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Zusammenfassung

Das Antarctic Muon And Neutrino Detection Array (AMANDA) ist ein Neutrinote-
leskop, das in der antarktischen Eiskappe in unmittelbarer Nidhe des geographischen
Pols installiert ist. Mittels eines dreidimensionalen Gitters aus rund 680 Sekundérelek-
tronenvervielfachern in druckfesten Glaskugeln, die in Tiefen zwischen 1500m und
2000m im siidpolaren Gletscher eingefroren sind, werden die die Spuren elektrisch
geladener relativistischer Teilchen anhand ihrer Cerenkov Strahlung detektiert. Neben
dem priméren Ziel, der Detektion von elektrisch geladenen Leptonen aus Wechselwirkun-
gen von hochenergetischen Neutrinos, bietet AMANDA die Mdoglichkeit, nach bisher
unentdeckten, magnetisch geladenen Teilchen zu suchen.

Die elektromagnetische Wechselwirkung solcher magnetischer Monopole wére aus Sym-
metriegriinden der Wechselwirkung elektrisch geladener Teilchen sehr dhnlich, zeichnete
sich jedoch durch eine erheblich grofiere Kopplungskonstante aus. Daher iibertrife die
Intesitdt der éerenkovstrahlung eines relativistischen Monopols in Eis die eines elektrisch
geladenen Teilchens gleicher Geschwindigkeit um mehrere Grofenordnungen.

Die vorliegende Arbeit beschreibt dir Suche nach Cerenkov—Signaturen magnetischer
Monopole in den im Jahr 2000 mit AMANDA aufgezeichnet Daten. Der zur Analyse
bereitstehenden experimentelle Datensatz entspricht, nach Totzeitkorrektur, einer Dan-
tennahmezeit von rund 155 Tagen.

Der dominante Untergrund fiir die Suche nach magnetischen Monopolen sind Biindel hoch-
energetischer atmosphirischer Myonen. Zur Unterdriickung dieses Untergrundes wird
Anhand von simulierten Untergrund- und Signalereignissen eine schrittweisen Datense-
lektion entwickelt. Selektionskriterien sind zum einen die wihrend eines Ereignisses im
Detektor deponierte Lichtmenge, und zum anderen die mittels einer Mazimum-Likelihood
Rekonstruktion ermittelte Spurrichtung.

Der Untergrund atmosphérischer Myonen besteht ausschliesslich aus Teilchenspuren mit
Einfallsrichtungen oberhalb des Horizontes. Nach einer ersten Vorselektion, werden die
Ereignisse in Datesatze mit jeweils aufwértslaufenden Teilchen (Einfallsrichtung unterhalb
des Horizonts) und abwértslaufenden Teilchen (Einfallsrichtung oberhalb des Horizonts)
geteilt, und die weiteren Selektionskriterien werden fiir aufwérts- und abwirtslaufende
Teilchen getrennt optimiert. Fiir die Suche nach magnetischen Monopolen unterhalb
des Horizonts verbleibt nur ein geringer Untergrund derjenigen atmosphérischen Myonen,
die als aufwirtslaufend misrekonstruiert wurden. Daher erreicht die Suche nach mag-
netischen Monopolen unterhalb des Horizonts eine wesentlich bessere Sensitivitéit als die
Suche oberhalb des Horizonts. Letztere ist aber dadurch motiviert, dass die abgeleiteten
Flussgrenzen fiir einen groferen Massenbereich magneteischer Monopole giiltig sind.

Die nach der Anwendung aller Selektionskriterien im experimentellen Datensatz
verbleibenden Ereignisse sind kosistent mit dem zu erwartenden verbleibenden Unter-
grund. Unter Beriicksichtigung systematischer und statistischer Fehler in den Signal-
und Untergrunderwartungen werden, abhinging von der Monopolgeschwindigkeit, obere
Flussgrenzen bestimmt. Bei einem 90% Konfidenzniveau liegen die Flussgrenzen fiir
aufwirtslaufende Monopole zwischen 3.8x10717ecm=2s7!sr~! (v = ¢, ¢ — Vakuumlicht-
geschwindigkeit) und 8.8x107'¢ecm=2s7!sr~! (v = 0.76¢). Diese Flussgrenzen sind fiir
Monopole mit Massen oberhalb von 10'' GeV uneingeschrinkt giiltig und sind die besten
momentan vorliegenden experimentellen Grenzen. Die Flussgrenzen fiir abwértslaufende
Monopole liegen etwa eine Grofienordung hoher, gelten jedoch fiir auch leichtere Monopole
mit Massen ab 108 GeV. Fiir diesen Massenbereich sind die hier abgeleiteten Flussgrenzen
vergleichbar mit den momentan besten experimentellen Grenzen.
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Abstract

Cherenkov emissions of magnetically charged particles passing through a trans-
parent medium will exceed those of electrically charged particles by several orders
of magnitude. The Antarctic Muon And Neutrino Detector Array (AMANDA),
a neutrino telescope utilizing the glacial ice at the geographic South Pole as
Cherenkov medium, is capable of efficiently detecting relativistic magnetic monopoles
that may pass through its sensitive volume. This thesis presents the search for
Cherenkov signatures from relativistic magnetic monopoles in data taken with
AMANDA during the 2000. No such signal is observed in the data, and the analysis
allows to place upper limits on the flux of relativistic magnetic monopoles.

The limit obtained for monopoles reaching the detector from below the hori-
zon, i.e., those monopoles that are capable of crossing the Earth, is the most
stringent experimental constraint on the flux of magnetic monopoles to date: De-
pendent on the monopole speed, the flux limit (at 90% confidence level) varies
between 3.8x107'" em ™25 !'sr™! (for monopoles moving at the vacuum speed of
light) and 8.8x107'¢ cm~?s~'sr~" (for monopoles moving at a speed just above the
Cherenkov threshold). The limit obtained for monopoles reaching the detector from
above the horizon is less stringent by roughly an order of magnitude, owing to the
much larger background from down-going atmospheric muons. This looser limit is
valid for a larger class of magnetic monopoles, since the monopole’s capability to
pass through the Earth is not a requirement.
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1 Introduction

With the advent of electrodynamics, electricity and magnetism are con-
sidered as two manifestations of one and the same underlying physical
phenomenon. Electromagnetism posses a symmetry between electric and
magnetic fields; it is however dissemetric with respect to the sources of
the fields. Only electric charges are observed in nature as isolated sources
of electromagnetic fields, whereas “magnetic charges” are only observed as
dipoles. From a theoretical point of view, there is no obvious intrinsic rea-
son for this asymmetry, and it seems natural to conjecture the existence of
isolated magnetic poles.

While electrodynamics could in principle accommodate magnetic mono-
poles without restraint, quantum mechanics allows the existence of mono-
poles only on one condition: Both electric and magnetic charge have to be
quantized. Electric charge quantization, however, is an observational fact,
for which no explanation was known until the emergence of Grand Unified
Theories. So, the quantization condition actually supports the existence
of magnetic monopoles. In Grand Unified Theories finally, the existence of
monopoles is an incontrovertible necessity.

The monopoles predicted by Grand Unified Theories have extremely large
masses, far beyond the energies reached by any operated or foreseen ac-
celerator. In fact, the only environment that provides enough energy to
produce these “grand unified” monopoles is the early universe. Fortunately,
monopoles are predicted to be stable. So, monopoles that may have been
produced shortly after the Big Bang should have survived until the present
day and should still be abundant in cosmic radiation. Over the past three
decades, these relic monopoles have been searched for by various experi-
ments, but so far, there is no experimental proof for their existence. Today,
the flux of magnetic monopoles is experimentally constrained to a level of

the potential to either detect a monopole or to further improve existing
flux limits.

Large scale Cherenkov telescopes deployed in open naturally occurring
transparent media like sea water or glacial ice, which were originally con-
structed to detect Cherenkov light from secondary electrically charged par-
ticles produced in rare interactions of high energy extraterrestrial neutrinos
with the surrounding matter, could detect magnetic monopoles with spe-
cific properties: (1) Relativistic monopoles moving at a speed above the
Cherenkov threshold of the utilized medium could efficiently be detected,
because the intensity of their Cherenkov emissions is enhanced by several
orders of magnitude compared to the emissions from electrically charged
particles. (2) Monopoles that catalyze the decay of nucleons in the target
matter, a property that is predicted within several Grand Unified Theories,
could be detected via the Cherenkov emissions from relativistic secondary
particles produced in consecutive nucleon decays along the monopole tra-
jectory.

This thesis concerns the search for relativistic magnetic monopoles using
data taken with the AMANDA-II detector, a neutrino telescope embedded
in the glacial ice at the South Pole. The outline of this work is as follows:
Chapter 2 gives a brief overview of the significance of magnetic monopo-
les in various theoretical contexts from classical electrodynamics to Grand
Unified Theories and Big Bang Cosmology, and treats those monopole
interaction mechanisms that are essential for their detection. Chapter3



explains the basic functionality of neutrino telescopes and how such detec-
tors can be used (and have been used in the past) to search for magnetic
monopoles. Particularities of the AMANDA-II neutrino telescope are ex-
plained in chapter4. By convention, all data taken with AMANDA-II are
analyzed in a “blind” manner, meaning that data selection strategies have
to be optimized based on simulations. Thus, the simulation of the detector
response to both relativistic magnetic monopoles and background atmo-
spheric muons formed an integral part of this work. Chapter 5 explains the
simulation software and the strategies that were used to establish a basis
for a blind analysis. Chapter 6 summarizes the properties of both experi-
mental and simulated data sets and describes the handling and filtering of
the data. The progression of the data selection is described in chapter 7
to chapter 9. The ultimate analysis result, a limit on the flux of magnetic
monopoles, is derived in chapter 10. A summary of the analysis results and
a brief outlook on the future IceCube neutrino telescope are presented in
chapter 11.



2 Magnetic Monopoles

Modern particle physics suggest that extremely massive, stable particles
carrying magnetic charge ought to exist. If Big Bang cosmology is correct,
such magnetic monopoles should have been produced during symmetry
breaking phase transitions in the early universe. Most of the monopoles
produced shortly after the Big Bang should have survived until the present
day, but their density will have been strongly diluted during the inflationary
phase of the Universe. Recent searches for relic monopoles rely on their
electromagnetic interaction with matter or on their potential ability to
catalyze nucleon decay.

2.1 Theory of magnetic monopoles

The idea that magnetically charged particles should exist has a long history
in theoretical physics. While magnetic monopoles are formally permitted
by classical electro dynamics and quantum mechanics, they are mandatory
in Grand Unified Theories.

2.1.1 Monopoles in classical electro dynamics

The introduction of magnetic charges to classical electrodynamics cancels
the asymmetry between electricity and magnetism, which is apparent in
the Maxwell equations [1]. The Maxwell equations in presence of matter
take the form:

V-D = drp, (1)
V-B = 0 (2)

L 18D 47~
VxH—-~-—— = —j, 3
x c ot c] (3)
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where . . . .
D=¢FE and B =puH, (5)

with E and B being the electric and magnetic field, and € and u being the
permittivity and permeability.

The electric charge and current densities p, and j. appear as source terms
in the Maxwell equations (1) and (3), while equations (2) and (4) are
homogeneous, accounting for the experimental fact that neither magnetic
monopoles nor magnetic currents have ever been observed in nature. Mag-
netic charges and currents can however simply be added to the theory. The
two initially homogeneous equations would then take the form

V-B = AT P (6)

— 18§ 47Tﬂ
—VXE——-— = —jmn, 7
x c Ot c] (7)

where p,, and jm denote the magnetic charge and current densities. The
modified Maxwell equations (1-4) and the constitutive equations (5) are
then invariant under the substitutions [2]:
(E,H)— (H,-E), (D,B)~—(B,-D)
(Pes Pm) = (Pmy—pe)y  (JesJm) = (Jms —Je) (8)
€ i, [ €.



Figure 2.1 — The magnetic field at
the end of a semi-infinite solenoid
is indistinguishable from a magnetic
monopole [4]. An Aharanov-Bohm-
like experiment would fail to detect
the solenoid only, if Dirac’s quanti-
zation condition is obeyed.

For symmetry reasons, classical magnetic charges would look very similar
to electrical charges. They would give rise to a radial magnetic field and in-
teract via a 1/r potential, with likes repelling and opposites attracting. In
fact, the descriptions of electromagnetic phenomena, as for instance ioniza-
tion or Cherenkov radiation, remain largely form-invariant when evaluated
for magnetic instead of electric charges (see section 2.5).

2.1.2 Monopoles and Quantum Mechanics

A persuasive argument for the existence of magnetic monopoles was put
forward by Dirac, when he studied the consequences of the existence of
magnetic monopoles in a quantum mechanical context. He found that
quantum mechanics allows magnetic monopoles only, if magnetic charges
occur as multiples of an elementary magnetic charge gp (the Dirac Charge)
which relates to the electric elementary charge e as

ke

gp = %" 9)

Classically, charged particles couple to electromagnetic fields solely via the
electric and magnetic fields, but quantum-mechanically, they couple to the
scalar and vector potentials ® and A At first glance, magnetic monopoles
seem to conflict with quantum mechanics, for if we define VB x pm there
is no well defined vector potential such that B = V x A. Dirac showed
that the monopole field can consistently be described with a vector poten-
tial which is well defined everywhere except for a line extending from the
monopole to infinity (the celebrated Dirac String). In his 1931 paper [3],
Dirac demonstrated that the string-singularity had no physical meaning,
only if the quantization condition (9) was obeyed.

Dirac’s result becomes more plausible if we envisage a magnetic monopole
as an semi-infinitely long infinitesimally thin solenoid, as sketched in Figure
2.1[4, 5, 6]. Classically, there is not much difference between the solenoid
and a monopole: The magnetic field at the end of such a solenoid would
look like an isolated magnetic charge. Quantum-mechanically, however, the
solenoid can be identified with a monopole only, if it remains undetected in
an electron interference experiment via the Aharanov-Bohm effect [7]. The
condition for the phase picked up by the wave function of an electron when
moved around the solenoid to be trivial is exactly the Dirac Quantization
Condition (9).

One of the most attractive features of Dirac’s monopole theory when it was
first proposed was that it explained charge quantization. If there were at
least one monopole in the universe, all electric charge must be a multiple
of a common unit, the inverse of twice the Dirac Charge. The numerical
value of Dirac Charge follows from the fine structure constant a = e2/he:

e 137
= —~ —e. 10
=97 2 (10
The magnetic elementary charge, and consequently the coupling constant,
is obviously much larger than the electric one.

IRecall, for instance, the Schrédinger Equation for a particle in an electromagnetic
field: [~ 5L (V = ied)? + &| ¥ = BW.



2.1.3 Monopoles in Grand Unified Theories

In 1974, magnetic monopoles reappeared as integral part of Grand Unified
Theories (GUTs). GUTs are based on the hypothesis that at some suffi-
ciently high energy scale A , all fundamental interactions (except gravity)
can be described with a single gauge group G, in which only one gauge cou-
pling appears [8]. At lower energies, the symmetry of G is spontaneously
broken to the symmetries of the standard model. 't Hooft and Polyakov
discovered that in non-abelian gauge theories spontaneously broken down
to some U (1) subgroup, monopoles appear as solitons, i.e., as regular, finite
energy solutions to the field equations [9, 10].

Loosely speaking, a GUT monopole is a region in space where the vacuum
remains in the G-symmetric state (also referred to as the false vacuum),
and asymptotically approaches its “true” vacuum configuration at large
distances. Contrary to the Dirac monopole, the GUT monopoles does not
require the introduction of magnetic charge “by hand”. The radial mag-
netic field of the GUT monopole arises from the configuration of the gauge
fields in the monopole solution. Remarkably, the total magnetic flux emerg-
ing from the GUT monopole is quantized exactly as demanded by Dirac’s
quantization condition. Unlike the point-like Dirac monopole, a GUT mo-
nopole has a rather complicated structure (Figure 2.2). In the innermost
region, extending to a radius of order A=! [11, 4], the full symmetry of
the unified gauge group G is restored. Further outward, the monopole is
surrounded by cloud of gauge bosons and virtual pairs of elementary parti-
cles. Interactions of particles with the monopole inner core can involve the
exchange of gauge bosons associated with the unified gauge group. Such
interactions might, for instance, violate the conservation of baryon num-
ber. This is the reason why monopoles might be able to “catalyze” nucleon
decay (see section 2.5.4).

Monopole solutions are a general property of gauge theories which unify
electromagnetism with the other fundamental forces. The precise monopole
properties, like mass and charge, vary for different unified gauge groups,
but are precise and unambiguous predictions of each theory. The monopole
mass is related to the unification energy scale as

Mzt (1)

where a = €2/hc is the running coupling constant renormalized at the
energy scale A.

The simplest group that can accommodate the symmetries of the stan-
dard model is SU(5). As determined from the running of the low-energy
coupling constants, A and « should be of the order of 10'® GeV and 102
respectively. An SU(5) monopole should consequently have a mass around
1017 GeV, and it would carry one Dirac Charge [13, 14]. The group SO(10)
is the next simplest realistic GUT. Associated with the symmetry break-
ing of SO(10) are two types of monopoles [11, 4]: One monopole is very
heavy (M > 10'% GeV) and is minimally charged. The other one is lighter,
with a mass somewhere between 10'° and 10'6 GeV, and multiply charged
[15, 11]. Monopoles with masses around 10® GeV appear in an SU(15)
GUT [16, 17]. Some supersymmetric models predict multiply charged mo-
nopoles with masses as low as 107 GeV [18, 19|

Although predictions for GUT monopole masses span many orders of mag-
nitude, none of the predicted monopoles is light enough to be produced at

Figure 2.2 — Possible structure of
a GUT monopole. In the cen-
ter of the monopole, out to A~}
(=~ 1072° cm for the most common
GUTSs) there is a GUT symmetric
vacuum (labeled X). From [12].



man-made accelerators. Any monopoles abundant today must be relics of
an epoch shortly after the “Big Bang”, when the universe was extremely
hot.

2.2 Monopole creation in the early universe

According to the Big Bang theory, the universe started from a tremen-
dously hot and dense state and has been cooling and expanding ever since.
In the concept of Grand Unification, the full unified gauge symmetry was
fulfilled when the temperature exceeded the unification energy scale A.

As the universe further expanded and cooled, it underwent several phase
transitions associated with the GUT Higgs fields acquiring some non-
vanishing expectation value, thereby breaking the unified symmetry [20,
21]. At the time of the phase transition, the Higgs fields must have nec-
essarily been uncorrelated at distances larger than the horizon distance
(the furthest distance that light could have traveled since the Big Bang),
and the particular vacuum configuration taken by the Higgs fields should
have been different in causally disconnected domains. With further evolu-
tion of the universe, the horizon size continuously grew. When the causal
domains coalesced, monopoles were formed at the intersection points of
several domains via the so-called Kibble mechanism [22]. According to
[22], the density of monopoles created in the early universe is about one
per horizon-volume at the time of the phase transition.

It is commonly believed that shortly after the Big Bang the universe un-
derwent a phase of exponential expansion (a so-called inflationary phase)
[23, 24]. Without this inflationary phase, relic monopoles should be so
abundant today that their mass density would exceed the mass density
of the observable universe by many orders of magnitude [25].2 Inflation
solves this inconsistency, as the monopole density is drastically reduced
during inflation. The issue of inflation is however not settled theoretically.
Monopoles may have been produced either during inflation, at the end
of inflation, or even afterwards [26, 27, 28, 4, 29]. Some scenarios allow
monopole fluxes close to present experimental limits [30, 31, 32]. As of to-
day, cosmology seems to make no firm prediction about the relic monopole
abundance.

2.3 Acceleration of cosmic monopoles

During the lifetime of the universe, relic monopoles should have acquired
kinetic energy in long range cosmic magnetic fields. Like electric charges
are accelerated along electric field lines, magnetic monopoles are acceler-
ated along magnetic field lines. The kinetic energy gained by a monopole
of charge g on traversing a magnetic field B along a particular path is
[33, 34]

T:g/ B-dl ~ gB¢, (12)
path

where B is the magnetic field strength, and £ is the coherence length of the
field. In the magnetic field of our galaxy for instance, which has a strength
of ~3x107%G and a coherence length ¢ ~ 300pc, a monopole with one
Dirac charge can gain up to 6 x 10'° GeV. Typical magnetic field strengths
and spatial extensions of even more powerful monopole accelerators and
the corresponding maximum energy gain for a singly charged magnetic

2This is known as the “monopole problem”.



monopole are listed in Table 1.

