delay distribu-tion for Cherenkov photons arrivingat an OM lo
ated at 20m distan
efrom the parti
le tra
k a

ordingto the Pandel fun
tion (bla
k line).The Pandel fun
tion is 
onvolutedwith a Gaussian to a

ount for thejitter in the PMT transit time (redline). From [128℄.
With in
reasing distan
e ρ, the Pandel fun
tion be
omes in
reasingly �at,and the maximum position shifts towards larger time delays, as it be
omesin
reasingly unlikely that photons arrive at the OM without being delayedby s
attering. Figure 7.5 displays the hit probabilities as a fun
tion of bothtime delay and distan
e from the tra
k. Two sli
es with 
onstant distan
e
ρ are highlighted as white lines in order to illustrate the 
hange in shape.The maximum of the likelihood is found by minimizing the negative log-likelihood fun
tion (equation (39)). This enables us to use standard �mini-mizer� pa
kages that implement numeri
al minimizing algorithms. By de-fault, the AMANDA software uses the Simplex algorithm (see for instan
e[163℄) available from the TMinuit-pa
kage [164℄. Numeri
al minimizationalgorithms have the best 
han
e to �nd the global minimum of the over-all negative likelihood if most of the 
ontributing individual hit likelihoodfun
tions p̂i have sharp extrema. That means, the tra
k re
onstru
tionwill be most a

urate for events 
ontaining mostly hits from uns
atteredphotons. The least s
attered photons are those whi
h arrive at an OM �rst.Therefore, only the �rst hits re
orded in ea
h 
hannel are passed to thelikelihood re
onstru
tion. The re
onstru
tion of extremely bright events isusually less a

urate, be
ause most of the hit OMs are lo
ated at large dis-tan
es from the tra
k. Even �rst photons are multiply s
attered, and themaxima of the 
orresponding time delay distributions are less pronoun
ed(
.f. Figure 7.5). -18
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Figure 7.5 � Pandel fun
tion de-pendent on time delay t and dis-tan
e ρ. Two sli
es at 
onstant ρare highlighted in white, in order vi-sualize the 
hange of the shape ofthe time delay distribution with dis-tan
e. From [165℄.
Another fa
tor that in�uen
es the re
onstru
tion a

ura
y is the the initialhypothesis from whi
h the minimizer starts to s
an the likelihood spa
e forits global minimum. If the initial hypothesis is not in the vi
inity of theglobal minimum, the minimization algorithm might 
onverge only to a lo
alminimum. The initial hypothesis passed to the likelihood re
onstru
tion isdetermined with so 
alled �rst guess algorithms whi
h 
al
ulate the approx-imate tra
k parameters with an analyti
 method (see below). Sin
e thesealgorithms do not a

ount for light propagation in the i
e, the obtainedtra
k parameters might be very ina

urate. This is espe
ially true for verybright events in whi
h photons propagate over large distan
es before a
-tually being dete
ted. In 
ase of a weak �rst-guess, the a

ura
y of thelikelihood re
onstru
tion 
an be improved by repeating the minimizationpro
ess several times using alternative start hypotheses. These hypothe-ses 
an either be results of various �rst guess algorithms, or even randomtra
k parameters. The latter approa
h is used in this analysis. In order tohave fully reprodu
ible results, subsequent minimizations are seeded withpseudo-random tra
k parameters, whi
h are obtained from the pre
edingre
onstru
tion result using a Sobol sequen
e (see for instan
e [163℄). Theinitial start hypothesis is obtained from the so-
alled line�t.7.1.3 The Line�tA very fast and relatively simple �rst-guess algorithm is the line�t [166℄.It uses a very simple des
ription of the tra
k, 
ompletely independent of61



light propagation and opti
al module response. It assumes light to travelalong a straight line with an arbitrary but 
onstant velo
ity ~v. The spatialpositions ~ri and ti at whi
h photons are dete
ted 
an then be des
ribed bya linear relation as
~ri = ~r0 + ~v(ti − t0) , (40)Minimizing χ2 =

∑

i(~ri − ~r0 − ~v · ti)2 gives the solution
~v =

< ~riti > − < ~ri >< ti >

< t2i > − < ti >2
, ~r0 =< ~ri > −~v < ti > , (41)
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Figure 7.6 � Cosine of the zenithangle obtained from the weightedline�t. The AMANDA 
oordinatesystem is de�nes su
h that a zenithangle of 0◦ 
orresponds to a verti-
ally down-going tra
k. where angle bra
kets indi
ate averaging over i hits. This solution gives anapproximate dire
tion as well as a vertex lo
ation and a �velo
ity� ~v.34 Asfor the likelihood re
onstru
tion, it is important to use the times ti of the�rst hits in ea
h OM.The pointing a

ura
y of the line�t 
an be improved by weighting the in-dividual hits with the amount of light at the parti
ular OM. The a
tualnumber of photoele
trons (NPE) registered by an OM 
annot be re
on-stru
ted from the data (
.f. se
tion 4.4, Figure 4.12). The most reasonableestimate for NPE is to assume that the measured peak amplitude (ADC)is produ
ed by the �rst hit, and that all subsequent hits are due to singlephotoele
trons:
NPE ≈ ADC + nOM

hits − 1, (42)where nOM
hits is the total number of hits seen by the OM. A weighting withthe square of the estimated number of photoele
trons, N2

PE, results in anangular resolution (de�ned as the median of spa
e angle between the thedire
tions of the true and the re
onstru
ted parti
le dire
tion) of ∼8◦ foratmospheri
 muons, and 20◦ to 35◦ for relativisti
 monopoles, dependent onvelo
ity. This is substantially better than the angular resolution a
hievedwithout weighting (∼15◦ for atmospheri
 muons, and 35◦ to 60◦ for mono-poles [167℄) and than the angular resolution a
hieved with other �rst guessmethods.35v LF
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Figure 7.7 � The velo
ity of theweighted line�t vLF (upper panel)and its 
orrelation to FRAC 1 (thefra
tion of hit OMs with a singlepulse), whi
h is a measure of thelight intensity radiated from a tra
k(lower panel).

Figure 7.6 shows the 
osine of the zenith angle (cos θLF) obtained fromthe weighted line�t for 20% of the experimental data set and simulatedatmospheri
 muon and monopole events after applying level 1 sele
tion
riteria. A zenith angle of 0◦ (cos θLF = 1) 
orresponds to a verti
allydown-going dire
tion. Most of the atmospheri
 muon events are re
on-stru
ted as down-going tra
ks (cos θLF > 0). Experimental and simulateddata show reasonable agreement.Apart from the parti
le dire
tion, we use the magnitude of the �velo
ity�parameter (~v in equation (40)) as a 
ut parameter, be
ause it relates tothe light intensity radiated from a parti
le: bright events have more hitsat large distan
es from the tra
k, whi
h, proje
ted on straight line, resultin slower velo
ity. Figure 7.7 shows the velo
ity of the line�t (weightedwith N2
PE, see equation (42)) and its 
orrelation to FRAC1 (the fra
tionof OMs with only a single hit).34The velo
ity of the line�t 
annot be 
onsidered as a re
onstru
ted parti
le velo
ity,sin
e it does not a

ount for photon propagation in the i
e.35The weighted line�t was superior to other �rst guess algorithms (the Dipole�t,Dire
t Walk, and JAMS) [160℄ that are available in the Sieglinde pa
kage.62



7.2 Analysis Level 2The next �ltering level 
onsists of two additional 
uts. The �rst 
ut isbased on the amount of light deposited in the dete
tor. The 
ut parameteris the Fisher dis
riminant 
omposed of �ve fast-to-
ompute observables:� NHits, as used in level 1,� FRAC1, as used in level 1,� FRAC1optical: The fra
tion of hit opti
ally read-out OMs with onlya single hit,� NCH: the number of 
hannels (OMs) whi
h have re
orded at at leastone pulse, and� vLF: the velo
ity of the weighted line�t.After imposing the 
ut on the Fisher dis
riminant, the remaining events arere
onstru
ted with a likelihood re
onstru
tion. A se
ond 
ut is imposed,whi
h exploits the re
onstru
ted tra
k dire
tions. The 
ut parameter is aFisher dis
riminant 
omposed of� FRAC1 (as above), and� cosΘ: The re
onstru
ted zenith angle of the single iteration likeli-hood re
onstru
tion.The OM sele
tion in this level is identi
al to the one used in level 1, ex-
ept for FRAC1optical, whi
h uses only the sub-set of opti
ally read-out
hannels.7.2.1 Hit 
leaningTra
k re
onstru
tions require an enfor
ed hit-
leaning in order to sele
tonly the least s
attered photons. In order to reje
t noise hits more ef-�
iently, the level 1 hit 
leaning is re�ned (Table 13 summarizes the hit
leaning 
riteria applied at this level):Time window 
leaning: The time window is narrowed to use only hitswhi
h are re
orded after 17000 ns. As demonstrated in Figure 7.8, evenmonopoles as slow as β = 0.76 (the slowest and least bright monopoles
onsidered) produ
e hits only in this time interval.36 0 10000 20000 30000
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Figure 7.8 � Time distributionof hits from simulated β =
0.76 monopoles in
luding noise andafter-pulsing (green histogram) andhits from Cherenkov photons only(bla
k histogram).For the likelihood re
onstru
tion and the line�t, we use only hits aroundthe trigger time between 17000 and 25000 nanose
onds. For the otherobservables, we in
lude also late hits up to the end of the TDC re
ordingwindow.36The looser time sele
tion used in level 1 (thit > 14000 ns) was 
hosen in order tosustain the possibility to use the same pre-�ltered data-set also to sear
h for monopoleswith speeds below the the Cherenkov threshold. Be
ause of their lower speed, and due tothe fa
t that these monopoles would be only moderately bright, the Cherenkov signatureof these monopoles would probably 
ontain early hits whi
h o

ur substantially beforethe multipli
ity trigger is ful�lled.
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observable OM sele
tion Hit 
leaningTOT 
leaning: as level 1
RT -
leaning: as level 1Amplitude 
ut: as level 1Time window: >17000 ns
ross talk 
leaning: map, ADC-TOTNHitsFRAC1 standard, as level 1NCHFRAC1optical only opti
ally read out OMs TOT, RT , Amplitude: as level 1
ross-talk 
leaning:Time window: [17000:25000℄ nsvLF

cosΘ
standard, as level 1 reje
t hits in over�owed OMsreje
t hits with missing leading edgesuse only �rst hit in ea
h OMTable 13 � OM sele
tion and Hit 
leaning used for the level 2 
ut parameters.Cross-talk 
leaning: For the OMs on strings 5-10, two 
riteria are appliedin order to reje
t potential 
ross talk hits:1. Hit 
leaning based on the �
ross-talk map�: A hit o

urring in anOM identi�ed as 
ross-talk re
eiver is removed, if the leading edgeof the hit was re
orded at the surfa
e in 
oin
iden
e with a leadingedge of a pulse from a 
orresponding talker OM and if the amplitudeof the pulse in the talker OM ex
eeded a 
ertain threshold. The
oin
iden
e time windows and amplitude thresholds are spe
i�
 toindividual talker-re
eiver pairs. Appropriate values are determinedfrom 
alibration data [135, 122℄.2. ADC-TOT 
leaning: The 
ut in the ADC-TOT plane (
.f. se
tion4.8.1) is pla
ed 
onservatively, su
h that separating boundary de�n-ing the a
tual 
ut is shifted by -25 ns and 25mV relative to the bound-ary obtained from from the a
tual �t (see Figure 7.9). The standardADC-TOT 
leaning pro
edure used for most AMANDA-II analysesremoves all hits that lie outside the photon region of the ADC-TOTplane (see se
tion 4.8.1). This usually results in a removal of sub-sequent hits in 
ase 
ase an OM has re
orded a series of multiplehits: Late hits are likely to be due to single photoele
trons, and havesmaller TOTs and smaller amplitudes than the �rst pulse. With theirsmaller TOTs, these hits fall outside the photon region of the ADC-TOT plane, be
ause the 
leaning algorithm assigns the peak -ADCto all hits in an OM. In order to preserve subsequent hits, we useTOT [ns]

A
D

C
 [

m
V

]

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 100 200 300 400 500 600

cut fit

Figure 7.9 � The 
ross talk 
leaning
ut in the ADC plane. a modi�ed 
ross talk 
leaning for this analysis, whi
h removes only�rst hits in ea
h OM. Subsequent hits are generally kept.Reje
tion of hits in over�owed OMs: For the likelihood re
onstru
tion,it is essential that the used hit times 
orrespond to the arrival time of the�rst photon at an OM. Therefore, we reje
t hits over�owed 
hannels (i.e.,
hannels whi
h re
eived more than the maximum 16 edges) if the respe
tive
hannel is 
onne
ted to a CAMAC TDC (see se
tion 4.4.2).3737For the 
hannels whi
h are 
onne
ted to a VME TDC, the reje
tion of hits in over-�owed 
hannels is unne
essary, sin
e early hits are not dis
arded in favor of later ones.64
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Figure 7.10 � Four of the �ve ob-servables that serve as an inputfor the level 2 dis
riminant analy-sis. Green open histograms are thedistributions for simulated monopo-les, grey histograms for simulatedmuon ba
kground, and bla
k mark-ers represent the 20% experimentaldata set. The �fth input observable,the velo
ity of the line�t (vLF), isshown in Figure 7.7.For the 
al
ulation of observables whi
h are sensitive to the light yield,hits in over�owed 
hannels are in
luded, be
ause the over�ow indi
ates theregistration of many photons.Reje
tion of hits without leading edges: Unpaired edges sometimes o
-
ur in a re
orded edge series due to digitization errors. Both 
ases, missingleading and missing trailing edges are observed. In 
ase of a missing leadingedge, the Sieglinde 
alibration module inserts the trailing edge time ofthe pre
eding hit for the missing leading edge, in 
ase of a missing trailingedge it inserts a trailing edge at the time of the following leading edge.38Hits whose leading edges were �assigned� by the 
alibration module areex
luded from the likelihood re
onstru
tion. For the 
al
ulation of observ-ables sensitive to the light yield, those hits are in
luded.7.2.2 Brightness 
riterionThe observables NCH, NHits, FRAC1, and FRAC1optical are shownin Figure 7.10 for simulated signal and ba
kground and 20% experimentaldata. The �fth observable entering the Fisher dis
riminant, vLF, is shownin Figure 7.7. All observables show a good agreement between experimentaldata and simulated data. Using the observables as a one-dimensional 
utparameters would result in a great loss of signal events.In order to 
al
ulate the Fisher dis
riminant, 
ovarian
e matri
es of sig-nal and ba
kground samples Σ1 and Σ2 as well as the sample means ~M1and ~M2 are determined numeri
ally, using subsets of 1000 events from theCORSIKA simulation and 1000 events from the β = 0.76 monopole sample.We use the slowest and least bright monopoles (β = 0.76) for optimization,sin
e these are most di�
ult to separate from ba
kground, and at this earlyanalysis level, we want to preserve as mu
h signal as possible.38If the edge series starts with a trailing edge (i.e., no pre
eding trailing edge isavailable) 0 ns is inserted for the missing leading edge, if the series ends with leadingedge, a trailing edge is inserted at the end of the TDC bu�er.65



The ve
tor of 
oe�
ients for ea
h of the input variables, ~V , is 
al
ulateda

ording to equation (38). The resulting Fisher dis
riminant (
.f. equation(36)) is
discriminant
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Figure 7.11 � Fisher dis
riminant
al
ulated from �ve input observ-ables (
.f. equation (43)). All his-tograms are normalized to 
ontainthe same number of events. Thered line indi
ates where the 
ut ispla
ed.
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(43)Figure 7.11 shows the distributions of the dis
riminant for simulated signaland ba
kground, and for 20% experimental data. The Fisher dis
riminantyields a mu
h better separation of signal and ba
kground than any poten-tial one-dimensional 
ut-parameter. The 
ut is pla
ed at d0 = 3.4 su
hthat essentially all of the simulated signal (> 99%) is kept. About 60% ofthe ba
kground is reje
ted.The reason for pla
ing the 
ut so loosely is that at this level, up- anddown-going parti
les are treated equally. After this 
ut, the events will be
ut #3
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re
onstru
ted with the likelihood re
onstru
tion, whi
h allows to identifyatmospheri
 muon events more e�
iently: The bulk of the atmospheri
muon ba
kground events will be re
onstru
ted (
orre
tly) as down-going,and 
an be reje
ted with an angular 
riterion. Of those ba
kground eventsthat are misre
onstru
ted as up-going, many will have low hit multipli
i-ties. These events 
an be reje
ted with a mu
h looser 
ut on the light yieldthan that required for the down-going tra
ks.7.2.3 Angular 
riterionThe events passing 
ut#3 are re
onstru
ted with the likelihood re
on-stru
tion, using only one single iteration. The dire
tion obtained from theweighted line�t serves as initial tra
k hypothesis.
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Figure 7.12 � Cosine of re
on-stru
ted zenith angle. Figure 7.12 shows the 
osine of the tra
k zenith angle (cosΘ) obtained fromthe re
onstru
tion. A zenith angle of 0◦(cosΘ = 1) 
orresponds to a verti-
ally down-going dire
tion. Most of the atmospheri
 muon events (>96%)are re
onstru
ted as down-going (cos Θ > 0). The fra
tion of events thatare misre
onstru
ted as up-going is reprodu
ed by the simulation. A largefra
tion of these events will be identi�ed as down-going by an iterativelikelihood re
onstru
tion, that will be applied after further data redu
tion.
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Figure 7.13 � Correlation of there
onstru
ted zenith angle andFRAC 1. The red line indi
ates thetwo-dimensional 
ut.

We reje
t the bulk of low-energy atmospheri
 muons using a 
ut onFRAC1whi
h depends on the re
onstru
ted zenith angle. Atmospheri
 muons losea large fra
tion of their energy when traversing the i
e overburden abovethe dete
tor. The amount of Cherenkov light that atmospheri
 muons 
andeposit in the dete
tor is 
orrelated with the amount of matter traversedupon rea
hing the dete
tor, and hen
e with the zenith angle of the in
om-ing muons (more in
lined muons have a longer path through the i
e, andwill have lost more of their initial energy when they rea
h the dete
tor).Figure 7.13 shows the 
orrelation between FRAC1 (sensitive to the lightyield) and the 
osine of the zenith angle obtained from the single-iterationre
onstru
tion. Nearly verti
al muons are 
apable of depositing more light(yielding a lower value of FRAC1) than muons with dire
tions 
lose to thehorizon. The two-dimensional 
ut that was pla
ed using both observablesis indi
ated as a red line in Figure 7.13.66



The 
ut was found with a dis
riminant analysis of the two input observables(cosΘ and FRAC1). It is optimized using sub sets of the simulatedatmospheri
 muon ba
kground and the simulated magneti
 monopoles with
β = 0.76. The learning data samples ea
h 
omprised 1000 events whi
hwere re
onstru
ted with zenith angles smaller than ∼84◦ (cos Θ > 0.1).The optimization yields the dis
riminant fun
tion:

d =

(

1.07
6.03

)

·
(

cosΘFRAC1) . (44)
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Figure 7.14 � Fisher dis
riminant(equation (44)) in the down-goingregion cos Θ > 0.1.Figure 7.14 shows the distributions of the Fisher dis
riminant for simu-lated signal and ba
kground and experimental events in the angular region
cosΘ > 0.1. The event samples are normalized su
h that they 
ontainequal numbers of events. The 
ut is pla
ed at d0 = 4.3, where the ba
k-ground and signal distributions interse
t. If the number of expe
ted signaland ba
kground events were in fa
t equal, this 
ut position would 
orre-spond to the minimum expe
ted number of mis
lassi�ed events. Sin
e thenumber of expe
ted monopole events is 
ertainly smaller than the numberof atmospheri
 muon events, this 
hoi
e of the 
ut position is somewhatarbitrary. 
ut#4

(

1.07
6.03

)