According to [33], magnetic monopoles should have encountered a suf-
ficiently large number of cosmic accelerators to gain kinetic energies of
~10™ GeV. Monopoles with masses smaller than ~10'* GeV should hence
be relativistic

Accelerator B/uG L/Mpc gpBE/GeV  Ref.
normal galaxies 3-10 1072 (0.3—1)-1012 [35]
star-burst galaxies 10-50 10-3 (1.7-28) - 10t [36]
AGN jets ~100 107%—-10"2  1.7-(10* —10'%) [37]
galaxy clusters 2-30 1074 -1 3-10°—5-10'¢  [38]
extragal. sheets 0.1-1 1-30  1.7-10'% —5.10™  [39]

2.4 The Parker Bound

The acceleration of monopoles in magnetic fields also implies a severe the-
oretical constraint on the monopole abundance: Monopoles residing in our
Galaxy would gain kinetic Energy at the expense of the Galactic magnetic
field. The requirement that the magnetic field be not depleted faster than
it is regenerated by the Dynamo effect [40] constraints the monopole flux
to be less than

® =10 emZsr st (13)

This is the well known Parker Bound [41]. The bound is valid for mono-
poles with masses smaller than 1017 GeV.

2.5 Interaction with matter

The essence of the energy loss of electrically charged particles passing
through matter can be described by classical electrodynamics. The same
holds for magnetic monopoles. Electromagnetic interactions (and hence
the energy loss) of magnetic monopoles is calculated using the Maxwell
equations with the substitutions given in equation (8) [42, 43|, in analogy
to electrically charged particles.

2.5.1 lonization

Electrically charged particles passing through matter lose energy mainly by
ionization or excitation of atoms in the target matter via electromagnetic
interactions. The mean energy loss per path length % of a particle with
charge ze, speed 3, and boost factor v = E/M (with M the mass of the
particle) can be calculated with the Bethe-Bloch formula [44, 45, 46],

dE  4nN.z%e* 1 2mec? 32~?
e 1 PR ity S RSP 14
[ E=a N (14)

where N, and I are the electron density and mean ionization potential of
the target material, and m, is the electron mass.

A similar formula holds for the energy loss of magnetic monopoles [43].
From the substitutions for the Maxwell equations given in (8), one might
conclude that any factor ze in the Bethe-Bloch formula describing the
energy loss of a particle with (electric) charge ze had to be replaced with
the magnetic charge g to describe a monopole. A monopole with one Dirac
Charge gp = 137/2e would then mimic a heavy ion with charge z =~ 69.

Table 1 — Magnetic field strength B,
coherence length £ of various cosmic
objects, and the maximum kinetic
energy acquired by a singly charged
magnetic monopole on traversing
such a magnetic field [33].
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Figure 2.3 — Energy losses of
100 TeV monopoles in air [47].
Losses due to photo-nuclear inter-
actions and direct pair-production
dominate for boost-factors v >
10*. Bremsstrahlung is suppressed
by a factor 1/M, and is hence less
important.

Figure 2.4 — Huygens construction
of the Cherenkov light cone.

This is indeed a valid approximation for monopoles with speeds close to
the speed of light (8 = v/c & 1). The correct substitution, however, is

ze — g0, (15)

where § is the speed of the monopole. The additional factor § arises,
because the electric field from a moving magnetic monopole as seen by an
atomic electron is proportional to 3 [43]. As a consequence, there is no
rise in ionization loss for monopoles towards lower velocities. A monopole
with one Dirac Charge and speed 3 ~ 1 would lose (g/e))? ~ 4700 times
more energy than a particle which one unit electric charge.

2.5.2 Radiative energy losses

The Bethe-Bloch formula does not include the energy loss due to direct pair
production, bremsstrahlung and photo-nuclear interactions. The probabil-
ity for these so-called radiative energy losses rises with the particle energy.
For ultra relativistic particles, radiative processes dominate the total en-
ergy loss.

The radiative energy loss of magnetic monopoles is discussed in detail
in [47]. Photo-nuclear interactions and direct pair-production dominate
for Lorentz boosts v > 10%. Bremsstrahlung is inversely proportional to
the monopole mass and hence negligible for massive magnetic monopo-
les. Boost factors of 10* and higher are expected only for relatively light
monopoles. Radiative processes are negligible over a wide range of pre-
dicted monopole masses. Figure 2.3 shows a comparison of radiative and
ionization energy loss processes for 100 TeV monopoles in air.

2.5.3 Cherenkov light from relativistic monopoles

A fraction of the energy lost by charged relativistic particles traversing a
dielectric medium is emitted from excited atoms in the medium as coher-
ent radiation, so-called Cherenkov radiation [48]. Cherenkov radiation is
emitted if the particle’s speed (¢ exceeds the speed of light in the medium
¢/n (where n denotes the index of refraction). The radiation is emitted at
a specific angle f¢, such that

1

i (16)

cos(fc) =

From the Huygens construction in Figure 2.4, one can see that the wave-
front forms a cone around the particle track. Cherenkov radiation has a
continuous frequency spectrum. In dissipative media, n and 8¢ are func-
tions of the frequency v. For a particle with electric charge ze, the radiated

energy per unit track length is
1
/ (1 — W) v dv.

The number of photons of a certain frequency or wavelength is proportional
to dv or d\/)\?, meaning that short wavelengths dominate the Cherenkov
spectrum.

dFE _ 4722202

- _ 1
dz c? (17)

Like electrically charged particles, relativistic magnetic monopoles will
lose energy due to Cherenkov radiation. The intensity of the radiation
is proportional to the square of the magnetic charge g. From substitut-
ing g for the electric charge ze in the energy loss calculation (equation



(17)), one would conclude that monopoles with one Dirac Charge emit
(gp/e)? ~ 4700 times more Cherenkov photons than particles with one
unit electric charge. This is true for monopoles traversing a medium re-
fractive index n = 1. For other media the correct substitution is

ze — ng. (18)

The refractive index enters because not only the magnetic and electric
charge have to be interchanged, but also the permeability p (assumed to be
1) and the permittivity e (see equation (8)), which are related through the
refractive index n. For a minimally charged monopole traveling through
water or ice, (n = 1.33), the Cherenkov radiation is enhanced by a fac-
tor (gpn/e)? ~ 8300, compared to an electrically charged particle with
the same speed. The geometry and frequency spectrum of the emission,

however, will be exactly the same [49].
2.5.4 Catalysis of nucleon decay

Interactions of particles with the innermost core of a GUT magnetic mono-
poles might involve exchanges of the heavy gauge bosons associated with
the unified gauge group. Such interactions can violate baryon number con-
servation (Figure 2.5). As a consequence, GUT monopoles passing through
matter might catalyze nucleon decays along their trajectories (Figure 2.6).
As the core size of of a typical GUT monopole is A~' ~ 1072° cm, one
would, one geometric grounds, expect the catalysis cross section to be of
the order ogay x A™2 &~ 107°8cm?. Callan and Rubakov however found
that, due to monopole structure outside its core, the catalysis cross section
should be enhanced to values similar to typical strong interaction cross
sections [51, 52]. The cross section depends on the monopole speed as
g0

Ocat — Ea (19)

where the constant oy should roughly be of the order of 10728 cm? [53].

The exact cross section depends on particularities of the monopole struc-
ture, which in turn varies for different GUTs and symmetry breaking pat-
terns. Some GUT monopoles, as for instance the lighter monopoles arising
from SO(10) symmetry breaking, will not catalyze nucleon decay at all
[11, 4]. Other theoretical uncertainties are related to the properties of the
target material. For certain materials and monopole velocities, og might
be smaller by two to six orders of magnitudes [54]. Also, the velocity de-
pendence might be 372 rather than 5~ [54, 53]. Although the theoretical
description is exceedingly difficult, nucleon decay catalysis is very interest-
ing for monopole searches, because it permits detection of extremely heavy,
sub-relativistic monopoles.

2.6 Experimental bounds

Ever since monopoles were predicted, they have been searched for with
a variety of experimental set-ups (see [56] for a review). Over decades
of monopole search, the experimental constraints on the monopole abun-
dance became progressively more stringent. Today, the flux of magnetic
monopoles is experimentally constrained to a level well below the Parker
Bound.

The most stringent flux limit resulted from monopole searches with the Mo-
nopole Astrophysics and Cosmic Ray Observatory (MACRO). The MACRO

Figure 2.5 — Example diagram for
for the exchange of a heavy gauge
boson (X) associated with the
unified gauge group that violates
baryon number conservation. Such
processes could be catalyzed by
magnetic monopoles. From [50].

Figure 2.6 — The process p — n'e™
is an example of nucleon decay that
could be catalyzed by GUT mag-

netic monopoles. From [55]



Figure 2.7 — Limit on the flux
of magnetic monopoles set by the
MACRO collaboration. The limit is
a result of the combination of differ-
ent analyses using the various sub-
detectors of the observatory. Indi-
vidual analyses were optimized on
the detection of monopoles in a cer-
tain velocity range (hence the rather
complicated structure of the overall
limit). Also shown are the limits set
by the Ohya [62] and Baksan [63]
experiments.

Liquid scintillators,

streamer tubes, and nuclear track etch material [57]. More than five years
of experimental data have been searched for signatures of magnetic mono-

poles

in various velocity intervals between 3 = v/c =4 x 107° and 8 ~ 1

[58]. The non-observation of any monopole candidate implies a limit on the
flux magnetic monopoles at a level of ~ 1.4 x 10710 cm=2s7!sr~! (Figure

2.7).

The MACRO limit is superseded by results from other experiments only
under certain conditions:

(a)

0% C.L.) (cm™s7'sr™)

Flux upper limit (9

If magnetic monopoles catalyze nucleon decay, observations of the
luminosity distribution of neutron stars imply a stringent bound on
the monopole flux [59, 60]: Nucleon decays catalyzed by monopoles
which were gravitionally captured inside neutron stars would cause
the stars to heat up and emit ultra-violet and x-ray photons. The
bound on the monopole flux inferred from on observational limits on
ultra-violet and x-ray emissions from neutron stars lies at least six
orders of magnitude below the Parker Bound.

In the velocity range near 3 = 10~ [61], bound states of magnetic
monopoles and nuclei would leave an etchable track in ancient Mica
[61]. With an exposure time close to 500 Myr, the absence of such
tracks in nearly 1000m? of scanned Mica implies a flux limit two to
three orders of magnitude below the Parker bound [61, 56].

For monopoles moving at relativistic speeds (3 > 0.8), the MACRO
limit is superseded by monopole searches performed with neutrino
telescopes.

_15 Parker Bound

Baksan

Ohya

MACRO

—-16 |
10 [ I

107°

107 1

1072

1073

10



3 Monopole search with neutrino telescopes

The immense amount of Cherenkov light expected from a relativistic mag-
netic monopole traversing a transparent medium suggests to search for
monopoles with Cherenkov detectors. Neutrino telescopes are presently
the only Cherenkov detectors operated that are large enough to reach sen-
sitivities to fluxes below the Parker Bound. Several neutrino telescopes are
currently in operation [64, 65]. Others are under construction [66, 67, 68]
or planned [69, 70]. The main science objective of these experiments is
the identification of the sources of high energy cosmic rays via neutrino
detection. Nevertheless, data from neutrino telescopes are also routinely
searched for signatures of monopoles.

3.1 The science objective of neutrino telescopes: Neu-
trino Astrophysics

Neutrino Astrophysics is a relatively young discipline, which attempts to
use neutrinos as messenger particles to probe physics processes in extremely
energetic cosmic environments such as galaxy centers and Gamma Ray
Bursts, or super-nova remnants and micro quasars. The main mission of
neutrino astrophysics is to identify such objects as sources of high energy
cosmic rays. Cosmic ray physics is of general importance to any science
objective involving neutrino telescopes, because secondary cosmic rays are
an inevitable background to both the search for astrophysical neutrinos
and the search for exotic particles. The background to magnetic monopole
searches in particular, originates from interactions of cosmic rays of highest
energies.

3.1.1 Primary cosmic rays

Primary cosmic rays consist mostly of protons (~90%), and a smaller frac-
tion of helium nuclei (~9%) and heavier nuclei (~1%) [71]. Their flux at
the top of the atmosphere is about 1000 nuclei per square meter per sec-
ond. The energy spectrum extends from a few hundreds of MeV to above
102°eV. Over this wide range of energy, the spectrum appears relatively
structureless, and can be well be approximated by broken power laws as
dN/dE « E~7. Two (perhaps three) changes of the slope are the only
known features [72, 73, 46]: Around 3 - 10%° eV, the slope steepens from
v & 2.7 to v ~ 3.1. This bend in the spectrum is referred to as the knee
(Figure 3.1). Around 10'® eV the slope flattens again to v ~ 2.7 at what
is called the ankle. Between the knee and the ankle, around 5 - 107 eV, a
third break in the spectrum has been observed (the second knee), where
the slope steepens to v ~ 3.3 [74, 75, 76]. (Figure 3.2 shows a blowup of
the cosmic ray spectrum in the region between the knee and the ankle,
exposing the second knee.)

The broken power law spectrum as well as the chemical composition of cos-
mic ray particles is believed to be a result of shock acceleration (first order
Fermi mechanism [77, 78]) and subsequent diffusion through the interstel-
lar medium (leaky-boz model, see e.g. [71]). Fermi acceleration naturally
produces an energy spectrum close to E~2. The observed energy spectrum
is steeper than the one at the acceleration site, because (according to the
leaky-box model) the typical residence time 7 of cosmic rays in our galaxy
decreases with energy as 7 oc E~%, with 6 ~ 0.6. The limiting factor to
both the maximum energy achieved by shock acceleration and the resi-
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Figure 3.1 — Observed energy spec-
trum of primary cosmic rays. Be-
tween 10'! and 10%° eV, the spec-
trum follows a power-law with
changes in the slope at ~3-10'5 eV
(knee), and ~10*® eV (ankle) [73].
For a better exposure of the fea-
tures in the slope, the spectrum
is weighted by E*7. The slope
change around ~5-10"7 eV (referred
to as second knee) is less exposed
in this presentation. The integral
flux of cosmic ray particles above
the knee and the ankle are approxi-
mately 1 per square meter and one
per square kilometer per year, re-
spectively [72].



Figure 3.2 — Available cosmic ray
data at the end of the cosmic
ray spectrum (the measured is flux
weighted by E3). One possible ex-
planation for the smooth continu-
ation of the energy spectrum up
to the second knee is a significant
contribution from elements heavier
than iron [84]). The flux of the
“trans-iron” elements is labeled 28-
92. From [85].
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dence time in our galaxy is magnetic confinement: Cosmic ray nuclei with
higher nuclear charge Z gain more energy in cosmic accelerators and are
more efficiently confined in the galactic magnetic field.

In the traditional interpretation of the observed broken power law spec-
trum, particles with energies below the knee are accelerated within our
galaxy. The most common environment in which shock acceleration can
take place are super-nova shocks expanding into the inter-stellar medium.
Galactic super-nova explosions can account for the bulk of cosmic rays,
provided about 10% of the kinetic energy of their ejecta is converted into
into relativistic cosmic rays. One therefore identifies the knee in the cos-
mic ray spectrum with the cut-off energy of protons accelerated in galactic
super-novae. Since the maximum energy that cosmic ray particles can ac-
quire in super-nova shocks is proportional to Z [79, 80, 81], the steepening
of the slope above the knee is believed to reflect the consecutive cut-offs of
progressively heavier elements, ? and to some extent, the charge dependent
leakage of cosmic rays from the galaxy.

The ankle is traditionally believed to mark the transition from galactic
to extra-galactic cosmic rays. Particles with energies of 10'® and beyond
have gyro radii larger than than the extensions of the galactic disk, and
are hence believed to be of extragalactic origin. The ankle structure could
be due to cosmic rays from more powerful extragalactic accelerators that
penetrate into the galaxy and dominate the observed flux above 108 eV.
The cosmic ray spectrum is expected to break off above ~5-10'? eV, where
protons are absorbed through pion production with the 2.7-K microwave
background photons (py — At — nrt(pn?)), an effect referred to as
Greisen-Zatsepin-Kuz’'min (GZK) cutoff [83].

The interpretation of the cosmic ray spectrum is however not free of debate.
Detailed examinations of the energies achievable in standard galactic super-
nova shocks suggest that the maximum energy is limited to E/Z ~ 104 eV
[81, 80]. Then, galactic super-novae were not sufficient to account for the
smooth continuation of the cosmic ray spectrum all the way up to the
ankle. Several scenarios have been suggested to explain observations:

— A significant contribution of extremely heavy elements (poly-gonato®
model): The heaviest common nucleus abundant in cosmic radiation

3Recent measurements indeed indicate a composition transition from light to heavier
elements above the knee [82].
4poly gonato (Greek): “many knees”
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is iron (Z = 26). As the knee positions of individual elements scale
with nuclear charge Z, a galactic component of super-heavy elements
with Z > 26 could explain the all particle spectrum up to the second
knee [85, 84] (see Figure 3.2).

The presence of a second class of galactic cosmic ray accelerators,
which are rarer than supernova remnants but accelerate cosmic ray
nuclei to higher energies [86, 87, 88].

An onset of the extragalactic component already around 10'7 eV
[89, 90]: Extragalactic protons would suffer, besides the GZK ef-
fect, from energy loss associated with the photo-production of eTe™
pairs on the cosmic micro wave background. This would result in a
“pair-production dip” between 10'® and 10'” eV, which would mimic
the ankle, if extragalactic cosmic rays predominantly consisted of
protons and started dominating the spectrum at energies much lower
than previously assumed (Figure 3.3).

Much speculation surrounds the origin of cosmic rays above the ankle. Ac-
tive galactic nuclei or gamma ray bursts might provide enough power to
accelerate cosmic rays up to the highest energies observed. The observa-
tion of high energy neutrinos from these candidate sources would provide
inevitable evidence for hadron acceleration in these sources.

3.1.2 Cosmic messengers

Source tracing of cosmic rays is restricted to highest the energies. Protons
with energies below 10 eV will be deflected in galactic magnetic fields and
thus lose all directional information. Particles above this energy will travel
in straight lines through galactic and intergalactic magnetic fields, but will
be absorbed in the inter-stellar photon background. The acceleration of
cosmic rays, however, is always connected with the emission of gamma rays
and neutrinos. This correlation must exist, because some fraction of the
the accelerated particles will interact in their sources with ambient matter
or photons (This mechanism is referred to as “astrophysical beam dump”,
see Figure 3.4). The interaction will result in the production of pions. The
neutral pions will decay into photons as 7° — 7+, while the charged pions
decay as 7+ — uiy#, pt — eiyﬂye. Apart from protons, also photons
and neutrinos can be used as messenger particles from cosmic accelerators.
The (neutral) photons are not affected by magnetic fields. However, high
energy gamma rays will be absorbed when interacting with the photon
background via Pair-production (yy — ete™). As a consequence, the
universe is opaque to high energy gamma rays.

Neutrinos in contrast, do not suffer deflection or absorption during prop-
agation. Their great penetrating power allows them to escape from dense
sources that may be opaque to other particles, and reach the Earth from
the most distant cosmic objects. However, their small interaction prob-
ability poses the greatest challenge to neutrino astrophysics: Extremely
large detectors are needed to address the small fluxes predicted for cosmic
neutrinos.

3.2 The concept of a neutrino telescope
Fundamentally, a neutrino telescope maps the Cherenkov light generated

by charged particles with a three dimensional grid of optical sensors embed-
ded in a transparent medium which acts as target and Cherenkov medium
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Figure 3.3 — The upper end of the
cosmic ray spectrum. The hatched
area shows the probable fall off
of the galactic component, as in-
ferred from measurements of the
KASCADE experiment [82]. The
thick colored lines represent mod-
els for the flux of extragalactic cos-
mic rays. The dashed lines of
same color represent the amount
of cosmic rays that must, within
these models, be due to galactic
An extragalactic compo-
nent consisting predominantly of
protons which dominates the overall
spectrum just above ~10'7 eV (red
line labeled "EGAL p") would allow
a steeply falling galactic component
as suggested by KASCADE. From
[86].
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Figure 3.4 — Astrophysical beam
dump. From [91].
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Figure 3.5 — Principle of a neutrino
telescope:  The Cherenkov light
cone from charged leptons, pro-
duced in neutrino nucleon interac-
tions, is mapped with a matrix of
optical sensors (labeled OM).
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Figure 3.6 — In a standard cosmic
neutrino search, the Earth acts as a
filter against the background of cos-
mic ray induced muons. Only parti-
cles that arrive from the hemisphere
opposite the detector are consid-
ered. Atmospheric neutrinos con-
stitute the remaining background.

(Figure 3.5). Neutrinos can only be detected through the Cherenkov light
emitted by secondary charged leptons that are created in charged current
interactions with nuclei in the target matter as

vi(m)+ N — 1" (1) + X, (20)

where [ is one of the lepton flavors (e, u,7), N is a nucleon, and X is a
hadronic cascade. The exact Cherenkov signature of the daughter lepton
depends on its flavor. Relativistic muons from v,-interactions travel over
large enough distances to leave an elongated track-like signature that per-
mits accurate inference of the direction of the initial neutrino. Electrons
in contrast, cascade quickly in the target material via bremsstrahlung and
pair production, resulting in a spherical light pattern. Extremely short-
lived tau leptons travel only short distances in the detector before they
decay. The signature of ultra high energy v, are two bright cascades at the
production and the decay vertex, respectively (the so-called double bang
signature).

As neutrinos interact only weakly, their probability to interact in the vicin-
ity of a detector is extremely small. One way to construct a detector large
enough to reach astrophysical sensitivity at reasonable cost is to utilize a
naturally abundant medium for detection. Sufficiently transparent media
are deep oceans, lakes or the thick ice layer at the South Pole. Photo-
multiplier tubes (PMTs) are used as light sensors, since they are relatively
inexpensive and robust, have large collection areas, and are highly sen-
sitive to visible and ultraviolet light. The PMTs are deployed at depth,
typically one to two kilometers below the surface, in order to shield the
detector from charged particles created in cosmic ray interactions in the
atmosphere above the detector.

The preferred detection channel for cosmic neutrinos is the muon channel,
because the elongated muon tracks provide the best directional informa-
tion. At TeV energies, the direction of the initial muon can be reconstructed
from the time and spatial pattern of detected Cherenkov photons with de-
gree accuracy or better. The simplest criterion to suppress the cosmic ray
induced background, then, is to consider only those muons which enter the
detector from below the horizon. Since the neutrino is presently the only
known particle capable of crossing the entire Earth, muons from below the
horizon are assumed to be neutrino induced. Apart from the small fraction
of cosmic ray induced muons for which the direction reconstruction fails,
the only remaining background are muons induced by atmospheric neutri-
nos, which were created in cosmic ray interactions in the atmosphere on
the opposite hemisphere (Figure 3.6).

3.3 Event classes in a neutrino telescope

The “beam dump” mechanism (c.f. Figure 3.4) applies for meson cascades
not only in stellar environments but also in the Earth’s atmosphere. Colli-
sions of primary cosmic rays with atmospheric air nuclei produce cascades
of high energy secondary particles. The most penetrating components
of these secondary cosmic rays are highly relativistic muons and neutri-
nos. They are created as decay products of charged mesons, mostly pions.
Both atmospheric neutrinos and atmospheric muons are capable of reach-
ing detectors located several kilometers underground and form the principal
background to all particle searches performed with neutrino telescopes.
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3.3.1 Atmaospheric muons

Muons are the most numerous charged secondary cosmic rays reaching the
Earth’s surface. Their energy and angular spectrum is a convolution of the
primary cosmic ray spectrum, their production probability, their energy
loss and their decay. Atmospheric muons with energies of some hundreds
of GeV at the surface are capable of reaching depths at which neutrino
telescopes are typically located. At these energies, the muon energy spec-
trum is steeper than the spectrum of primary cosmic rays (asymptotically
by one power in energy), because mother pions with energies greater than
~115 GeV tend to interact in the atmosphere (i.e., lose energy) before they
decay [92].

Although neutrino telescopes are shielded by several kilometers of water
or ice, the bulk of detected particles are atmospheric muons. Figure 3.7
shows the depth dependence of atmospheric muon flux underground. The
AMANDA-II telescope, for instance, is covered with ~1.5km of South Polar
ice, and atmospheric muons cause an event rate around 90 per second,
outweighing the rate of detected atmospheric neutrinos by a factor > 10°
[93].

As atmospheric muons are created in the atmosphere above the detector,
they will always enter the detector from above the horizon (Figure 3.8).
Therefore, the most efficient way to eliminate the atmospheric muon back-
ground is to discard down-going particles.

Some neutrino searches (those that are designed to detect cosmic neutri-
nos of extremely high energies), and searches for monopoles and some other
exotic particles, extend their search region above the horizon. The discrim-
inating criterion against atmospheric muons in these searches can be based
on the amount of energy deposited in the detector as Cherenkov radiation.
Searches above the horizon are less efficient than those restricted to only
one hemisphere. Despite their steep energy spectrum, atmospheric muons
can mimic the Cherenkov signature of extremely highly energetic particles:
In interactions of very energetic cosmic rays in the atmosphere, muons are
produced in bundles of many nearly parallel muons. Although the indi-
vidual muons are of relatively low energy, the total Cherenkov light yield
can be comparable to that expected in signatures of ultra-high energetic
(cosmic) neutrinos or relativistic magnetic monopoles.

3.3.2 Atmaspheric neutrinos

Like atmospheric muons, atmospheric neutrinos occur as decay products
of charged mesons that were produced in collisions with cosmic ray parti-
cles in the upper atmosphere. In the energy range of interest, that is for
neutrino energies above ~100 GeV, the energy spectrum of atmospheric
muon neutrinos is steeper than the spectrum of primary cosmic rays by
one power in energy, i.e., dN/dE, o« E~37.% In contrast, the spectrum
of neutrinos created in astrophysical beam dumps in cosmic accelerators is
expected to parallel the hard energy spectrum of accelerated nuclei (typ-
ically ~E~2), because the mother mesons decay in free flight in the low
density environment.

5The flux of atmospheric electron neutrinos (decay products of atmospheric muons) is
substantially smaller than that of muon neutrinos, because most muons at GeV energies
and above reach the ground before they decay. In fact, most v, originate from the decay
of charged kaons.
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Figure 3.8 — Zenith angle distribu-
tion of atmospheric muons and neu-
trino induced muons in a neutrino
telescope. A zenith angle of 0° cor-
responds to a muon track that is
vertically down-going. The atmo-
spheric muon background vanishes
for zenith angles greater than 85°.
From [94].
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muons detected in a neutrino tele-
scope above a certain threshold E,,.
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ing a hard energy spectrum as E,, 2
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Figure 3.9 shows the energy depended integral muon flux in a neutrino
telescope for muons induced by atmospheric neutrinos and muons induced
by cosmic neutrinos with an energy spectrum as F~2.

Atmospheric neutrinos are the principal background to searches for cos-
mic neutrinos of (in an astrophysical context) relatively low energies. For
searches for ultra high energy neutrinos or relativistic magnetic monopo-
les, atmospheric muon bundles are the dominant background, compared to
which atmospheric neutrinos are entirely negligible.

3.4 Monopole searches

The most obvious way to search for monopoles with a neutrino telescope
is to look for monopole Cherenkov signatures. This of course, requires
the monopoles to have a speed above the Cherenkov threshold, which in
turn implies that only lighter mass monopoles can be detected, as only
those would be relativistic. Heavy, slowly moving monopoles could be
detected via nucleon decay catalysis. Strictly speaking, the catalysis sig-
nature is also a Cherenkov signature, as the monopoles are detected via
Cherenkov emissions of the nucleon decay products. Therefore, the detec-
tion of sub-relativistic monopoles requires the monopoles to be capable of
catalyzing nucleon decay, which is however only the case within certain
unified gauge theories.

The search strategies for relativistic monopoles and super heavy, sub-
relativistic monopoles differ. The signal of relativistic magnetic monopoles
stand out due to their enormous Cherenkov emission, whereas super-heavy
monopoles stand out due to their sub-relativistic velocity. Dominant back-
ground to both searches are specific categories of atmospheric muon events:
To relativistic monopole searches, large atmospheric muon bundles are the
most severe background. To searches for slowly moving monopoles, coin-
cident atmospheric muons from independent air-showers, which enter the
detector with a time difference of several micro-seconds relative to each
other, pose the most challenging background, as the light flow in the de-
tector can mimic a sub-relativistic particle crossing.

3.4.1 Cherenkov signature of background atmospheric muons

~
~

Muons detected in a neutrino telescope are ultra-relativistic (8 = 1) and
have velocities well above the Cherenkov threshold (Fipresn = 160 MeV,
for muons in ice or water). Cherenkov radiation is emitted at an angle
fc =~ 41° relative to the muon track. Light sensors used in neutrino tele-
scopes are sensitive to optical photons, with wavelengths between 350 to
650 nanometers. Within this wavelength interval, the refractive index is
approximately constant. The number of photons emitted per path length
dz and wavelength interval d\ is given by the Franck-Tamm Formula

2
dN7_27ra( 1 (21)

dzdx — A2 " 52n2>’

where o denotes the Finestructure constant. In the relevant wavelength
interval, a muon will emit about 200 Cherenkov photons per centimeter.
The total energy loss of a relativistic muon due to Cherenkov radiation
is about 400 eV per centimeter, which is marginal compared to the energy
loss due to ionization (= 2 MeV per centimeter track, for a minimally ioniz-
ing muon) [46]. In addition to Cherenkov radiation and ionization, muons
will lose energy in radiative processes like bremsstrahlung, pair produc-
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tion, and photo nuclear interactions. The ionization loss shows only small
fluctuations and is practically independent of the muon energy. The other
processes are highly stochastic in nature.

The total average energy loss per unit length can be parameterized as

_ <%> — a(E,) + B(E,) By (22)

The coefficient « represents the ionization loss and can be described by the
Bethe-Bloch formula (see for example [46]). [ accounts for the stochastic
fraction. A first order approximation can be made by considering a and
0 to be constant. Assuming the muon minimum-ionizing « is about 0.2
GeV m~!. The value of 8 is about 3.4 -107* m™! in ice, so that the
stochastic processes start to dominate over the continuous ones at about
600 GeV (Figure 3.10). Secondary particles have momenta aligned with the
muon track. Their Cherenkov light is therefore peaked at the Cherenkov
angle of the muon, preserving the conical geometry of the emission. The
resulting enhancement of the Cherenkov light intensity permits estimates
of the muon energy.

3.4.2 Arrival directions of magnetic monopoles

The energy loss that monopoles suffer during their passage through matter
dictate the mass range to which monopole searches with underground de-
tectors are sensitive. Like neutrinos, magnetic monopoles are predicted to
be extremely penetrating. Unlike neutrinos, this penetrating power rises
with the monopole mass. Super heavy GUT monopoles with masses around
10'7 GeV can pass through the entire Earth without being absorbed and
could hence reach a neutrino telescope from all directions. Lighter monopo-
les are expected to be relativistic but are, below a certain mass threshold,
absorbed in the Earth. Hence, they can reach a neutrino telescope only
from above the horizon.

Magnetic monopoles traversing matter lose energy mostly through ioniza-
tion. The full Bethe-Bloch formula adapted for monopoles is discussed in
[43]. Including all corrections, it has the form

K(gl) 90
5 T2 2

2,2 232,22
= [ (20 - Blah|. ©3)

dx MeC? I

where N, density of electrons, m. is the electron mass, I mean ionization
potential, § density effect correction [96], and K(|g|) is the Kazama- Yang-
Goldhaber (KYQ) cross section correction [97], which takes the values

0.406  for
K(L"')_{ 0.346 for

for monopoles carrying one or two Dirac charges, respectively. B(|g|) is the
Bloch correction, taking the values

lg| = 137¢/2,

gl = 137e, 24

0.248 for
Bl _{ 0.672 for
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lg| = 137¢/2,

lg| = 137e. (25)

energy loss [GeV g1 cm?]

10 hoto-nucl
14 £ decay
10,
SR
10,
10
10,
10,
10k
10,
10,
10
-1 2 3 4 5 6 7 8 9 10 11
10 1 10 10 10 10 10 10 10 10 10 10 10
energy [GeV]
Figure 3.10 — Energy depen-

dence of energy loss processes
(ionization, bremsstrahlung, pair-
production, and photo-nuclear in-
teractions) of relativistic muons
traversing matter. The loss pro-
cesses were simulated with the
Muon Monte Carlo mmc. From [95].
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Formula (24) holds for moderate Lorentz boosts v = E/M < 100 [43].
For such Lorentz boosts, radiative energy losses are negligible, and the
ionization loss of a minimally charged monopole passing through ice or
water is of the order of 10 GeV per centimeter. In the Earth’s mantle
(consisting mostly of silicon) and the Earth’s core (consisting mostly of
iron) the ionization loss is three to ten times higher. On traversing the full
diameter of the Earth, a relativistic monopole would lose O(10'!) GeV [98].
Since the monopole kinetic energy acquired in cosmic magnetic fields is of
the order of 10'2 to 10'® GeV, monopoles may reach neutrino telescopes
from below.

In order to be detectable via direct Cherenkov emissions, monopoles must

For ice or water this requires a minimum Lorentz boost of v ~ 1.5. With an
initial kinetic energy of 10'* GeV, monopoles with masses up to ~10'* GeV
are fast enough to be detected by their direct Cherenkov emissions.

For very light monopoles (M < 107 GeV), the initial Lorentz boost will
be high and radiative energy losses are dominant. The passage of light
monopoles through the Earth is treated in detail in [33]. Figure 3.11 Shows
the Lorentz boost of light magnetic monopoles with initial kinetic energies
between 10! and 10'4 GeV after traversing the Earth. With these initial
kinetic energies, monopoles with masses down to 107 GeV can traverse the

full diameter of the Earth.
3.4.3 The Monopole Cherenkov signature

The total number of Cherenkov photons per track length dz and wave-
length interval d\ emitted by a monopole is calculable with the Franck-
Tamm formula adapted for magnetic monopoles [49]:

EN SE YU -
ded\ X2 \e 32n2 )’

where g denotes the magnetic charge and n is the refractive index. A mini-
mally charged monopole traversing ice will lose about 300 MeV per centime-
ter due to Cherenkov radiation. The number of emitted Cherenkov pho-
tons is of the order 10% per centimeter in the wavelength interval between
400 nm and 600 nm.

(26)

For monopole with a speed § &~ 1, the total amount of Cherenkov light due
to the bare magnetic charge equals the amount of light emitted by a muon
with an energy of ~14PeV. If the monopole is extremely relativistic, this
amount of Cherenkov light is enhanced by the emissions from secondary
particles.

Monopoles which are detectable with a neutrino telescope are not neces-
sarily wltra-relativistic. Monopoles with 3 < 1 emit Cherenkov light at
smaller angles fc and with smaller intensities (see equation (26)). The
Cherenkov threshold in water or ice is 8 ~ 0.75. Monopoles with velocities
below this threshold can still be detected via the Cherenkov emission of
secondary electrons (0-electrons). With a speed of 8 ~ 0.5 or greater, a
monopole can produce d-electrons with sufficient kinetic energy to emit
Cherenkov radiation. Figure 3.12 shows the number of Cherenkov pho-
tons emitted by monopoles and secondary J-electrons as a function of the
monopole velocity.
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The search for relativistic magnetic monopoles arriving from the opposite
hemisphere i.e., those which would be detected as up-going particles in
a neutrino telescope, is almost background-free. Background events from
atmospheric neutrinos have only a small Cherenkov light yield compared
to relativistic monopoles and are easily rejected. Large atmospheric muon
bundles in contrast can illuminate large areas of the detector. Bundles
induced by cosmic rays of highest energies can contain up to tens of thou-
sands of muons, spread over a cross sectional area as large hundreds of
square meters [99]. Track reconstructions are more probable to fail on
bundle events, since the cone geometry of the Cherenkov emission is less
regular than the geometry of the emission from only a single track. The
background of mis-reconstructed muon bundles is rejected using criteria
sensitive to the Cherenkov light intensity rather than to the timing of the
detected Cherenkov photons. Such criteria have enough rejection power to
extend the search to the angular region above the horizon.

3.4.4 Catalysis signature

Super-heavy monopoles (M > 106 GeV) are expected to have velocities
around 10~3¢ [56]. Monopole passing through a neutrino telescope at such
sub-relativistic speeds might catalyze the decay of protons and neutrons in
the target matter, mainly as [100]

p—etn®  and p— putKO,

+
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n—etn™ and n—ptK. (@7)

The signature of a nucleon decay catalyzing monopole would be a series of
closely spaced bursts of Cherenkov light, emitted from the decay products,
along the monopole trajectory. The mean free path of the interaction
depends on the catalysis cross section, for which there is no firm theoretical
prediction (see section 2.5.4). It may lie in the sub-millimeter range, but
could also exceed meters (in which case neutrino telescopes cease to be
sensitive [101]).

In a search for sub-relativistic monopoles, the main distinctive feature is
the event duration (i.e., the time span over which Cherenkov light is col-
lected) rather than the light yield. A challenging background to this kind
of analysis are overlapping atmospheric muon events. If muons from inde-
pendent air showers coincide within tens of micro seconds they may fake
the time characteristics of slowly moving particle [101].

3.5 Experimental bounds

Searches for relativistic monopoles have been carried out with the BAIKAL
neutrino telescope [102, 65], and with AMANDA-II’s predecessor AMANDA-
B105 [103]. Neither experiment has observed a monopole signal, and both
analyses yielded upper flux limits (Figure 3.13). Both experiments have
considered monopoles carrying one Dirac charge and monopole speeds
greater than § = v/c > 0.8. As these analyses were restricted to mono-
poles from below the horizon, the limits apply to monopoles with masses
roughly between 107 and 10'* GeV.

Strategies for monopoles search with the ANTARES underwater neutrino
telescope, which is presently under construction in the Mediterranean, have

5The AMANDA-B10detector is a sub-array of AMANDA-II. Tt corresponds to an earlier
construction stage, when only about half the number of optical sensors were deployed.
The AMANDA-B10 detector was operated during the year 1997.
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Figure 3.13 — Existing flux limits
and expected ANTARES sensitivity
to the flux of relativistic magnetic
monopoles. The limit by BAIKAL
was obtained from the analysis of
data taken during 994 days on
which the detector was operational
[102, 65]. The AMANDA-B10 [103]
was obtained from 179 days effec-
tive detector livetime, taken during
1997. The sensitivities of the fu-
ture ANTARES detector to mono-
poles above the Cherenkov thresh-
old (labeled "ANTARES (1)") and
below the Cherenkov threshold (la-
beled "ANTARES (2)") are expected
after 365 days of operation.
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Figure 3.14 — Expected sensitivity
of the AMANDA-II detector to sub-
relativistic monopoles (3 = 1072)
[101] compared to limits set by the
IMB [108] (8 = 1072) and MACRO
(8=5-107%) [100].
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already been developed. Based on simulations, the ANTARES collabora-
tion has investigated the feasibility to detect monopoles via their direct
Cherenkov emissions [104] and via the emissions from secondary d-electrons
[105, 106]. The latter search would be sensitive to monopole velocities
down to $=0.51 (corresponding to the threshold velocity in sea water,
above which monopoles can produce Cherenkov light by d-electrons). The
expected sensitivity of the ANTARES analyses is shown in Figure 3.13,
along with the existing AMANDA-B10 and BAIKAL limits.

Sub-relativistic monopoles have been searched for with the SUPER-KA-
MIOKANDE [107], IMB [108], BAIKAL [109], and MACRO [100] exper-
iments. No candidate events have been observed so far. Due to large
theoretical uncertainties in the catalysis cross section, the non observa-
tions of a signal are difficult to translate into a flux limits. Flux limits
are usually quoted dependent on the monopole velocity 3 and the catalysis
cross section og (see equation (19)).

Figure 3.14 shows the limits obtained by MACRO and IMB for an assumed
monopole velocity of 3 = 573 and 8 = 102, respectively. A search for sub-
relativistic monopoles with AMANDA-II data is presently being performed
[101]. The AMANDA-IT sensitivity expected for the analysis of one year
of experimental data shown in Figure 3.14 for comparison.
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4 The AMANDA-II neutrino telescope

The Antarctic Muon And Neutrino Detector Array (AMANDA) [64] is a
neutrino telescope that is deployed and operated on the Antarctic continent
at the geographic South Pole (Figure 4.1). The almost three kilometers-
thick ice sheet covering the continental bedrock serves as Cherenkov medium.
Because of its purity and low temperature’, the Polar ice provides an ideal
environment for operating photo-multiplier-tubes, and its solid surface is
advantageous for the installation, operation, and maintenance of a neutrino
telescope. The full AMANDA-II detector comprises more than 600 light sen-
sitive optical modules (OMs), each consisting of an 8-inch photomultiplier
tube and supporting electronics in a transparent pressure housing. Most
of the OMs are deployed at depths greater than 1500 m below the sur-
face (Figure 4.2). Power is supplied from the surface via electrical cables,
which, in some OMs, are also used for signal transmission. Other OMs
are read out via optical fiber. The low dark noise rate of the OMs (being
operated in a cold in sterile environment) permits to use a simple majority
trigger that is implemented in the surface electronics. With the specific
trigger conditions presently used, AMANDA records atmospheric muons at
an average rate around 90 Hz. The track reconstruction accuracy for muons
induced by neutrinos of TeV energies is around two degrees after applying
standard quality criteria [111]. Presently, atmospheric muon-neutrinos cre-
ated in the northern hemisphere are detected at an average rate of ~4 per
day [111]. AMANDA-II in its final configuration has been operational from
the beginning of the year 2000 on. The data collected so far permitted to
measure the spectrum of atmospheric neutrinos, place limits on the flux of
extra-terrestrial neutrinos, and probe physics beyond the Standard Model.