·
(

cosΘFRAC1) < 4.3Cut#4 is applied only in the angular region (cosΘ > 0.1). In this region,12.1% of the simulated atmospheri
 muon events pass. The passing rate inexperimental data is only slightly higher (12.5%). The fra
tion of passingmonopole events is between 81% and 91%, depending on the monopolespeed.The average ratio of the three OM sele
tion periods is 1.34. Although
ut#4 reje
ts a slightly higher fra
tion of experimental events in the angu-lar region above cosΘ > 0.1, the total fra
tion of events passing level 2 
utsis higher for experimental data than for simulated atmospheri
 muons.This is due to the fa
t that the fra
tion for whi
h the likelihood re
on-stru
tion yielded a zenith angle below cosΘ = 0.1 is slightly higher inexperimental data than in simulated data. The ratio between the numberof experimental events and the number of atmospheri
 muon events pre-di
ted by the simulation (when 
onsidered the full angular region) is listedin Table 14. PERIOD I 1.38PERIOD II 1.37PERIOD III 1.25average 1.34Table 14 � Ratio between the numberof experimental events and the numberof simulated atmospheri
 muon eventsafter applying level 2 
uts.7.2.4 Flare 
he
kA small fra
tion of the events re
orded by AMANDA is known to be dueto ele
troni
 noise. The so-
alled �are-indi
ators are a set of observablesthat provide a tool to dete
t su
h events [134℄. Cuts on the �are indi
atorsare used to 
lean the data set from obvious ele
troni
 artifa
ts before fur-ther sele
tion 
riteria are developed. Be
ause the appli
ability of the �areindi
ators to events with extremely large light yield had not been inves-tigated before, the �are-
he
k has not been applied at an earlier stage ofthe analysis.In total, there are nine �are indi
ators and not all them are pra
ti
al forthis analysis (see appendix B). We use four indi
ators whi
h proved tobe robust also for events with high light yield. The indi
ators are basedon 
ertain event features that preferentially o

ur in events of ele
troni
origin: 67



� An abnormally high fra
tion of amplitudes re
orded by the ADCs,while no edges re
orded by the respe
tive TDCs. The �are indi
atorwhi
h provides a measure for the probability of this abnormality too

ur is 
alled �are_only_ad
.� An abnormally high fra
tion of unpaired edges. The 
orresponding�are indi
ator is 
alled �are_missing_
h.� An abnormally high fra
tion of hits with extremely short TOTs in a
ertain subset of 
hannels that are read out ele
tri
ally. The 
orre-sponding �are indi
ator is 
alled �are_short_H.� An abnormally high number of hits o

urring in strings 5-10, 
om-pared to the number of hits o

urring in strings 11-19. The 
orre-sponding �are indi
ator is 
alled �are_indu
_1119.The distributions of the used �are indi
ators and the imposed 
uts (
uts#5(a-d) ) are shown in Figure 7.15
uts#5 (a-d)�are_only_ad
 < 7�are_missing_
h < 10�are_short_H < 7�are_indu
_1119 < 7 After applying level 2 
uts, only one experimental event in the 20% data setis removed by the �are 
leaning 
uts. The simulated events pass withoutex
eption. That is, the 
uts imposed so far have removed most of the�are events already. Still, 
uts 5 (a-d) are applied, in order to remove �areevents that are potentially present in the 80% blinded data set.7.3 Analysis Level 3At this level, an iterative likelihood re
onstru
tion is applied, based onwhi
h the events are separated into up- or down-going parti
les. Startingfrom the tra
k of the previous single-iteration re
onstru
tion, the mini-mization pro
ess is repeated twelve times. The subsequent starting tra
ksare found using a Sobol sequen
e.Before sear
hing up- and down-going samples separately for monopole sig-natures, a �nal brightness 
riterion is applied whi
h mainly aims at thereje
tion of low-multipli
ity misre
onstru
ted events whi
h are not repro-du
ed by the simulation (see below). The 
ut parameter is a Fisher Dis-
riminant from two observables:� NCHz<100
optical: The number of hit opti
ally read out OMs whi
h arelo
ated at depth greater than z = 100m above the dete
tor 
enter(
orresponding to depths greater than 1630m below the surfa
e).� NHitsz<100
optical: The number of hits in opti
ally read out OM below

z = 100m.
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Figure 7.16 � Number of hit 
han-nels in 20% experimental data(bla
k markers) 
ompared to atmo-spheri
 muons (grey histograms) af-ter applying level 2 
uts in linear(large panel) and logarithmi
 (smallpanel) representation. The hit
leaning and OM sele
tion 
orre-sponds to the one applied at level 2,see Table 13 in se
tion 7.2.1).
7.3.1 OM sele
tionThe observables that provide a measure for the amount of light depositedin the dete
tor are related to the multipli
ity of hits re
orded during anevent. At this level of the analysis, observables like NCH or NHits showa slight disagreement between experimental and simulated data. Figure7.16, for instan
e, shows the NCH distribution after applying level 2 
uts.Similar disagreements are also observed in the NHits distribution.Good agreement between experimental and simulated data with respe
tto key observables like NCH and NHits 
an be reestablished by using a68
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Figure 7.15 � Flare indi
ators that are used as 
ut�parameters in this analysis at re-trigger level (left 
olumn), level 1 (middle)and level 2 (right 
olumn). Open histograms bla
k represent experimental data (1% for trigger level, 20% at higher levels),grey histograms are the simulated atmospheri
 muon ba
kground, open green histograms represent simulated monopolesignal for monopole speeds β = 1.0 (dashed, light green) and β = 0.76 (dark green). Ea
h �are indi
ator is a measure ofthe probability of an events to be due of pure ele
troni
 origin. Higher indi
ator values indi
ate a high probability of theevent to be a �are (see se
tion B). In this analysis they are applied after level 2 
uts (see text). The 
uts are marked by redlines. 69



observable OM sele
tion Hit 
leaningNHitsz<100
optical TOT, RT - 
leaning: standard (see level 2 )extended (see appendix C), z < 100m 
ross-talk, time-window: see level 2NCHz<100

optical amplitude 
ut: > 0.6 PETOT, RT, Amplitude: as above
ross-talk 
leaning:
cosΘ extended (see appendix C) time-window: [17000:25000℄ nsreje
t hits in over�owed 
hannelsreje
t hits with missing leading edgesuse only �rst hit in ea
h OMTable 15 � OM sele
tion and Hit 
leaning used for the level 3 
ut parameters.rigorous OM sele
tion, whi
h in
ludes only the best understood OMs, andwhi
h are well des
ribed by the dete
tor simulation. The development ofthis extended OM sele
tion is des
ribed in detail in appendix C. The mostradi
al 
leaning steps of the extended OM sele
tion are� the reje
tion of all OM with ele
tri
al readout, and� the reje
tion of all OMs lo
ated above a depth of z = 100m abovethe dete
tor 
enter (Figure 7.17).Further 
leaning steps involve:� the reje
tion of all OMs in string 13,� the reje
tion of OMs whi
h have re
orded only in
omplete hit infor-mation for more than 10% of all re
orded hits. A hit is in
omplete,if it either 
onsists of only TDC edges or it 
onsists of only an ADCvalue.z [m]
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Figure 7.17 � The depth distri-bution of hits in opti
ally read-out OMs for simulated atmospheri
muons (grey histogram) and exper-imental data (bla
k markers). Ex-perimental data have substantiallyless hits in the upper part of thedete
tor than predi
ted by the sim-ulation. OMs in the depth range
z > 100m are ex
luded.

A set of 125 OMs pass the OM sele
tion 
riteria listed above. The behaviorof this subset of OMs is fully reprodu
ed by the dete
tor simulation. Onlythese 125 OMs are used for the 
al
ulation of 
ut parameters sensitive tothe light yield of an event.For the iterative likelihood re
onstru
tion, the �rst two 
leaning steps (re-je
tion of ele
tri
ally read-out OMs and OMs lo
ated at depths shallowerthan 100m above the dete
tor 
enter) are unne
essary, sin
e for these OMsthe timing distribution of the �rst hits re
orded in ea
h OM is simulateda

urately (see appendix C.5). The OM sele
tion applied for the 
ut pa-rameters used at �lter level 3 are summarized in Table 15.7.3.2 Hit 
leaningThe hit 
leaning 
riteria applied for the level 3 
ut parameters are iden-ti
al to the ones used at level 2 (see Table 13), with one ex
eption: Theamplitude 
ut was raised to a threshold amplitude of 0.6 photoele
trons.7.3.3 Light yield 
riterionThe last 
ut that is applied before the data set is separated into up- anddown-going parti
les is a Fisher dis
riminant 
omposed of the number of hit70
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β Figure 7.18 � Input observablesto the level 3 Fisher dis
rimi-nant NCHz<100

optical (left) and andNHitsz<100
optical (right) in linear (toppanels) and logarithmi
 (bottompanels) representation.opti
al modules and total hit multipli
ity after applying the extended OMsele
tion and hit 
leaning 
riteria summarized in Table 15. The two inputobservables (NCHz<100

optical and NHitsz<100
optical) are shown in Figure 7.18.The extended OM sele
tion strongly a�e
ts the multipli
ity distributionsfor events with low hit multipli
ities. The disagreement between experi-mental and simulated data in the low multipli
ity range is an e�e
t relatedto the removal of OMs in the upper part of the dete
tor: For simulatedevents, OMs in the upper part of the dete
tor had 
ontributed most ofthe hits to the overall multipli
ity (
.f. Figure 7.17). I.e., the ex
lusion ofthe OMs lo
ated at the shallowest depths removes a large fra
tion of hitsin simulated data. Hen
e the hit multipli
ity distributions for simulateddata now peaks at small values. For experimental data in 
ontrast, OMsat in the upper part of the dete
tor 
ontributed fewer hits to the overallmultipli
ity, and hen
e the removal of these OMs has a smaller e�e
t onthe hit multipli
ity distribution.The disagreement between experimental and simulated data in the lowmultipli
ity range is ignored. As this analysis aims at dete
ting events withextremely high light yield, good agreement in the high multipli
ity tails isof prime importan
e. As demonstrated in Figure 7.18, good agreement athigh multipli
ities is established. We ignore the disagreement in the lowmultipli
ity region and remove low multipli
ity events with a the 
ut onthe Fisher dis
riminant 
omposed of NHitsz<100

optical and NCHz<100
optical.Like the dis
riminant analyses at previous analysis levels, the Fisher 
rite-rion is minimized for learning data 
omprising 1000 events of the simulated

β = 0.76 monopoles and simulated atmospheri
 muons respe
tively. Thisoptimization yields the following dis
riminant fun
tion:
d =





0.073

−0.030



 ·





NCHz<100
opticalNHitsz<100
optical



 (45)
71



The distributions of the dis
riminant fun
tion for simulated signal andba
kground samples and for the experimental data is shown in the top panelof Figure 7.19. A 
ut is pla
ed on the value of the dis
riminant fun
tion(d < 1.3) su
h that events in the region where simulated and experimentaldata disagree (
orresponding to low multipli
ity events) are removed. Thebottom panel of Figure 7.19 shows a representation of the imposed 
ut asa separating boundary (red line) in the NHitsz<100
optical-NCHz<100

optical-plane.
discriminant
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Figure 7.19 � Top: Dis
riminantfun
tion (equation (45)). Bot-tom: Cut#6 in the NHitsz<100
optical-NCHz<100

optical-plane.

The 
ut removes about 74% of the remaining experimental data and about67% of the remaining simulated atmospheri
 muon events. The fra
tionof removed signal events lies between 23% and 30%, depending on themonopole velo
ity.Apart from removing a sizable fra
tion of the remaining atmospheri
 muonba
kground, 
ut#6 has another important e�e
t: It eliminates the ex
essof misre
onstru
ted atmospheri
 muon in experimental data.Good agreement between experimental and simulated with respe
t to there
onstru
ted zenith angle data is a
hieved over the full angular region.Figure 7.20 
ompares the re
onstru
ted zenith angle for simulated atmo-spheri
 muon events and experimental events before and after applying
ut#6.Cut#6 removes a higher fra
tion of experimental events than of simulatedevents and the ratio between the number of experimental to simulatedatmospheri
 muon events is 1.08, slightly lower than at earlier sele
tionlevels. The event ratios for ea
h of the three OM sele
tion periods arelisted in Table 16.
ut#6
0

@

0.073

−0.030

1

A ·

0

@

NCHz<100
opticalNHitsz<100
optical

1

A < −1.3 7.4 Con
lusions
PERIODI 1.09PERIODII 1.10PERIODIII 0.97average 1.08Table 16 � Ratio between the number ofexperimental events and simulated at-mospheri
 muon events after applyinglevel 3 
uts.

With data sele
tion des
ribed so far, we a
hieve a redu
tion of the exper-imental data set by a fa
tor O(10−4). The signal passing e�
ien
y liesbetween 48% (β = 0.76 monopoles) and 60% (β = 1.0 monopoles) 
om-pared to trigger level. The di�eren
e between the number of experimentalevents and the number of simulated atmospheri
 muon events passing ea
h
ut is at the order of a per
ent. The largest di�eren
e in the passing rateo

urs with 
ut#6 (∼7%). The di�eren
e is less than a per
ent for allother applied 
uts. This is a substantial improvement over over previousanalyses where the passing rates of experimental and simulated data dif-fered by up to 50% (see e.g. [168, 169℄). The passing e�
ien
ies for ea
h�lter level of this 
hapter are listed in Table 17.
Figure 7.20 � Re
onstru
ted zenithangle for simulated atmospheri
muon events (grey histograms) andexperimental data (bla
k markers)before applying 
ut# 6 (left panel)and after applying 
ut#,6 (rightpanel). )Θcos(
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Figure 7.21 � Based on the re
on-stru
ted zenith angle obtained fromthe 12-fold iterative likelihood re-
onstru
tion, the data-set is dividedinto two angular regions: Up-goingparti
les (cos Θ < 0) and down-going parti
les (cos Θ ≥ 0).Of parti
ular importan
e is the a

urate des
ription of misre
onstru
tedatmospheri
 muons by the simulation. Based on the results of the 12-folditerative likelihood re
onstru
tion, the data-sets are divided into up-going(θ > 90◦) and down-going (θ ≤ 90◦) parti
les (see Figure 7.21). Thedistribution of the re
onstru
ted zenith angles agrees well over the fullangular region. A

ordingly, the ratio between experimental events andsimulated atmospheri
 muon ba
kground is approximately equal in bothup- and down going samples: The ratio for events whi
h are re
onstru
tedas up-going is 1.12, only marginally higher than 1.08, the ratio for eventswhi
h are re
onstru
ted as down-going.

level fra
tion of passing events normalizationmonopoles
β = 1.0 β = 0.9 β = 0.8 β = 0.76 CORSIKA experimentallevel 2 96% 96% 95% 91% 4% 5% 1.3level 3 77% 77% 76% 70% 33% 26% 1.1Table 17 � Fra
tion of events passing the level 2 and level 3 �lter, and the ne
essary s
aling fa
tor to normalize simulatedand experimental event rates. The per
entage of passing events is taken relative to the previous sele
tion level.73



8 Up-going monopolesThe sear
h for monopoles entering from the northern hemisphere is inprin
iple ba
kground-free, sin
e up-going leptons 
an be indu
ed by atmo-spheri
 neutrinos only. Leptons indu
ed by atmospheri
 neutrinos wouldhowever only result in a Cherenkov light yield 
omparable to that ex-pe
ted from magneti
 monopoles if the initial neutrino had an energy inthe PeV range. Atmospheri
 neutrinos with su
h high energies 
an in prin-
iple be produ
ed in prompt de
ays of 
harmed mesons in the atmosphere[170, 171℄, but the expe
ted event rate in a dete
tor like AMANDA-II wouldbe negligible [172, 173℄. Besides, at su
h high energies, the neutrinos wouldlargely be absorbed in the Earth and would only 
ontribute to the ba
k-ground for the sear
h for down-going monopoles.PERIODI 1.06PERIODII 1.30PERIODIII 0.91average 1.12Table 18 � Ratio between the numberof experimental events and the numberof simulated atmospheri
 muon eventswhi
h are re
onstru
ted as up-going. After reje
ting events whi
h are re
onstru
ted with a zenith angle smallerthan 90◦, the 20% experimental up-going data sample 
ontains 516 events.The ba
kground simulation predi
ts 461.2 misre
onstru
ted atmospheri
muon events. The ratio between experimental and simulated events (Ta-ble 18) is 
onsistent the ratio observed at earlier analysis levels, and is also
onsistent with the ratio observed for the down-going data sample. Hen
ewe 
an assume the remaining ba
kground indeed 
onsists of misre
onstru
-ted atmospheri
 muon events.In order to eliminate the remaining ba
kground in the up-going data sets,we apply two 
uts using� |ΘallOMs − Θoptical|, the di�eren
e in the zenith angle obtained fromthe iterative likelihood re
onstru
tion and the zenith angle obtainedfrom an additional likelihood re
onstru
tion using only a sub-set ofthe dete
tor (the opti
ally read out OMs, see below), and� ΣADCz<100
optical, the sum of the measured pulse amplitudes in opti
allyread-out OMs lo
ated below a depth of z = 100m relative to thedete
tor 
enter.The �nal 
ut is optimized su
h that the expe
ted limit on the �ux ofmagneti
 monopoles is most stringent.8.1 Reje
tion of misre
onstru
ted atmospheri
 muon bun-dlesThere is a variety of 
ut parameters whi
h provide a measure of the re
on-stru
tion a

ura
y, and whi
h are 
ommonly used in AMANDA analyses toidentify misre
onstru
ted atmospheri
 muons. Sear
hes for up-going neu-trinos in the TeV range, for instan
e, use 
uts based on the overall tra
klikelihood (L(R|H), see equation (39) in se
tion 7.1.2), observables relatedto the number of uns
attered Cherenkov photons39, or to the smoothness40of the hit pattern. For this analysis, none of these observables yielded su�-
ient suppression of the misre
onstru
ted muon ba
kground at reasonable39If a large fra
tion of the re
orded photon arrival times are 
onsistent with the arrivaltimes of un-s
attered Cherenkov photons (so-
alled dire
t hits), the tra
k is probablyre
onstru
ted a

urately.40The smoothness of an event is 
al
ulated with a Kolmogorov-Smirnov test, in whi
ha 
ertain one-dimensional distribution of the observed hit pattern (e.g., hit times ofthe proje
tions of the hits on the re
onstru
ted tra
k) is 
ompared to the perfe
tlyeven (�smooth�) distribution resulting from a 
onstant light emission in hypotheti
alnon-granular dete
tor (see [174℄ and referen
es therein).74



loss in signal. Hen
e, we use a di�erent method to further reje
t misre
on-stru
ted atmospheri
 muons.As pointed out in se
tion 7.1.2, the re
onstru
tion of events with high hitmultipli
ities 
an sometimes fail, be
ause many of the dete
ted photonsare delayed by s
attering in the i
e. In 
ase of atmospheri
 muon events,there is another reason for the re
onstru
tion to be less a

urate in forhigh hit multipli
ities: Those events whi
h yield the most Cherenkov lighteither 
onsist of extended bundles of many muons, or, in 
ase the muonmultipli
ity in the bundle is small, most of the light deposition results froma few 
atastrophi
 energy losses of individual muons. In both 
ases, thelight pattern in the event deviates from the single tra
k hypothesis thatenters the likelihood re
onstru
tion. This would imply that the likelihoodlands
ape does not possess a pronoun
ed maximum at the dire
tion of thein
oming muon bundle.One possibility to �measure� the goodness of the maximum to whi
h there
onstru
tion 
onverged is to 
ompare the likelihood of the re
onstru
tedtra
k (i.e., the best-�t tra
k) to the likelihood of the se
ond-best tra
kfound during the iteration pro
ess. A small di�eren
e in the likelihoodsmeans that the likelihood lands
ape possesses at least two 
lose-to-degene-rate maxima. If this is observed, one would have to 
on
lude that thehit pattern is ambiguous with respe
t to the single-muon hypothesis (andhen
e stri
tly speaking not re
onstru
tible), or that the number of itera-tions used in the re
onstru
tion was insu�
ient to �nd the global maxi-mum. In either 
ase the re
onstru
tion result is not reliable. Su
h ambigu-ous events should be reje
ted be
ause of their high probability of beingmisre
onstru
ted.The option to store multiple results obtained during an iterative likeli-hood re
onstru
tion was made available in the Sieglinde re
onstru
tionsoftware only during the 
ourse of this analysis. For the 12-fold iterativere
onstru
tion used here, only one (the best-�t tra
k) was stored. Hen
e,we use a di�erent method to test the quality of the re
onstru
tion result:We add another single-iteration re
onstru
tion whi
h uses only redu
ed hitinformation, namely only hits in the opti
ally read-out OMs.41 The resultof the 12-fold re
onstru
tion is used as a seed. If this seed provides a goodtra
k hypothesis for the observed hit pattern, the additional single iterationshould yield a similar result. Otherwise the numeri
al algorithm seekingthe global extremum in the likelihood spa
e will probably be �driven away�from the initial tra
k hypothesis. NCH (optical, z<100)
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Θ| Figure 8.1 � Mean di�eren
e be-tween the zenith angles obtainedfrom the 12-fold iterative likelihoodre
onstru
tion and the subsequentsingle-iteration re
onstru
tion usingonly opti
ally read-out OMs as afun
tion of the light yield. Thebla
k markers with error bars arethe mean zenith angle di�eren
esfor experimental data and its errorfor 20% experimental data. The
olored graphs represent the meanzenith angle di�eren
e in simulateddata. The widths of the graphs rep-resent the error of the mean.

Figure 8.1 shows the mean di�eren
e in the zenith angles of the seed tra
k(i.e., the 12-fold likelihood re
onstru
tion) and the tra
k obtained with theadditional iteration as a fun
tion of the event's light yield. The light yieldis measured via the number of hit OMs, NCHz<100
optical. (as for the previousanalysis level, we use opti
ally-read out OM below a depth of z = 100mfor measuring the light deposition.) For the simulated muon ba
kgroundand for experimental data, the zenith angle di�eren
e in
reases with lightyield, whereas for monopoles the di�eren
e de
reases. This is probably dueto the fa
t the single-muon hypothesis does not provide a good des
riptionfor large muon bundles or muon events with large se
ondary 
as
ades. Formagneti
 monopole events in 
ontrast, the dire
t Cherenkov emission fromthe single monopole tra
k dominates, yielding a better �t with the single-muon hypothesis. Although for monopoles with speeds di�erent from β =41Otherwise the OM sele
tion and hit 
leaning used for this re
onstru
tion remainthe same as fro the 12-fold iterative re
onstru
tion.75



1.0 the muon hypothesis deviates from the simulated parti
les in speed andCherenkov geometry, the re
onstru
tion appears to 
onverges to a morestable result for slower monopoles than for muon bundles with the samelight yield: The zenith angle di�eren
e at a �xed light yield de
reases withmonopole speed. This is due to the fa
t that the higher Cherenkov lightintensity allows faster monopoles to pass farther outside the instrumentedvolume and still deposit the same amount of Cherenkov light as slowermonopoles.
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Figure 8.2 � Cut on the zenithangle di�eren
e (in rad) betweenthe 12-fold likelihood re
onstru
-tion and the single-iteration likeli-hood re
onstru
tion using only op-ti
ally read-out OMs.
In order to eliminate the high multipli
ity misre
onstru
ted muon events,we reje
t events for whi
h the zenith angle di�eren
e is greater than 25◦(about 4.4 rad). Figure 8.2 shows the distributions of the zenith angledi�eren
e for simulated signal and and ba
kground events and for 20% ofthe experimental data set. The 
ut is marked with a red line.Cut#u.1 removes 40% of the remaining experimental events and 41% ofthe simulated atmospheri
 muon ba
kground. Most importantly, it re-moves preferentially ba
kground events with the highest hit multipli
ities.The fra
tion of passing monopole events lies between 82% (β = 1.0) and95% (β = 0.76).
ut#u.1

|ΘallOMs − Θoptical| < 25◦ 8.2 Final light yield 
riterionFigure 8.3 shows the distributions of four observables that are a measureof the light yield: the number of hit OMs (top left panel), the number ofhits (top right), the sum of the 
alibrated pulse amplitudes (ADC values)in photoele
trons (bottom left), and the average 
alibrated ADC (bottomright). All observables were 
al
ulated using the same OM and hit sele
tionas used for the observables used for 
ut#6 in se
tion 7.3.3.

Figure 8.3 � Observables sensitiveto the light yield after applying
ut#u.1. Number of hit OMs(NCHz<100
optical, top left), number ofhits (NHitsz<100

optical, top right), am-plitude sum (ΣADCz<100
optical, bot-tom left) and mean amplitude(<ADC>z<100

ooptical, bottom right).All observables are 
al
ulated usingonly opti
ally read-out OMs belowa depth of z = 100m relative to thedete
tor 
enter.
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optimizationspeed 
ut
ΣADCz<100

optical

ba
kgroundevents sensitivity (Φ90) [
m−2s−1sr−1℄
β = 1.0 β = 0.9 β = 0.8 β = 0.76

β = 1.0 476 PE 0.23 4.16 × 10−17 4.80 × 10−17 7.54 × 10−17 9.75 × 10−16

β = 0.9 476 PE 0.23 4.16 × 10−17 4.80 × 10−17 7.54 × 10−17 9.75 × 10−16

β = 0.8 424 PE 0.73 4.24 × 10−17 4.82 × 10−17 6.92 × 10−17 5.02 × 10−16

β = 0.76 300 PE 10.14 7.13 × 10−17 7.88 × 10−17 1.00 × 10−16 2.32 × 10−16Table 19 � ΣADCz<100
optical 
uts, expe
ted number of ba
kground events in 80% experimental data, and �ux average upperlimits at 90% 
on�den
e level (in units of 
m−2s−1sr−1) resulting from optimizing the experimental sensitivity to ea
h ofthe four simulated monopole speeds.Only the amplitude sum ΣADCz<100

optical (shown in the bottom left panelof Figure 8.3) is used as �nal 
ut parameter, the other observables aredisplayed in order to demonstrate the general good agreement betweenexperimental and simulated data.42
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Figure 8.4 � Number of remain-ing events dependent on the 
uton ΣADCz<100
optical for simulated at-mospheri
 muons (grey histogram),20% experimental data (bla
kmarkers) and simulated magneti
monopoles (green histograms).