4.1 The detection medium: South Polar ice

The particle tracks in a neutrino telescope are reconstructed from the
Cherenkov light pattern, mapped with a sparse matrix of optical sensors.
Photons in AMANDA typically propagate some tens of meters before hit-
ting an optical module. Track reconstruction, therefore, requires a good
understanding of light propagation in the Cherenkov medium. Quanti-
tative modeling of light propagation involves two microscopic processes:
Scattering and absorption of photons, which generally depend on the pho-
ton wavelength. The AMANDA optical modules are sensitive to visible and
ultra-violet light with wavelengths from 300 to 600 nm. In this wavelength
interval, deep South Polar ice is extremely transparent, and both scattering
and absorption mainly arise from dust impurities. The dust concentration
shows a depth dependence, as the Polar glacier has accumulated over mil-
lennia as small annual snowfall. Dust impurities at certain depths (and
hence the propensity of the ice to scatter and absorb photons) trace the
impurities which were present in the Antarctic air and which precipitated
in snowflakes at a certain epoch.

The optical properties of the Polar ice have been measured in situ, using
various artificial light sources that were deployed at depth together with
the OMs. These measurements, together with empirical parameterizations
of the variations of scattering and absorption with wavelength, allowed to

Tabout —20°C between depths of 1500-2000 m [110]
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Figure 4.1 — AMANDA is located
on the Antarctic continent, at the
geographic South Pole (marked by
the red star).

—50m

— 1000 m

— 1500 m

— 2000 m

L 2500 m

Figure 4.2 — Arrangement of
AMANDA-II OMs (black dots).
The sketch of the Eiffel tower (true
to scale) is to illustrate the size of
the detector.
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Figure 4.3 — Wavelength depen-
dence of absorptivity in ice. Mea-
surements in Polar ice (red mark-
ers) [114] show excellent agreement
with the “Three-component model”
(black line) [113]. Measurements
for ice grown from pristine H20
under laboratory conditions (gray
markers) are shown for comparison.
Taken from [114].

model the light propagation in Polar ice at depth between 1100 and 2350 m
throughout the wavelength range from 300 nm to 600 nm.

4.1.1 Absorption

The Polar ice is remarkably transparent to light at visible wavelengths and
near ultraviolet. With absorption lengths of 100 meters and more, it is
much cleaner than any ice grown under laboratory conditions. Figure 4.3
shows the the measured absorptivity (defined as the reciprocal absorption
length) for several wavelengths between 300 and 600nm and at depths
of 1655, 1675, and 1755 meters. Absorptivity is minimal around 400 nm,
reaching values as low as 1072m~!. This is a factor two lower than ab-
sorptivities measured in deep sea water [112]. The wavelength dependency
is in excellently described by the empirical, Three-component model [113]
according to which there are three contributions to absorptivity:

1. light absorption due to an electronic band gap in the in the ice crystal,
which dominates absorption in the far ultraviolet (A < 200 nm),

2. absorption due to excitation of Ho0 molecules, which is dominate in
the infrared (A > 500 nm), and

3. light absorption due to impurities, such as dust grains inherent in
the ice.

In the wavelength interval between 200 and 500 nm, pure ice is extremely
transparent, and absorptivity depends almost solely on the concentration
of impurities. At depths around 1000 m and below 2000 m, the dust con-
centration are lowest and absorption lengths well in excess of 100 meters
are reached.

4.1.2 Scattering

The geometric scattering length (the photon mean free path, A\s) in South
Polar ice is of the order of meters, much shorter than the absorption length.
If the scattering were isotropic (i.e., photons were scattered in all directions
with equal probability), As would be the length scale over which the initial
photon direction is randomized. However, in South Polar ice, scattering is
preferentially forward. In this case, the randomization length scale is given
by the “effective scattering length” ® (the transport mean free path)

3

As

Ae = ——F———,
1 — {(cos O)

(28)

with (cos©®) being mean scattering angle. The mean scattering angle
mainly depends on the size of the scatting center. For scattering on dust
grains abundant in South Polar ice, the average (cos©) is 0.94 [115], and
consequently A is significantly greater than As;. Apart from dust grains,
sub-millimeter-sized air bubbles trapped in the ice can scatter photons.
For scattering on air bubbles, the average (cos ©) is 0.75. Air bubbles are
responsible for a dramatic decrease of the scattering length above ~1400 m.
The strong scattering at these shallower depths was the main reason to de-
ploy AMANDA-II in deep ice, below 1500 m. Here, due to the high pressure,

8For a collimated light beam in a non-absorbing medium, A, has a natural interpre-
tation: It is the distance along the original injection direction after which the net flux
in that direction is zero.
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air bubbles underwent a phase transition from the gas phase to solid air
hydrate crystals [116]. The refractive indices of air hydrate and of normal
ice are almost identical [117], and consequently, light passes through air
hydrate crystals with almost no scattering.

The measured effective scattering length in South Polar ice below 1500 m
varies between 15 and 50 meters and depends on wavelength and on depth
[114]. The wavelength dependency of scattering can be modeled with a
power law as 1/\. o< A™% [115], with @ &~ 0.9. The numerical value of
the index o was derived from measurements [114]. For ultra-violet light,
the average A\, is around 20 m. Like absorption, the depth dependence of
scattering follows the concentration of dust impurities in the ice.

Figure 4.4 shows the depth dependence of the scattering and absorption
lengths in the depth range 1300 to 2200 meters for wavelengths of 300 to
600 nm.

4.2 Deployment and detector geometry

AMANDA-1, in its final state, consists of 677 optical modules (OMs). Most
of the OMs are contained in a cylindrical volume of 500 m height around
the detector center, which is located 1730 m below the surface. The OMs
are arranged on 19 vertical strings. During construction, the strings were
lowered into water filled holes, drilled with pressurized hot water to a depth
of at least 2000 m. Two days after deployment, the OMs were frozen per-
manently into place. Their relative location after re-freezing could be de-
termined to within less than a meter. Figure 4.5 shows a schematic view of
string locations in the horizontal plane.® The strings are arranged roughly
in three concentric circles of 80, 160 and 200 meter diameter respectively,
with one additional string in the center. The strings are numbered accord-
ing to the chronological order of their deployment. OMs are numbered also
chronologically. Within each string, the OM number is incremented with
increasing depth.

Strings 1-4 ,

were deployed first (Austral summer 1995/96). Each contain 20 OMs at a
vertical spacing of 20 m. These four strings cover the depth range 1500 to
2000 m. The central string (string4) comprises six additional OMs, which
were deployed for test purposes. The OMs are located at the bottom of
the string and are not used for physics analyses.

(OM1 - OM86), located in the inner part of the detector,

Strings 5-10 (OM87 - OM 302) were deployed in 1996/97. Each string
carries 36 OMs with a vertical spacing of about 10 m. These strings are
a little shorter than strings 1-4 and cover a depth range from 1500 m to
1800 m.

Strings 11-13  (OM 307 '° - OM 344) were deployed in 1997/98. These
strings extend the depth range of the detector by ~350m in both upward
and downward direction. In the central region (1500m - 2000m), each
string contains 26 OMs, spaced by 20m. Up to 16 additional OMs per
string are deployed with larger vertical spacing in the upper and lower
extensions. The main purpose of these OMs was to explore the optical
properties of the ice over a larger depth range, in anticipation of the future

9A detailed OM map showing the vertical OM spacing for each particular string is
shown in Figure 6.3 in section 6.2.1.
100M 303, 304, 305, and 306 are missing due to time pressure at deployment
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Figure 4.4 — Absorption length
(black) and scattering length (red)
at depths between 1300 and
2200 m. The depth range on the
abscissa is relative to the center of
the AMANDA detector, located at
1730 m. Each graph corresponds to
the scattering or absorption length
for one particular wavelength be-
tween 300 and 600 nm. Taken from
[118].
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IceCube detector. OMs on the upper and lower string extensions are usually
not used in physics analyses.

Strings 14-19 (OM 345- OM 681) were deployed during Austral summer
1999/2000. Each string comprises 43 OMs at a vertical spacing of 15m.
Five of the strings cover the central range from ~1500m. to ~2000m.
String 17, unintentionally, ranges from ~1000 to ~1500 m. During deploy-
ment, this string got stuck in its bore-hole, which was re-freezing faster
than expected.

4.3 The optical module

Each OM consists of an 8-inch photomultiplier tube (PMT) and its base,
enclosed in a pressure resistant glass sphere, to which they are optically and
mechanically coupled with transparent, refraction index adapted silicon gel
(Figure 4.6). Most OMs are also equipped with a nylon ball, located either
inside (strings 11-19) or outside (strings 1 to 10) the pressure sphere, which
is connected to the surface via an optical fiber. The nylon ball serves as
light diffuser for laser signals that are transmitted from the surface for
calibration purposes.

The PMTs are operated at a high gain, typically 10°, to make it possible to
distinguish single photo-electron pulses from dark noise after attenuation
over 2 km-long cables.

Sensitivity: The OMs are sensitive to light with wavelengths between
300 and 600nm. The limit at long wavelengths is set by the decline in
photo cathode quantum efficiency, which is maximal (~22%) at wavelength
around 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 first generation spheres for strings 1-4, with a cut-off
transmittance (<5%) close to 340 nm, second generation spheres with bet-
ter transmission properties (~65% at 340nm) were used for strings 5-19.
The A~2 wavelength spectrum of Cherenkov light, when convoluted with
the glass transmission characteristics and the PMT quantum efficiency,
results in an OM sensitivity maximum near 400 nm, where, incidentally,
Polar ice is most transparent.

Dark noise rates: Being operated in cold and sterile environment, the
OM dark noise rate is dominated by the radioactivity inherent in the glass.
The second generation pressure spheres, used in strings 5-19, have superior
transmittance, but a higher contamination of radioactive *°K, resulting in
a noise rate around 1.5 kHz, substantially higher than the 300-500 Hz noise
rate in the first generation OMs.

Afterpulsing: Afterpulses occur if residual gas atoms in the PMTs are
ionized by the electron cascade between the dynodes. Because of their
higher mass, positive gas-ions drift towards the cathode more slowly than
electrons drift towards the Anode. The pulse caused by positive ions when
hitting the cathode is delayed relative to the electron pulse by a PMT-
specific drift-time, which mainly depends on the geometry of the tubes. In
AMANDA-PMTs, afterpulses happen typically about 6 us after the main
signal. The probability for afterpulsing to occur is proportional to the
number of initial photoelectrons.
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Signal readout: The step-wise deployment of AMANDA-II also went
along with an improvement of PMT signal transmission techniques. The
OMs on strings 1-4 are connected to the surface with coaxial cables, which
is highly dispersive and has a strong attenuation. Typical single photo-
electron pulses have amplitudes around 1V and a width of 10ns. After
transmission to the surface through coaxial cable, pulses have amplitudes
of only a few milli-Volts and are up to 600ns wide [119]. Coaxial cables,
however, have the advantage of being insensitive of “cross-talk”, i.e., noise
pick-up from pulses in adjacent cables by induction.

In strings 5-10, the coaxial cables were replaced by twisted pair cables,
whose dispersion and attenuation is lower by roughly a factor of three
[121]. Single photo electron pulses from these OMs have widths of 100 -
200 ns and have accordingly higher amplitudes. Cross-talk is an additional
source of noise in these strings. The origin of the cross talk is not fully
understood. Cross Talk patterns were studied in great detail [122], and we
can say that a least a portion of the cross-talk happens between adjacent
cables during transmission to the surface.!!

Optical modules on the outer strings (strings 11-19) are read out via op-
tical fiber. A Light Emitting Diode (LED) located inside each module
transforms the PMT pulse into a light pulse, which is then transmitted to
the surface through an optical fiber. As the fiber is essentially dispersion-
free, a nearly identical copy of the original pulse can be produced at the
surface with a photo-diode (Figure 4.8), and pulses with separation of as
little as 10-15ns can be resolved. Also, the problem of cross-talk during
signal transmission is eliminated. However, the optical fibers have proven
somewhat more vulnerable to damage during refreezing after deployment,
with a loss rate of nearly 10%. Those OMs whose fibers were broken
are read out via twisted pair electrical cable, with however slightly worse
transmission properties than the cable used for strings 5-10.12

PMT jitter: The the transit time of the electron cascade through the tube
shows variations, referred to as the PMT jitter. Deviations from the mean
transit time are approximately Gaussian, with the width of the Gaussian
depending 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 Surface electronics

After transmission to the surface, the PMT pulses are amplified. Electri-
cally transmitted pulses are amplified with so-called SWedish AMPlifiers
(SWAMPs), optically transmitted pulses are amplified in Optical Receiver
Boards (ORBs). Both types of amplifiers have dual output. One output
channel is used to build the trigger and measure the timing of the arriv-
ing PMT pulses (channel A), the other one is used to measure the pulse

amplitude with a peak sensing ADC (channel B, see Figure 4.9).

In channel A, the amplified PMT pulses are fed into a constant-threshold
discriminator. The discriminator produces rectangular pulses of prede-
fined hight, starting when the input voltage rises above threshold and end-
ing when it falls below it. One copy of the discriminator output is given

' There are strong indications that cross-talk also happens within the surface elec-
tronics. Surface cross-talk patterns have however never been investigated in detail.

12Twisted pair cables used as backup readout in strings 11-19 is thinner than the ones
used in strings 5-10 [123].
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Figure 4.9 — Scheme of the
AMANDA  surface electronics.
From [125].
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to the actual event occur in a small
time interval, about [-2us ,5 us]
around the trigger time (around
22000 ns). Earlier hits are due to
dark noise, later ones are predom-
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ton hits from crossing relativistic
particles are expected.
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to the Multiplicity ADDer module (MADD)'®, which is used to form the
multiplicity trigger, another copy is given to a multi-hit Time to Digital
Converter (TDC) to record the starting and ending times of the pulses.

4.4.1 Multiplicity trigger

Most physics analyses use the data stream defined by a 24-fold majority
trigger. An event is triggered if pulses from at least 24 OMs are received at
the surface within a coincidence window of 2.5 us. The MADD module in
the trigger logic stretches the incoming pulses to 2.5 us lengths. When the
sum of the stretched signals rises above the multiplicity threshold (which
was set to 24 during the year 2000), a trigger is issued. In addition to the
multiplicity trigger, other triggers are implemented (logical OR): A so-
called string-correlation trigger, optimized for low energy events, requires
several neighboring OMs in one string to fire in coincidence. AMANDA can
also be triggered externally from the SPASE air shower array [126], located
at the surface.

4.4.2 Timing measurement: Time to Digital Converter (TDC)

The TDCs used to measure the pulse timing have a buffer depth of 16 edges
(corresponding to eight pulses each composed of a leading and a trailing
edge), and a buffer length of 32 us. The TDC buffers are read out when
they receive a common stop signal, which is issued 10 us after the trigger.
The TDCs provide the timing information of PMT pulses from 22 us before
to 10 us after the trigger. This readout window is much longer than the
duration of a typical event. Hits due to the passage of a relativistic particle
are spread over a few micro seconds around the trigger time (Figure 4.10).
Hits received during the first 15 us of the interval are related to either PMT
noise or to radioactivity in the glass spheres. The hit rate observed in this
time window is used to determine (and monitor) the noise rates of individ-
ual OMs. In general, each OM in an event will produce a series of pulses,
corresponding to several photoelectrons produced at the photocathode. If
more than eight pulses arrive within the 32 us buffer window, the respec-
tive OM is flagged as “overflowed”. Two different types of TDCs are used in
AMANDA, which slightly differ in their overflow behavior. Strings 1-10 are
connected to CAMAC TDCs; strings 11-19 are connected to VME TDCs.
In both types of TDCs edges are kept for 32 us and then cleared. If the
buffer has filled up and a new edge arrives,

the CAMAC-TDC will discard the oldest edge in favor of the new
edge, whereas

— the VME TDC will keep the first 16 edges and ignore any new edge.

131n practice, the discriminator and and the MADD are realized within one single
electronics unit, the DMADD (Discriminator Multiplicity ADDer).
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While this subtlety is of minor interest in standard neutrino searches, where
the average signal event produces no more than a couple of photoelectrons,
it is of particular importance for the analysis of very bright events. Espe-

connected to CAMAC-TDCs) have a high probability to produce after-
pulses. In bright events, the timing information carried by unscattered
photons (which enables an accurate track reconstruction) is overwritten
by after pulses or hits from highly scattered photons, which contain no
information about the particle direction.

4.4.3 Amplitude measurement: Analog to Digital Converter (ADC)

The amplifier output from channel B of the SWAMPS is delayed by 2 us and
then fed into a peak-sensing Analog to Digital Converter (ADC) to mea-
sure the pulse amplitude. The ADC is operated with a 10 us-wide gate.
The gate is opened by the trigger signal, such that, due to the delay, the
ADC is sensitive 2 us before and 8 us after the trigger (Figure 4.11). While
the TDC buffer depth is much longer than the duration of an actual event,
the time interval over which the ADCs are sensitive is chosen such that it
brackets the time interval in which hits due to Cherenkov photons from a
relativistic particle are expected (c¢f. Figure 4.10).

The ADCs used in AMANDA are peak-sensing, that is, in case an OM sees
multiple pulses, only the largest amplitude is recorded, and the rest of
them will be lost. In this case, there is an ambiguity in assigning the peak
amplitude to one particular hit in the OM. Because the probability of of
two or more highly scattered photons arriving at a module simultaneously
is very small, the amplitude is usually assigned to the first pulse in the
series, and subsequent pulses are assumed to be single photo electrons. In
electrically read out OMs, dispersion can cause several subsequent pulses
to merge into one, and, in general, the resulting amplitude is not just the
sum of the amplitudes of the contributing pulses (Figure 4.12). Since the
pulse shape information is not recorded, the true number of photoelectrons
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Figure 4.11 — Time correlations be-
tween trigger, ADCs and TDCs. At
threshold crossing time of each am-
plified PMT pulse (A), a rectan-
gular pulse of 2.5 us length is cre-
ated (B). If the sum of these pulses
(C) crosses a certain threshold (24
in AMANDA-II), a trigger is issued,
and the ADC gate (D) is opened
for 10 us. After these 10 us, the
TDCs receive the common stop sig-
nal (E). The input to the ADCs is
delayed by 2 pus compared to the
TDC inputs, and the ADCs are sen-
sitive 2 us before and 8 us after the
trigger time (F). The TDCs in con-
trast keep record of the pulse lead-
ing and trailing edges 22 us before
and 10 us after the trigger time (G).



Figure 4.12 — Multi-photoelectron
pulses in AMANDA. Two single-
photoelectron pulses arriving at
times t1 and t2 can easily merge
into one pulse, due to dispersion. In
case of two separate pulses, only the
highest amplitude will be recorded.
Therefore, recorded amplitude is not
a direct measure the number of ini-
tial photo electrons (adapted from
[127]).
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initially created at depth cannot be retrieved.'® Nevertheless, the peak
amplitude provided by the ADCs will be correlated to the amount of light
initially seen by an OM.

4.4.4 The data acquisition system (DAQ)

For each triggered event, pulse data for all fired OMs (or channels) is
written to disk and magnetic tape, along with the time at which the trigger
was issued. The trigger time is taken from a GPS clock.!® An event, ready
for analysis, contains the following information:

— The trigger time, and the particular trigger condition that was ful-
filled. In case multiple triggers were issued, the event contains mul-
tiple trigger times.

The starting and ending time of each pulse (leading and trailing edge)
within the 32 us-readout window of the TDCs,

One peak amplitude per channel from the ADCs,

141n principle, one could use both, pulse amplitude and width (time span between
leading and trailing edge) to reconstruct the number of photo electrons. However,
the detector simulation does not reproduce dispersion of pulses from individual OMs
accurately: While the extend of smearing in reality will depend on cable length (i.e.,
depth), the simulation uses template PMT pulse shapes that are independent of depth
(see section 5.1.2).

15 A second data acquisition system (the TWR DAQ) based on Transient Waveform
Recorders has been operational from 2003 on. PMT pulses are digitized at the surface,
and the full “wave form” is recorded. Both data acquisition systems were operated in
parallel until 2006/2007, when the conventional system was finally decommissioned.
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One overflow bit per fired channel, which is set to true in case the
TDC has recorded more than 16 edges.