The �nal 
ut on ΣADCz<100
optical is optimized su
h that we expe
t to pla
ethe most stringent limit on the �ux of magneti
 monopoles after unblindingthe data (The optimization pro
ess and its underlying statisti
al argumentsare explained in detail in appendix D). At ea
h potential 
ut value, we
al
ulate the expe
ted number of remaining ba
kground events from thesimulated atmospheri
 muon ba
kground and the number of remainingsignal events for ea
h of the simulated monopoles speeds. Figure 8.4 showsthe number of remaining events as a fun
tion of the ΣADCz<100

optical 
ut.The number of expe
ted ba
kground events 
orresponds to 
ertain exper-imental sensitivity [175℄, de�ned as average event upper limit (i.e., theaverage number of signal events that 
an, at a 
ertain 
on�den
e level, beex
luded to be present in the data set after appli
ation of the 
ut) obtainedin an ensemble of (hypotheti
al) repeated identi
al experiments in absen
eof signal (see appendix D.3).43 The �ux upper limit (Φ90) that is expe
tedto be pla
ed is that �ux for whi
h the number of expe
ted signal eventsmeets the event upper limit (see appendix D.4). We pla
e the 
ut where
Φ90 rea
hes its minimum.Figure 8.5 shows the dependen
y of the average 90%C.L. �ux upper limits(Φ90) on the ΣADCz<100

optical 
ut for ea
h of the simulated monopole samples.For di�erent monopole speeds, the limit rea
hes its minimum at di�erent
ut positions. Table 19 summarizes the the optimum 
ut for ea
h of the foursimulated monopole speeds, the number of expe
ted ba
kground eventsexpe
ted to remain in the 80% data set after appli
ation of the optimized
ut, and the resulting sensitivities (average �ux upper limits Φ90) for ea
hmonopole speed.  ADC (optical, z<100) [PE] Σ
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Figure 8.5 � Flux average upperlimit (90% C.L.) for the four sim-ulated monopole speeds dependenton the ΣADCz<100

optical 
ut.Applying four di�erent 
uts, ea
h one optimized for monopoles with oneof simulated speeds, would in prin
iple be possible. This would mean toperform four separate unblinding pro
edures, ea
h with a di�erent �nal 
ut.42Ea
h of the observables as well as linear 
ombinations of them whi
h maximize theFisher 
riterion (equation (37) in se
tion 7.1.1) were tested as potential 
ut parame-ters with respe
t to the expe
ted upper limit: the number of hit OMs (NCHz<100
optical

),the number of hits (NHitsz<100
optical

), and the amplitude sum (ΣADCz<100
optical

) yieldedapproximately equal limit setting potentials when used as one dimensional 
ut param-eters, the mean amplitude (<ADC>z<100
ooptical

) was inferior. Using multiple observablesas a Fisher dis
riminant did not improve the expe
ted upper limit. For the sake ofsimpli
ity, we 
hose to apply a one-dimensional 
ut.43For our optimization we use the the average upper limits at 90% 
on�den
e level.77



For the sake of simpli
ity however, we use the optimized 
ut for β = 1.0monopoles. This 
ut yields optimum sensitivity also for β = 0.9 monopoles(see table 19); for β = 0.8 monopoles this 
ut yields a sensitivity onlyslightly worse (∼10%) than the optimum. Only for β = 0.76 monopolesthe 
hoi
e of the 
ut results in a signi�
ant loss in sensitivity (roughly afa
tor of 4) 
ompared to the optimum.�nal 
ut (up-going)
ΣADCz<100

optical > 476PE The optimum sensitivity for β = 1.0 and β = 0.9 monopoles is a
hievedwith requiring ΣADCz<100
optical to be greater than 476 photoele
trons (PE).The expe
ted remaining ba
kground of misre
onstru
ted atmospheri
 mu-ons in the 80% blinded experimental data is 0.23 events. No event fromthe 20% data set passes this 
ut. The average event upper limit at thisba
kground expe
tation is µ̄ = 2.63. The �ux level of relativisti
 magneti
monopoles that would on average result in 2.63 events in after appli
ation ofthe �nal 
ut lies between 4.16·10−17 
m−2s−1sr−1 (β = 1.0) and 9.75·10−16
m−2s−1sr−1 (β = 0.76), depending on the monopole speed (see Table 19).The ba
kground expe
tation of 〈nb〉 = 0.23 events 
orresponds to the sumof weights ( ∑ωi ) from N = 8 simulated atmospheri
 muon events thatsurvived all 
uts. The statisti
al error on 〈nb〉 is

σ(〈nb〉) =

√

∑

ω2
i

N
−
(∑

ωi

N

)2

= 0.027. (46)The number of signal events passing all 
uts is O(105) for all generatedmonopole velo
ities. The relative statisti
al error on the signal expe
tation(√N/N = O(10−3)) is hen
e marginal. The impa
t of both statisti
al andsystemati
 errors on the �nal analysis is dis
ussed in 
hapter 10.8.3 Unblinding resultThe so-far blinded 80% of the experimental data set is pro
essed in thesame manner as the 20% test sample and identi
al 
uts are imposed. Figure8.6. shows the distribution of the �nal 
ut parameter (ΣADCz<100
optical)for the 80% unblinded data set (the 20% sample is dis
arded) before theappli
ation of the �nal 
ut (marked by the red line). ADC (optical, z<100) [PE]Σ
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Figure 8.6 � Distribution of the �-nal 
ut-parameter for the 80% un-blinded data set. No experimental event passes the �nal 
ut. The event upper limit (
on-stru
ted a

ording to [175℄) for an observation of zero events with an ex-pe
tation of 0.23 events is 2.21. This is lower than the the average eventupper limit (µ̄ = 2.63), be
ause the number of events observed after un-blinding is lower than the number of events expe
ted. (The 
orresponding90%C.L. �ux limits are a

ordingly lower than the sensitivities quotedin Table 19.) However, for a legitimate analysis result, we must a

ountfor systemati
 and statisti
al errors. The in
orporation of errors into the
on�den
e belt 
onstru
tion results in slightly higher �ux limits than the
onstru
tion ignoring systemati
 un
ertainties (see 
hapter 10).
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9 Down-going monopolesRoughly 99% of the experimental data set after applying level 3 
uts arere
onstru
ted as parti
les entering from above the horizon. The 20% ex-perimental data set for the down-going monopole sear
h 
omprises roughly
35 × 103 events. The average ratio of the number experimental events tothe number of events predi
ted by the atmospheri
 muon simulation is
∼1.1 (see Table 20 for the ratio in ea
h of the three OM sele
tion periods)and is 
onsistent with the assumption that the data set is dominated byatmospheri
 muon events. Most of these events are bundles 
ontaining alarge number of muons. PERIOD I 1.09PERIOD II 1.10PERIOD III 0.97average 1.08Table 20 � Ratio between the number ofexperimental events in the down-goingdata set.The mu
h larger ba
kground from down-going atmospheri
 muons requiresseveral additional 
uts. Consequently, the sensitivity to down-going mo-nopoles will be inferior 
ompared to the sear
h for up-going monopoles.Despite being less sensitive, the sear
h for down-going monopoles is moti-vated by the larger monopole mass range for whi
h the result will be valid:As the ability of magneti
 monopoles to penetrate matter in
reases withthe monopole mass, the sear
h for down going monopoles will have a mu
hlower mass threshold.Most of the 
ut parameters used to distinguish monopoles from muon bun-dles are measures for the light yield:� NHitsz<100

optical, the number of hits� ΣADCz<100
optical, the amplitude sum� <ADC>z<100

ooptical, the mean amplitude, and� THW, the half width of the time interval around the median of allhit times whi
h 
ontains half the number of all hits. This observableprovides a measure of the "duration" of the event.All light yield 
riteria are 
al
ulated using only opti
ally read-out OMsbelow a depth of z = 100m relative to the dete
tor 
enter. The hit 
leaning
riteria are those used for the 
ut at analysis level 3 (see Table 15).The light yield 
riteria are 
ombined with the re
onstru
ted tra
k dire
-tion (
osine of the zenith angle from the 12-fold iterative likelihood re-
onstru
tion, cosΘ) using a linear dis
riminant analysis. Like the angu-lar 
riterion applied at analysis level 2 (emph
ut#4, se
tion 7.2.3) themulti-dimensional 
uts require a larger light deposition for more verti
allydownward tra
k dire
tions.9.1 Further ba
kground reje
tionThe �rst 
ut parameter to redu
e the atmospheri
 muon ba
kground is aFisher dis
riminant 
omposed of NHitsz<100
optical, THW, and the 
osine ofthe re
onstru
ted zenith angle. 
uts# d.1 (a-b)NHits > 210THW > 300 nsBefore determining the dis
riminant fun
tion, we remove the dimmestevents with one-dimensional 
uts on ea
h of the input variables. Thisensures that the resulting dis
riminant fun
tion results in an optimumseparation of signal and ba
kground events at the highest light yields. Werequire a minimum of 210 hits, and a minimum �time-half-width� (THW)79



Figure 9.1 � One-dimensional
uts (marked by red lines)on NHitsz<100
optical (left) andTHW (right) applied before the twoobservables are 
ombined with the
osine of the re
onstru
ted tra
kdire
tion (shown in Figure 7.21,se
tion 7.4) to a multi-dimensional
ut (Fisher dis
riminant).
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Figure 9.2 � Mean valuesof NHitsz<100
optical (left) andTHW (right) as a fun
tion ofthe re
onstru
ted zenith angle.Simulated data are shown as 
ol-ored bands, whose widths are ameasure for the error of the meanvalues. The 20% experimental dataare shown as bla
k markers.
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of 300 ns. The distributions of the two input observables and the applied
uts are shown in Figure 9.1.Figure 9.2 shows the dependen
y of the mean values of NHitsz<100
optical andTHW with with the re
onstru
ted zenith angle for simulated signal andba
kground events, and for experimental data. Both light yield 
riteriahave a positive 
orrelation with the zenith angle. The 
orrelation observedin the 20% experimental data is well reprodu
ed by the ba
kground simu-lation.Minimizing the Fisher 
riterion using 1000 events of both simulated atmo-spheri
 muon ba
kground and simulated β = 0.76 monopoles yields thedis
riminant fun
tion

d =





7.351
−0.013
−0.020



 ·





cosΘNHitsTHW

 . (47)
discriminant
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Figure 9.3 � Cut on Fisher dis
rim-inant 
omposed of NHitsz<100
optical,THW, and cos Θ (equation (47)). The distributions of the dis
riminant fun
tion for simulated atmospheri
muon ba
kground, simulated magneti
 monopoles, and 20% of the exper-imental data set are shown in Figure 9.3. As indi
ated by the red line inthe �gure, we reje
t all event for whi
h the dis
riminant fun
tion takes val-ues greater than -7 (
ut#d.2 ). This 
ut removes 85.5% of the remainingexperimental ba
kground, while 67% (β = 0.76) to 86% (β = 1.0) of themonopole signal is preserved. The fra
tion of removed simulated atmo-spheri
 muon events amounts to 88% and is slightly higher than observedin experimental data.
ut#d.2





7.351
−0.013
−0.020



 ·





cosΘNHitsTHW

 < −7
For one event in the experimental data set the dis
riminant fun
tion takesthe remarkably low value of -26, indi
ating a light yield even higher thanthat expe
ted from a singly 
harged relativisti
 magneti
 monopole. Fur-ther investigations of the signature support the hypothesis of an immenselight deposition in the dete
tor during this parti
ular event (see appendix80



E). Only after 
ompletion of this analysis, the event 
ould be identi�ed asan instrumental ba
kground.44Up to this sele
tion level, the atmospheri
 muon ba
kground is well de-s
ribed by the simulated air-showers based on the poly-gonato model (seese
tion 5.3.2). With further tightening of the 
uts however, most of theatmospheri
 muon ba
kground 
omes from intera
tions of 
osmi
 ray pri-maries with energies above 10PeV. In this energy range, the la
k of trans-iron primaries in the CORSIKA-simulation be
omes apparent. Therefore,we use the two-
omponent model (see se
tion 5.3.2) for optimizing fur-ther sele
tion 
riteria. Figure 9.4 shows a 
omparison of the two sim-ulated atmospheri
 muon samples, poly-gonato-model (grey histogram)and two-
omponent (light purple histogram). Shown is the high-energyend of the Fisher dis
riminant used as 
ut parameter in the previous 
ut(
ut# d.2 ) in semi-logarithmi
 representation. The di�eren
e of the twoinput spe
tra is most obvious in those ba
kground events with the highestlight yield (smallest values of the Fisher dis
riminant), 
orresponding tomuon bundles indu
ed by the most energeti
 
osmi
 ray primaries. Thetwo-
omponent model yields better agreement between experimental andsimulated data with respe
t to both the shape of the distribution and thepredi
ted event rates. After imposing 
ut#d.2, the 20% experimental dataset 
omprises 889 events while the poly-gonato model predi
ts 623.8, 
or-responding to a ratio of 1.4 between observed and simulated events, whilethe two-
omponent model predi
ts 746.9 events, 
orresponding to a ratio of1.2. The latter is in better agreement with the ratio observed at previousanalysis levels. Additional 
omparisons between the poly-gonato and thetwo-
omponent model are presented in appendix F.
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discriminantFigure 9.4 � Dis
riminant fun
-tion used in 
ut#d.2 for twodi�erent sets of simulated atmo-spheri
 muon ba
kground: Thepoly-gonato model dis
arding pri-mary nu
lei heavier than iron(grey histogram) and the two-
omponent model (light purple his-togram). 20% of the experimentaldata set (bla
k markers) are shownfor 
omparison.9.2 Final light yield 
riterionLike the sear
h for monopoles entering from below the horizon, the sear
habove the horizon uses amplitude information (ΣADCz<100
optical) as �nal se-le
tion 
riterion. Sin
e for down-going atmospheri
 muon ba
kground thelight yield depends on the zenith angle of the in
oming bundles, we 
ombine

ΣADCz<100
optical with the 
osine of the re
onstru
ted zenith angle (cosΘ).As for the previous 
ut, we remove the events with the least light yield usingone-dimensional 
uts. After that, the �nal 
ut parameter is determined viadis
riminant analysis. We require an amplitude sum (ΣADCz<100

optical) of atleast 400 photoele
trons and an average amplitude (<ADC>z<100
ooptical) ofat least 6 photoele
trons. The distributions of the two 
ut parameters andthe 
ut positions are displayed in Figure 9.5. 
uts# d.3 (a-b)

ΣADCz<100
optical > 400PE<ADC>z<100

ooptical > 6PEFrom the distributions in Figure 9.5 it be
omes obvious that the sear
h fordown-going monopoles is not sensitive over the full range of simulated mo-nopole speeds. Monopoles with speeds just above the Cherenkov threshold(β = 0.76) do not deposit enough light in the dete
tor to be distinguishablefrom the atmospheri
 muon ba
kground.44The event was identi�ed as an instan
e of a 
ertain, until then unknown, 
lass ofba
kground. Unlike other dete
tor artifa
ts (e.g., 
ross-talk or �ares) the hits in this
lass of ba
kground are presumably due to photons released by a dete
tor 
omponentdeployed at depth. The 2000 data set 
ontained only a single instan
e of this type ofba
kground. Sin
e the hit pattern of the event is 
onsistent with light released at depth,there was no reason to suspe
t the event of being of ele
troni
 origin. The analysis ofdata taken in later years however, revealed ten events with signatures that were virtuallyidenti
al to the event re
orded during the year 2000. See appendix E for further details.81



Figure 9.5 � Cuts on the amplitudesum (left) and the mean amplitude(right) applied before optimizationof the �nal 
ut.  ADC [PE] (optical, z<100)Σ
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Figure 9.6 shows the 
orrelation between ΣADCz<100
optical and cosΘ, the twoinput observables to the �nal 
ut parameter. The dis
riminant analysisis performed with 1000 events of ea
h the simulated atmospheri
 muonba
kground and the simulated magneti
 monopoles with speed β = 1.0.
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Figure 9.6 � Correlation be-tween the mean amplitude sum(ΣADCz<100
optical) and the 
osine ofthe re
onstru
ted zenith angle forsimulated atmospheri
 muons (lightpurple), simulated magneti
 mono-poles (green), and 20% experimen-tal data (bla
k markers).

Minimizing the Fisher 
riterion yields the dis
riminant fun
tion
d =

(

7.866
−0.010

)

·
(

cosΘ
ΣADC) . (48)The distributions of the dis
riminant for simulated signal and ba
kgroundand for 20% experimental data is shown in Figure 9.7. The experimen-tal event with the highest light yield (smallest value of the dis
riminantfun
tion) is the same event as the one observed as the extreme outlier thedistribution of the dis
riminant used in 
ut#d.2 (see appendix E).Following the same optimization pro
edure as used in the sear
h for up-going monopoles, (see previous se
tion and appendix D), we pla
e the �nal
ut su
h that we expe
t the most stringent �ux limit. The left panel ofFigure 9.8 shows the number of events remaining in the simulated and ex-perimental data sets for ea
h potential 
ut on the dis
riminant fun
tion(equation (48)). The histograms are s
aled to the livetime of the 80%(blinded) data set. Hen
e the 
umulative distribution of the 20% exper-imental data set seems to 
ontain four events that stand out above thesimulated ba
kground, when in fa
t there is only a single outlier in 20%experimental data (
.f. Figure 9.7).
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Figure 9.7 � Distribution of theFisher dis
riminant used as the �-nal 
ut parameter. The right panel in Figure 9.8 shows the expe
ted 90%C.L. �ux limitsexpe
ted for magneti
 monopoles with ea
h of the simulated speeds asa fun
tion of the 
ut position. The optimum 
uts (i.e., those 
uts that
Figure 9.8 � Number of remainingevents depending on the 
ut on theFisher dis
riminant (equation(48),left) and the resulting average upper�ux limits for ea
h of the simulatedmonopoles speeds (right). discriminant
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optimizationspeed 
utdis
riminant ba
kgroundevents sensitivity (Φ90) [
m−2s−1sr−1℄
β = 1.0 β = 0.9 β = 0.8

β = 1.0 -4.7 2.59 2.38 × 10−16 3.47 × 10−16 1.37 × 10−15

β = 0.9 -4.1 6.75 2.42 × 10−16 3.21 × 10−16 9.69 × 10−16

β = 0.8 -3.4 17.41 2.64 × 10−16 3.23 × 10−16 7.90 × 10−16Table 21 � Cut values for the Fisher dis
riminant (equation (48)) optimized for individual monopole speeds, number ofba
kground events expe
ted to remain in the unblinded 80% data set, and the average upper �ux limits at 90%C.L (inunits of 
m−2s−1sr−1). The sear
h for monopoles above the horizon has no sensitivity for monopoles with speeds as low as
β = 0.76.minimize the average �ux upper limit Φ90) for ea
h simulated monopolespeed are listed in Table 21. As mentioned earlier, the analysis is notsensitive to β = 0.76 monopoles: The graph representing the expe
ted �uxlimit for β = 0.76 monopoles in Figure 9.8 does not have a minimum. �nal 
ut (down-going)

(

7.866
−0.010

)

·
(

cosΘ
ΣADC) < −4.7As for the up-going monopoles, we 
hoose to pla
e only one 
ut, the onewhi
h yields optimum sensitivity for β = 1.0 monopoles. The expe
ted �uxlimit for β = 1.0 monopoles rea
hes its minimum for a 
ut at d0 = −4.7.The two-
omponent model predi
ts 〈nb〉 = 2.6 ba
kground events to re-main after the �nal 
ut. This predi
tion is obtained from summing theweights of N = 126 simulated atmospheri
 muon events in the �nal ba
k-ground sample. A

ording to equation (46) (se
tion 8.2), the statisti
alerror of the ba
kground predi
tion is

σ(〈nb〉) = 0.04. (49)The number of passing signal events is O(104) for ea
h of the monopolesamples with β > 0.8, leading to a relative statisti
al error of O(1%) in thesignal predi
tion.With a ba
kground expe
tation of 〈nb〉 = 2.6, we yield an average eventupper limit (see appendix D) of µ̄ = 4.2 events. For β = 1.0 monopoles,this 
orresponds to a limit expe
tation of Φ90 = 2.38×10−16 
m−2s−1sr−1,roughly a fa
tor of six higher than the sensitivity for up-going monopolesof the same speed. The sensitivity to down-going monopoles rapidly di-minishes towards slower monopole speeds. For monopoles with β = 0.8,the expe
ted �ux limit lies above the Parker Bound (see se
tion 2.4).9.3 Unblinding results
discriminant
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Figure 9.9 � Distribution of the�nal 
ut parameter (Fisher dis-
riminant equation (48)) for the80% unblinded data set (bla
kmarkers) and simulated atmo-spheri
 muon ba
kground (two-
omponent-model, light purple his-togram). The red line marks the
ut.
After applying the pro
essing steps and sele
tion 
riteria developed withthe 20% sample of experimental data, the 80% data set is unblinded. Figure9.9 shows the distribution of the �nal 
ut parameter (Fisher dis
riminantequation (48)) before imposing the �nal 
ut.Three experimental events pass the 
ut. Table 9.3 lists the run number andthe days of the year on whi
h the events were re
orded, the event identi�
a-tion numbers, and the values of the two observables that entered the Fisherdis
riminant. The position of the three events in the two-dimensional 
utparameter spa
e (cosΘ � ΣADCz<100

optical - plane) is shown in Figure 9.10.All three events lie 
lose to the region of the parameter spa
e where theremaining atmospheri
 muon ba
kground is expe
ted. A visual inspe
tion83



Figure 9.10 � The three remainingexperimental events (green stars)in the cos Θ-ΣADCz<100
optical - plane
ompared to the the distributionsof the simulated atmospheri
 muonba
kground (left panel) and to the80% experimental data before ap-plying the �nal 
ut (red line). 0
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of the event signatures does not reveal any unexpe
ted 
hara
teristi
s,supporting the assumption that the three remaining events are in fa
t at-mospheri
 muon events. Figure 9.3 shows snapshots of the event signaturesin the event display.A 
on�den
e belt 
onstru
tion following Feldman and Cousins [175℄ yieldsan event upper limit 4.83, slightly higher than the limit expe
tation µ̄ =
4.2. Consequently, the �ux upper bounds will be slightly higher than thelimit expe
tations listed in Table 21. In addition, the in
orporation ofsystemati
 un
ertainties in the predi
ted events rates will alter the �nal�ux limit (see se
tion 10).

run# day event# zenith [◦℄ ΣADCz<100
optical [PE℄206 55 484694 61.7 920.7206 55 624780 46.9 966.3281 125 2189202 69.8 739.2Table 22 � Run number, day of the year (
ounted from January 1st 2000), eventidenti�
ation number, re
onstru
ted zenith angle (12-fold iterative likelihood re
on-stru
tion), and amplitude sum (in photoele
trons) re
orded in opti
ally read-out
hannels below a depth of z = 100m relative to the dete
tor 
enter for the threeevents in the 80% experimental data set whi
h passed the �nal 
ut.84
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10 Limit on the �ux of relativisti
 magneti
monopolesA limit on a physi
al quantity 
an be derived by 
omparing the numberof events expe
ted from all sour
es of ba
kground to the number of eventsdete
ted in an experiment and determining how mu
h room there is fora 
ontribution from a new pro
ess, i.e., for signal. How well the num-bers of expe
ted and dete
ted events 
ompare in pra
ti
e depends on theun
ertainties of the predi
tions for ba
kground and dete
tion e�
ien
y.For this analysis, statisti
al and systemati
 un
ertainties are in
orporatedinto the limit 
al
ulation using a method proposed by Conrad et al. [176℄.The algorithm is explained in detail in appendix D.5.10.1 Systemati
 un
ertaintiesThe predi
ted number of signal and ba
kground events are determined fromMonte Carlo simulations, whi
h 
ontain various kinds of un
ertainties. Themost obvious un
ertainty is the statisti
al error asso
iated with the �nitenumber of simulated events in the Monte Carlo samples. The statisti
alerror for this analysis is relatively small, due to the use of importan
esampling. While the statisti
al error is exa
tly known, the other typesof errors, so-
alled systemati
 errors, are more spe
ulative. These errorsarise from imperfe
tions of the dete
tor simulation and from theoreti
alun
ertainties of the parameters entering the generation of Monte Carloevents.The estimation of the total systemati
 un
ertainty pro
eeds di�erently forsignal and ba
kground predi
tion. For the atmospheri
 muon ba
kgroundwe have used experimental data to adjust the event rates observed in simu-lated data, i.e., we 
ould to some extend �
alibrate� the simulation, therebyeliminating some of the un
ertainty. For the signal simulation on the otherhand, no su
h 
alibration beam is available, and the e�e
t of ea
h param-eter bearing un
ertainty has to be assessed individually.10.1.1 Systemati
 un
ertainty in the signal dete
tion e�
ien
yThe two parameters that are believed to be most 
ru
ial to the dete
tore�
ien
y are the sensitivity of the OMs and the opti
al properties of thePolar i
e. The e�e
t of un
ertainties in these parameters 
an ideally bedetermined by generating Monte Carlo samples with various simulationsetups, in whi
h the un
ertain parameters are modi�ed. For analyses in-volving very large signals like those from relativisti
 magneti
 monopolesor UHE neutrinos, this would require an impra
ti
al amount of 
omputingtime.Hen
e, we estimate the systemati
 errors related to the OM sensitivitiesand i
e properties based on systemati
 studies available in the low energyregion.Un
ertainties in the opti
al module sensitivity: Before deployment, theOM sensitivities were measured in the laboratory. The response of thedeployed OMs 
an however deviate from that observed under laboratory
onditions. Potential reasons for deviations are a de
rease in the trans-paren
y of the sili
on gel between the PMT and the glass sphere due to86



aging, shadowing of the OM sensitive area by the string 
able, or air bub-bles that a

umulate in the vi
inity of the OMs during re-freezing of thewater in the bore-hole. The OMs are ina

essible after deployment, andtheir sensitivity 
an only be evaluated indire
tly. The most re
ent study[165℄ of OM sensitivities based on atmospheri
 muon data indi
ates devia-tions of the sensitivity up to 15% relative to the values used in the standardsimulation setup. The largest deviations (∼ -15%) are observed for OMslo
ated on the four innermost strings (strings 1-4, whi
h were not used forthe �nal sele
tion 
riteria of this analysis). For a TeV neutrino point sour
esear
h, su
h variations in the OM sensitivity 
hange in the signal dete
tione�
ien
y by +2/-10% [93℄ and the rate of (low energy) ba
kground at-mospheri
 neutrinos about twi
e that. These �ndings are 
onsistent withan earlier systemati
 study for the AMANDA-B10 sub-array [177℄, whi
hshowed that variations of the OM sensitives mostly a�e
t low energy events.The latter study also found a linear dependen
y between 
hanges in theOM sensitives and 
hanges of the atmospheri
 neutrino event: A relativeshift of the OM sensitivities by a 
onstant per
entage resulted in a shift ofthe trigger rate by the same per
entage.Given the results presented in [165℄, we assume the OM sensitivities deviatefrom the nominal values by less than 15%. If we assume further that theweakening of the dependen
y of the event rates on OM sensitivities withenergy holds up to the highest energies, we would expe
t the systemati
error on the �nal event rates to be less then 15%. Re
ent UHE neutrinoanalyses [178, 179℄ assumed 15% systemati
 error due to un
ertainties inthe OM sensitivity. Be
ause of the absen
e of a 
on
lusive systemati
study, we adopt this (probably overly 
onservative) value as systemati
error.Un
ertainties in the des
ription of the Polar i
e: The depth dependentopti
al parameters of the South Polar i
e were determined to an a

ura
y ofa few per
ent [114℄. While the numeri
al values of the measured s
atteringlengths and absorption 
oe�
ients are largely 
onsidered trustworthy, thereis presently less 
on�den
e in the implementation of photon propagation inthe simulation software. The distrust refers however solely to the 
orre
ttreatment of photon propagation through multiple i
e layers.The systemati
 error related to the photon propagation implementationwas studied within the AMANDA-II neutrino point sour
e analysis. Thedi�eren
e in the predi
ted event numbers from simulations with two al-ternative sets of photon tables, one generated with the photon tra
kingpa
kage PTD and one generated with Photoni
s (see se
tion 5.1.1), was assmall as 2% for neutrinos with an E−2 power-law energy spe
trum and 5%for atmospheri
 neutrinos. Again, the systemati
 un
ertainty in the eventrates seems to de
rease with energy. These �ndings support the idea thatfor very bright events, whi
h illuminate a wide range of the dete
tor, thelayering of the i
e be
omes negligible. Thus, we 
an expe
t that the sys-temati
 error introdu
ed by negle
ting the layering altogether (as we did forthis analysis), will be small at highest energies. A simulation using averageopti
al i
e parameters (BULK-i
e) will however be more sensitive to varia-tions in the parameters themselves. The e�e
t of varied opti
al parametersin simulations utilizing BULK-i
e was investigated within the UHE neu-trino sear
h with AMANDA-B10 [180℄. The opti
al parameters were variedover a large range, between +12%/-30% (absorption length) and +8/-21%(e�e
tive s
attering length) around the standard values. These variations
aused a 
hange in the event rates of 34% around the average. The op-87



ti
al parameters of the Polar i
e are known to within a few per
ent, andwe 
an reasonably assume that the systemati
 error is in e�e
t smaller.For this analysis, we 
onservatively assume 15% systemati
 error due toun
ertainties in the modeling of the Polar i
e.Theoreti
al un
ertainty: Theoreti
al un
ertainties that a�e
t the dete
-tion e�
ien
y are related to the monopole propagation in the i
e. Oursignal simulation negle
ts Cherenkov light from relativisti
 se
ondary par-ti
les that are produ
ed in radiative energy loss pro
esses. This additionalCherenkov light would result in an improved dete
tion e�
ien
y, and hen
ea higher signal expe
tation. The improvement would however only be sig-ni�
ant for extremely relativisti
 monopoles. Hen
e, we do not in
orporatethis theoreti
al un
ertainty in our limit 
al
ulation.The statisti
al errors in the number of expe
ted signal events (0.1% and1.5% for up- and down-going signal, respe
tively) are negligible 
omparedto the assumed systemati
 un
ertainties due to un
ertainties in the dete
-tor simulation. The two systemati
 errors 
onsidered (15% due to OMsensitivities and 15% due to modeling of the Polar i
e) are assumed to beindependent resulting in a total error of 21%.10.1.2 Systemati
 error in the ba
kground predi
tionMost of the un
ertainty in the simulation of 
osmi
 ray indu
ed events isof theoreti
al nature. The rate of atmospheri
 muon events in AMANDA-II primarily depends on the absolute �ux, the energy spe
trum, and, tosome extent, on the 
omposition of 
osmi
 rays intera
ting in the atmo-sphere above the dete
tor. These quantities have been measured by avariety of experiments whi
h are subje
t to systemati
 un
ertainties them-selves. Estimates of the un
ertainty in the absolute normalization of the�ux (whi
h has the largest impa
t in the AMANDA event rate) for in-stan
e, range from 20% [84℄ to a fa
tor of two [46℄. Another major sour
eof un
ertainty is the modeling of hadroni
 intera
tions in high energy airshowers. As mentioned in se
tion 5.3.1, the parti
ular intera
tion modelused for this analysis predi
ts too low a rate of high energy atmospheri
muons, while the muon energy spe
trum is in good agreement with whatis observed experimentally.analysis level
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Figure 10.1 � Normalization fa
-tor (ratio between number of eventsin the 20% experimental data setand number events in the simu-lated data set) at ea
h 
ut level (redline) 
ompared to the average of1.24 (dotted line). The normaliza-tion determined after imposing thepenultimate 
ut is kept and used forpredi
ting the number of events re-maining after appli
ation of the �-nal 
ut.
The theoreti
al un
ertainty of the absolute �ux is 
ompensated throughnormalizing the number simulated events to the number of events observedin the 20% experimental data. The number of ba
kground events predi
tedby the simulation does however also s
ale with variations of the parametersin the dete
tor simulation, and normalizing simulated events to experimen-tal data 
ompensates for un
ertainties in these parameters as well. Thus,the various error 
ontributions 
annot be disentangled.For this analysis, we have re-adjusted the normalization at ea
h analysislevel, up to the penultimate 
ut level. In order to estimate the total un
er-tainty inherent in the simulation, we 
onsider the variations in the normal-ization (ratio of number of events in the 20% experimental data set andnumber of events in the simulated data set) throughout the analysis: Fig-ure 10.1 shows the variations of the normalization with the analysis level.Throughout the analysis, the normalization �u
tuates in both dire
tionsaround its mean value, whi
h amounts to 1.24.45 The ratio after applying45It is important to note that there is no systemati
 in
rease or de
rease of the nor-malization with in
reasing 
ut strength (i.e., with in
reasing energy threshold). Su
h88



up-going down-goingsignal ba
kground signal ba
kgroundOM sensitivity 15% 15%i
e properties 15% 15%
osmi
 ray �ux + dete
tor response 13% 13%statisti
al 0.1% 12% ∼1% 1.5%total 21% 18% 21% 13%Table 23 � Relative systemati
 and statisti
al errors used for the limit 
al
ulation.the penultimate 
ut, is 1.21. This normalization fa
tor is kept and used topredi
t the number of of ba
kground events that remain after the �nal 
ut.We assume that the un
ertainty in this predi
tion is at the same s
ale asthe variation in the normalization over the 
ourse of the analysis. We takethe maximum deviation from the mean value (∼13% at sele
tion level 3 )as estimate for the systemati
 un
ertainty in the ba
kground predi
tion.This assessment of the un
ertainty in the number of expe
ted ba
kgroundevents yields a substantially smaller systemati
 error than assumed in re-
ent UHE neutrino analyses. These analyses 
onsidered potential system-ati
 error sour
es (i
e properties, OM sensitivities, 
osmi
 ray �ux normal-ization) independently, resulting in a total systemati
 error of up to ∼100%[168℄. The two approa
hes may be debatable, but it should be noti
ed thatfor an analysis with low ba
kground, the dependen
y of the �nal limit onsystemati
 un
ertainties in the ba
kground expe
tation is weak [176℄. Us-ing a systemati
 un
ertainty of 100% in the expe
ted ba
kground for thisanalysis would alter the �ux limits by no more than 2% (up-going mono-poles) and 13% (down-going monopoles) 
ompared to �ux limits obtainedassuming the smaller (13%) systemati
 error.The statisti
al error amounts to 12% for the up-going ba
kground sampleand 1.5% for the down-going sample. Systemati
 and statisti
al errors areadded in quadrature, resulting in a total error of 18% and 13% for up- anddown-going samples, respe
tively.10.2 Flux limits in
luding systemati
 and statisti
al er-rors β limit [
m−2s−1sr−1℄up-going0.76 8.75 × 10−160.8 6.70 × 10−170.9 4.29 × 10−171.0 3.75 × 10−17down-going0.8 1.67 × 10−150.9 4.22 × 10−161.0 2.89 × 10−16Table 24 � Limits (in units of
m−2s−1sr−1) on the �ux of up- anddown-going magneti
 monopoles in
lud-ing systemati
 un
ertainties.
The total errors in the numbers of signal and ba
kground events are listedin Table 23. They are in
orporated into the 
al
ulation of the �ux upperlimits following the method des
ribed in appendix D.5. The in
orporationof un
ertainties generally leads to a widening of the 
on�den
e belt, and
onsequently, a in a less stringent upper limit. In our 
ase, systemati
un
ertainties 
ause a loosening of the �ux limits by roughly 7% for bothup- and down-going monopoles. The �nal �ux limits obtained for up- anddown-going monopoles at the simulated speeds are listed in Table 24.a trend would suggest a potentially in
orre
t simulation of the energy response of thedete
tor.
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10.3 Dis
ussionThe limits obtained from the monopole sear
h below the horizon (up-goingmonopoles) are the most stringent 
onstraints one the 
osmi
 �ux of mag-neti
 monopoles today. The limits obtained from the sear
h above thehorizon are less stringent, but are are valid over a larger range of potentialmonopole masses.10.3.1 Monopole mass rangeThe �ux limits for up- and down-going monopoles listed in Table 24 applyfor those monopoles that 
an pass through the Earth or the i
e overbur-den above the dete
tor and rea
h the dete
tor with a speed above theCherenkov threshold.The Cherenkov threshold in i
e (β ≈ 0.75) 
orresponds to a Lorentz boostof Γ = 1.51. In order to rea
h the dete
tor with this at least this boost,the monopole is required to have mass of at least
M >

∆E

Γinitial − 1.51
, (50)where ∆E is the energy lost during propagation to the dete
tor, and Γinitialis the Lorentz boost before entering the Earth. That is, relativisti
 mono-poles require a mass at least of the order of the energy loss in order to bedete
table.The minimum masses for whi
h the �ux limits on up- and down-going mo-nopoles are valid without further 
onditions on the initial Lorentz boostare given by the energy losses su�ered by monopoles passing the full diam-eter of the Earth and passing through ≈ 180 km i
e (the path to rea
hthe dete
tor from just above the horizon), respe
tively. The modi�edBethe-Blo
h formula (equation (24), se
tion 3.4.2) predi
ts a total en-ergy loss of ∆E = O(1011)GeV for verti
ally up-going monopoles, and

∆E = O(108)GeV for down-going monopoles entering the dete
tor fromjust above the horizon. That is, monopole sear
hes below and above thehorizon rea
h full a

eptan
e to moderately relativisti
 monopoles withmasses above 1011 GeV and 108GeV respe
tively.For ultra-relativisti
 monopoles, full a

eptan
e may be rea
hed for mu
hlower monopole masses. Monopoles with a mass in the PeV region, forinstan
e, are predi
ted to be 
apable of penetrating the Earth if they havean initial Lorentz boost around Γinitial = 105 or higher (see Figure 3.11 inse
tion 3.4.2).10.3.2 Comparison to other experimental limitsFigure 10.2 shows the limits in 
omparison to the best presently availableexperimental bounds. In the velo
ity range β > 0.8, the most stringentlimits are the ones set by the BAIKAL neutrino teles
ope. These limitslie between 5 × 10−17 
m−2s−1sr−1 (β = 1.0) and 1.9−16 
m−2s−1sr−1(β = 0.8), and are valid for monopoles that are 
apable of penetratingthrough the Earth [102℄.The MACRO experiment 
onstrains the �ux of magneti
 monopoles belowa level of 1.4 × 10−16 
m−2s−1sr−1 [58℄. This limit is valid for full a

ep-tan
e over 4π sr, i.e., for the mass range in whi
h monopoles 
an penetratethrough the Earth and rea
h the dete
tor from all dire
tions. For 2π sr a
-90
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Figure 10.2 � Limits on the �ux of relativisti
 magneti
 monopoles. The AMANDA-II limits (this work) are shown in red.(For the sake of 
larity, the limits obtained for the dis
rete monopole speeds are 
onne
ted with straight lines.) The limiton up-going monopoles falls below the presently most stringent limit set by the BAIKAL neutrino teles
ope (bla
k solidline). The former limit obtained from the analysis of data taken with the AMANDA-B10 sub-dete
tor [103℄ is shown for
omparison (gray dashed line).
eptan
e, i.e., for the mass range in whi
h monopoles 
annot pass throughthe Earth but rea
h the dete
tor from above the horizon, the limit has tobe multiplied by two [58℄. For this 
ase, the MACRO limit is at about thesame level as the AMANDA-II limit for down-going monopoles.
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11 Summary and outlookRelativisti
 magneti
 monopoles whi
h 
ross a transparent medium at aspeed above the Cherenkov threshold are predi
ted to emit Cherenkov radi-ation that is more intense than that emitted by relativisti
 muons by severalorders of magnitude. Data taken with the AMANDA-II neutrino teles
opeduring the year 2000 were sear
hed for the Cherenkov signature of rela-tivisti
 magneti
 monopoles 
rossing the dete
tor's sensitive volume. Datasele
tion 
riteria were developed based on simulated atmospheri
 muonevents (the dominant ba
kground to this sear
h) and simulated monopoleevents, in whi
h the monopoles were assumed to 
arry one Dira
 
hargeand to travel at fra
tions of the speed of light between β = v/c = 0.76 and
β ≈ 1. In oder to ensure that the dete
tor simulation provides an a

u-rate des
ription of the dete
tor response, 20% of the experimental data wasused for 
omparisons between experimental and simulated data throughoutthe analysis. This subset was then dis
arded, and only the 
omplementary80% of the data (totaling approximately 155 days of dead-time 
orre
teddata taking time), whi
h were kept blind during the development of theanalysis, were used to derive upper limits on the monopole �ux.Two separate �ux limits were derived for monopoles entering from be-low and from above the horizon, respe
tively. The analysis 
onsideringmonopoles entering from below the horizon yielded �ux limits between3.8×10−17 
m−2s−1sr−1 (β ≈ 1) and 8.8×10−16 
m−2s−1sr−1 (β = 0.76)at the 90% 
on�den
e level. In the velo
ity range β > 0.8, these limits arethe most stringent experimental limits at the time of this writing.Be
ause of the mu
h larger ba
kground from down-going atmospheri
 mu-ons, the analysis 
onsidering monopoles entering from above the horizonyielded limits less stringent by roughly an order of magnitude. Thesemu
h looser limits are however valid for monopoles of lighter mass andlower speeds. Monopoles rea
hing the Earth at a speed around β = 0.9for instan
e, would have to be at least as heavy as 1011 GeV to rea
h thedete
tor from below, while a mass of 108 would su�
e to rea
h the thedete
tor from above the horizon. For monopoles that are in
apable of
rossing the Earth but are 
apable of penetrating the matter overburdenabove the dete
tor, the limit derived in this work is approximately at thesame level as the presently most stringent limit pla
ed by the MACROexperiment. The sear
h for monopoles above the horizon presented in thiswork is the �rst analysis of this kind performed with AMANDA-data. Itproves that neutrino teles
opes 
an sear
h relativisti
 magneti
 monopolesabove the horizon, and that these sear
hes, despite the large atmospheri
muon ba
kground, have sensitivities well below the Parker bound.This work 
on
erns AMANDA-II-data of the year 2000 only. The remainingdata 
olle
ted AMANDA-II 
ould be be sear
hed for monopole signals aswell, but the analysis of already existing data taken with the mu
h largerI
eCube dete
tor [67℄, a 
ubi
-kilometer s
ale neutrino teles
ope presentlyunder 
onstru
tion at the South Pole, would yield a mu
h better sensitivitythan that a
hieved with the analysis multiple years of AMANDA-II data.The 
onstru
tion of the I
eCube dete
tor started in the Polar season 2004/2005 and is expe
ted to be 
ompleted by the beginning of 2011. In its �nalstate, the I
eCube dete
tor will 
onsist of ∼5000 opti
al modules deployedon 80 verti
al strings. The instrumented volume will span a depth rangebetween 1400 and 2400 meters below the i
e surfa
e and will 
over a square-kilometer-sized hexagonal area in the horizontal plane. The large volume92



and sparse instrumentation of the dete
tor are ideal for the dete
tion ofrare signals with high Cherenkov light deposition. Figure 11.1 shows theCherenkov signature of a simulated 6PeV muon in the I
eCube dete
tor.Similarly large signals would be expe
ted for relativisti
 magneti
 mono-poles passing through the dete
tor. The grey shaded area indi
ates thelo
ation and the 
ross-se
tional area of the AMANDA-II dete
tor withinthe I
eCube instrumented volume.While 
on
lusive studies of the sensitivity of the full I
eCube dete
tor torelativisti
 magneti
 monopoles have not yet been undertaken, �rst simu-lations of the intermediate deployment stages of the dete
tor indi
ate thatup
oming monopole sear
hes will rea
h sensitivities roughly an order ofmagnitude below the limits presented in this work [181℄.
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Figure 11.1 � Simulated 6 PeV muon 
rossing the I
eCube dete
tor [182℄. The grey shaded area indi
ates the lo
ation andthe 
ross-se
tional area of the AMANDA-II dete
tor.
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A Seasonal variations of the event rateWhen 
osmi
 rays intera
t with air mole
ules in the atmosphere, mesonsare produ
ed whi
h either re-intera
t to produ
e parti
les of lower energyor whi
h de
ay into muons. While the de
ay length of the mesons dependssolely on energy, the mean intera
tion length of the mesons depends onthe density of the atmosphere. The largest variations of the atmospheri
density are 
aused by seasonal variations of the air temperature over theyear. One therefore expe
ts seasonal variations of the atmospheri
 muonrate in a dete
tor like AMANDA.A.1 The AMANDA-II trigger rate and the e�e
tive atmo-spheri
 temperatureIf atmospheri
 muons arrive at the i
e surfa
e with an energy of 500GeVor greater, they will be 
apable of rea
hing the AMANDA-II dete
tor withsu�
ient energy to 
ause a trigger. In this energy range, the main reasonfor variations in the muon �ux are temperature variations in the upperatmosphere: During summer, the in
rease of temperature results in anexpansion of the atmosphere. In low density air, the mean free path ofthe mesons produ
ed in 
osmi
 ray intera
tions is longer than in dense air,and a larger fra
tion of the mesons de
ay into muons before they intera
t.As a 
onsequen
e the �ux of highly energeti
 atmospheri
 muons is largerduring the summer than during the winter. -90 -80 -70 -60 -50 -40 -30 -20
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Figure A.1 � Examples for tem-perature pro�les of the atmosphereabove the South Pole. Thetemperature pro�les were deliveredby weather balloons whi
h werelaun
hed from the South Pole Sta-tion in 2003 on an Antar
ti
 sum-mer day (January 3rd, red graph)and an Antar
ti
 winter day (July
27th, blue graph), respe
tively. Thein
rease of the temperature in thestratosphere (above &10000m) isdue to absorption of UV light.