4.45 Dead time

While TDCs and ADCs are being read out, they are not able to collect
data. During this time the data acquisition is blocked: a weto inhibits
the acceptance of further triggers. The amount of this dead-time during
data taking depends on the frequency at which events are triggered and
written out. At an average trigger rate of 90 Hz, the detector is “dead” for
a fraction of 17% of the data taking time.

4.5 Calibration

The passage time of a relativistic particle through AMANDA-II is of the
order of micro-seconds. Track reconstruction requires the times at which
photo-electrons are produced at depth to be known with nanosecond pre-
cision. In order to retrieve the actual hit times, the pulse leading edges
(as received by the surface DAQ) have to be corrected for cable delay and
dispersion. The number of initial photelectrons is inferred from the ADC
voltage.

4.5.1 Time calibration

The time at which photoelectrons were produced at depth (tom) can be
retrieved from the leading edge times at the surface (tpg) with adequate

accuracy as:
«

lom = tLE T to. (29)
The constant tg is the pulse transit time through electrical cable or optical
fiber. The term «/+/Vapc is the so-called slewing-correction (see Figure
4.13). It corrects for the amplitude dependent pulse rise time: If two pulses
occur at the same time but have different amplitudes, the pulse with the
higher amplitude will cross the constant discriminator threshold earlier.

Both constants, ¢y and «, are OM-specific and are measured annually dur-
ing the summer maintenance period: Light pulses of varying intensity from
a YAG laser located at the surface are transmitted through an optical fiber
and released near the OM (Figure 4.14). A linear fit to the distribution tp g
versus 1/4/Vapc, gives a total time offset ¢, and the slope . The actual
cable delay t¢ is calculated from t{, by subtracting the transit time of the
light pulse (tgper) and the photon travel time from the diffuser ball, from
which the light was released, to the OM (ftransport)-

Generally, the hit times retrieved from the surface leading edge times ac-
cording to equation (29) are accurate to within ~5ns. However, in case
an OM has seen a series of hits, the slewing correction is strictly correct
only for one of them. During calibration, one therefore applies the slewing
correction for the peak ADC value to earlier hits (which are most likely
due to un-scattered photons) and corrects later hits for the rise time of a
one-photoelectron pulse.
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Figure 4.13 — Slewing correction of
leading edges. Due to dispersion,
higher amplitude pulses will cross
the the fixed discriminator thresh-
old earlier. As the rising of the pulse
can be described by a parabola
[119], the slewing correction is pro-

portional to 1/v/Vapc.
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Figure 4.14 — Time calibration. the
cable delay is measured from the
time difference between the emis-
sion of a laser pulse (start) at the
and the leading edge received at
the surface (stop). The transmis-
sion time of the light pulse (tfiver)
and the photon propagation time
(ttransport) are calculable from the
fiber length and distance from the
diffuser ball to the OM. From [128].
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Figure 4.15 — Distribution of the
ADC voltage in trigger level data
for one particular OM. The voltage
corresponding to a single photoelec-
tron hit is determined from the peak
position of this distribution.

Figure 4.16 — Deadtime-corrected
trigger rate from January 1°° 2000
to December 31%° 2003. Several
OMs that were malfunctioning in
2000 were recovered during Austral
summer 00/01, which lead to a sub-
stantial increase in the trigger rate.

4.5.2 Amplitude calibration

The number of photoelectrons (Npg) that contributed to a PMT pulse can
be inferred from the pulse amplitude measured at the surface (Vapc) as

Nreg = (Vapc — Vpedestal) - 5, (30)

where Vedestal is @ constant voltage offset. Both 8 and Vpedestal are OM
specific. Unfortunately, the ADC pedestals are not known. They were only
estimated after 2003 from comparisons between data from the conventional
DAQ (described above) and a second DAQ based on Transient Waveform
Recorders that had been installed in the Polar season 2002/2003 [129].
These comparisons indicate that the ADCs have negative pedestals, which
lie around -20mV for stings 1-4, -30mV for strings 5-10, and -40mV for
strings 11-19.

The constant 3 is inferred from ADC voltage observed for single photoelec-
tron pulses, Vi pg. As the vast majority of pulses observed in atmospheric
muon events is due to single photoelectrons, V; pg is simply determined
from the peak position in the ADC voltage distribution in trigger level
data (Figure 4.15).

4.6 Trigger rate

AMANDA-II is taking data continuously from mid February to early Novem-
ber, annually. During the Austral summer the detector undergoes mainte-
nance and calibration. Figure 4.16 shows the trigger rate over four years
of data taking (2000 to 2003). The maintenance periods are clearly visi-
ble as gaps where no data are available. The annual modulation in the
rate, i.e., decrease towards Austral winter and the subsequent rise to-
wards Austral summer is due to seasonal temperature variations in the
atmosphere which affect the atmospheric muon rate. This behavior is
well understood [130, 131]. The jump in the trigger rate at the end of
September 2002 (around day 1000) was caused by sudden warming in the
Stratosphere above the Pole (see appendix A). In normal operation,
the AMANDA DAQ is continuously collecting data in 24 hour intervals
(so-called runs), in-between which the DAQ reset and restarted.

Data are written at a rate of some tens of kilobytes per second, depending
on the year and season. Each file is approximately 10 minutes livetime
equivalent. The AMANDA monitoring system [132] continuously surveys
and evaluates the stability of all hardware components on a file-by-file
basis.
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4.7 Detector monitoring

During regular detector operation, the South Pole is inaccessible (owing to
the Antarctic winter), and the data quality is monitored remotely from the
northern hemisphere [132]. In order to diagnose potential hardware failures
at an early stage, the monitoring system surveys (among other things):

Trigger rates and dead time
OM specific parameters (monitored for each OM):

- the dark noise rate (determined from the TDC hit rate over the
15 us of the TDC buffer)

- the total TDC hit rate
- the total ADC hit rate

- the position of the single photoelectron peak in the ADC voltage
distribution

Hardware failures which require intervention by the winter-over crew!6

are rare. Monitoring information is hence predominantly used offline for
selection of data which meet quality standards for various physics analyses.

The distribution shown in Figure 4.17 was generated with the AMANDA
monitoring system. It shows the dark noise rates of all OMs in the detector,
averaged over one file (/10 minutes of livetime). The dark noise rates are
determined from the hit rate recorded over the first 15ms of the TDC
buffer window. Correlated increase of the noise rates for groups of OMs
is the prime reason to exclude certain data files (or even entire runs) from
the physics analysis.

4.8 Removing electronic noise

Events recorded by the DAQ contain a certain fraction of hits due to various
types of electronic noise. In extreme cases, the majority of hits, or even
the entire event, is due to electronic noise. Although the exact origin of
these artifacts is not always understood, these hits or non-physics events
can be identified.

4.8.1 Hit cleaning

There is a variety of strategies to reject noise hits. The exact hit-cleaning
procedure varies for different, analysis purposes, but the general strategy is
as follows.

Time window cleaning: Hits due to Cherenkov photons arrive within
a short time interval of a few us of the TDC buffer around the trigger
time. Noise hits are rejected by selecting hits within this time interval.
The exact choice of the interval depends on the analysis purpose. Track
reconstruction, for instance, requires the event to consist mostly of un-
scattered Cherenkov photons, and hence, the time interval is usually chosen
to be relatively narrow. For assessing the total light yield of an event by
counting hits, one uses a broader interval in order to include hits from
photons delayed by scattering (or even after-pulses).
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Figure 4.17 — Dark noise rates of
all OMs in the detector. A frac-
tion of the OM show an abnormally
high noise rate, others have zero hit
rates. Also visible is the difference
in the dark noise rate between OM
with first generation glass spheres
(channel numbers <= 86) and sec-
ond generation OMs. Noise rates
are determined from the hit rate
recorded over the first 15 us of the
TDC buffer [133]. Figure taken
from the monitoring system [132].
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Figure 4.18 — TOT distribution for an OM which is read out via coaxial electrical cable (left panel), an OM which is
read out via twisted pair electrical cable (middle), and an OM which is read out via fiber optics (right). The peak due to
single-photoelectron hits lies around 500 ns for the coaxial readout, around 200 ns for the twisted-pair readout, and around
30 ns for the optical readout. Pulses with significantly shorter TOT values are due to electronic noise. From [134].
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Figure 4.19 — Cross talk map for
string6 (OM 123 to 158). Each
marker indicates where a talker-
receiver-pair was identified [122].

TOT cleaning: Pulses due to electronic noise are typically much shorter
than those due to photo-electrons. Requiring a minimum TOT value effi-
ciently removes noise hits. The TOT threshold is set individually for each
OM, depending on its TOT characteristics. The TOT characteristics of
an OM mainly depends on the signal transmission. Example TOT distri-
butions for OMs which are read out via coaxial or twisted-pair electrical
cables and optical fiber, are shown in Figure 4.18. The minimum TOT
required for OMs of the same transmission type are very similar. Typical
values are 150 ns for OMs read out via coaxial cable, 75ns for OM read
out via twisted pair cable, and 5 ns for those read out via an optical fiber.

Amplitude cut: Electronic noise hits typically have amplitudes smaller
than single photoelectron hits. Analyses that aim at detecting moderately
signals events (as for instance neutrinos with TeV energies) keep only hits
in channels with a minimum peak amplitude of 0.1 photoelectrons. The
threshold can be higher in analyses that search for extremely bright signals.

Isolation cut (RT-cleaning): Contrary to hits from Cherenkov photons,
noise hits occur un-correlated in time and location within the detector.
Noise is efficiently reduced by requiring each hit to be coincident with at
least one more hit within a certain time and spatial distance. A maximum
distance of R = 100m and a time interval of 7' = +500ns are common
values to define the coincidence window.

Cross talk cleaning: Cross talk is one type of electronic noise which
preferably occurs in strings 5-10, where twisted pair cables are used for
signal transmission. Capacitative coupling between adjacent cables leads
to additional non-photon signals in particle induced events. This type of
cross talk occurs between OMs located in the same string. By nature, cross
talk hits are correlated in both time and space with the actual photon hits,
and hence their rejection is more complicated.

Pairs of cross-talking OMs (so-called talker- and receiver-pairs) are iden-
tified using the detector calibration data [135]: During calibration, the
high voltage of all OMs but one (the one that is being calibrated) is turned
down. The active OM (the talker) is fired through a pulse of laser light, and
the entire detector is read out. Those OMs for which hits are recorded al-
though their high voltage is turned down are likely to receive cross-talk hits
from the talker-OM also during particle induced events. Figure 4.19 shows
a map of talker and receiver OMs in string 6. High level hit-cleaning (see

16 About 50 people spent the winter at the Amundsen Scott South Pole Station, main-
taining a variety of scientific equipment and detection set-ups. Two or three “winter-
overs” are responsible for the AMANDA and IceCube neutrino telescopes.
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section 7.2.1) usually removes hits in receiver OMs if they were recorded
in coincidence with a hit in an OM that is known to be a talker to this
particular OM.

The second method to identify cross talk relies on the amplitude and TOT
characteristics of the hits. Cross talk pulses are induced by other pulses
rather than photo-electrons. Therefore they should be the time derivatives
of the mother pulse. Hence, cross talk hits are bipolar, and consequently
have shorter TOTs. Figure 4.20 shows a the correlation between ADC and
TOT values for both photon pulses and cross talk pulses.

Photon- and cross talk hits obviously fall into different region in the ADC-
TOT plane. The separation boundary can be parameterized as [122]

ADChguna = AP TOT" 4 (TOT/D)P (31)
This function is used to reject cross talk hits during high level hit cleaning.
The parameters A, B,C, D, and F of equation (31), referred to as cross-

talk constants, are OM specific and are determined for each individual OM
from calibration data.

4.8.2 Events of electronic origin (“Flares”)

A small fraction of events contain only few photon hits, if any at all. The
origin of such events is not fully understood, but they can be identified
by an abnormal time pattern of leading edges. For a particle induced
event, the hits recorded at the surface originate from PMT pulses that
were created at depth and then transmitted over more than a kilometer of
either electrical cable or optical fiber. The transit time from the detection
point to the DAQ is of the order of micro seconds, of the same order as the
duration of the actual event (particle crossing) at depth. The transmission
delay is OM specific and depends primarily on the depth at which the
OM is located. Therefore, the time pattern of the recorded raw leading
edges will to some extend reflect the depth distribution of hit OMs. The
OMs are numbered in ascending order from the top to the bottom of each
string, and hence the OM number reflects the depth at which a certain
OM is located. Hits within one string will therefore always show a positive
correlation between OM number and leading edge time (higher OM number
means later arrival time).

Figure 4.21 shows the correlation between the raw leading edge times and
the OM number for a typical atmospheric muon event. Such correlation
diagrams are referred to as event fingerprints.

If the leading edge times show no correlation with OM numbers, the hits
recorded during the event were most probably not produced at depth dur-
ing a particle crossing, but are rather created at or close to the surface.
Figure 4.22 shows an example for such an abnormal fingerprint.

The fingerprints themselves cannot be used for tagging flare events during
data processing. However, the event fingerprints were used to develop a set
of observables, nine so-called flare-indicators that quantify the probability
of an event to be of non-particle origin [134].!” The flare-indicators are
usually used during offline analysis as simple selection criteria requiring
sufficiently low indicator values. However, in this analysis events with

17The nature of the flare-indicators and their usage in AMANDA analyses is explained
in more detail in Appendix B.
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Figure 4.20 — Correlation between
ADC and TOT for Cross talk hits
compared to photon hits. Cross
talk hits can be rejected by requir-
ing the hits to lie left /below the sep-
arating border (red line) given by
equation (31).
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Figure 4.21 — Fingerprint of an at-
mospheric muon event.
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Figure 4.22 — Fingerprint of a non-
particle event (flare-event). The
absence of a correlation between
channel numbers and leading edge
times suggests that hits are pro-
duced at or close to the surface.



Figure 4.23 — AMANDA-II skymap
of neutrino arrival directions in the
northern hemisphere. From [111].

flare characteristics were observed to cluster in time, and hence the flare
indicators are also used for defining the initial data set (see section 6.1.1).

4.9 Recent results from AMANDA

AMANDA-II is optimized to search for neutrinos with energies in the TeV
region. The main detection channel for this purpose is up-going muons
(induced by muon neutrinos after traversing the Earth). Selection criteria
for up-going muons are well established, and have been applied to multiple
years of data. Figure 4.23 shows the reconstructed arrival directions of
several thousand neutrinos selected from data taken between 2000 and
2004 [111].

Neither a statistically significant clustering of the neutrino arrival direction
was found in the data, nor an excess of neutrino candidates with higher
energies than expected from the atmospheric neutrino spectrum [136, 99].
The limits that were placed on the flux of extraterrestrial neutrinos from
both point-like and diffuse sources are the most stringent ones to date.

Figure 4.24 shows the signature of a neutrino event observed with AMANDA-
Il during the year 2000.
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Figure 4.24 - Signature of a
neutrino-induced muon from the
2000 data set. Colored circles in-
dicate an OM that has detected
light. Their color represents the
reconstructed photon arrival times;
their size represents the amplitude
(in photo electrons) of the hits.
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Figure 5.1 — The simulation of
events proceeds in three general
steps (see text): The generation
and propagation of particles, and
the detector simulation.

5 Simulation of particles in AMANDA-II

The simulation of events in the AMANDA detector proceeds in three sub-
sequent steps:

1. Generation of primary particles.

2. The propagation of particles, i.e., the simulation of the energy loss
and the generation of secondary particles along the initial track.

3. The detector simulation.

A schematic sketch of the data flow is shown in Figure 5.1.

The standard event generators used in AMANDA allow to simulate atmo-
spheric muons and neutrino induced leptons of all three flavors. In case
of atmospheric muons, the event generation includes the simulation of the
particle cascade which is induced by cosmic ray interactions with air nuclei
in the atmosphere. Only muons which are capable of reaching the detector
are written out. The simulation of neutrino induced leptons involves the
potential interaction and absorption of the primary neutrinos during their
passage through the Earth. Neutrinos are usually simulated with an energy
spectrum oc B . The simulated events can later be re-weighted according
to an arbitrary neutrino spectrum (describing either atmospheric neutrinos
or neutrinos of astrophysical origin) as desired.

The simulation of magnetic monopoles is not foreseen within the standard
simulation set-up and requires modifications to the simulation software.

5.1 The detector simulation

The detector response to the Cherenkov light emitted by either primary or
secondary particles depends on the following parameters:

the particle type (e.g., muon, electron, ...),

the track starting position and a starting time,

the track direction, given as zenith angle 6 and azimuth ¢,

the track length, and

the energy of the particle.

These quantities are passed to the detector simulation. The simulation of
the detector response breaks up into two parts:

1. The simulation of the detector response itself, i.e., the simulation of
the OMs and data acquisition system components, and

2. the simulation of the Cherenkov light generation and propagation
through the detection medium, i.e., the polar ice.

36



5.1.1 Photon Tracking

A relativistic muon emits more than 107 Cherenkov photons during its pas-
sage through the detector. The propagation of each individual Cherenkov
photon is too CPU intensive to be performed for each simulated event.
Therefore, the light propagation is simulated beforehand with a separate
program (the Photon Transport and Detection program PTD [120]). The
relevant probability distributions are stored in large look-up tables which

PTD pre-calculates the OM response to Cherenkov light from muons and
electromagnetic or hadronic cascades. The program simulates scattering
and absorption of photons on their way from the point of emission to
the PMT photocathode. I.e., PTD not only tracks photons through ice,
but also through the glass and gel layers surrounding the PMTs. The
simulation results are stored in two five-dimensional tables, which contain
the arrival time distribution of Cherenkov photons in an OM at a certain
distance and with a certain orientation relative to the particle track, and
the probabilities for photoelectrons to be produced. The time t is taken
relative to the Cherenkov time. The Cherenkov time is the propagation
time of a Cherenkov photon from the point of emission to the photocathode
without delay due to scattering. The spatial coordinates which describe
the geometry of the particle with respect th the OM are sketched in Figure
5.2.

A photon table represents the cylindrical volume with the length z,,,, and
the radius pmax centered around the location of an OM. Standard muon
tables used for mass production have maximum ranges of 250 to 400 meters
in both longitudinal and radial directions. The simulation of extremely
bright events, such as the Cherenkov signatures from magnetic monopoles,
requires tables of longer range. For each coordinate inside the table range
and each possible orientation, the following quantities are stored:

— the mean number of photo-electrons produced per square meter pho-
tocathode, assuming a peak PMT quantum efficiency of 100%, and

the probability distribution of the delay times relative to the Che-
renkov time.

During the simulation process, the tabulated values are scaled according
to the actual photocathode area and quantum efficiency (which are set
individually for each OM).

The following parameters are specific to a certain set of photon tables:

The mean scattering angle and geometric scattering length in the
medium. These values are taken from the in-situ measurements de-
scribed in section 4.1.

The absorption length and its dependency on the wavelength accord-
ing to the Three Component Model (see section 4.1.1).

— Spectral characteristics and angular distribution of the emitted pho-
tons, which is usually the Cherenkov wavelength spectrum and emis-
sion geometry for either relativistic muons (v & ¢), or for particles of
an electromagnetic or hadronic cascade in ice. In addition, PTD al-
lows to simulate various artificial light sources, like those deployed
with the AMANDA strings.
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The wavelength dependent transmissivity of the OM pressure sphere
and the silicon gel layer between sphere and PMT. Tables are usu-
ally generated for the transmissivity of the more transparent, second
generation OM spheres (see section 4.3). The sensitivity of OMs
with less transparent spheres is scaled down accordingly during the
simulation process.

A model for the “hole ice”, i.e., the ice around the OMs inside the
refrozen bore-hole. This refrozen ice has a higher concentration of
air bubbles than the surrounding bulk ice, resulting in a shorter scat-
tering length. The hole ice model model that describes experimen-
tal data best assumes a geometric scattering length of 50 cn within
cylindric volume of 60 m cm diameter around the OMs [137, 138].

Within the volume represented by a photon table, the optical properties
of the bulk and the hole ice (i.e., scattering and absorption lengths) are
constant. To account for the variations with depth, different tables are
used for different OMs, depending on their location. The most commonly
used simulation set-up defines 16 ice-layers of varying optical properties
within AMANDA’s depth range [139]. In this approach, the tabulated pho-
ton detection probabilities for a certain OM correspond to the detection
probabilities of photons that propagates through optically homogeneous
ice with optical properties identical to those prevailing at the OM loca-
tion.'® This approach is valid for moderately bright events, in which most
of the photons do not propagate through more than one ice layer, and the
response of an OM is governed by the optical properties of its immediate
surroundings. Relativistic monopoles, however, are visible over hundreds of
meters away from the particle track. For simulation such extremely bright
events, more accurate results are obtained by using average ice properties
throughout the entire depth range. The simulations for this analysis were
performed using photon tables with averaged optical parameters of the
so-called MAM ice-model [141].19

In order to simulate events in AMANDA, one usually needs two sets of
photon tables:

1. Muon tables, which contain the OM response to Cherenkov light
from muon tracks?®. Since a muon radiates continuously along an
elongated track, photons emitted from many different points in space
contribute to the total OM response.

181n the meantime, the PTD photon tracking package was replaced by a newer package
(Photonics [140]), which tracks photons through individual ice layers. The Photonics
was still in an early testing phase when Monte Carlo events for this analysis were being
produced, and is hence not used in this work.

19The modeling in of the light propagation through Polar ice is still being refined. The
optical parameters entering the photon propagation simulation during generation of the
photon tables are being varied, and simulation results are compared to experimental
data. As of today, the simulation results are still not completely satisfactory. In this
simulation effort, we use average optical parameters of an ice model that is referred to MAM
model (Muon Absorption Model). Tn the MAM ice model, the photon absorption lengths
are slightly enhanced, compared to values obtained from in-situ measurements. The
absorption lengths that finally entered the model were fit to high quality atmospheric
muon data (hence the name). The original MAM ice model is a 16 ice layer model. Here,
we use averaged parameters of the model.

20Tn practice, we use three sets of muon tables, rather than one: 1) tables for muons
which start within the volume over which the table is valid, 2) muons which stop within
this volume, and 3) those which both start and stop within the volume. Technically,
only one muon table would suffice. The use of three sets of tables is however more
efficient with respect to computing time (see [128] for details).
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2. so-called shower tables, which contain the OM response to Cheren-
kov light from electromagnetic or hadronic cascades. In contrast
to elongated muon tracks, electromagnetic or hadronic cascades are
contained within a small volume. Although the Cherenkov emis-
sion is peaked at the Cherenkov angle, the Cherenkov cone is less
pronounced than for muons. The total number of emitted Cheren-
kov photons scales linearly with the cascade’s energy. Shower tables
are usually produced for a cascade of 1 GeV energy [91], and the re-
sponse to cascades of arbitrary energy is calculated by scaling the
light intensity (i.e., the number of photoelectrons) accordingly. Elec-
tromagnetic and hadronic cascades are treated with different scaling
factors, in order to account for the reduced light output from hadronic
cascades [91]. The emission geometries of hadronic and electromag-
netic cascades are not identical [91], but differences are largely washed
out over length scales at which AMANDA collects light.

Photon tables for relativistic magnetic monopoles are similar to muon ta-
bles because the Cherenkov signature of monopoles is track-like. Monopole
tables, however, have to be generated with different light intensity and, if
the monopoles move slower than the vacuum speed of light, with a different
Cherenkov angle.

5.1.2 Simulation of the detector response

The simulation of the detector response for Cherenkov light emitting par-
ticles is performed with the detector simulation package amasim [128]. The
data generated by the program are almost identical to the data taken with
the AMANDA detector, which enables us to use the same processing chain
for both simulated and experimental data from an early processing stage
on.

The detector simulation package amasim reads and writes events in £2000
format [142], an ascii-format which was developed in the 1990s together
with the rdmec I/O-library [143]. An £2000-file consists of a file header fol-
lowed by a stream of subsequent events. During mass simulation, amasim
reads the required event parameters (particle type and energy, track posi-
tion, time, direction, and length) from £2000-files, which were written by
the Monte Carlo generator and particle propagator packages (see below).
amasim distinguishes two types of particles: (track-like) muons, and cas-
cades. In general, a muon signature contains contributions from the contin-
uous Cherenkov emission of the muon itself, and Cherenkov emissions from
secondary particle cascades produced along the muon track (the stochastic
energy losses). Secondary cascades are simulated only for processes above
an energy deposit, larger than 0.5 GeV. Secondary processes below 0.5 GeV
are extremely frequent, and are treated as quasi-continuous enhancement
of the muon Cherenkov light intensity.

5.1.3 Simulation of the OM

For each track and cascade of an event passed to amasim, the mean num-
ber of photoelectrons (Npg) at each OM location is retrieved from the
PTD tables. (Npg) is then scaled with the photocathode area, the relative
sensitivity and the PMT quantum efficiency of the respective OM. The
simulation of the OM response, then, proceeds as follows
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1. The number of photoelectrons, Npg, is randomized using a Poisson
distribution with mean (Npg).

2. For each photoelectron, the corresponding ADC voltage is random-
ized according to the individual distributions of amplitudes for single-
photoelectron signals (c.f. Figure 4.15).

3. For each photoelectron, a random scattering delay is chosen from the
delay probability distribution in photon tables.

4. A Gaussian smearing is added to the hit times to simulate the transit
time jitter.

This process results in a series of amplitudes and hit times T;, A;,71 =
1,..., Npg. In case of muon tracks, the amplitudes are scaled by an energy
dependent factor

A = Abare muen .79 4 0.023 - In(E,[GeV]), (32)

in order to account for the quasi-continuous Cherenkov emissions from low
energy secondary particles [91].%!

Dark noise hits are added randomly according to noise rates measured
for individual OMs. The amplitudes of noise hits are simulated as single-
photoelectron signals, similar to the procedure described above. The noise
rates are assumed to be constant.

Afterpulses are added to the hit series with a typical probability and time
delay relative to the initial photon pulse. The probabilities for afterpulsing
and characteristic delays were determined from the hit time distribution
of the already deployed OMs [128]. The values are set individually for
each OM; typical values are 6% per single photoelectron for the afterpulse
probability and 6 us for the delay relative to the photon hits. Hits are
simulated over a time window of 64 us, which is significantly larger than
the 32 us of the data acquisition.

5.1.4 Signal transport to the surface

The transit time of the PMT pulses to the surface is several micro seconds.
In order to mimic the output of the real detector and to simulate the trigger
correctly, the OM specific cable delays (measured during the calibration of
the detector) are added to the simulated hit times.

Transmission over kilometer-long electrical cables also means smearing of
the pulse shapes. The degree of smearing increases with cable length (i.e.,
depth). Depths dependent smearing of the pulses is not simulated. Instead,
amasim uses a set of template pulse shapes for specific types of OMs and
signal readouts. The template pulse shapes were obtained by averaging
digitized single-photoelectron pulses taken with an oscilloscope from OMs
in the ice.

Cross talk, which predominantly occurs in the twisted pair cables, is not
simulated. The cross talk cleaning (see section 4.8.1) is still applied to sim-
ulated data, in order to reproduce the potential loss of actual photon hits
caused by the applied cleaning criteria. Due to the simplified simulation of

21The parameterization of the light yield from secondary processes was obtained from
GEANT [144] simulations.
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the PMT pulses using template ADC spectra and pulse shapes, the ADC-
TOT characteristics of individual OMs differs between experimental and
simulated data. Figure 5.3 shows a comparison of ADC-TOT characteris-
tics in experimental and simulated data for one particular OM (OM # 264).
This OM is located at the bottom of string 9. For bottom OMs, the smear-
ing of the pulse associated with the transmission over kilometer-long cable
is strongest. I.e., single-photoelectron pulses are wider and have lower am-
plitudes than the average (template) pulse. For OM 264, the separating
boundary between photon hits and cross-talk hits in experimental data
(grey line in Figure 5.3) is indeed shifted towards larger TOT and smaller
ADC values compared to the boundary in simulated data (for the sake of
clarity, the boundary for simulated data is not shown in the figure). For
simulated data, a large fraction of the single-photoelectron hits falls into
the cross-talk region that was determined for ezperimental data. Those
simulated photon hits would be removed by the cross-talk cleaning if ex-
actly the same ADC-TOT cut were applied to simulated as for experimental
data.

In order to be able to apply cross talk cleaning also to simulated data, ded-
icated cross talk constants (see equation 31 in section 4.8) are determined
from the ADC-TOT characteristics of the simulated OMs.

5.1.5 Simulation of the surface electronics

For each channel, the net surface pulse is retrieved by adding a template
pulse shape (shifted by the respective cable delay time) for each of the
photoelectrons and for each noise hit and each after pulse. The resulting
pulse is used to determine the threshold crossing time and peak amplitude.
Thresholds are set individually for each channel, according to the hardware
settings of the detector.

The Multiplicity trigger, ADC gate, TDC buffer length etc. can now be
simulated realistically. Also the overflow behavior of VME and CAMAC
TDCs (see section 4.4.2), is reproduced accurately.

5.1.6 Calibration

The calibration constants ¢ty an « (see section 4.5) depend on the surface
pulse shapes, The template pulses used by amasim have different constants
than pulses in experimental data. Like for the cross talk constants, dedi-
cated calibration constants have to be determined for simulated data. The
calibration constants are obtained with the same fitting procedure as used
for the experimental data.

Figure 5.4 shows a comparison of calibrated hit times in experimental data
and in simulated atmospheric muon events at trigger level. The hit times,
amount of noise, and afterpulsing show good agreement.

5.2 Simulation of magnetic monopoles
The simulation of magnetic monopoles is not implemented in the simula-

tion packages. However, existing packages are modified to simulate events
induced by magnetic monopoles.
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Figure 5.5 — Generation of muon
tracks with muo0. The tracks are
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center. From [145].

5.2.1 Monopole track generation

Like muons, monopoles produce a track like Cherenkov signature. There-
fore, it is technically most convenient to pass events containing a single
particle track labeled as a muon to amasim.

The program muoO is a generator for single particle tracks whose types are
contained in the rdmec-library. The output format is £2000. In order to
produce initial tracks that will later become monopole signatures, we use
muo0 to generate an isotropic flux of muons. The muon tracks are sam-
pled such that their vertices are homogeneously distributed on a generation
plane of radius Ry = 1000 m at a distance of 1000 m from the detector cen-
ter (Figure 5.5). The muon direction is pointing perpendicularly towards
the detector center. The generation plane may take all possible orienta-
tions relative to the detector, resulting in an isotropic muon flux through
the detection volume.

All dependencies on the particle energy are disabled in the following pro-
cessing steps. The muon energy can hence be set to an arbitrary value.

5.2.2 Monopole propagation

The length of a particle track is usually calculated from the energy loss
simulated with the propagator program. Energy loss processes other than
Cherenkov radiation strongly depends on the monopole mass. In the mass
range interesting for AMANDA, the velocity of the monopole can be as-
sumed constant over the detector’s sensitive volume [146], and we can
neglect the probability of monopoles potentially stopping in the detector.

Cherenkov light from secondary processes is only relevant for monopoles
of extremely high Lorentz boosts (see section 2.5.2), Such Lorentz boosts
are expected only for extremely light monopoles, which are unlikely to
reach AMANDA. Therefore, secondary Cherenkov light is neglected in the
simulation, and monopole tack lengths are set manually to a fixed value of
10 km.?2

5.2.3 Monopole photon tables

The simulation of monopoles of different speed and charge requires the gen-
eration of dedicated photon tables: One set of photon tables is generated
for each combination of monopole speed and charge.??

For this analysis, we consider only minimally charged monopoles carrying
one Dirac charge, and four distinct monopole velocities: 5 = 0.76 (just
above the Cherenkov threshold in ice), 3 = 0.8, 3 = 0.9, and g = 1.0.%4
Average ice properties and a range of pmax = Zmax = 1000 m are used.

22The track lengths were set using a Perl script within the £2000 data stream.

23Because of the dependence of the Cherenkov angle on the monopole speed, the
generation of one set of photon tables per speed is a necessity. The monopole charge
on the other hand only affects the intensity of the Cherenkov light (the intensity scales
with the monopole charge as d2N / dzd\ o g2). Hence, an approximate simulation of
monopoles with various charges can be accomplished by scaling the OM sensitivities in
the detector simulation appropriately.

24Theoretically of course, the velocity S = 1.0 is not allowed for a massive particle.
However, the velocity can be arbitrarily close to 8 = 1.0. For the simulation, we use
the numerical value 8 = 1.0, and hence we will refer to ultra relativistic monopoles as
3 = 1.0 monopoles, although this is strictly speaking incorrect.
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5.2.4 Madification of the detector simulation

The tracks generated with muoO are treated by amasim like muons, but
when these muon tracks are passed to amasim along with monopole pho-
ton tables, the simulated Cherenkov geometry and intensity will be that
of magnetic monopoles. The simulation of the correct monopole Cheren-
kov response requires some additional smaller modifications to amasim:2°

— The photon arrival times stored in the tables is relative to the Che-
renkov time. The conversion to absolute hit times involves the vertex
position and time and the particle velocity. As amasim assumes all
particles to travel at the speed of light, time calculation had to be
modified such that amasim can handle variable particle speeds.

— By default, on receiving a muon track, amasim adds the Cherenkov
light due to quasi continuous emissions from low energy secondaries
(6-electrons) by scaling the pulse amplitudes according to equation
(32). For monopoles, this scaling would depend on the Lorentz boost
[47]. For the Lorentz boosts considered here, the light enhancement
due to secondary Cherenkov light is negligible compared to the di-
rect Cherenkov emissions. Hence, the light scaling is disabled in the
simulation altogether.

Figure 5.6 shows a simulated signature of an up-going 8 = 1.0 monopole
in the event display.

5.3 Simulation of atmospheric muons

Bundles of down-going muons from extended air showers are the main
background to monopole searches. The air shower simulation package
CORSIKA (COsmic Ray Simulation for KAscade) [148] provides a tool to
simulate the development of the full particle cascade initiated by interac-
tions of cosmic ray primaries of energies up to 10! GeV.

Atmospheric muon events are simulated as a collaboration-wide data pro-
duction effort, using CORSIKA. These data are however insufficient for mo-
nopole searches for a variety of reasons:

The dominant background to monopole searches, especially for search-
es above the horizon, are muon bundles from interactions of cosmic
rays at highest energies. Due to the steeply falling energy spectrum,
the statistics at relevant energies obtained with standard simulation
settings is insufficient for statistically sufficient background studies.

The theoretical input that is used as default spectrum (in terms of
both composition and energy) of primary cosmic rays does not de-
scribe high energy atmospheric 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 (see
above) yields incorrect results in the energy range of interest.

Consequently, a monopole search requires a dedicated simulation effort for
both signal and background events.

25The modifications to the detector simulation were done to the amasim package after
the Grapefruit-fiz3 release [147].
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Figure 5.6 — Cherenkov signature
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Figure 5.7 — The poly gonato
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the measured all particle spectrum.
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5.3.1 Hadronic interaction models in CORSIKA

CORSIKA provides several options to model the hadronic interaction at high
energies. None of the available models yields an accurate reproduction of
air-shower data over the full energy range [82, 149]. For this work, we use
the model QGSJETO1. This model is known to under-produce high energy
muons. The shape of the energy spectrum of atmospheric muons is however
accurate, and a good agreement between simulated and experimental muon
data is achieved by scaling the simulated flux by an overall factor.

5.3.2 Cosmic ray composition and energy spectrum

CORSIKA allows to simulate air-showers induced by primary cosmic nuclei
from Z = 1 (protons) to Z = 26 (iron). Heavier primaries cannot be
simulated.

By default, the AMANDA collaboration uses the poly-gonato model (see
section 3.1.1) as theoretical input spectrum to their simulations, since it
provides a straight forward parameterization of the energy spectra of indi-
vidual elements [84].

The poly-gonato model: According to the poly-gonato model, the energy
spectrum of an element with nuclear charge Z is a broken power-law, as

4o E =3
déumzéﬁw{+(é>] (33)

The spectral slope vz and the cut-off energy Ey above which the spectrum
steepens (the knee) are specific to each element, as well as as the absolute
normalization ®Y%. Slopes and normalizations are taken from available
measurements. The cut-off energies are assumed to scale with Z as Ey =
Z - Ey. The parameter e, characterizing the smoothness of the change
in slope at the knee, and the change of the slope A~ are universal to all
elements.

The all particle spectrum is the sum over the contributions of all stable
elements of the periodic table up to uranium with Z = 92:

dd 2 4D,

dE, —(Eo) = 2 d—EO(EO)' (34)

The open parameters of the model, i.e., Av, €., and the proton-knee Fy
were fitted to the observed all particle spectrum. Figure 5.7 shows the
resulting spectra along with the measured cosmic ray spectrum. Within
the poly-gonato model, the proton knee is at Ey = 4. 5PeV, the iron knee
consequently is at Eo = 26 x Ey = 117PeV. Due to the pre-assumptions,
the high energy end of the poly-gonato spectrum is dominated by trans-
iron elements (see Figure 5.7), and the flux of individual elements drops
off steeply after the knee with a slope change A~y = 2.1.

The high energy end of the poly-gonato model can obviously not be simu-
lated with CORSIKA, as trans-iron elements are not supported by the pack-
age. According to the poly-gonato model, those elements start to dominate
the cosmic ray spectrum at energies larger than ~108 GeV. For standard
analyses done with AMANDA data, the background posed by muons in-
duced by cosmic ray primaries of multiple-PeV energies is usually totally
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negligible. To the searches for monopoles above the horizon, however, such
muons prove to be the critical background.

The two-component model: Irrespectively of whether or not the poly-
gonato model is correct, an accurate description of the all particle spectrum
at highest energies cannot be achieved with this model, if trans-iron ele-
ments are not simulated. An alternative, much simpler input spectrum
which does not contain contributions from trans-iron elements (and which
can can therefore be simulated with CORSIKA) is the two-component model
[150]. As the name suggests, this model uses only two elements, protons
and iron nuclei to represent light in heavy components of the cosmic ray
spectrum, respectively.

The two-component model assumes a broken power law energy spectrum
for each of the two components. The open parameters (the spectral slopes
below and above the knee, the position of the knee, and the absolute flux
of each element) were fitted to data taken with the KASCADE air-shower
array [151].%6

Figure 5.8 shows the fitted iron on proton spectra along with the measured
all particle spectrum. In the two-component model, the proton knee is at
E’p = 4.1 PeV, with a spectral slope change from ’yél) = —2.67 to 71()2) =
—3.39. The iron spectrum is featureless in the fitted energy range. The

spectral index below 10% GeV is yk(}e) = —2.69. For our simulations we

assume the iron knee to be at Ep, = 26 X Ep = 107PeV (which lies just
above the fit region). We further assume the iron spectrum to continue
with the spectral slope (2 = 3.1 to reproduce the observed all particle
spectrum.

5.3.3 Importance sampling

The simulation of air-showers with CORSIKA in large numbers is extremely
CPU-intensive. With the computing resources at our disposal, the sim-
ulation of atmospheric muon events in AMANDA-II proceeds slower than
the rate at which they are actually triggered in the experiment. That is,
the simulation of one year of livetime equivalent would take more than one
year of computing time. If background events are sampled from a realistic
probability density (according to one of the theoretical primary spectra
energy described above), the vast majority of simulated events will be
steeply down-going atmospheric muons at the low energy end of the spec-
trum. Most of these events will be rejected at a very early stage of the data
selection chain. It is therefore desirable to increase the sampling density
in the more important regions of the parameter space, i.e., in the region
where most of the background is expected at the final analysis level. Such
a strategy is referred to as importance sampling. In the simulation effort
for this analysis, we increase the sampling density with increasing primary
energy.?” During analysis, the events are re-weighted to the physical input
spectrum.

26The primary spectra were derived from the number of electrons and the number of
muons observed in extended air-showers with energies around the knee (~10%—10% GeV),
making use of the fact that for a given energy, the muon number in an air-shower is
increasing with primary mass, while the electron number is decreasing [150].

27 An alternative approach would be to increase the sampling density with zenith angle.
As the direction reconstruction of nearly horizontal muons is usually less accurate, those
muons are the most critical background to analyses as TeV neutrino searches.
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Importance sampling for the poly gonato model: For the simulation of
the poly-gonato spectrum, we sample each individual element with an en-
ergy spectrum that is harder by a constant A~, both before and after the
knee. Figure 5.9 shows the effect of this sampling strategy. Shown are the
primary energy spectra (left panels of the figure) and the hit multiplici-
ties (NHits) yielded in the detector (right panels of the figure) for three
generated events samples: One without importance sampling, one with
an over-sampling factor Ay = 1, and one with an over-sampling factor
A~y = 1.5, The computing time used to generate each of the event sam-
ple is approximately equal. Sufficient statistics of high energy atmospheric
muon events is achieved only with importance sampling.

For the development of selection criteria, we use two of the generated poly-
gonato samples: the one without importance sampling for developing the
first filtering level (at which the data sample is dominated by low energy
atmospheric muons), and the sample with an over-sampling factor Ay =1
for the higher analysis levels. The sample with Ay = 1.5 is not used,
because it has too little statistics in the energy region between 10, TeV and
100 TeV.