A full quantitative treatment of the development of the parti
le 
as
adeswould involve full parti
ularities of the density pro�le and 
hemi
al 
om-position of the atmosphere. In the altitude range of interest however,the atmosphere 
an be treated as ideal gas with 
onstant molar mass(M = 28.96 g/mol), and the lo
al air density 
an be obtained from temper-ature and pressure measurements (whi
h are delivered by weather balloons)via the ideal gas law:
ρ =

p · M
R · T , (51)where p is the air pressure, T is the temperature and R is the universalgas 
onstant (8.31451 J/(K · mol)). The verti
al temperature and pressurepro�les have a rather 
ompli
ated stru
ture. Examples of the verti
al tem-perature stru
ture of the Polar atmosphere are shown in Figure A.1. Toa good approximation however, variations of the muon rate in an under-ground (or under water/i
e) dete
tor depend only on the so-
alled e�e
tivetemperature [130℄. The e�e
tive temperature is de�ned as the temperatureof an hypotheti
al isothermal atmosphere that would result in the samemeson intensity as that produ
ed in a real atmosphere having a tempera-ture distribution T (X), where X is the atmospheri
 depth. The e�e
tivetemperature Teff is a weighted average over the temperature pro�le fromground to the top of the atmosphere. It is 
al
ulated as [131℄

Teff =

∫

dX
X

T (X) [exp(−X/Λπ) − exp(−X/ΛN)]
∫

dX
X

[exp(−X/Λπ) − exp(−X/ΛN)]
, (52)where Λπ = 160 gm/
m2 is the atmospheri
 attenuation length for pions,and ΛN = 120 gm/
m2 is the atmospheri
 attenuation length for nu
leons.95



Flu
tuations of the e�e
tive ∆Teff , then, relate to �u
tuations of the muonrate in an underground dete
tor ∆Rµ as
∆Rµ

〈Rµ〉
= αT

∆Teff

〈Teff〉
, (53)where 〈Rµ〉 and 〈Teff〉 are the average muon rate and e�e
tive tempera-ture, respe
tively. That is, the deviation of the measured muon rate fromits mean will be dire
tly proportional to the deviation of the e�e
tive tem-perature from its mean. The proportionality 
onstant αT depends on thedepth at whi
h the muon intensity is measured. Figure A.2 shows αTmeasured by several underground muon dete
tors. Data taken with the0
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e of

αT as measured by several under-ground muon dete
tors. The depthis given in meter water equivalent.The bla
k 
urve indi
ates the the-oreti
al expe
tation [130℄. Takenfrom [183℄.
AMANDA-B10 dete
tor during the year 1997 were used to determine thevalue of αT for the AMANDA depth [183℄. The measurement is in goodagreement with the theoreti
al predi
tion [130℄.It would be worthwhile to re-asses αT using several years of data taken withthe full AMANDA-II array. This has however not be done yet. Nevertheless,the e�e
tive temperature of the South Polar atmosphere was determined forthis analysis for the following reason: A blind analysis requires an ex
ellentunderstanding of the experimental data, and stable trigger rate is a key-requirement in data quality assuran
e. For AMANDA monopole sear
hes,initially four years of experimental data were �ltered from raw data on(although only one year was �nally fully analyzed). The trigger and re-trigger rates between January 1st 2000 and De
ember 31st 2003 are shownin �gure A.3. After 
orre
tion for dete
tor dead time, the average triggerrate over a year lies between 75 and 90Hz. The average rate is lowest in2000 (∼75Hz) and in
reases after the maintenan
e period 2000/2001. Thisin
rease is due to the re
overy of several damaged or un-reliable opti
almodules during the Polar season 2000/2001. Throughout ea
h year, thetrigger rate varies smoothly around its mean as the seasons 
hange. Apartfrom these seasonal variation, the trigger-rate shows several sudden jumps.Most of the rate instabilities o

ur at the beginning and at the end ofea
h year, indi
ating that the DAQ was re
ording data although dete
tormaintenan
e had already started. The maintenan
e periods, as well as theperiods during Austral winter during whi
h the trigger-rate shows sharpjumps or drops (for instan
e during days 196 to 198, or 209 to 211 in 2000)are reje
ted by the standard �le sele
tion (see se
tion 6.1.1).One dis
ontinuity in the trigger rate however remains even after the ap-pli
ation of quality 
riteria: At the end of the year 2002, the trigger rateshows a sudden jump around day#1000. All data taken during this timeperiod pass the �le sele
tion. An investigation of the atmospheri
 temper-ature reveals, that this sudden in
rease of the trigger rate 
oin
ides witha sudden in
rease of the temperature in the upper atmosphere above theSouth Pole.A.2 Sudden stratospheri
 warming in 2002At least one weather balloon is laun
hed every day from the South Polestation, measuring temperature, pressure and altitude during its as
ension.The balloon data are available from the Antar
ti
 Meteorologi
al Resear
hCenter web site [184℄.In order to understand the dis
ontinuities in the AMANDA-II trigger rate,data from daily weather balloon laun
hes during the time period between96
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Figure A.3 � Trigger rate from January 1st 2000 to De
ember 31st 2003 before sele
tion of stable data taking periods. Thebrown markers indi
ate the raw trigger rate of the dete
tor, while the bla
k markers indi
ate the event rate after a �rst data
leaning (the so-
alled re-triggering, see se
tion 6.2.3 that is supposed to remove most of the ele
troni
 noise. The risingtrend the event rate over the years is due to 
hanges in the hardware of the dete
tor. Individual malfun
tioning modulesin the array were re
overed during the summer season (mostly during the Polar season 2000/2001), in
reasing the dete
tore�
ien
y.
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Figure A.4 � E�e
tive temperature 
al
ulated from data taken with weather balloons laun
hed from the South Pole station.The upper panel shows the e�e
tive temperature from data of all balloon �ights between 1st 2000 to De
ember 31st 2003.The lower panel shows the e�e
tive temperature for only those �ights where the balloon rea
hed an altitude of at least20000 meters.
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January 2000 and De
ember 2003 were analyzed. As the weather balloonstake measurements roughly every 10 to 20 meters altitude during theiras
ension, the data from one balloon �ight 
ontain the lo
al atmospheri
temperature taken at only dis
rete atmospheri
 depths Xi. In order to
al
ulate the e�e
tive temperature, the integral in equation (52) has to beapproximated with a sum over dis
rete data points:
Teff ≈

∑

i T (Xi)(∆X)i/Xi [exp(−Xi/Λπ) − exp(−Xi/ΛN)]
∑

i(∆X)i/Xi [exp(−Xi/Λπ) − exp(−Xi/ΛN)]
. (54)The daily e�e
tive temperature between January 1st 2000 and De
ember

31st is shown in the upper panel of Figure A.4. The temperature 
urve
learly follows the Antar
ti
 seasons, as expe
ted. However, during thewinter months, the e�e
tive temperatures seems to be ambiguous. Thetemperature 
urve is split into two sub-
urves. An investigation of the bal-loon data revealed that the upper bran
h of temperature 
urve 
orrespondsto those �ights in whi
h the weather balloon did not rea
h the top of theatmosphere. The lower panel of Figure A.4 shows the e�e
tive temperature
al
ulated for only those �ights in whi
h the balloon rea
hed an altitudeof at least 20000 meters. This simple sele
tion smoothes the temperature
urve.Around day#1000, the e�e
tive temperature shows a sudden in
rease,similar to that observed in the AMANDA-II trigger rate. Figure A.5 showsa zoomed view of the e�e
tive temperature and the trigger rate for thetime period from September to De
ember 2002.46 The �os
illation-like�stru
tures in both 
urves 
oin
ide.
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Figure A.5 � E�e
tive tempera-ture (top) and trigger rate betweenSeptember 1st and De
ember 31st2002.

With this sudden in
rease in the muon rate, AMANDA has observed anunusual sudden warming of the stratosphere above the South Pole [185℄.This in
ident, whi
h o

urred around September 25th 2002, is well knownamong atmospheri
 s
ientists [186℄, mainly be
ause the sudden strato-spheri
 warming 
aused a split of the Ozone Hole [187℄.47Temperature and ozone 
on
entration in the atmosphere are highly 
orre-lated for the following reason: Ozone depletion in the upper atmosphereprogressesmost e�
iently in the presen
e of (1) Stratospheri
 Polar Clouds,and (2) UV radiation. During the Polar winter night, a 
ir
umpolar winddevelops in the middle to lower stratosphere, the so-
alled Polar Vortex.The 
y
lone 
on�nes a 
ylindri
al volume of extremely 
old air above thePolar region, in whi
h Stratospheri
 Polar Clouds 
an form. With the be-ginning of spring, sun light rea
hes the Polar region, but low temperaturesand stratospheri
 
louds persist, as the 
old air is trapped within the Vor-tex. Ozone is e�
iently depleted. Around September 25th 2002, however,the Polar Vortex split into two separate 
y
lones, and with it, the OzoneHole split into two smaller holes. Cold air was no longer trapped above theSouth Pole. The temperature in the stratosphere jumped by ∼40K withindays.Figure A.6 shows snapshots of the ozone 
on
entration in the atmosphereof the southern hemisphere and the temperature measured at two di�erentpressure levels in the upper atmosphere (100mbar and 30mbar) betweenSeptember 15th and O
tober 4th.46Unfortunately, AMANDA was not taking data from mid-November on, be
ause ofmaintenan
e work. Hen
e, the trigger rate 
urve is 
ut o� around day#1050.47A non-te
hni
al report on the in
ident 
an be found on the NASA web site http://www.gsf
.nasa.gov/topstory/20020926ozonehole.html.98
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Figure A.6 � Ozone 
on
entration(left 
olumn) and atmospheri
 tem-peratures in the 30mbar (middle
olumn) and 100mbar (right 
ol-umn) layers on the southern hemi-sphere. Ea
h row shows snap-shots of ozone and temperaturefor one parti
ular day during thedramati
 stratospheri
 warming in2002: September 15th (top row),September 20th, September 25th,September 30th, O
tober 4th, andO
tober 9th (bottom row). Ozone
ontours 
orrespond to DobsonUnits (Dobson Units give the thi
k-ness (in units of 10 µm) of the ozonelayer if all ozone 
ontained in an air
olumn overhead were 
ompressedto 1 atm standard pressure and 0 ◦C[188℄); temperatures are in ◦C.Ozone plots are provided by NASA[189℄, temperature plots were gen-erated with the web-interfa
e to the
limate resear
h data base of theNational O
eani
 & Atmospheri
Administration (NOAA) [190℄.
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B Tagging events 
aused by ele
troni
 noiseAn indi
ation that AMANDA data have admixtures of hits and/or entireevents that are not 
aused by light in the dete
tor was �rst observed inthe overall data-rate (bytes per se
ond) whi
h showed o

asional jumps,while the trigger rate remained approximately 
onstant. These states ofhigh data rates were investigated in great detail [134℄. It was found thatdata taken during these periods 
ontained many events with high hit mul-tipli
ities. The 
orrelation between hit-times and the depths of the OMsin whi
h these hits supposedly o

urred indi
ated that these events wereof pure ele
troni
 origin. Figure B.1 shows examples of the 
orrelationof leading edge times and OM number48 (the so-
alled �ngerprints) in atypi
al atmospheri
 muon event (upper panel) and in events 
aused byele
troni
 noise, referred to as �are events hereafter.

Figure B.1 � Fingerprints of an at-mospheri
 muon event (uppermostpanel) and of three �are events.In �are events, leading edge timeand the depth in whi
h the hitsupposedly o

urred are totally un-
orrelated. This suggests that thepulses are 
reated 
lose to the sur-fa
e. Taken from [134℄.

The so-
alled �are 
he
ker module (developed in [134℄) is a tool to identifyand reje
t potential �are events based on nine variables, the nine �are-indi
ators.B.1 The �are indi
atorsFor developing the �are 
he
ker, �are events were sele
ted and inspe
ted.A set of nine features was identi�ed whi
h 
ommonly o

ur in �are eventsand are untypi
al for parti
le indu
ed events:(1) a high fra
tion of 
hannels for whi
h a peak ADC value was re
orded,but neither leading nor trailing edges,(2) a high fra
tion of 
hannels whi
h have unpaired edges, i.e., 
han-nels where the re
orded edge series 
ontain at least two 
onse
utiveleading or two 
onse
utive trailing edges,(3) many hits in otherwise dead 
hannels,(4) many hits with extremely short TOT in 
hannels with signal trans-mission via twisted pair 
ables,(5) many hits with extremely short TOT in 
hannels with signal trans-mission either via 
oaxial 
able or via twisted pair 
able if the 
orre-sponding OM is a so-
alled hybrid OM,49(6) many hits with extremely long TOT, o

urring signi�
antly beforethe trigger time,(7) many TDC edge series whi
h start or end with an unpaired edgewhi
h is nevertheless well 
ontained in the TDC bu�er (if an edgeseries either starts with a trailing edge or ends with a leading edgeand there is large time gap between unpaired edge and the boundaryof the TDC bu�er, the �rst or last pulse would have had an overlongTOT.),48OMs in ea
h string are numbered su
h that the OM with the lowest number is 
losestto the surfa
e, and the OM number in
reases with depth. Hen
e the OM number is ameasure for the depth at whi
h the OM is lo
ated.49Hybrid OMs are OMs whi
h are read out via twisted pair 
ables but 
ontain anLED for pulse 
onversion from ele
tri
al to opti
al. For test purposes, a few su
h hybridOMs were deployed with strings 5-10. The �ber readout is however not used duringnormal data taking. Anyway, due to the hardware di�eren
es, the TOT 
hara
teristi
sof hybrid 
hannels di�ers from the one of 
onventional twisted pair 
hannels. As pulsesfrom hybrid 
hannels typi
ally have larger TOTs (similar to 
oaxial 
hannels), they fall,in the 
ontext of �are indi
ators, into the same 
lass as 
oaxial 
hannels.100



(8) an extremely high number hits o

urring in strings 5-10 (whose 
han-nels are parti
ularly prone to noise pi
k-up) 
ompared to the numberof hits o

urring in strings 1-4, and(9) an extremely high number hits o

urring in strings 5-10 
ompared tothe number of hits o

urring in strings 11-19.The probability for parti
le indu
ed events to expose one of the above �arefeatures was obtained from atmospheri
 muon data at trigger level. Forea
h feature a so-
alled �are-indi
ator was de�ned su
h that it representedthe negative logarithm of the probability for a muon event to expose asmu
h of the �are feature as a
tually observed. In parti
ular, in a sample of
N parti
le events the expe
ted number of events with an indi
ator I abovea 
ertain value Icut, N(I > Icut), falls like [134℄.

N(I > Icut) ∼ N · 10−Icut . (55)That is, one expe
ts less than one event with Icut > log10 N in an eventsample with N events.Figure B.2 shows an example of the �are indi
ator based on feature (1)from the above list. The shape of the distribution is typi
al: The extent towhi
h �are features are found in muon data falls exponentially, visible asthe exponential fall-o� at low indi
ator values. Those events with higherindi
ator values (> ∼7 in this example) are probably due to ele
troni
noise, or have at least a signi�
ant 
ontribution from noise hits. indicator
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Figure B.2 � Distributionof the �are indi
ator (1)�are_only_ad
 at trigger level(minimum-bias data). The in-di
ator is de�ned su
h that formuon events the indi
ator valuefalls exponentially towards highervalues. The exponential part ofthe distribution ends roughly at 7,
onsistent with ∼3·106 entries inthe histogram (see equation (55)).Events with indi
ator values abovethis value are likely to be due toele
troni
 noise, or have signi�
antadmixtures of noise hits.

Flare 
he
king is extremely important to monopole sear
h. In many �areevents, a large number of hits is observed, whi
h is also expe
ted for thesignal of relativisti
 monopoles. On the other hand, monopole Cheren-kov signatures may yield so mu
h light that many TDCs over�ow (i.e.,register more than 16 edges) during an event. This 
ould wash out thespa
e-time pattern of hits that is typi
al for the Cherenkov emission, andthe event �ngerprint might appear less stru
tured than for low energyatmospheri
 muon events. Events with extremely high hit multipli
itiesmight, to some extend, expose �are features. To what extend the �areindi
ators are enhan
ed in signal events 
an, unfortunately, not be deter-mined from Monte Carlo simulations, be
ause the origin of ele
troni
 noise
ausing �are events or are not understood and hen
e not in
luded in thedete
tor simulation. Therefore, the suitability of the �are indi
ators forpotential signal events has to be assessed from experimental data alone.B.1.1 Flare indi
ators in this analysisThe �rst �are indi
ator (referred to as �are_only_ad
 hereafter) isbased on the number of 
hannels whi
h re
orded a valid ADC but noedges (see item (1) in the above list) This mis-behavior 
annot be re-produ
ed in the Monte Carlo. I.e., the indi
ator is zero for simulatedevents. Figure B.3 shows this �are indi
ator for experimental data at trig-ger level and level 1 of this analysis, simulated atmospheri
 muon events,and simulated magneti
 monopoles with β = 1.0 and β = 0.76 (bothat level 1 ). The distributions are shown separately for ea
h of three pe-riods for whi
h di�erent OM sele
tions were de�ned (see se
tion 6.2.1).Experimental data are shown at both trigger level (1% of the data set, openhistograms) and at level 1 as de�ned in se
tion 6.3 (20% of the data set,bla
k markers). Apparently, level 1 
uts remove many events whi
h exposethe �are feature �are_only_ad
. (This is also the 
ase for most of the101
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Figure B.3 � Flare indi
ator �are_only_ad
 for ea
h of the three OM sele
tion periods. The open histograms 
orrespondto ∼1% of the experimental data set at trigger level. The bla
k markers are 20% of the experimental data at level 1 of thisanalysis. For simulated events (
olored histograms), the �are_only_ad
 indi
ator is always zero.other indi
ators, see below.) We also observe that during PERIODI the�are_only_ad
 distribution looks di�erent from the subsequent periods,indi
ating a 
hange in the dete
tor stability. For this parti
ular indi
ator,a set of 
hannels whi
h are malfun
tioning (e.g., due to in
reased noise ofthe ADCs) over a 
ertain time period might be responsible for high indi
a-tor values. Inspe
tions of the time variability of this indi
ator (see below)showed that in fa
t most of the events with indi
ator values greater than7 are 
lustered in a small time interval at the end of PERIOD I (see toppanel of Figure B.6).Figures B.4 and B.5 show the distributions for the eight remaining �areindi
ators (plotted in the same manner as �are_only_ad
 in FigureB.3). For experimental data, the typi
al shape of an exponential at smallindi
ator values (due to muon events) and an additional bump at higherindi
ator values (due to �are events) is 
learly visible. For some indi
ators,The distributions di�er for the three time periods, suggesting instabilitiesin the dete
tor behavior.B.1.2 Time dependent behavior of the indi
atorsOne reason for spe
i�
 �are indi
ators to show transient behavior is thatthey 
an be dominated by 
ertain groups of OMs that are malfun
tioningover 
ertain time periods. Another reason for periods of enhan
ed �arerates 
an be temporarily in
reased ele
troni
 noise in the entire dete
tor,whi
h might, for instan
e, be 
aused by bad weather 
onditions. Figure B.6shows the behavior of the nine �are indi
ators with time. Events with ex-tremely high �are indi
ator values 
luster in 
ertain time intervals. For theindi
ator �are_only_ad
, the 
luster at the end of PERIOD I (aroundday 117) is 
learly visible. Other 
lusters on day 146 and 157 are visiblein a variety of indi
ators. These periods were inspe
ted and 
ertain timeperiods were ex
luded from the analysis.
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Figure B.4 � Flare indi
ators (2) to (5).
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Figure B.5 � Flare indi
ators (6) to (9).
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Figure B.6 � Flare indi
ators ver-sus day, 
ounted from January 1st2000. Events in ea
h OM sele
tionperiod are plotted in di�erent 
olors.Most of the events with extremelyhigh �are indi
ators 
luster in shorttime intervals.105



B.2 File sele
tion using �are indi
atorsInstead of using individual �are indi
ators, time periods of enhan
ed �arerates were identi�ed using the maximum indi
ator value among all the nine�are indi
ators. A

ording to equation (55), the number of events out of
N above a 
ertain Icut in any of the nine indi
ators is [134℄

9 · N · 10−Icut ≈ N · 10Icut+1. (56)As this analysis 
on
erns O(109) events, an event was 
onsidered a �areevent if any of the nine indi
ators had a value greater than 10.All those runs whi
h either 
ontained 10 �are 
andidates or more afterimposing level 1 
uts or those in whi
h more than 0.1% of all events atlevel 1 were �are 
andidates were inspe
ted for 
lustering of �are events intime. Figure B.7 shows those runs in whi
h 
lustering o

urred.

Figure B.7 � Maximum value of�are indi
ators versus time forevents in individual runs in whi
hthe �are rate is temporarily en-han
ed. Time is measured in se
-onds from midnight.
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For this analysis, run 271 and run 272 were reje
ted entirely, as well asshorter time intervals during run 270 and run 305. The time period withrun 270 and run 272 is visible in Figure B.6 (uppermost panel). Run 305was taken on day#146. This 
luster is also visible in Figure B.6. Thereje
ted time intervals are listed in Table 25.In some runs with a high �are rate, �are events do not 
luster in shorttime intervals. Figure B.8 shows the time dependen
e of the maximum�are indi
ator for run 322 (taken on day 157). This run has a very highper
entage of events with �are indi
ators greater than 10 (∼1.2%). The106



run day period �are events �are per
entage se
onds reje
ted270 115 I 12476 4% 67329-79805271 116 I 14562 27% all272 117 I 12195 23% all305 127 II 127 0.2% 50618-52755 Table 25 � Time periods whi
h wereex
luded from further analysis be-
ause of their enhan
ed �are rates.
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80 RUN   322 Figure B.8 � Run 322 is an examplefor a run with a high fra
tion of �are
andidates. The events with a highfare indi
ator do however not 
lusterin time.events are however spread over the entire data taking time, meaning thatan additional �are 
he
king on an event-by-event basis is required. Flareevents usually have abnormally high values in more than one indi
ator.Therefore, it is not ne
essary to impose 
uts on all nine �are indi
ators inorder to remove fare events. Most neutrino sear
hes used a subset of four�are indi
ators as 
ut parameters: (4) (�are_short_M, based on shortTOT hits in strings 5-10), (8) (�are_indu
_B10, based on the ratio ofhits in strings 5-10 to hits in strings 1-4), and (9) (�are_indu
_1119,based on the ratio of hits in strings 5-10 to hits in strings 11-19) [93℄. Forthis analysis, these indi
ators are however not appropriate.B.3 Indi
ator stability for high multipli
ity eventsDuring their development, �are indi
ators were normalized and 
alibratedusing trigger level muon data. I.e., predominantly events of low energy andwith low hit multipli
ity were used to assess the probability with whi
h�are features o

ur in parti
le indu
ed events. However, there are someindi
ations that the amount of noise in the dete
tor rises with amountof light seen by the dete
tor, as for instan
e the poor agreement in thehit multipli
ities observed in ele
tri
ally read-out OMs (see appendix C).This is probably 
aused by some sort of 
ross talk. The 
ross talk doesnot ne
essarily have to o

ur during pulse transmission to the surfa
e viaele
tri
al 
ables. It might also o

ur within the data a
quisition ele
tron-i
s at the surfa
e. If the amount of 
ross talk (or other ele
troni
 noise)rises with the number of pulses registered at the surfa
e, then high multi-pli
ity events would by nature have �are features. Before using the �areindi
ators in a monopole sear
h (or any other analysis whi
h sele
ts highmultipli
ity events), we have to ensure that the indi
ators are reliable forhigh multipli
ity events.Figure B.9 shows the nine �are indi
ators observed in experimental data attrigger level, level 1, and level 2. A

ording to equation (55), we expe
t theexponential slope of an indi
ator to be independent of the number N 
on-tained in the event sample. However, for some of then indi
ators the slopedoes 
hange, most obviously for indi
ator (2) (�are_missing_
h, whi
his based on the number of un-paired edges), indi
ator (4) (�are_short_M),and indi
ator (8) (�are_indu
_B10).The 
hange in slope 
ould either mean that the level 1 and level 2 
utsa

umulate �are events, or that the respe
tive indi
ators are unstable in107



Figure B.9 � Behavior of thenine �are indi
ators of experimen-tal events with progressively tighter
uts. Ea
h panel shows one ofthe indi
ators at trigger level (openhistograms), level 1(light grey his-tograms), and level 2 (dark grey his-tograms) of this analysis.
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Figure B.10 � Behavior of thenine �are indi
ators of simulated at-mospheri
 muon events (CORSIKA)with progressively tighter 
uts.Ea
h panel shows one of the in-di
ator at trigger level (open his-tograms), level 1 (pink histograms),and level 2 (red histograms).
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events with high light yield. If the latter is true, the indi
ators should notbe used in analyses that aim at dete
ting high energy events.Simple and robust measures for the light yield are the number of hit opti
almodules (NCH) and the number of re
orded hits (NHits). In order to
on�rm that the 
hange of the slope is in fa
t due to high light yield, theindi
ator distributions were investigated for separate multipli
ity bandswith respe
t to NCH and NHits. Figure B.11 shows the �are indi
ators�are_missing_
h, �are_short_M, and �are_indu
_B10 of exper-imental data for three hit-multipli
ity bands: NHits< 500, 500≤NHits<1000, 1000 ≤ NHits< 1500, and NHits> 1500.50 NHits :  < 500       

 [  500:1000]
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Figure B.11 � Flare indi
ators(2) �are_missing_
h (top),(4) �are_short_M (middle), and(8) �are_indu
_B10 (bottom)for various hit-multipli
ity intervals.The histograms in ea
h plot are nor-malized su
h that they 
ontain thesame number of events.