Importance sampling for the two-component madel: For the two-compo-
nent model, proton and iron primaries are generated each with an energy
spectrum o< Ep_r?may. During analysis, both components are added and

re-weighted according to the model.
5.3.4 Atmospheric density effects

The development of air-showers in the atmosphere, and consequently the
flux of atmospheric muons, depends on the density of air-molecules (see
appendix A), which in turn depends on the atmospheric temperature. Sea-
sonal temperature variations result in variations of the AMANDA-II trigger
rate, which are of the order of 10%.
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CORSIKA allows to simulate different atmospheric density profiles, repre-
senting various geographic locations and seasons. For the South Polar
atmosphere, four density profiles are implemented: a profile typical for the
month March (Antarctic autumn), one for July (winter), one for October
(spring), and one for December (summer). Background simulations for
AMANDA-II are usually done using the October profile, since it yields an
event rate closest to the annual average. For this analysis, we use three dif-
ferent profiles: March, July, and October, in order to account for seasonal
variations in the event rate. (The December profile is not used because no

data for analysis purposes are taken during the summer.)
5.3.5 Muon Propagation
From the simulated air-shower, muons with an energy E, > 273 GeV are

and are dropped from the data steam. The muon energy loss due to ion-
ization, bremsstrahlung, photo-nuclear interactions, and pair-production
during passage through air, snow (the top 200 m layer of the Polar ice),
and ice are simulated with the Muon Monte Carlo mmc [152]. Apart from
the secondary energy losses, the program calculates the distance after which
the muons stop or decay in flight, i.e., the tack lengths. Radiative processes
which result in an energy loss greater than 0.5 GeV are treated individually.
Type, energy, vertex, time, and direction of the corresponding secondary
particles are added to the £2000 stream. Passed to amasim, the Cheren-
kov light from these secondaries is treated individually, while the emissions
from from low energy, quasi-continuous processes are accounted for through
scaling of the initial amplitudes as described in section 5.1.3 above.

5.3.6 Photon tables for muons

Radiative energy losses of high energy atmospheric muons can deposit a
large amount of light in AMANDA-II. Also, atmospheric muons can occur
in extended bundles of multiple nearly parallel tracks. Since the light in-
tensity from a single muon track is much less intense than that of magnetic
monopoles, and since amasim treats each muon and secondary particle cas-
cade individually, the background simulation does not suffer from a shorter
photon table range, as would the the simulation of magnetic monopoles.
For this analysis we use muon tables that were generated for searches for
high energy muon neutrinos. The tables have a range of pmax = Zmax
= 400 m. Like the monopole tables, they are generated with average ice
properties throughout the whole detection volume.

Figure 5.10 shows the signature of a simulated atmospheric muon bundle
induced by a primary iron nucleus with an energy ~40 PeV.
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Figure 5.10 - Simulated atmo-
spheric muon bundle in AMANDA-
Il induced by a 40 PeV iron nucleus.
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Figure 6.1 — Processing scheme for
the two data streams that are used
for the development of data selec-
tion criteria. A third data stream,
80% of the data set, is used to de-
rive the final analysis result. This
data is processed only after the full
analysis chain has been established.

PERIODI:
PERIODII:
PERIOD III:

Feb.
May
Sep.

15'% — May 6
7th — Sep. 2nd
3'd — Nov. 4th

Table 2 — Starting and ending dates of
the three OM selection periods for the

year 2000 [133].

6 Data Pre-processing and first level data se-
lection

The data processing effort for this analysis starts from the raw data. The
total data volume amounts to roughly 1.5 terabytes. The full statistics
of raw data is available only on magnetic tape archives. A small portion
(O(1%)) of the raw data is translated into an analysis data format and
made available on disk.

The preparation of analysis-ready data sets is achieved by three processing
steps (Figure 6.1):

1. The translation of experimental data in DAQ binary format to the
£2000 analysis format on which the analysis software operates. Sim-
ulated data is produced already in in £2000 format.

Retriggering of the data after applying a first OM selection and hit
cleaning based on monitoring data (see section 4.7.)

A level 1 filter, which reduces the initial data volume by roughly a
factor 100.

Both the retriggering and the level I filter, as well the higher level pro-
cessing steps described in the following chapters, are realized with the
AMANDA software package Sieglinde [153]. The analysis package Sieg-
linde can operate on both £2000 data and data using the package’s own
binary data format, which is based on the ROOT framework [154]. The
latter format is used for this analysis from retrigger level on.

Two data streams are produced that are used for the development of higher
level data selection:

1. A so-called minimum-bias data stream of roughly 1% of the available
data, which is used for quality checks of trigger level data and veri-
fication of the level 1 filter. This data stream comprises every 100th
event that passes the retriggering.

A data stream of roughly 20% of all available data which is used
to optimize the data selection chain up to the final analysis level.
This data stream is written out after applying the level I filter and
comprises every fifth run.

The data set complementary to the 20 percent of the data which are used
to develop the analysis is set aside and kept blinded until the analysis is
finalized. Only then, it is processed and filtered using the the developed
selection criteria. At the final selection level, the data set is unblinded and
eventually used to derive the final analysis result.

6.1 Experimental and simulated data sets

The experimental and simulated data streams are further sub-divided into
three separate streams. This is necessary, because three different detector
configurations, in terms of properly functioning OMs, were defined for the
year 2000 (see section 6.2.1). Each OM selection applies for a certain time
period of the year [133] (Table 2). Each of the three periods roughly falls
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into one Antarctic season, i.e., PERIODI roughly covers the Antarctic
autumn, PERIOD II covers the winter, and PERIOD III covers the spring.
For the simulation, we use the appropriate atmospheric profiles (March,
July, and October) to reproduce the respective event rates.

6.1.1 The 2000 data set

In 2000, the regular data taking period started on February 13" (day 44,
starting with run 193), and ended on November 4*" (day 309, ending with
run 281). The total data taking time amounts to 248.3 days. The dead
time varies slightly with time (periods with higher trigger rates also have
a higher dead time fraction). For this analysis the total the livetime was
calculated on a run-by-run basis.?® On average, 17% of the exposure time
is lost due to dead time of the DAQ system. From the resulting 202 days
of effective livetime, about 7 days livetime equivalent is rejected because
of insufficient data quality.

Within the standard data selection strategy [133, 156], individual files are
rejected if more than 50 OMs show an abnormally high noise rate.? In
addition, extremely short runs are excluded. A run usually lasts 24 hours.
An early termination indicates hardware or DAQ problems. Therefore,
we exclude runs which comprise less than 5 files (~50 minutes livetime
equivalent) from the analysis.

In addition, we perform a file cleaning based on nine flare-indicators (de-
scribed in section 4.8.2 and appendix B). Each flare indicator is a positive
number, which is a measure the probability of an event to be due to elec-
tronic noise. Specifically, in a sample of N events, one expects less than
one event with an indicator value

IZlogN+1 (35)

in any of the nine indicators. As this analysis concerns O(10°) events,
we consider each event with any indicator value greater than 10 as a flare
event. Flare events preferentially occur over distinct time periods. Figure
6.2 shows an example of one run in which the flare rate is enhanced over
a time span of three hours. Such time periods where excluded from this
analysis on a file-by-file basis (see also appendix B.2). A list of rejected
files is given in Table 3. Altogether, about 40 hours of effective livetime
were excluded because of enhanced flare rates.

30

RUN 270

C g

max. flare indicator

60000 70000 80000
seconds from midnight

0 10000 20000 30000 40000 50000

After rejection of periods of insufficient data quality and correction for
dead time, a total of 194 days of effective livetime remains for analysis.

28The Live and Dead-time Analysis web interface [155], allows to calculate live and
dead time for arbitrary data taking periods between 1999 and today.

29Total outage of individual OMs is is less critical. Dead OMs can be excluded from
data analysis during offline filtering in both Monte Carlo and experimental data streams.
After identification and exclusion of such OMs, the multiplicity trigger condition is re-
applied as offline software trigger (see section 6.2.3).
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Figure 6.2 — Time dependence of
the maximum value of the nine
flare indicators assigned to events in
run270. The run has an enhanced
flare rate over ~3 hours. Time is
measured in seconds from midnight.



run day files

seconds duration [s| dead time fraction [%]| livetime [s]

270 115 110-129
271 116 all
272 117 all
305 127 48-51

total

67329-79805 12476 16.806 1037.9
entirely rejected 86313.9 17.155 71506.8
entirely rejected 86313.9 17.242 71431.6

50618-52755 2137 17.63 1760.2

145736.5

Table 3 — List of files that were rejected because of a high fraction of flare events.

J6] #tracks trigger efficiency

0.76 2.5-107 ~T%
0.8 2.5-107 ~9%
09 2.5-107 ~11%
1.0 25-107 ~12%

Table 4 — Statistics of generated mo-
nopole events with various speeds 8 =

v/ec.

6.1.2 Blindness

The AMANDA detector has been built to discover phenomena that have
been postulated but not observed so far. In order to prevent physicists
from biasing their analyses, i.e., adjusting analyses to an anticipated out-
come, the AMANDA collaboration has agreed on a blind analysis procedure
[157], in which any experimental data that enter the final physics result
must either be altered or kept blind until the entire analysis chain is fi-
nalized. While a standard point source search uses the former approach
(data are altered, in that the reconstructed particle directions are random-
ized), a diffuse search will keep the majority of the data fully blind and
will, therefore, heavily rely on Monte Carlo simulations. In an ideal blind
analysis, the entire analysis chain is developed without any reference to
experimental data at all. The complete analysis is optimized on Monte
Carlo simulations and then applied to experimental data without change.
However, simulations often do not fully reproduce reality, and experimen-
tal data have to be used to some extent, in order to identify unsimulated
backgrounds or determine normalization factors.3°

For this analysis we use a “data prescaling” approach, in which the analysis
is developed on the prescaled fraction of the data and then applied to the
remainder. The pre-scaled data set in our case comprises roughly 20% of
the data.

6.1.3 Simulated data sets

Using the techniques described in chapter 5, events are simulated with
sufficiently high statistics. The statistical error of the final analysis is
negligible compared to the systematic error.

Magnetic monopole events

For each of the four considered monopole speeds (8 = 0.76, § = 0.8,
B = 0.8, and 3 = 1.0), a sample of 2.5 - 107 tracks was generated as
described in section 5.2.1. The detector simulation yields triggers for 12%
to 7% of the generated tracks, dependent on velocity (see Table 4).

Atmospheric muon events

In order to establish sufficient background statistics, several data samples
were generated for each of the three OM selection periods (defined in Table
2), using different importance sampling strategies:

30For this analysis for instance, the atmospheric muon background simulated with
CORSIKA describe experimental data reasonably well up to a scaling factor, which is
assessed by comparing event rates in simulated and experimental data. Analyses for
which atmospheric neutrinos pose the dominant background, also determine the absolute
normalization of the simulated background from experimental data, because the absolute
flux of atmospheric neutrinos is theoretically uncertain.
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composition  sampling in energy  energy range [GeV]| atmosphere #primaries trigger efficiency
poly-gonato poly-gonato 800 — 101! March 3.88 - 1019 ~6-107°
poly-gonato poly-gonato 800 — 10! July 5.66 - 1010 ~5-107°
poly-gonato poly-gonato 800 — 10! October 3.07- 1010 ~6-107°
poly-gonato  poly-gonato, Ay =1 103 — 101! Matrch 1.02 - 10° ~0.3%
poly-gonato  poly-gonato, Ay =1 103 — 10t July 1.48 - 10 ~0.3%
poly-gonato  poly-gonato, Ay =1 103 — 10! October 8.04 - 108 ~0.3%
proton E-2 10% — 101 October 7-108 ~0.3%
iron E-2 10% — 101 October 7-108 ~0.3%

Table 5 — Background samples generated with CORSIKA.

For background studies up to level I selection, we use a background
sample generated without importance sampling, assuming a cosmic
ray composition and energy spectrum according to the the poly-
gonato model. This sample yields the best statistics of low energy
atmospheric muons.

— For higher filtering levels, we use a background sample with a cos-
mic ray composition according to the poly-gonato model and over-
sampling in energy by A+ = 1 for the spectral slope of each ele-
ment. This background sample describes the background of mis-
reconstructed atmospheric muons, i.e., those muons which were re-
constructed as up-going, reasonably well up to the final analysis level.
So, this sample is sufficient for the search for monopoles below the
horizon.

For the search for monopoles above the horizon, we use a background
sample composed of iron and proton primaries sampled from an E—2
energy spectrum. This event sample is used only for the final analysis
levels, when the lack of trans-iron primaries in the CORSIKA simula-
tion of the poly-gonato spectrum becomes apparent.

The event statistics for all generated background samples is listed in Table
5, along with the fraction of generated events that yield a trigger in the
detector simulation.

6.2 Retriggering

The purpose of the retriggering is to eliminate features from the experimen-
tal data set which are not reproducible with simulations. One such feature
is transient OM behavior. The detector simulation assumes all OMs to be
functioning steadily (except those that are known to be permanently dam-
aged). In particular, the noise rates are assumed to be constant (section
5.1.3). In simulated events, individual OMs produce hits and contribute
to the multiplicity trigger with constant probabilities. In reality however,
the OM noise rates show a transient behavior. After sorting out abnor-
mally noisy or dead OMs (OM-cleaning), and rejection of hits which are
believed to originate from electronic noise (hit-cleaning), the multiplicity
trigger condition is re-imposed.
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Table 6 — Number of OMs ex-
cluded during specific selection pe-
riods [133].

Table 7 — OMs that are permanently
excluded from physics analysis.

cable type TOT-cut

Coaxial > 150 ns
Twisted-Pair > 75ns
Fiber > 5ns

Table 8 — Typical TOT cuts.

6.2.1 Standard OM selection

Many OMs operate stably when data taking starts, and become become
unstable later in the year. In order to use as many OMs as possible, i.e.,
maximize the detector that is effectively being used, the full data taking
time is divided into three periods, and a list of unstably operating OMs is
compiled for each of the periods.

At this early level of analysis, we use a standard OM selection criteria,
which were established within an earlier data filtering effort [133]. The
OM selection is based on the dark noise rates which are available from
the monitoring data. OMs with noise rates higher than ~8 kHz and lower
than ~80 Hz are excluded. Table 6 lists the number of OMs that were
excluded over a certain period, along with identification numbers of the
runs for which the specific selection was applied. A complete list of the
identification numbers of excluded OMs can be found in [133].

PERIOD1 PERIODII PERIOD 111

run 193-281 282-474 475-584
day 44-125 126-244 245-309
# excl. OMs 136 147 169

Apart from those OMs that were identified as unreliable, those OMs which
are located outside the main detector volume are not used in the physics
analysis. For many of them, calibration constants are not available, or they
are located at shallow depths (as, for instance, OMs of string 17), where
residual air bubbles cause too strong photon scattering. These excluded
OMs are listed in Table 7.

OM Id location

OM 81-86 bottom OMs of string 4

OM 307-310 and OM 337-344 bottom and top OMs of string 11
OM 345-352 and OM 379-386 bottom and top OMs of string 12
OM 387-394 and OM 421-428 bottom and top OMs of string 13
OM 555-596 string 17

The OM map in Figure 6.3 shows the location of the OMs excluded by the
standard OM selection within the AMANDA-II array.

6.2.2 Hit cleaning for the retrigger

The hit-cleaning at this level consists only of TOT cleaning which rejects
extremely narrow pulses (see section 4.8.1). A more sophisticated hit clean-
ing is applied at later analysis levels. The TOT cuts are set individually for
each OM, but they do not vary much within a certain class of OMs. Typ-
ical cut values are listed in Table 8. Apart from extremely narrow pulses,
pulses with unreasonably large TOTs are rejected. The upper bound on
the TOT is 2000 ns for all OM types.

6.2.3 Re-imposing the multiplicity trigger
After applying the OM- and hit-cleaning as described above, a multiplicity

trigger condition is re-imposed by requiring at least 24 OMs to be hit within
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Figure 6.4 — Deadtime-corrected
event rate from January 1°% 2000 to
December 31°¢ 2003 before (brown)
and after (black) retriggering.

PERIOD1 1.31
PERIODII  1.30
PERIODIIT 1.27

average 1.30

Table 9 — The ratio of experimental to
simulated events at retrigger level.
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a time window of 2.5 us. Figure 6.4 shows the effect of the offline retrigger.
On average 77% of the experimental events pass the retrigger selection.

For simulated atmospheric muon events, the retrigger passing rate is a little
higher, 83% on average. This is expected, because the hit-selection filters
out unsimulated electronic noise hits. Monopole events are marginally
affected by the retriggering, because the hit multiplicity is generally higher.
About 98% of the monopole events pass the retriggering, independently of
the monopole speed.

A first sanity check of simulated and experimental data is a comparison
of the observed event rates after imposing the retrigger. Table 9 lists the
ratio between number of retriggered events in experimental data and sim-
ulated data. On average, this ratio is 1.3. The deficit in simulated atmo-
spheric muon events is expected from the used hadronic interaction model
(QGSJETO01). The ratio remains approximately constant over the three pre-
defined OM-selection periods, for which different atmospheric profiles were
used for the air-shower simulation.

6.3 Analysis Level 1

The purpose of the level 1 filter is the reduction of the data volume to a
manageable size. A reduction to about 1% of the initial volume is achieved
by placing two cuts on observables that are sensitive to the amount of light
deposited during the event:

— NHits: the total number of pulses (hits) recorded. Each channel can
record up to eight pulses and this number can substantially exceed
the number of OMs in the detector.

— FRAC1: the fraction of all hit OMs for which only a single hit
was recorded (as opposed to those OMs for which multiple hits were
recorded).

These two observables are key observables to this analysis. They are used
repeatedly throughout the selection chain, with modifications of the hit-
and OM selections applied before their calculation.?! At this analysis level,
we use hit cleaning criteria that were established for standard neutrino
searches and have been used in a variety of analyses (see e.g. [93]). The
OM selection applied is the same as used for the retriggering.

31Both hit and OM selection had to be refined at higher analysis levels, in order to
ensure agreement between experimental and simulated data. At the final analysis levels
in particular, satisfactory agreement was achieved only by using only those hits that
were recorded for OMs with optical fiber readout.
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observable OM selection

Hit cleaning

TOT cleaning:

RT-cleaning:
Amplitude cut:
Time window:

NHits

FRAC 1 standard

t > 14000 ns

standard, see Table 8
coincidence within R < 100m ¢t < 500 ns
ADC > 0.1 photoelectrons

Table 10 — OM selection and Hit cleaning used for the level I cut parameters.

6.3.1 Hit cleaning for the level 1 filter

The standard hit-selection criteria were introduced earlier in section 4.8.1.
Apart from the TOT-cleaning that was already used for retriggering, we
apply an amplitude cut, an isolation cut (RT-cleaning), and a cut on hit
times which rejects early noise hits but includes hits from late photons
and potential after pulses. Cross talk cleaning was not applied at this
level, because cross talk constants (necessary for the cleaning based on the
OM ADC-TOT characteristics, see section 5.1.4) for simulated data were
not available at the time when the data were filtered.>> The applied hit
cleaning criteria are specified in Table 10. Figure 6.5 illustrates the effect
of the various criteria on the hit set.

6.3.2 Cuts

The cut parameters NHits and FRAC 1 are calculated using the cleaned
hit sets. Figure 6.6 shows the distribution of both cut parameters for simu-
lated signal and background, and for 1% of experimental events that passed
the retriggering (minimum-bias data). The distributions are shown sepa-
rately for each of the three OM selection periods. For each of the periods,
simulated atmospheric muon events describe experimental data reasonably
well. The histograms for simulated atmospheric muons are scaled to match
the total number of events observed in experimental data (scaling factors
are given in Table 9). Magnetic monopole events are arbitrarily normal-
ized to a flux large enough for the distribution to be well visible against the
muon background. The flux strengths for each of the monopole samples
(86 =0.76 to 8 = 1.0) are assumed to be equal, meaning that the differ-
ences between the samples with respect to the integral of each histogram
reflect differences in the trigger efficiencies.

Events with less than 140 hits or events in which more than 72% of all hit
OMs have only a single hit are removed from the data stream.

Roughly 1% of experimental events pass these criteria. The passing rate
for simulated atmospheric muons is slightly higher than for experimen-
tal events. After applying the cuts, the ratio of experimental events to
simulated events is 1.22 on average, slightly lower than at retrigger level.
The ratio remains approximately constant for the three OM selection pe-
riods (see Table 11). Between 75% and 81% of the monopole events pass
level 1 cuts, dependent on the monopole speed. The exact passing efficiency
are given in Table 12 at the end of this chapter.