Indi
ator (2) �are_missing_
h: For this indi
ator, the 
hange of theslope is not 
orrelated with the hit multipli
ity. In parti
ular, higher mul-tipli
ity events tend to have lower indi
ator values. The same is true for
hannel multipli
ity bands (NCH, not shown). Hen
e, �are_missing_
h isa suitable observable to reje
t �are 
andidates.Indi
ator (4), �are_short_M: Higher multipli
ity events tend to havehigher indi
ator values. The same behavior is observed when 
hannel mul-tipli
ity bands are 
onsidered [191℄. The behavior is however not repro-du
ed by the simulation. The �are_short_M indi
ator is measure of thefra
tion of hits with extremely short TOTs o

urring in strings 5-10 (readout via twisted-pair 
ables). We must 
on
lude that in extremely highmultipli
ity events, hits in OMs of these strings have substantial admix-tures of non-photon hits. Consequently, �are_short_M is not a suitableobservable to reje
t �ares. The unreliability of the OMs in strings 5-10 inextremely bright events was also noti
ed at higher analysis levels (see ap-pendix C). Consequently, hits in strings 5-10 do not enter the �nal sele
tion
riteria.Indi
ator (8), �are_indu
_B10: For this indi
ator, the 
hange of theslope is reprodu
ed in both simulated atmospheri
 muon events (see Fig-ure B.10) and simulated signal events [191℄. Hen
e, it 
annot originatefrom un-simulated ele
troni
 e�e
ts. The multipli
ity-dependent behaviorof �are_indu
_B10 is not understood [192℄. Obviously, this indi
atoris not a suitable observable for this analysis.The �are indi
ators that were �nally used in this analysis were the indi
a-tors (1), (2), (5), and (9). The applied 
uts are listed in table 26.indi
ator# 
ut(1) �are_only_ad
 < 7(2) �are_missing_
h < 10(5) �are_short_H < 7(9) �are_indu
_1119 < 7Table 26 � Cuts imposed on the �are indi
ators.
50The 
orresponding multipli
ity bands inNCH rather thanNHits, and the indi
atorbehavior for simulated signal and ba
kground events 
an found in [191℄.109



C The extended OM sele
tionAfter applying level 2 
uts, we observe a disagreement in the hit multipli
-ity distributions (
.f. Figure 7.16 in se
tion 7.3.1).An investigation of the multipli
ity distributions of OMs with di�erentreadout types reveals that the disagreement of the over-all distribution isdue to the ele
tri
ally read-out 
hannels. Figure C.1 shows the NCH dis-tributions for OMs that are read out via 
oaxial or twisted-pair ele
tri
al
able and via opti
al �ber. The agreement between experimental and simu-lated data is reasonable only for the opti
ally read out 
hannels. For ele
tri-
ally read-out 
hannels, the shift in the peak positions of the NCH distri-butions of experimental data towards higher values indi
ates an in
reasednoise 
ontribution in these 
hannels. The premature 
ut-o� of the distribu-tion at highest multipli
ities that is observed for strings 1-4 
ould be eitherdue to dead OMs that have not been identi�ed by the OM sele
tion, or dueto removal of a larger fra
tion of hits in experimental than in simulateddata by the hit 
leaning.
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Figure C.1 � NCH distributions af-ter applying level 2 
uts for OMswhi
h are read out via 
oaxial 
able(uppermost panel), twisted-pair 
a-ble (middle), and opti
al �ber (bot-tom).

In the following se
tions we investigate� whether the applied hit 
leaning removes 
ertain 
lasses of hits inexperimental data whi
h are not removed in simulated data (se
tionC.1),� whether parti
ular parts of the dete
tor show an in
reased 
ontribu-tion of ele
troni
 noise (e.g., 
ross-talk hits) during a
tually parti
leindu
ed events (se
tion C.2.1), and� whether both ADC and TDC of ea
h OM behave 
onsistently (se
tionC.3).Based on these investigations, we de�ne an extended OM sele
tion, whi
h isused from analysis level 3 on. In addition to those OMs whi
h are alreadyex
luded by the standard OM sele
tion, we reje
t OMs whose behaviorduring parti
le indu
ed events is not reprodu
ed by the simulation. Al-though some sour
es of the disagreement between experimental data andsimulation 
ould at least be isolated, they 
ould not entirely be eliminated.This is espe
ially true for the hit multipli
ities of the ele
tri
ally read-out
hannels.In addition to the disagreement in the ele
tri
ally read out 
hannels, weobserve a disagreement between experimental and simulated data withrespe
t to the depth distribution of hits: The simulation predi
ts a higherhit rate in the upper part of the dete
tor than observed in experimentaldata (see se
tion C.4).In order to maintain reasonable agreement between simulated and experi-mental data, we will use only OMs whi
h are read out via opti
al �ber andwhi
h are lo
ated below a 
ertain depth to 
ompute observables related tothe amount of light deposited in the dete
tor. For the likelihood re
on-stru
tion in 
ontrast, we will use both ele
tri
ally and opti
ally read outOMs over the full depth range of the dete
tor. This is possible sin
e there
onstru
tion relies only on the arrival times of the �rst photons at ea
hOM, whi
h are reprodu
ed reasonably well by the simulation (see se
tionC.5). 110



0 5000 1000015000200002500030000

10

210

3
10

410

experiment

 all hits

 TOT cut
    RT cut

 Amp cut

hit time [ns]

en
tr

ie
s strings 1-4

0 5000 1000015000200002500030000

10

210

3
10

410

5
10 experiment

hit time [ns]

en
tr

ie
s strings 5-10

0 5000 10000 150002000025000 30000

1

10

210

3
10

experiment

hit time [ns]

en
tr

ie
s strings 11-19

hit time [ns]
0 5000 1000015000200002500030000

en
tr

ie
s

1

10

210

3
10 corsika

strings 1-4

hit time [ns]
0 5000 1000015000200002500030000

en
tr

ie
s

10

210

3
10

410

corsika
strings 5-10

hit time [ns]
0 5000 1000015000200002500030000

en
tr

ie
s

1

10

210

3
10

410

corsika
strings 11-19

Figure C.2 � Time distribution of hits in experimental data (top row) and CORSIKA events (bottom row) for OM read outvia 
oaxial 
able (left 
olumn), twisted pair 
able (middle 
olumn), and opti
al �ber (right 
olumn).C.1 The impa
t of the hit 
leaningOne possible explanation for the disagreement in the NCH and NHitsdistributions is that the hit 
leaning pro
edure removes di�erent portionsof hits in experimental and simulated data. Figure C.2 shows the e�e
tof the various hit 
leaning steps on experimental and simulated data forOMs with di�erent readout types. Shown are the 
alibrated times of theremaining hits after ea
h 
leaning step.
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Figure C.3 � TOT versus hit timefor OMs in strings 1-4 for all hits(top) and only hits with �paired�edges (bottom).

The only striking dis
repan
y o

urs in the after-pulse region (hit timeslater than 25000 ns) for OMs in strings 1-4 (whi
h are read out via 
oaxial
able). Experimental events have more hits in this time region, whi
h are,however, removed by the TOT 
leaning. TOT 
leaning removes not onlyhits with extremely short TOT (as typi
al for ele
troni
 noise) but alsohits with unreasonably long TOT (>2000 ns). Many hits in the after-pulseregion o

urring in strings 1-4 are, in fa
t, sorted out by the latter 
riterion(unreasonably long TOT).Figure C.3 shows the TOT for hits in string 1-4 versus time. Most hitslater than 25000 ns have TOT greater than allowed by the TOT 
leaning. Asmall fra
tion of hits around the trigger peak (between 20000 and 25000 ns)appear to have TOTs of 10000 ns or larger. These are hits whose trailingedge was missing. In 
ase of missing trailing edges, the Sieglinde 
alibra-tion module assumes that the trailing edge falls out of the TDC bu�er andassigns the bu�er ending time as trailing edge. Hits with missing edges,however, a

ount for only a small fra
tion of the hits with extremely largeTOT. 111



Late hits with extremely large TOT have also been observed at the �nalanalysis levels in ultra-high energy neutrino sear
hes [193℄. It was observedthat many 
hannels in whi
h these hits o

urred have a �normal� pulse withmoderate amplitude (from one to a few photoele
trons) around the triggertime, whi
h are then pre
eded by an extremely wide pulse and by additionalextremely small pulses [194℄. In many 
ases, the small ripples following thelarge pulse 
ause the 
hannel to over�ow, so that no hits pass the TOT
leaning for that OM. It is unreasonable to assume that the late hits weredue to after-pulsing, sin
e a large amount of after-pulses would only beexpe
ted for large initial pulses (whi
h were not observed). Therefore,most of the late hits in strings 1-4 must be of other instrumental nature,whi
h is, in 
ontrast to after-pulsing, not in
luded in the simulation.hit time [ns] 
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Figure C.4 � Pro�le plot of TOTfor hits in strings 1-4 dependent onthe hit time for experimental data(bla
k) and simulated atmospheri
muons (red). The same instrumental e�e
t is observed in this analysis. Figure C.4 
om-pares the mean TOT of hits in strings 1-4 versus time in experimental andsimulated data after applying level 2 
uts. In experimental data, the av-erage TOT for late hits between about 24500 and 28000 ns is abnormallyhigh, while it is abnormally low for even later hits.In 
ase of over�owed 
hannels, the initial photon pulses are repla
ed by latepulses with abnormal TOT (whi
h do not pass the hit 
leaning). FigureC.5 demonstrates that the fra
tion of over�owed 
hannels in experimentaldata is indeed higher than predi
ted by the simulation. If no hit-
leaning isapplied ex
ept the time-window 
leaning, the upper end of the NCH dis-tributions of simulated and experimental data for strings 1-4 agree fairlywell (Figure C.6). The disagreement in the lower end of the distributionhowever remains, indi
ating that there are additional 
ontributions of noisehits in experimental data.fraction overflowed channels (strings 1-4)
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Figure C.5 � Fra
tion of OMsin strings 1-4 whi
h are over�owed(i.e., re
orded more than 16 edgesin an event).
 NCH w/o hit selection (Strings 1-4)

0 20 40 6 0

a.
 u

.

210

3
10

410

 20% exp.

 corsika

Figure C.6 � NCH distribution forstrings 1-4 if no hit 
leaning is ap-plied ex
ept for the time window
leaning. Only hits after 17000 nsare 
onsidered.

C.2 Noise 
ontributionsApart from the disagreement in the hit multipli
ities, the experimental dataset at level 2 of this analysis 
ontains more events that are re
onstru
tedas up-going parti
les than predi
ted by the simulation (
.f. Figure C.22in se
tion 7.3.1). In an early AMANDA-B10 analysis [195℄, the amountof misre
onstru
ted experimental events 
ould substantially be redu
ed byex
luding additional OMs, whi
h were parti
ularly prone to 
ross talk.These 
ross talk hits (whi
h were not removed by the standard 
ross talk
leaning) often drew the likelihood re
onstru
tion into an upward dire
tion.In order to identify parts of the dete
tor that are abnormally noisy and
ould potentially be the sour
e of the disagreements in the zenith angledistribution and/or the hit multipli
ities, sub-sets OMs are investigated interms of agreement with the simulated data and stability of hit frequen
y.C.2.1 String-wise hit frequen
yIn the aforementioned analysis of AMANDA-B10 data, the OMs that of-ten 
aused the likelihood re
onstru
tion to fail were lo
ated on string 9and 10. While the OMs in question showed normal dark noise rates (andwere hen
e not identi�ed by the standard OM sele
tion), they were parti
-ularly sus
eptible to noise pi
k-up during a
tual parti
le indu
ed events,presumably due to 
ross talk in the twisted-pair 
ables.In order to dete
t in
reased noise-pi
kup in parti
ular strings, we inves-tigate what fra
tion of the total number of re
orded hits o

urs in ea
h112
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Figure C.7 � Fra
tion of hits re
orded in one parti
ular string (strings 1 to 9), relative to the total number of hits re
orded forexperimental data (bla
k markers) and simulated atmospheri
 muons (open histograms). Only hits that pass the level 2 hitsele
tion for observables related to the light yield (
.f. Table 13 in se
tion 7.2.1).
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Figure C.8 � Fra
tion of hits re
orded in one parti
ular string (strings 10 to 19),relative to the total number of hits re
ordedfor experimental data (bla
k markers) and simulated atmospheri
 muons (open histograms). The level 2 hit sele
tion forobservables sensitive to light yield has been applied (
.f. Table 13).
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parti
ular string. An in
reased fra
tion of hits in one string 
ompared towhat is predi
ted by the simulation would indi
ate a 
ontribution of un-simulated noise hits. Figures C.7 and C.8 show the fra
tion of hits perevent that are re
orded in strings 1 to 9 and in strings 10 to 19, respe
-tively (string 17 is not shown sin
e it is ex
luded from analysis). Only thosehits whi
h pass the level 2 hit 
leaning and OM sele
tion (
.f. Table 13 inse
tion 7.2.1) are taken into a

ount.We observe the following:

COG Z [m]
-200 -100 0 100 200

N
C

H
 s

tr
in

gs
 5

-1
0

0

50

100

150

Figure C.9 � Channel multipli
ity(NCH) in strings 5 to 10 versus av-erage depth (relative to the dete
tor
enter) of hit OMs (z-
oordinate ofthe �Center Of Gravity�, COGZ)for simulated atmospheri
 muons.

� For strings 1 to 4, the agreement is relatively good. In the lowestbin of the distribution, experimental data have generally less en-tries than simulated data, re�e
ting the shift of the peak position ofNCH distribution towards higher multipli
ities in experimental rel-ative to simulated data. This peak shift is present for all of the fourinner strings, and is apparently not 
aused by a sub-set of individualOMs.� For strings 5 to 10, experimental data are less a

urately reprodu
edby the simulation. For strings 5 to 8, the distribution of simulatedevents has a double peak stru
ture. This stru
ture is also observedfor the overall 
hannel multipli
ity in strings 5 to 10 of simulated data(
.f. Figure C.1). The double peak is due to the fa
t that strings 5 to10 are shorter 
ompared to the other strings in the array. Figure C.9shows the 
hannel multipli
ity in strings 5 to 10 versus the averagedepth of hit OMs (in the entire dete
tor) for simulated atmospheri
muon events. For those events with in whi
h the 
hannel multipli
ityin strings 5 to 10 is smaller than 20 (the position of the �rst peak intheNCH distribution, 
.f. Figure C.1), the mean depth of hit OMs islo
ated below a depth of z∼100m, roughly at the depth where strings5 to 10 end. That is, the events with a low number of hit OMs instrings 5 to 10 are those in whi
h most of the light is deposited in thebottom part of the dete
tor (or even below the instrumented volume).Only photons relatively far away from the initial parti
le tra
k 
an
ause hits in strings 5 to 10. This explains the double peak stru
tureof the NCH distribution for these strings, whi
h is, however, washedout for experimental data.The double peak stru
ture of the NCH distribution is espe
iallypoorly reprodu
ed for strings 6 and 7, whi
h suggests that thesestrings have a high fra
tion of 
ross-talk hits whi
h are not e�
ientlyremoved by the hit 
leaning.For string 9 and string 10, neither simulated nor experimental datahave a double peak stru
ture. This is probably be
ause those stringshave fewer neighboring strings whi
h span a larger depth range (Thereis a larger gap in the outer ring on whi
h the opti
ally read-out stringsare lo
ated, between string 16 and 19, 
.f. Figure C.10)� For the opti
ally read-out strings (11�19) the agreement is very good,ex
ept for string 13, whi
h has virtually no hits in experimental data(see below).Generally, we 
an 
on
lude that the disagreements in the hit multipli
itiesobserved in the ele
tri
ally read-out strings is not 
aused by individualOMs, sin
e all observed disagreements are equally present in ea
h string.115



C.2.2 String 13In experimental data, string 13 re
ords fewer hits than predi
ted by thesimulation (
.f. Figure C.8). The other opti
ally read-out strings in 
on-trast, are well des
ribed by the simulation. Figure C.10 shows the lo
ationof string 13 within the AMANDA-II-array.1

2

3
45

66
7

8

9
10

11

12
13

14

15

16 17

1818

19

Figure C.10 � Lo
ation of string 13(red) within the dete
tor array One potential explanation is that string 13 was entirely dead over a longtime period during the year 2000 (whi
h 
ould for instan
e be due to atemporary outage of the high voltage). This is however not the 
ase. FigureC.11 shows the hit fra
tion of hits re
orded in strings 13 (bottom panel) asa fun
tion of the day of the year. The bla
k markers are the hit fra
tionfound in experimental data, the horizontal line represent the average hit-fra
tion predi
ted by the ba
kground simulation. The hit fra
tions in theneighboring strings (strings 11 and 12) are shown for 
omparison (top andmiddle panel). While the hit rates in strings 11 and 12 are stable and ingood agreement with the simulation, the hit rate in string 13 is pra
ti
allyzero throughout the entire year.

Figure C.11 � Fra
tion of hitsre
orded in string 11 (top), string 12(middle), and string 13 as a fun
tionof time. Bla
k markers indi
ate thehit fra
tion observed in experimen-tal data, grey lines indi
ate the av-erage fra
tion predi
ted by the sim-ulation.
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A 
omplete outage of the entire string over the full data taking periodis unlikely, as it would presumably have been dete
ted by the monitoringsystem. Hen
e, the hits in string 13 must be lost during the hit 
leaning.Figure C.12 shows the hit times in string 13 after ea
h hit 
leaning step(
.f. Table 13 in se
tion 7.2.1). Essentially all hits are removed by the am-plitude 
ut. The amplitude 
leaning removes hits in OMs with extremelysmall peak amplitudes (<0.1 photoele
trons), or hits in OMs for whi
h thepeak amplitude is unde�ned. Unde�ned amplitudes should o

ur only if allhits re
orded by an OM lie outside the time interval in whi
h the ADC gateis open, i.e., if the pulses arrive at the surfa
e either more than 2µs beforeor more than 10µs after the trigger time. Then, no ADC is re
orded forthe OM, and the amplitude remains unde�ned for all hits.hit time [ns]
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Figure C.12 � Hit times forstring 13 after ea
h hit 
leaningstep. Figure C.13 shows the un
alibrated leading edge times (i.e., the times atwhi
h pulses arrive at the surfa
e) for those hits in string 13 with unde�ned116



amplitudes. Only hits whi
h pass the TOT 
leaning are 
onsidered. Thetwo verti
al lines mark the time interval over whi
h the ADC gate is open.Most of the hits in string 13 fall into the time interval in whi
h the ADCis supposedly sensitive. This is very surprising, sin
e the monitoring dataindi
ated normal ADC rates for most of the 
hannels.
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openFigure C.13 � Leading edge timesof hits with unde�ned amplitudes instring 13.

The strange behavior of string 13 was understood only several months afterthese investigations were 
omplete [196℄. The issue 
ould be tra
ed ba
kto an error in the dete
tor 
on�guration �le that was used during the year2000. The dete
tor 
on�guration �le 
ontains information about whi
hOM is 
onne
ted to whi
h ADC and TDC 
hannel at the surfa
e. In thedete
tor 
on�guration used during 2000, the ADC units are mismapped forstring 13: The ADC values re
orded for OMs in the bottom half of string 13were assigned to the OMs in the top half of the string, and vi
e versa.Sin
e the assignment of TDC 
hannels are 
orre
t, all hits in string 13 are
omposed of TDC edges of one OM and the ADC value of another, whi
h
an only in
identally result in a hit passing the hit-
leaning.A 
orre
tion for this error is only possible by pro
essing the data froms
rat
h using a 
orre
ted mapping s
heme when translating from raw bi-nary data into the analysis data format [197℄. We therefore ex
lude hits instring 13 from analysis level 3 on.C.3 ADC-TDC in
onsisten
ies in strings other than string 13The standard OM sele
tion evaluates the reliability of individual OMsmainly by their dark noise rates. The dark noise however does not giveany information about the propensity of an OM or its surfa
e hardware(ADC and TDC) to pi
k up noise during parti
le indu
ed events.The AMANDA surfa
e ele
troni
s are set up su
h that pulses 
aused by aparti
le 
rossing at depth are registered by both TDCs and ADCs. Thesurfa
e hardware of an OM is 
learly unreliable if the re
orded hits fre-quently 
ontain information from from either of the two units only.C.3.1 Missing ADC informationIdeally, unde�ned ADC values o

ur only if an OM had no hits duringthe time interval during whi
h the ADC gate is open. Figure C.14 showthe leading edge times of pulses for whi
h no ADC value is re
orded insimulated data. In the idealized dete
tor simulation, no hits with missingADC information are registered in the time interval during whi
h the ADCgate is open (marked by verti
al lines). surface time [ns]
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openFigure C.14 � Leading edge timesof hits with unde�ned ADC valuesfor simulated atmospheri
 muonevents. For simulated events, hitswith missing ADC information o
-
ur only at the beginning and at theet of the TDC bu�er window, whenthe ADC is insensitive.In pra
ti
e however, unde�ned ADC values o

ur o

asionally even if TDCedges are re
orded during the time interval when the ADC is supposedlysensitive. Figure C.15 shows the leading edge times of hits whi
h passthe TOT 
leaning and whi
h have unde�ned ADC values for strings 1-4,strings 5-10, and strings 11-19 (string 13 is already ex
luded). The verti
allines mark the time interval over whi
h the ADC gate is open. Contraryto expe
tations, in experimental data, most of the hits with unde�nedamplitudes lie within the time interval during whi
h the ADC should besensitive. The dete
tor simulation does not reprodu
e su
h behavior.
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openFigure C.15 � Leading edge times of hits with unde�ned ADC values in experimental data for strings 1-4 (left), strings 5-10(middle), strings 11-19 (right). The time interval over whi
h the ADC gate is open is marked by verti
al lines.The hit 
leaning removes hits with unde�ned amplitudes. This is desirableonly if these hits are in fa
t an artifa
t of the TDCs (i.e., they are not dueto photons). If, on the other hand, the amplitudes were missing due to amalfun
tioning of the ADCs, the hit 
leaning would remove a
tual photonhits, whi
h is obviously undesirable as it would introdu
e dis
repan
ies be-tween experimental and simulated data. Sin
e we do not know whetherthe ADCs or the TDCs are responsible for the observed in
onsisten
y (andhen
e we do not know whether or not the hits with missing ADC informa-tion are due to photons) we ex
lude those OMs whi
h parti
ularly oftenhave unde�ned ADC values although TDC edges were re
orded during thetime interval over whi
h the ADC gate is open.The fra
tion of hits with missing ADC information is determined for ea
hindividual OM in the dete
tor. Figures C.16 to C.18 show the fra
tion ofhits in ea
h OM that have an unde�ned ADC despite the fa
t that theywere re
orded in the time interval during whi
h the ADC gate is open,relative to the total number of hits o

urring during this time window.Some OMs have parti
ularly high fra
tions of unde�ned ADC values.
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Figure C.16 � Fra
tion of hits with unde�ned amplitudes despite they were re
orded in the time interval during whi
h theADC gate is open. Ea
h panel shows the OMs in one parti
ular string from string 1 (leftmost) to string 6 (rightmost). Thenumbers at the y-axis are the OM identi�
ation numbers. Numbers printed in bla
k are those OMs that are 
onsideredstable, i.e., those OMs that passed the standard OM sele
tion. Numbers printed in grey are those OMs that are unstableduring the year 2000, i.e., those OMs that are reje
ted for at least one of the OM sele
tion periods (
.f. se
tion 6.2.1).The horizontal bla
k and grey bars represent the fra
tion (ranging from 0 to 1) of hits for whi
h no amplitude was re
ordedalthough the ADC is supposedly sensitive. The thin, grey horizontal lines indi
ate that the respe
tive OM never registereda hit during the time window when the ADC is open.
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Figure C.17 � Fra
tion of hits with unde�ned amplitudes despite they were re
orded in the time interval during whi
h theADC gate is open. Ea
h panel shows the OMs in one parti
ular string from string 7 (leftmost) to string 12 (rightmost). Thenumbers at the y-axis are the OM identi�
ation numbers. Numbers printed in bla
k are those OMs that are 
onsideredstable, i.e., those OMs that passed the standard OM sele
tion. Numbers printed in grey are those OMs that are unstableduring the year 2000, i.e., those OMs that are reje
ted for at least one of the OM sele
tion periods (
.f. se
tion 6.2.1).The horizontal bla
k and grey bars represent the fra
tion (ranging from 0 to 1) of hits for whi
h no amplitude was re
ordedalthough the ADC is supposedly sensitive. The thin, grey horizontal lines indi
ate that the respe
tive OM never registereda hit during the time window when the ADC is open.
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Figure C.18 � Fra
tion of hits with unde�ned amplitudes despite they were re
orded in the time interval during whi
h theADC gate is open. Ea
h panel shows the OMs in one parti
ular string from string 13 (leftmost) to string 19 (rightmost).The numbers at the y-axis are the OM identi�
ation numbers. Numbers printed in bla
k are those OMs that are 
onsideredstable, i.e., those OMs that passed the standard OM sele
tion. Numbers printed in grey are those OMs that are unstableduring the year 2000, i.e., those OMs that are reje
ted for at least one of the OM sele
tion periods (
.f. se
tion 6.2.1).The horizontal bla
k and grey bars represent the fra
tion (ranging from 0 to 1) of hits for whi
h no amplitude was re
ordedalthough the ADC is supposedly sensitive. The thin, grey horizontal lines indi
ate that the respe
tive OM never registereda hit during the time window when the ADC is open.
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For this analysis, we ex
lude those OMs for whi
h the fra
tion of unde�nedADC values is larger than 10%. These are the OMs with the identi�
ationnumbers 219, 221, 600, 609, 611-614, 617, 618, 634, 635, and 642. For two ofthese 13 OMs (OMs 219 and 221), the reason for the high fra
tion of missingADC values is again a mismapping in the dete
tor 
on�guration �le: TheTDC 
hannels to whi
h these two OMs are 
onne
ted were inter
hanged.C.3.2 Permanently damaged OMsFigures C.16 to C.18 show some OMs whi
h never re
ord a hit during theADC sensitive time window. The OMs have the identi�
ation numbers241, 276, and 280. These OMs are not ex
luded by the standard OM sele
-tion. The OMs were however tagged as permanently damaged in an olderOM-database. This valuable information was apparently lost during thetransition to the new analysis software Sieglinde (whi
h uses a di�erentOM database than the previous software), and redis
overed in the 
ourseof this analysis. For this analysis, these OMs are ex
luded from analysislevel 3 on.C.3.3 Missing TDC edgesWhile some OMs tend to have unde�ned ADC values although TDC edgeswere re
orded within the time window when the ADC is sensitive, theopposite is true for some other OMs: These OMs frequently re
ord a validADC (above the standard hit sele
tion threshold of 0.1 photoele
trons)while the TDC does not re
ord any edges. Su
h behavior again indi
atesmalfun
tioning of either ADC or TDC of the respe
tive 
hannels.Figures C.19 to C.21 show the the fra
tion of hits in ea
h OM for whi
honly an ADC value but no TDC edges was re
orded, relative to the totalnumber of hits re
orded by the OM.For this analysis, we reje
t those OMs for whi
h more than 10% of there
orded hits 
onsist only of of an ADC value. This is the 
ase for OMs94, 488, 491, 493, 499, 501, 502, 506, 521, 600, 634, 635, and 642.
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Figure C.19 � Fra
tion of hits only registered by the ADC in strings 1 to 6. The bla
k horizontal bars represent this fra
tionfor stable OMs, and the grey bars represent OMs that were reje
ted by the standard OM sele
tion for at least one of theOM sele
tion periods. The thin grey horizontal lines indi
ate that an OM was never hit.
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Figure C.20 � Fra
tion of hits only registered by the ADC in strings 7 to 12. The bla
k horizontal bars represent this fra
tionfor stable OMs, and the grey bars represent OMs that were reje
ted by the standard OM sele
tion for at least one of theOM sele
tion periods. The thin grey horizontal lines indi
ate that an OM was never hit.
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Figure C.21 � Fra
tion of hits only registered by the ADC in strings 13 to 19. The bla
k horizontal bars represent thisfra
tion for stable OMs, and the grey bars represent OMs that were reje
ted by the standard OM sele
tion for at least oneof the OM sele
tion periods. The thin grey horizontal lines indi
ate that an OM was never hit.
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OMid string reason to reje
t 
omment94 5 12% lost TDC edges219 8 21% lost ADC, 22% lost edges mismapped TDC in dete
tor 
on�g221 8 23% lost ADC, 16% lost edges mismapped TDC in dete
tor 
on�g241 9 67% lost TDC edges, no good hits �agged in OMDB276 10 no good hits �agged in OMDB280 10 no good hits �agged in OMDB459 14 11% lost TDC edges488 15 19% lost TDC edges491 15 20% lost TDC edges493 15 24% lost TDC edges499 15 14% lost TDC edges501 15 15% lost TDC edges502 15 17% lost TDC edges505 15 16% lost TDC edges506 15 20% lost TDC edges521 16 27% lost TDC edges600 18 57% lost TDC edges609 18 13% lost ADC611 18 24% lost ADC612 18 23% lost ADC613 18 17% lost ADC614 18 16% lost ADC617 18 15% lost ADC618 18 11% lost ADC634 18 53% lost TDC edges635 18 11% lost TDC edges642 19 10% lost TDC edgesTable 27 � List of those OMs whi
h are ex
luded from this analysis from analysis level 3 on, due to either in
onsistentbehavior of their ADC or TDC, or be
ause of permanent damage. Those OMs whi
h are lo
ated in string 13 or whi
h arealready ex
luded by the standard OM sele
tion are not listed.C.3.4 List of ex
luded OMsAll OMs whi
h are ex
luded either due to in
onsisten
ies in their ADC andTDC behaviors or due to permanent damage, and whi
h are not alreadyex
luded by the standard OM sele
tion (or lo
ated on string 13) are listedin Table 27.The investigation of ADC-TDC in
onsisten
ies was intended to resolve dis-agreements in the hit multipli
ity distribution of the ele
tri
ally read-out
hannels. Alas, most of the OMs whose ADC and TDC values are fre-quently in
onsistent are lo
ated on strings whi
h are read out via opti
al�ber, so the removal of OMs listed in Table 27 will not substantially im-prove the agreement between experimental and simulated data with respe
tto the hit multipli
ities.C.4 Depth distribution of hitsApart from the disagreeing multipli
ities, �rst tests of the performan
eof the iterative likelihood re
onstru
tion on subsets of the data indi
atedthat the fra
tion of misre
onstru
ted atmospheri
 muons is greater in ex-perimental data than in simulated data. This phenomenon was observed126



previously in AMANDA analyses and as of this writing remains poorly un-derstood.51 Figure C.22 shows the 
osine of the re
onstru
ted zenith anglein CORSIKA events and experimental data.
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Figure C.22 � Cosine of the re
on-stru
ted zenith angle obtained froman iterative likelihood re
onstru
-tion after applying level 2 
uts.
Contrary to the disagreement in the hit multipli
ities, the in
reased fra
-tion of misre
onstru
ted events is not 
aused by additional noise hits.Rather, it is related to a la
k of hits in the upper part of the dete
tor. Fig-ure C.23 shows the number of hit OMs with opti
al readout (NCHoptical)for events that are re
onstru
ted as up-going (cos Θ < 0). Only opti
allyread-out OMs are 
onsidered here, be
ause the ele
tri
ally read-out onesare less understood. For experimental data, the NCHoptical distributionfalls o� more steeply. An investigation of the depth distribution of the hitsrevealed that experimental data have fewer hits in the upper part of thedete
tor than predi
ted by the simulation. Low multipli
ity events withoutany hits in the upper part of the dete
tor tend to be misre
onstru
ted asup-going parti
les. Su
h events o

ur more frequently in experimental thanin simulated data, hen
e the in
reased rate of misre
onstru
ted events.The la
k of hits is present for events that are re
onstru
ted as both up-and down-going parti
les. Figure C.24 
ompares the depth distributionfor simulated and experimental events independent of the re
onstru
tedtra
k dire
tion. Again, only opti
ally read-out 
hannels are 
onsidered.For simulated data, OMs in the top half of the dete
tor (z > 0) are hitmore frequently than those in bottom half. Su
h behavior would be ex-pe
ted for atmospheri
 muon events, sin
e the muons enter the dete
torfrom above and a large portion range out within the dete
tion volume. Inexperimental data, however, OMs in top and bottom half are hit aboutequally frequently.The reason for the la
k of hits in the upper part of the dete
tor is not fullyunderstood. It is however 
ertain that it is not a result of the data sele
tion:The disagreement between experimental and simulated data with respe
tto the depth distribution of hits is qualitatively the same at ea
h datasele
tion level from trigger level on. The disagreement is also present forthe inner strings of the dete
tor whi
h are read out via ele
tri
al 
ables.
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ording to this brightnessassessment) "dim� events eliminates the ex
ess of misre
onstru
ted events51To most analyses, the unsimulated ba
kground is relatively unproblemati
. Sear
hesfor neutrino point sour
es do not rely on simulation, as the ba
kground is estimated(�o�-sour
e�) from experimental data. In sear
hes TeV neutrino �uxes in general, alarge fra
tion of the unsimulated misre
onstru
ted ba
kground muons is reje
ted withquality 
uts, whi
h however only e�
ient in exa
tly this energy range.127



Figure C.25 � Channel and hitmultipli
ities (NCHz<100
optical, left andNHitsz<100

optical, right) for OM withopti
al read-out, lo
ated below adepth of z = 100m relative to thedete
tor 
enter in linear (upper pan-els) and logarithmi
 (lower panels)representation.
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in experimental data. A Fisher dis
riminant 
omposed of NCHz<100
optical andNHitsz<100

optical (
hannels and hit multipli
ity taken from opti
ally read-out
hannels below a depth of z = 100m) serves as 
ut parameter to removethese events (
.f. 
ut# 6, se
tion 7.3.3). The distributions of the two in-put observables for simulated atmospheri
 muons and experimental dataare shown in Figure C.25, both in linear and logarithmi
 representation.The removal of OMs in the upper part of the dete
tor dramati
ally a�e
tsthe agreement between experimental and simulated data for low multipli
-ity events: For simulated data, the multipli
ity distributions peak at thelowest multipli
ities. This is expe
ted, sin
e most of the hits o

urred inthe upper part of the dete
tor, whi
h is now ex
luded. For experimentaldata, there is no peak at the low-multipli
ity end. This is also reasonable,sin
e experimental data have fewer hits in the upper part of the dete
tor,and hen
e the ex
lusion of the upper OMs does not redu
e the overall hitmultipli
ity as mu
h as in simulated data.The disagreement for low multipli
ities in the distributions poses howevera less severe problem for this analysis, sin
e low multipli
ity events arenot 
onsidered. Good agreement for extremely bright, high multipli
ityevents on the other hand is essential. The logarithmi
 representation ofthe multipli
ities shown in the bottom panels of Figure C.25 demonstratethat good agreement is a
hieved for high multipli
ities.52) (iterative)Θcos(
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Figure C.26 � Re
onstru
ted zenithangle for simulated atmospheri
muons (grey histogram) and exper-imental data (bla
k markers) afterremoving low multipli
ity events us-ing a 
ut on the Fisher dis
rimi-nant 
omposed of NCHz<100
optical andNHitsz<100

optical (
ut# 6 in se
tion7.3.3).
Removing low multipli
ity events with a 
ut based on hit multipli
itiesonly in the opti
ally read-out OMs below z = 100m (
ut#6 ) eliminatesthe ex
ess of misre
onstru
ted atmospheri
 muons in experimental data.Figure C.26 shows the 
osine of the re
onstru
ted zenith angle obtainedfrom the iterative likelihood re
onstru
tion after applying 
ut#6.C.5 OM sele
tion for the likelihood re
onstru
tionAs stated above, good agreement between experimental and simulated data
an be preserved at higher analysis levels, only if we use only opti
ally read-52The slight ex
ess of experimental events at the highest multipli
ities is (at least tosome extend) attributed to the 
omposition of primary 
osmi
 rays that entered thesimulation of the atmospheri
 muon sample (see appendix F).128
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Figure C.27 � Time distributions of �rst hits in ea
h OM whi
h passes the standard OM sele
tion and the OM sele
tiondes
ribed in se
tion C.3 for strings 1-4 (left), strings 5-10 (middle), and strings 10-19 (right). Hit 
leaning as des
ribedin se
tion 7.3.2 (hit 
leaning for the iterative likelihood re
onstru
tion) is applied. ex
ept for the time window 
leaning(17000-25000 ns).out OMs below a 
ertain depth to assess the light deposition in the dete
torvia the hit multipli
ity or related observables.In 
ontrast to observables that are sensitive to the light deposition, andhen
e the amount of hits registered during an event, the likelihood re
on-stru
tion relies primarily on the timing of the �rst hit in ea
h OM. Thatis, the OM sele
tion applied for tra
k re
onstru
tions must establish goodagreement in the timing distribution of the �rst hits, rather than in the hitmultipli
ity. In general, the OM sele
tion should be as tight as ne
essary(in order to ensure an a

urate des
ription of experimental data by thesimulation) and as loose as possible (in order to maximize the informationprovided to the re
onstru
tion algorithm). In parti
ular, the spatial vol-ume 
overed by the OMs that are a
tually being used should be as large aspossible, in order to pinpoint the tra
k lo
ation at distin
t points in spa
ewhi
h are maximally spatially separated.Sin
e the hit times of �rst hits in all OMs agree well for both opti
ally andele
tri
ally read-out OMs and for OMs at shallow depths, we in
lude allOMs whi
h pass the standard OM sele
tion and the OM sele
tion des
ribedin se
tions C.2.2 and C.3. Figure C.27 shows the timing distribution of the�rst hit in ea
h OM whi
h passes the level 2 hit 
leaning as de�ned in Table7.2.1, ex
ept for the time window 
leaning. OMs listed in Table 27 as wellas OMs lo
ated on string 13 are ex
luded. Hits within the time windowbetween 17000 and 25000 ns are used for the likelihood re
onstru
tion. Inthis time window, hit times of simulated and experimental data agree well.
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Figure C.28 � Cosine of the zenithangle re
onstru
ted with hits fromall OMs whi
h pass the standardOM sele
tion and the OM sele
-tion des
ribed in se
tion C.3 (top)and with hits only from opti
allyread-out OMs at depths below z =
100m (bottom). The distributionswere taken after applying 
ut# 6des
ribed in se
tion 7.3.3.

The in
lusion of ele
tri
ally read-out OMs and OMs at depths above z =
100m yields slightly better agreement between experimental and simulateddata with respe
t to the re
onstru
ted zenith angles. Figure C.28 
om-pares the re
onstru
ted zenith angles obtained from an iterative likelihoodre
onstru
tion using ele
tri
ally and opti
ally read-out 
hannels over thefull depth range to the zenith angles obtained from a likelihood re
onstru
-tion that uses only hits from opti
ally read-out 
hannels below z = 100m.Simulated and experimental data agree well for both re
onstru
tions, butthe agreement is slightly better for the re
onstru
tion obtained with thelarger OM set. Using the larger OM set also redu
es the amount of hits re-
onstru
ted atmospheri
 muons in both experimental and simulated data.
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D Cut optimization using the Model Reje
tionFa
tor and limit 
al
ulationThe main obje
tive of the AMANDA and I
eCube experiments is to 
on-�rm or falsify yet undis
overed phenomena like 
osmi
 neutrinos or, in this
ase, magneti
 monopoles. Be
ause the expe
ted event rates from thesephenomena are small, most AMANDA-II analyses are optimized with re-spe
t to the so-
alled Model Reje
tion Fa
tor [201℄: Final 
uts are pla
edsu
h that the most stringent 
onstraint on a 
ertain theoreti
al model isexpe
ted.For this analysis, we optimize the �nal 
uts su
h that we expe
t the mini-mum possible upper bound on an isotropi
 �ux of monopoles at the lo
ationof the dete
tor at 90% 
on�den
e level.D.1 Hypotheses TestingAfter performing the Monte Carlo simulation and developing sele
tion 
ri-teria, the mean number of signal events, 〈ns〉, expe
ted from the new phe-nomenon and the mean number of ba
kground events, 〈nb〉, are known.We 
onsider the 
ase that they are Poisson distributed.If x denotes the total number of events in a data sample (where it is notknown, whether the sample 
onsists of pure ba
kground events or of a
ombination of signal and ba
kground events), two alternative hypotheses
an be formulated in terms of its probability distribution:- H0 : x is Poisson distributed with parameter µ = 〈ns〉+〈nb〉, followingthe probability distribution
f0(x) = P (x | µ) =

(〈ns〉 + 〈nb〉)x

x!
e−(〈ns〉+〈nb〉), (57)
orresponding to presen
e, of signal events and- H1 : x is Poisson distributed with parameter µ = 〈nb〉, as

f1(x) = P (x | µ) =
〈nb〉x

x!
e−〈nb〉, (58)
orresponding to absen
e of signal events.A 
riti
al number of events, n0, 
an be de�ned, dividing all possible valuesof x in a reje
tion and a a

eptan
e region of H0. The value n0 is usually
hosen with respe
t to the error probability:

α
!
=

n0
∑

x=0

fo(x), (59)giving the probability of in
orre
t reje
tion of H0, or, in other words, theprobability of taking a new phenomenon to be absent, while it exists. Thequantity 1 − α is 
alled signi�
an
e level of the test. The other type oferror that 
an o

ur is given by 130



β =

∞
∑

x=n0+1

f1(x). (60)It des
ribes the probability of taking the phenomenon to be present, whileit is absent.D.2 Constru
ting Con�den
e BeltsMeasuring the observable x means to measure a quantity that is supposedto be Poisson distributed with unknown �true� parameter µt. For anyhypotheti
al value µ we 
an �nd the 
riti
al value n0 below whi
h the
orresponding null hypothesis H0 would be reje
ted at signi�
an
e level
1 − α from

P (x > n0(µ) | µ)
!
= 1 − α. (61)However, there is some ambiguity in 
hoosing the a

eptan
e region as aleft bounded interval. One 
ould also 
hoose an interval [x1, x2] su
h that

P (x1(µ) < x < x2(µ) | µ) = 1 − α. (62)The boundaries x1 and x2 
an be 
hosen arbitrarily, as long as the intervalful�lls the signi�
an
e 
ondition (62). Additional 
riteria are thus neededto give a straight de�nition. One possible 
riterion is to 
hoose 
entralintervals su
h that the ex
luded tail on either side is α/2. However, this
hoi
e 
an prove problemati
 in 
ases of small signals, be
ause the reje
-tion region may extent to negative, i.e., unphysi
al values. Feldman andCousins [175℄ therefore developed a more general ordering s
heme, givinga unique rule, whi
h values to in
lude in the a

eptan
e interval. Thisordering is based on the ratio of likelihoods
R = P (x | µ)/P (x | µbest), (63) 0
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Figure D.1 � Generi
 
on�den
ebelt 
onstru
tion. The full horizon-tal line segments indi
ate the a
-
eptan
e intervals for ea
h hypo-theti
al µ. Considering one parti
-ular 
hoi
e µ0, we 
an see that µ0lies in the interval [µ1, µ2] exa
tlywhen x0 lies in the interval [x1, x2].From [46℄.
where P (x | µ) is the likelihood for obtaining x given the a
tual mean µ and
P (x | µbest) is the likelihood for obtaining x given the best-�t physi
allyallowed mean. Values of x are added in the a

eptan
e interval for a given
µ in de
reasing order of R, until the sum of all P (x | µ) meets or ex
eedsthe desired signi�
an
e. The set of the a

eptan
e intervals for all possible
µ's is 
alled a 
on�den
e belt. A s
hemati
 sket
h of su
h a 
on�den
e belt
onstru
tion is shown in �gure D.1.If we now assume a measurement of x had yielded a parti
ular value x0,we 
an determine a set of possible µ with the property

P (µ1 < µ < µ2) = 1 − α, (64)where the boundaries µ1 and µ2 are a fun
tion of the measured x0. From�gure D.1 we 
an see that the 
ondition
µ1(x0) < µ0 < µ2(x0) (65)131



is valid for an arbitrary µ0 exa
tly when [202℄
x1(µ0) < x0 < x2(µ0). (66)The above relation is true for any 
hoi
e of µ0, and thus also for the truevalue µt. We 
an therefore give the probability of obtaining an interval

[µ1, µ2] that in
ludes µt, namely:
P (µ1(x0) < µt < µ2(x0)) = P (x1 < x0 < x2) = 1 − α. (67)

1 − α is 
alled 
on�den
e level of the given interval.D.3 The Average Upper LimitFeldman and Cousins [175℄ proposed to quantify the sensitivity of an ex-periment independently of experimental data by 
al
ulating the averageupper limit at a 
ertain 
on�den
e level, µ̄, that would be obtained inabsen
e of signal.Assuming that the ba
kground is exa
tly known, the number of measuredevents x will behave a

ording to equation (58), i.e., in an ensemble ofidenti
al experiments, a parti
ular result x0 would o

ur in a relative fra
-tion P (x0 | 〈nb〉). Sin
e every x0 
orresponds to exa
tly one upper limit,we 
an 
al
ulate an average upper limit by summing over all possible out-
omes, weighted by their Poisson probability of o

urren
e (for the 
asethat the ordering s
heme results in a two-sided 
on�den
e interval, oneuses the upper end µ2 of the interval):
µ̄ =

∞
∑

x0=0

µ(x0)
〈nb〉x0

x0!
e−〈nb〉. (68)0
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bFigure D.2 � Upper end µ2 of a90% 
on�den
e level intervals a
-
ording to Feldman and Cousins foran unknown Poissonian signal mean
µ and mean expe
ted ba
kground
〈nb〉. Ea
h 
urve 
orresponds toa hypotheti
al experimental obser-vation x0. Dotted lines at the up-per left ends indi
ate regions where
µ1 is non-zero, dashed lines indi-
ate regions where the number ofobtaining x0 (or fewer) has fallenbelow 1%. From [175℄.

The average upper limit gives a quanti�
ation of the experimental sensitiv-ity53, in that it gives the most probable limit the experiment would obtainin the 
ase of no true signal. One 
ould therefore also speak of a limit ex-pe
tation. The average upper limit is given in absolute numbers of eventsand is, at that stage, model independent.D.4 The Model Reje
tion Fa
torThe average upper limit µ̄ tells us that the experiment is 
apable to 
on-strain any hypotheti
al signal that 
orresponds to a signal expe
tation of
〈ns〉 = µ̄ at the required 
on�den
e level.We 
an further quantify the sensitivity with respe
t to a parti
ular hy-potheti
al signal (or �model�) using the ratio of predi
ted signal events toaverage upper limit (the so-
alled Model Reje
tion Fa
tor)

MRF =
〈ns〉
µ̄

. (69)A large MRF implies a large signal to ba
kground ratio, and hen
e a goodsensitivity.53Feldman and Cousins expli
itly 
alled this quantity the sensitivity of the experiment132



Following [201℄, we use the MRF for 
ut optimization. The optimizationpro
edure works as follows. For the �nal 
ut parameter, we 
al
ulate µ̄ fromthe number of remaining simulated ba
kground events 〈nb〉 and the numberof remaining signal events 〈ns〉 predi
ted by the signal hypothesis. In our
ase, the underlying signal hypothesis is an isotropi
 �ux of relativisti
magneti
 monopoles at the dete
tor. The 
ut is pla
ed where the MRFrea
hes its maximum.The MRF 
orresponds to a 
ertain �ux strength, the (average) upper �uxlimit (ΦC.L.), whi
h is 
al
ulated by s
aling the simulated �ux (Φsimulated)with MRF−1. Expressed in terms of the �ux upper limit, the optimum
ut position is found by minimizing
ΦC.L. =

Φsimulated

MRF

!
= min. (70)D.5 Con�den
e belt 
onstru
tion in presen
e of system-ati
 un
ertaintiesAfter pla
ing the �nal 
ut and unblinding the data, we observe a 
ertainnumber of events x0 remaining in the �nal data set, and we pla
e a limiton the �ux of magneti
 monopoles by 
omparing x0 to the number of ex-pe
ted ba
kground events. If the ba
kground and the monopole dete
tione�
ien
y were exa
tly known, the limit 
al
ulation would redu
e to the
onstru
tion of a 
on�den
e belt as des
ribed above. In reality however,there the number of expe
ted signal and ba
kground events (〈ns〉 and 〈nb〉)are determined with Monte Carlo simulations, and are therefore subje
t tostatisti
al and systemati
 un
ertainties.The un
ertainties in the expe
ted event rates translate into an un
ertaintyin the probability distributions that enter the 
al
ulation of the a

eptan
eregion for a given µ. In order to take these un
ertainties into a

ount, thePoisson probability P (x | µ = 〈ns〉+ 〈nb〉) is repla
ed with an integral overpossible true but unknown event rates nb and ns [176℄:

P̂ (x|µ) =

∫ ∞

0

∫ ∞

0

P (x|ns + nb) wb(nb) ws(ns) dnb dns. (71)The probability density fun
tions wb and ws parameterize the un
ertain-ties in ba
kground and signal expe
tation respe
tively. The shape of thefun
tions 
an only be hypothesized. For this analysis, we assume Gaussianerrors, so that the fun
tions take the form
wb(nb) =

1√
2πσb

exp

(

− (nb − 〈nb〉)2
2σ2

b

) (72)
ws(ns) =

1√
2πσs

exp

(

− (ns − 〈ns〉)2
2σ2

s

)

. (73)The widths of the distributions, σb and σs, would ideally be assessed byvarying parameters in the simulation 
hain, and 
omparing the resultingevent rates with the ones obtained with the standard simulation set up.For this analysis, this approa
h is impra
ti
able, due to the CPU require-ment of the simulations. So, these parameters 
an at best be estimated.Following the various AMANDA-II analyses that aim at 
onstraining the�ux of neutrinos of ultra high energies [178, 168, 179℄, we establish an es-timate based on systemati
 studies undertaken for analyses that fo
us onneutrino dete
tion in the TeV energy range (see 
hapter 10).133



With the adopted values for σb and σs, the integral of equation 71 isfully de�ned, and the 
on�den
e belt 
an be 
onstru
ted using the like-lihood ratio ordering s
heme des
ribed in se
tion D.2. For the ne
essary
omputations, we use the program POLE (POissonian Limit Estimator)[203, 204℄ whi
h provides a ready-to-use implementation of the algorithmdes
ribed above.
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E Event#4731980One event in the 20% data set stands out due to an extremely high lightyield, while the re
onstru
ted zenith angle is 
lose to the horizon. The eventwas re
orded in run#490 on day 260. Its event identi�
ation number is4731980.Event#4731980 was �rst noti
ed as an extreme outlier in the distribu-tion of a light yield 
riterion used for the sear
h for down-going monopoles(
ut d.2, see se
tion 9.1). The respe
tive 
ut parameter (shown in FigureE.1 in semi-logarithmi
 representation) is a linear 
ombination of the num-ber of hits, the duration of the event, and the re
onstru
ted zenith angle.
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Figure E.1 � Fisher dis
riminantused in 
ut d.2. Event#4731980shows up as an extreme outlier.During the event, total of 2722 hits was re
orded; 750 of these hits o

urredin those OMs whi
h are used to measure the light deposition (opti
ally readout OMs below a depth of z = 100m). This is the highest hit multipli
ityobserved in the entire data set. The brightest event observed in the 80%data set after unblinding (event#484694) yielded a total of 2208 hits, 691of whi
h were re
orded in the OMs used in this analysis.Event#4731980 is re
onstru
ted with a zenith angle of 83.1◦, mu
h 
loserto the horizon than the brightest event from the 80% data set (event#484694,whi
h was re
onstru
ted with a zenith angle of 61.7◦). Atmospheri
 muonbundles entering the dete
tor at su
h �at zenith angles are not expe
tedto deposit as mu
h light as observed. Figure E.2 (page 136) shows thezenith angle dependen
y of some observables sensitive to the light yield(amplitude sum, number of hit OMs, total number of hits) for the 20%experimental data set and simulated atmospheri
 muon ba
kground beforeappli
ation of the �nal 
ut. (1) �are_only_ad
 2.18(2) �are_missing_
h 0.0003(3) �are_n
h_dead 5.71(4) �are_short_M 2.71(5) �are_short_H 0.18(6) �are_long_noise 0.3(7) �are_long_missing 0(8) �are_indu
_B10 undef.(9) �are_indu
_1119 undef.Table 28 � Values of the nine �are in-di
ators for event#4731980 (see ap-pendix B for an explanation of the in-di
ators).
Visual inspe
tion of the event signature and the event's �ngerprint (seeappendix B and se
tion 4.8.2) revealed no pathologi
al features. The �n-gerprint of event#4731980 is shown in Figure E.3. Leading edge timesre
orded in individual strings show a rather hyperboli
 stru
ture, as ex-pe
ted for nearly horizontal events with many delayed photons. For theele
tri
ally read-out strings, (
hannel numbers smaller than 302), thisstru
tures appears to be washed out. This is a result of the the over-�ow of most 
hannels (for the ele
tri
ally read-out 
hannels, earlier edgesare dis
arded in favor of later ones if the TDC bu�er is �lled with 16edges, see se
tion 4.4.2). The leading edge time distribution in string 17(this string lo
ated above the main dete
tion volume and is normally notused for analysis purposes, see se
tion 4.2) appears featureless. One maytake this as in indi
ation for the hits being of ele
troni
 origin. On theother hand, the hits on string 17 o

ur substantially later than the hitsdete
ted in the main dete
tion volume (as it would be expe
ted for photonhits several hundred meters away from the light sour
e), and the photonarrival times meight have been randomized by multiple s
attering.The values of the nine �are indi
ators (see appendix B) for event#4731980are listed in Table 28. Two indi
ators (�are_indu
_B10and �are_indu
_1119) have unde�ned values, be
ause the �normal-ization 
onstants� whi
h are required for their 
al
ulation are valid onlyover a limited 
hannel multipli
ity range (see [134℄). Three indi
atorstake values greater than one: �are_only_ad
, �are_n
h_dead,and �are_short_M. Two of these indi
ators (�are_n
h_dead and�are_short_M) were identi�ed as unsuitable for high energy analy-135
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Figure E.2 � Observables sensitive to the light yield: Amplitude sum (ΣADCz<100
optical, top row), number of hit OMs(NCHz<100

optical, middle row), and hit multipli
ity (NHitsz<100
optical, bottom row). Shown are the dependen
ies of the threeobservables on 
osine of the re
onstru
ted zenith angle for 20% of the experimental data set (left 
olumn) and simulatedatmospheri
 muon ba
kground (middle 
olumn) before the appli
ation of the �nal 
ut (the �nal 
ut in the ΣADCz<100

optical-
cosΘ-plane is marked by the red lines in the top-row plots). The right 
olumn shows the one-dimensional distribution ofthe three observables for simulated atmospheri
 muon ba
kground (open histograms) and 20% experimental data (bla
kmarkers) for events whi
h were re
onstru
ted with zenith angles greater than 70◦. In this angular region, the 20% exper-imental data set 
omprises four events. For three of the four events, the light yield is 
onsistent with predi
tions fromthe ba
kground simulation. One event (event#4731980, marked as a red star in ea
h of the plots) lies in a region where,dependent on the observable, the ba
kground expe
tation has fallen below 10−1 to < 10−3 events.
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Figure E.3 � The �ngerprint (OMnumber versus un
alibrated leadingedge times) for event#4731980.ses, be
ause they were found to be 
orrelated to light deposition [205℄.54If these two indi
ators are not 
onsidered, the largest value observed is�are_only_ad
=2.18, whi
h lies within the range of indi
ator valuesexpe
ted for parti
le indu
ed events.55Figure E.4 shows a snapshot of event#4731980 in the event display. Thesignature exposes no obvious 
hara
teristi
s of an instrumental e�e
t. Thehit pattern suggest a spheri
al light emission as expe
ted from Cheren-kov emissions indu
ed by ele
tromagneti
 or hadroni
 
as
ades of extremelyhigh energy. Although the hit pattern does not resemble the tra
k-like sig-nature expe
ted for monopole signals, it was de
ided to leave the eventin the data set. An alternative approa
h would have been to try to de-velop 
riteria to eliminate high energy 
as
ade-like events. At this pointof the analysis however, the event was 
onsidered a potential 
andidatefor a ultra-high energy (UHE) neutrino intera
tion. If the unblinding hadrevealed indi
ations for a UHE neutrino �ux at a measurable level, mono-pole sear
h above the horizon would have been proven impossible (due to54The behavior of �are indi
ators in events with high light yield was studied usingevents triggered by the light pulses from a nitrogen laser of varying intensity [205℄. Theindi
ators �are_n
h_dead and �are_short_M were 
orrelated to the amountof light released in the dete
tor, taking values as high as 10 (�are_n
h_dead) and9 (�are_short_M) for laser pulses st highest intensities. The enhan
ed values areprobably due to a large amount of 
ross talk. The probability for a pulse to in-du
e 
ross talk in an adja
ent 
able rises with the pulse amplitude. The indi
ators�are_n
h_dead and �are_short_M are sensitive to 
ross-talk, as they are relatedto the amount of hits observed in otherwise �dead� 
hannels and the amount of hits withunusually short TOT in OMs read out via twisted-pair 
able respe
tively.55The 
onsidered data set 
omprises 889 events. A

ording to equation (55) in ap-pendix B, the indi
ator value above whi
h we expe
t less than one parti
le indu
edevent is �are_only_ad
=log10(889) = 2.9.137



the irredu
ible ba
kground of extraterrestrial neutrinos), and this analysiswould have turned into a UHE neutrino dete
tion, although not initiallyintended.Only after 
ompletion of this analysis (unblinding yielded no additionalUHE neutrino 
andidates), event#4731980 was �nally identi�ed as a de-te
tor artifa
t. Motivated by the observation of event#4731980 in thisanalysis, the highest multipli
ity events in data sets taken after 2000 weresele
ted and visually inspe
ted [206℄. Ten of the inspe
ted events werenearly identi
al 
opies of event#4731980. Figure E.5 shows snapshots ofthree of the ten instan
es that were found.The origin this 
lass of events is still unknown. Vertex re
onstru
tions [160℄applied to the hit patterns of the ten events suggest a light deposition inthe dete
tor 
lose to OM#531, lo
ated on string 16. It seems very likelythat an ele
troni
s 
omponent in OM#531 or in a neighboring OM is dam-aged.56 In 
ontrast to its neighbors, OM#531 
ontains an arti�
ial lightsour
e, an UV LED �asher board. The LED �asher boards, prototypes ofthe �asher boards that were later deployed with the I
eCube Digital Opti
alModules (DOMs), are the brightest light sour
es that were deployed withinthe AMANDA dete
tor. Unfortunately, no instan
e of an event triggered by�ring the LEDs in OM#531 
ould be found in ar
hived 
alibration data.The �asher boards on string 16 were never used for 
alibration (they weremainly deployed for test purposes regarding the DOM development) andexisting data from these �asher runs were not ar
hived with the standard
alibration data [207℄.A

ording to the developers of the LED �asher boards, an unintentionallyrelease of light is impossible, even if parts of hardware were damaged [208℄.As of this writing, the eleven ba
kground events still la
k an explanation.So far, no additional instan
es of the signature have been observed.

56OM#531 did not pass the standard OM sele
tion 
riteria for the year 2000, but itwas 
onsidered fun
tional during the following years. Neighboring OMs were 
onsideredfun
tional over all years, in
luding 2000. 138
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Figure E.5 � Examples of event signatures that are nearly identi
al to the signature of event#4731980. Event#845896(left), event#960804, and event#3725389 were re
orded during the year 2003.140



F Primary 
osmi
 ray 
omposition and energyspe
tra used for the ba
kground simulationThe primary 
osmi
 ray spe
trum and 
omposition used for the simula-tions of the atmospheri
 ba
kground muons in most AMANDA and I
e-Cube analyses is the poly-gonato model (see se
tion 5.3.2). Within thepoly-gonato model, trans-iron elements (nu
lear 
harge Z > 26) play animportant role at high energies. Figure F.1 shows the 
ontribution of di�er-ent mass groups to the all-parti
le spe
trum. At energies above 107.5GeV
≈ 3.3 × 107GeV, elements with Z > 27 
ontribute more than 10% to theall-parti
le �ux. As mentioned in se
tion 5.3, the simulation of these heavyelements is not supported by the simulation pa
kage CORSIKA, and hen
etheir 
ontribution is missing in the ba
kground simulation. 0
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Figure F.1 � Energy dependen
e ofthe relative 
ontribution from dif-ferent mass groups of gala
ti
 
os-mi
 rays to the all-parti
le �ux a
-
ording to the poly-gonato model.The poly-gonato model does nota

ount for extragala
ti
 
osmi
rays, whi
h are believed to domi-nate the �ux at highest energies.From [209℄.
Above a 
ertain energy threshold, the la
k of heavy elements in the at-mospheri
 muon simulation must be
ome apparent. Figure F.2 shows theenergy spe
trum of simulated 
osmi
 ray primaries for ba
kground eventswhi
h remain after the appli
ation of 
ut#d.2 (see se
tion 9.1). The en-ergy distribution peaks around 3 × 107GeV.At this sele
tion level, a de�
it of simulated ba
kground events with highlight deposition is indeed observed. Figure F.3 shows the distribution ofthe Fisher dis
riminant that was used in 
ut#d.2. The left panel of the�gure shows a 
omparison of the distributions (after applying 
ut 2.d)observed in 20% experimental data (bla
k markers) and the atmospheri
muon ba
kground simulated using the poly-gonato model (open histogram).The de�
it of simulated events be
omes apparent for values of the dis
rim-inant smaller than ∼10 (a small value of the dis
riminant 
orresponds toevents with a high light yield, and hen
e to a large primary energy). Theright panel of Figure F.3 shows the 
orrelation of the dis
riminant withenergy of the 
osmi
 ray primary. As expe
ted, the region in whi
h we ob-serve an ex
ess of experimental events 
orresponds to to primary energiesgreater than ∼107.5GeV.  / GeV)
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Figure F.2 � The primary en-ergy spe
trum after appli
ation of
ut#d.2.A similar ex
ess of experimental events is also observed in other observ-ables sensitive to light deposition. Figure F.4 shows the distributions ofthe amplitude sum (ΣADCz<100
optical), the hit multipli
ity (NHitsz<100

optical),and the number of hit 
hannels (NCHz<100
optical) for 20% of the experimen-tal data and simulated atmospheri
 muon ba
kground (top row), and the
orrelation of these three observables to the primary energy (bottom row).
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Figure F.4 � Observables sensitive to the light yield: ΣADCz<100
optical (left), NHitsz<100

optical (middle), and NCHz<100
optical (right).The panels in the top row show the one-dimensional distributions of these three observables for 20% experimental data(bla
k markers) and ba
kground simulation using the poly-gonato model (open histograms) after appli
ation of 
ut#d.2(see se
tion 9.1). The panels in the bottom row show the the 
orrelation of these three observables with the energy of theinitial 
osmi
 ray primary. The distributions of experimental and simulated data disagree in the regionwhere the energies of the simulated 
osmi
 ray primaries ex
eed∼107.5GeV.The poly-gonato-model obviously does not provide a su�
ient des
riptionof the atmospheri
 muon ba
kground at highest energies if trans-iron ele-ments are dis
arded in the CORSIKA simulation. The two-
omponent modelin 
ontrast, 
an provide a more a

urate des
ription be
ause it models theall-parti
le �ux over the full energy range with only two elements, protonand iron primaries. Figure F.5 
ompares the primary energy spe
tra forevents remaining after 
ut#d.2, simulated with poly-gonato model and thetwo-
omponent model respe
tively. For the event sample simulated withthe poly-gonato model the event rate drops o� more rapidly with primaryenergy. / GeV)

PRIMARY
(E

10
log

5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

a.
 u

.

-3
10

-210

-110

1

10

 poly-gonato

 2-component

Figure F.5 � Primary energyspe
tra for ba
kground sam-ples simulated with the poly-gonato model (grey) and thetwo-
omponent model (light pur-ple) after applying 
ut#d.2 (seese
tion 9.1).
The presen
e of additional high energy primary parti
les in the two-
om-ponent sample a�e
ts the distributions of key observables used in this anal-ysis. Figure F.6 shows a 
omparison between the poly-gonato and the two-
omponent model for the three observables ΣADCz<100

optical,Nhitsz<100
optical,and NCHz<100

optical. For all three observables, the two-
omponent model isin better agreement with experimental data.Generally, we must 
on
lude that for monopole sear
hes above the hori-zon, or other sear
hes for signals whose prime distin
tive feature is a highlight yield (and whi
h 
onsequently have an extremely high energy thresh-old), the standard approa
h for ba
kground simulation (using the poly-gonato model dis
arding trans-iron elements) is unfeasible. Apart from thepoly-gonato model, the two-
omponent model is, to the knowledge of theauthor, presently the only available model that provides a straight parame-142
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Figure F.6 � Distributions of ΣADCz<100
optical (left), NHitsz<100

optical (middle), and NCHz<100
optical (right) for simulated atmospheri
muon ba
kground using the poly-gonato model (light grey histograms) and the two-
omponent model (light purple his-tograms), 
ompared to 20% of the experimental data set (bla
k markers).terization of the energy spe
tra of individual elements in 
osmi
 radiation.Although the two-
omponent model drasti
ally simpli�es known fa
ts (us-ing only two elements to des
ribe the all-parti
le spe
trum57), it is 
apableto des
ribe the 
osmi
-ray indu
ed muon ba
kground in AMANDA-II up tothe �nal level of this analysis reasonably well.At the �nal analysis level, the improvements a
hieved by using the two-
omponent model instead of the standard approa
h be
omes obvious. Fig-ure F.7 shows the number of ba
kground events predi
ted by both mod-els as a fun
tion of the �nal 
ut value (one of the key quantities usedfor 
ut optimization). The predi
tions from the two-
omponent and thepoly-gonato model for the number of ba
kground events to remain afterunblinding di�er by almost an order of magnitude: The two-
omponentmodel predi
ts 2.6 events, while the poly-gonato model predi
ts 0.3 eventsafter imposing the �nal 
ut. discriminant
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k-ground events in the �naldata set predi
ted by the two-
omponent model (light purple)and the poly-gonato model (lightgrey) as a fun
tion of the positionof the �nal 
ut on the Fisherdis
riminant (see se
tion 9.2).Optimum sensitivity is a
hieved byrequiring the dis
riminant to besmaller -4.7. Experimental data(events from the 20% data set,s
aled to the livetime of the 80%initially blind data set) are shownfor 
omparison (bla
k markers).For the sake of 
larity, the single�outlier event� present in the 20%data set (event#4731980, seese
tion 9.1 and appendix E) is notin
luded in the distribution.

It should be emphasized that the problems of standard ba
kground sim-ulation to reprodu
e experimental data at highest energies is not due tothe poly-gonato model itself, but due to the limitations in the simulationpa
kage CORSIKA. Sin
e the 
omplete model 
annot be simulated, it re-mains unknown whether or not the poly-gonato model is in agreementwith AMANDA data.

57A more re
ent analysis of data taken by the KASCADE experiment [151℄ aims atmeasuring the energy spe
tra of �ve primary mass groups [82℄. The analysis te
hniqueis similar to the one used for the two-
omponent model, but the model uses �ve primaryelements (protons, helium, 
arbon, sili
on, and iron) to approximate the all parti
le �ux,instead of only protons and iron. Referen
e [82℄ does not yet give straight parameteri-zations of the energy spe
tra be
ause, a

ording to the authors, the analysis is limitedby un
ertainties in the presently available 
osmi
 ray intera
tions models.143
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