32Rarlier filtering efforts of AMANDA-II had by mistake used identical cross talk con-
stants for both experimental and simulated data. The error remained long undetected,
because analyses using the filtered data were predominantly relying on directional infor-
mation from track reconstruction algorithms. For these analyses, the influence of cross
talk cleaning is weaker than for observables involving hit counting.

95
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Figure 6.5 — Timing distribution of
hits passing the various hit clean-
ing criteria as defined in Table 10.
The five superimposed histograms
correspond to the distribution with-
out hit cleaning (lightest gray), and
to progressively tighter cleaning:
TOT-, RT-, and Amplitude clean-
ing (darker grays). The effective-
ness of individual criteria against
random noise hits can be inferred
from the amount of hits remaining
in the first 14000 ns of the readout
window. The time window cut is
indicated by the red line.

cut # 1 and # 2

NHits > 140

FRAC1 < 0.72
PERIOD I 1.23
PERIODII  1.23
PERIODIII 1.19
average 1.22

Table 11 — Ratio between the number of

experimental events and simulated at-
mospheric muon events after applying
level 1 cuts.
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Figure 6.6 — Level1 cut parameters NHits (top row) and FRAC1 (bottom row). Black markers indicate experimental
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agreement between experimental data and simulated atmospheric muons is equally good for all three periods. The two cuts
(indicated by red lines) reduce the data set to ~1% of the originally triggered events.

6.4 Conclusions

For the first two analysis levels (retrigger level and level 1 filter), experi-
mental data are well reproduced by simulated atmospheric muons. Both
the overall event rate and distributions of key observables, such as NHits,
show a good agreement. Specifically, seasonal variations of the event rate
can be reproduced by using appropriate atmospheric profiles available in
CORSIKA. Figure 6.7 shows the event rates in simulated and experimental
data observed after applying level 1 cuts. The ~20% deficit in the absolute
rate of simulated events is caused by the used hadronic interaction model

QGSJETO1 (see section (5.3.1)) and is expected.

The further data selection is described in detail in the following chapters
and proceeds iteratively. For optimizing the higher level cuts, CORSIKA
events are normalized to match the number of observed in the 20% exper-
imental data set. The passing rates of the experimental and the simulated
events are generally not exactly equal, and the normalization will be ad-
justed at each analysis level. Constancy of the normalization after applying
progressively tighter cuts is an important check of the consistency of the
analysis. Passing rates and normalization constants for the first two anal-
ysis levels are summarized in Table 12.
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=10 (=09 (=08 (F=0.76 CORSIKA experimental
retrigger 98% 98% 98% 98% 83% 7% 1.3
level 1 81% 81% 80% 75% 1.4% 1.3% 1.2

Table 12 - Fraction of events passing the retriggering and the level 1 filter, and the scaling factor necessary to normalize
the simulated event rate to the rate observed in experimental data.
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LEVEL 1 DATA

¥

7 Higher level data selection

Ultimately, this analysis aims at searching for both up- and down-going
monopoles, and the final selection criteria will be optimized separately for
particles entering from either above or below the horizon. After the selec-
tion criteria applied in the the next two analysis levels (level 2 and level 3,
described in this chapter) the data set will be split into two separate data
streams, containing up- and down-going tracks respectively (c.f. Figure
7.1).

Because the Cherenkov emissions from relativistic magnetic monopoles are
by several orders of magnitude more intense than that from relativistic
muons, most, of the observables used as cut parameters are a measure of
the light yield. These observables are by nature mutually correlated. A
Linear Discriminant Analysis is an efficient and robust tool to separate
signal from background in the presence of such mutual correlation.

In addition to the light yield, we use the particle directions, which are

B LINEFIT obtained from track reconstructions, to suppress the background of down-
brightness going atmospheric muons. Track reconstructions are relatively CPU in-
criterion tensive and are, therefore, applied only after further data reduction. In

(LDA) the next processing level, the data are further reduced based on fast-to-
3 compute measures of the light yield and the results of a fast first guess
L ‘ algorithm, the linefit (see section 7.1.3 below). A likelihood reconstruction
= (see section 7.1.2 below) is then applied to the reduced data set. While the
— REég(I{IE;;"‘I’??IgTE')ION linefit is an analytic method and hence completely deterministic, the like-
(1 ITERATION) lihood reconstruction uses a numerical procedure to find the minimum of
— a rather complicated multi-dimensional likelihood function, which involves
angular criterion random processes. There is no guarantee that the obtained solution is in
(LDA) . .. .
fact the “correct” one, i.e., the global minimum of the function. Hence,
| flare-check it is desirable to apply the likelihood reconstruction repeatedly with al-
tering (but predefined) seeds, and adopt the best solution as the ultimate
‘ reconstruction result. Iterating the reconstruction process several times
o obviously increases the required CPU time. So, an iterative likelihood
" LIKELIHOOD reconstruction can only be applied on a relatively small data set.
. RECONSTRUCTION ) o ) )
w (12 ITERATIONS) This analysis is the first monopole search performed with a blindness con-
i brightness dition. Many (usually small) discrepancies between the real detector and
— criterion the idealized detector simulation become apparent for high energy events
(LDA) and at higher analysis levels. Presumably, most of the discrepancies are
o caused by hardware components suffering from additional electronic noise
contributions during registration of extremely large Cherenkov signals. The
’ \ higher analysis levels, therefore, not only involve the selection of events,
but also the selection of detector components which still work reliably for
DOWN-GOING UP-GOING large light depositions in the detector.
STREAM STREAM

7.1 Processing and data selection strategy

Figure 7.1 — Processing steps after Figure 7.1 shows a schematic sketch of the processing described in this

level 1. chapter. Filter level 2 involves the application of the linefit, and after
further data reduction a likelihood reconstruction using a single iteration.
Cuts that remove potential flare events (c.f. section 4.8.2) are applied at
the the end of this level.

In filter level 3, an iterative reconstruction is applied. The obtained track
direction serves to divide the events into up- and down-going particles,
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which are treated separately from there on (as described in the following
chapters). Discrepancies between experimental and simulated data with
respect to the reconstructed track direction and observables sensitive to
the light yield require drastic tightening of the OM selection at this level.

assessing the hght y1eld using only those OMS whose response is reproduced
most accurately by the simulation.

All cut parameters except the flare indicators are optimized using a linear
discriminant analysis. The discriminant analysis, the likelihood reconstruc-
tion, and the linefit are described in the following sections.

7.1.1 Linear Discriminant Analysis

Linear Discriminant Analysis (LDA) is an analytical technique to classify
objects into mutually exclusive and exhaustive groups based on a set of
measurable features. In our case, the recorded events are to be classified
as either signal (magnetic monopoles) or background (atmospheric muons).
The linear discriminant analysis is a so-called linear classifier, providing a
decision rule for classifying events based on a linear discriminant function

dX)=V-X, (36)
where X = [x1, 22, ...,x,] is & vector containing n event features, and V=
[v1,v2, ..., U] is & vector of optimized coefficients. That is, the discriminant

function is simply a weighted sum of the n observables Geometrically,
the n-dimensional vector X is prOJected onto the vector V. One possible
optimization of the coefficients V is to maximize the Fisher criterion [158],

f= M7 (37)

0% + o2

where (d;) and o; are the mean values and expected variances of the dis-
criminant function for either signal or background (see Figure 7.2). The
Fisher criterion measures the difference of the two means normalized by
the averaged variance. The extremum of f can be found analytically [159],
yielding the coefficient vector

-1
V= le n %zg] : (1\21 - 1\7[2) , (38)
where X; are the covariance matrices and ]\Zfi are the class means in n-
dimensional feature space. These quantities are assessed numerically us-
ing subsets (so-called learning data) of simulated signal and background
events. The resulting discriminant function d(X) is called the Fisher dis-
criminant. Figure 7.3 shows example distributions of the learning data

used at level 2 of this analysis in the two-dimensional space, spanned by
the observables NHits and NCH.

The actual classification of the events is done by choosing a threshold
value dy above or below which the events are assigned to either of the two
classes. A common choice of dy is the one that minimizes the expected
number of misclassified events, that is the sum of the number of signal
events that are expected to be classified as background and the number
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of background events that are expected to be classified as signal. This
number is minimal where the signal and background distributions of d(X)
intersect [159]. The expected number of misclassified events, then, is just
the overlap of the two distributions (c.f. Figure 7.2). The overlap, however,
depends on normalization of the two distributions. Ie., strictly speaking,
we need to know the a priori probability for an event to be signal or
background in order to minimize the probability of misclassification. In
this analysis, the abundance of magnetic monopoles would determine the
a priori probability of an event to be signal. Since the monopole flux is
unknown (barring the fact that it must be extremely small), the choice
of dy is somewhat arbitrary. Throughout this analysis, the motivation to
choose one particular dg varies with the analysis level. At lower levels, dy
is typically chosen such that the maximum possible amount of signal is

retained.

Theoretically, the Fisher discriminant yields optimum separation between
two classes with normally distributed observables and equal covariance ma-
trices [159]. This is not strictly the case for this analysis (c.f. Figure 7.3),
meaning that a better separation might be achieved with more sophisti-
cated pattern recognition techniques.?® However, for an analysis in which
data are rather poorly understood, the simplicity, transparency and robust-
ness of a linear classifier compensate for potential losses in performance.

7.1.2 The Likelihood Reconstruction

Besides the light yield, the direction of particles entering the detector’s
sensitive volume is an important observable. The particle is reconstructed
from the arrival times of the Cherenkov photons at the OMs using a likeli-
hood method [160]. If we consider a certain detector response R = {r;} of
an event, where r; consists of the timing and position information of the i¢th
hit of the event, we can calculate the individual likelihoods p;(r;| H) of each
hit to occur with respect to a certain track hypothesis H. If we assume that
the particle travels in a straight line, and neither starts nor stops inside the
detection volume, the initial track hypothesis is an infinitely long straight
line, which in three dimensional space has five degrees of freedom. They
can be chosen as three spatial coordinates (z,y, z), defining the position of
the muon at some arbitrary time, and two angles (©, ®) defining its direc-
tion. In order to reconstruct the track, the five track parameters are varied
until the best-fit track hypothesis H(z,y, z, ©, ®) is found. The best-fit hy-
pothesis is that which maximizes the likelihood L(R|H), or equivalently,
its logarithm

Nhits Nhits
. N
log[L(R|H)] = 1og< | | pi> = g log(p;) = max . (39)
i=1 i=1

The individual hit probabilities p; are approximated with an analytic func-
tion, the Pandel function [161]. The Pandel function gives the probability
for a Cherenkov photon to arrive with a certain time delay ¢ relative to the
Cherenkov time at an OM located at a certain perpendicular distance p
from the track. Particles are assumed to travel at the speed of light, pho-

33The separating boundary defined by a linear classifier is a hyper-plane in n-
dimensional feature space. More complex (i.e., bent) hyper-surfaces obtained from
higher order classifiers can yield a better separation, if the events are distributed in a
more complex way (i.e., if the distributions deviate significantly from normal distribu-
tions).
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tons are assumed to be emitted at the respective Cherenkov angle. Figure
7.4 shows the time delay probabilities calculated with the Pandel function
at a fixed distance of p = 20m. At such short distances, the Pandel func-
tion has a sharp maximum at ¢t = 0, corresponding to unscattered photons
arriving at the OM. In a real detector however, the hit times are smeared
with the PMT transit-time jitter. When calculating the hit probabilities,
the jitter is accounted for by a convolution of the Pandel function with a
Gaussian of width 7ns [162].

With increasing distance p, the Pandel function becomes increasingly flat,
and the maximum position shifts towards larger time delays, as it becomes
increasingly unlikely that photons arrive at the OM without being delayed
by scattering. Figure 7.5 displays the hit probabilities as a function of both
time delay and distance from the track. Two slices with constant distance
p are highlighted as white lines in order to illustrate the change in shape.

The maximum of the likelihood is found by minimizing the negative log-
likelihood function (equation (39)). This enables us to use standard “mini-
mizer” packages that implement numerical minimizing algorithms. By de-
fault, the AMANDA software uses the Simplex algorithm (see for instance
[163]) available from the TMinuit-package [164]. Numerical minimization
algorithms have the best chance to find the global minimum of the over-
all negative likelihood if most of the contributing individual hit likelihood
functions p; have sharp extrema. That means, the track reconstruction
will be most accurate for events containing mostly hits from unscattered
photons. The least scattered photons are those which arrive at an OM first.
Therefore, only the first hits recorded in each channel are passed to the
likelihood reconstruction. The reconstruction of extremely bright events is
usually less accurate, because most of the hit OMs are located at large dis-
tances from the track. Even first photons are multiply scattered, and the
maxima of the corresponding time delay distributions are less pronounced
(c.f. Figure 7.5).

Another factor that influences the reconstruction accuracy is the the initial
hypothesis from which the minimizer starts to scan the likelihood space for
its global minimum. If the initial hypothesis is not in the vicinity of the
global minimum, the minimization algorithm might converge only to a local
minimum. The initial hypothesis passed to the likelihood reconstruction is
determined with so called first guess algorithms which calculate the approx-
imate track parameters with an analytic method (see below). Since these
algorithms do not account for light propagation in the ice, the obtained
track parameters might be very inaccurate. This is especially true for very
bright events in which photons propagate over large distances before ac-
tually being detected. In case of a weak first-guess, the accuracy of the
likelihood reconstruction can be improved by repeating the minimization
process several times using alternative start hypotheses. These hypothe-
ses can either be results of various first guess algorithms, or even random
track parameters. The latter approach is used in this analysis. In order to
have fully reproducible results, subsequent minimizations are seeded with
pseudo-random track parameters, which are obtained from the preceding
reconstruction result using a Sobol sequence (see for instance [163]). The
initial start hypothesis is obtained from the so-called linefit.

7.1.3 The Linefit

A very fast and relatively simple first-guess algorithm is the linefit [166].
It uses a very simple description of the track, completely independent of
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Figure 7.5 — Pandel function de-
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tance p. Two slices at constant p
are highlighted in white, in order vi-
sualize the change of the shape of
the time delay distribution with dis-
tance. From [165].
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light propagation and optical module response. It assumes light to travel
along a straight line with an arbitrary but constant velocity ¥. The spatial
positions 7; and ¢; at which photons are detected can then be described by
a linear relation as

=170 + 17('& — t()) R (40)
Minimizing x? = >, (r; — 7 — U~ t;)? gives the solution
Tty > — < T ><t; >
v = s ! LRt =<7 >—UT<t>, (41)

<> — <t >?

where angle brackets indicate averaging over ¢ hits. This solution gives an
approximate direction as well as a vertex location and a “velocity” 7.>* As
for the likelihood reconstruction, it is important to use the times ¢; of the
first hits in each OM.

The pointing accuracy of the linefit can be improved by weighting the in-
dividual hits with the amount of light at the particular OM. The actual
number of photoelectrons (Npg) registered by an OM cannot be recon-
structed from the data (c.f. section 4.4, Figure 4.12). The most reasonable
estimate for Npg is to assume that the measured peak amplitude (ADC)
is produced by the first hit, and that all subsequent hits are due to single
photoelectrons:

Npg ~ ADC +ndM — 1, (42)

where M is the total number of hits seen by the OM. A weighting with
the square of the estimated number of photoelectrons, N3y, results in an
angular resolution (defined as the median of space angle between the the
directions of the true and the reconstructed particle direction) of ~8° for
atmospheric muons, and 20° to 35° for relativistic monopoles, dependent on
velocity. This is substantially better than the angular resolution achieved
without weighting (~15° for atmospheric muons, and 35° to 60° for mono-
poles [167]) and than the angular resolution achieved with other first guess
methods.??

Figure 7.6 shows the cosine of the zenith angle (cosfrr) obtained from
the weighted linefit for 20% of the experimental data set and simulated
atmospheric muon and monopole events after applying level 1 selection
criteria. A zenith angle of 0° (cosfLr = 1) corresponds to a vertically
down-going direction. Most of the atmospheric muon events are recon-
structed as down-going tracks (cosfrr > 0). Experimental and simulated
data show reasonable agreement.

Apart from the particle direction, we use the magnitude of the “velocity”
parameter (¢ in equation (40)) as a cut parameter, because it relates to
the light intensity radiated from a particle: bright events have more hits
at large distances from the track, which, projected on straight line, result
in slower velocity. Figure 7.7 shows the velocity of the linefit (weighted
with N2g, see equation (42)) and its correlation to FRAC 1 (the fraction
of OMs with only a single hit).

34The velocity of the linefit cannot be considered as a reconstructed particle velocity,
since it does not account for photon propagation in the ice.

35The weighted linefit was superior to other first guess algorithms (the Dipolefit,
Direct Walk, and JAMS) [160] that are available in the Sieglinde package.
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7.2 Analysis Level 2

The next filtering level consists of two additional cuts. The first cut is
based on the amount of light deposited in the detector. The cut parameter
is the Fisher discriminant composed of five fast-to-compute observables:

NHits, as used in level 1,
FRAC1, as used in level 1,

FRAC 1,ptical: The fraction of hit optically read-out OMs with only
a single hit,

NCH: the number of channels (OMs) which have recorded at at least
one pulse, and

vLF': the velocity of the weighted linefit.

After imposing the cut on the Fisher discriminant, the remaining events are
reconstructed with a likelihood reconstruction. A second cut is imposed,
which exploits the reconstructed track directions. The cut parameter is a
Fisher discriminant composed of

FRAC 11 (as above), and

cos ©: The reconstructed zenith angle of the single iteration likeli-
hood reconstruction.

The OM selection in this level is identical to the one used in level 1, ex-
cept for FRAC 1,ptical, Which uses only the sub-set of optically read-out
channels.

7.2.1 Hit cleaning

Track reconstructions require an enforced hit-cleaning in order to select
only the least scattered photons. In order to reject noise hits more ef-
ficiently, the level I hit cleaning is refined (Table 13 summarizes the hit
cleaning criteria applied at this level):

Time window cleaning: The time window is narrowed to use only hits
which are recorded after 17000 ns. As demonstrated in Figure 7.8, even
monopoles as slow as = 0.76 (the slowest and least bright monopoles
considered) produce hits only in this time interval.?%

For the likelihood reconstruction and the linefit, we use only hits around
the trigger time between 17000 and 25000 nanoseconds. For the other
observables, we include also late hits up to the end of the TDC recording
window.

36The looser time selection used in level I (tni; > 14000ns) was chosen in order to
sustain the possibility to use the same pre-filtered data-set also to search for monopoles
with speeds below the the Cherenkov threshold. Because of their lower speed, and due to
the fact that these monopoles would be only moderately bright, the Cherenkov signature
of these monopoles would probably contain early hits which occur substantially before
the multiplicity trigger is fulfilled.
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ADC [mV

observable OM selection Hit cleaning

NHits TOT cleaning: as level 1
FRAC1 standard, as level 1 RT-cleaning: as level 1
NCH Amplitude cut: as level 1

FRAC 15pticar Only optically read out OMs

Time window: >17000ns
cross talk cleaning: map, ADC-TOT

vLF
cos ©

standard, as level 1

TOT, RT, Amplitude:
cross-talk cleaning:
Time window: [17000:25000] ns
reject hits in overflowed OMs
reject hits with missing leading edges
use only first hit in each OM

as level 1

Table 13 — OM selection and Hit cleaning used for the level 2 cut parameters.
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Figure 7.9 — The cross talk cleaning
cut in the ADC plane.

Cross-talk cleaning: For the OMs on strings 5-10, two criteria are applied
in order to reject potential cross talk hits:

. Hit cleaning based on the “cross-talk map” A hit occurring in an

OM identified as cross-talk receiver is removed, if the leading edge
of the hit was recorded at the surface in coincidence with a leading
edge of a pulse from a corresponding talker OM and if the amplitude
of the pulse in the talker OM exceeded a certain threshold. The
coincidence time windows and amplitude thresholds are specific to
individual talker-receiver pairs. Appropriate values are determined
from calibration data [135, 122].

. ADC-TOT cleaning: The cut in the ADC-TOT plane (c.f. section

4.8.1) is placed conservatively, such that separating boundary defin-
ing the actual cut is shifted by -25 ns and 25 mV relative to the bound-
ary obtained from from the actual fit (see Figure 7.9). The standard
ADC-TOT cleaning procedure used for most AMANDA-II analyses
removes all hits that lie outside the photon region of the ADC-TOT
plane (see section 4.8.1). This usually results in a removal of sub-
sequent hits in case case an OM has recorded a series of multiple
hits: Late hits are likely to be due to single photoelectrons, and have
smaller TOTs and smaller amplitudes than the first pulse. With their
smaller TOTSs, these hits fall outside the photon region of the ADC-
TOT plane, because the cleaning algorithm assigns the peak-ADC
to all hits in an OM. In order to preserve subsequent hits, we use
a modified cross talk cleaning for this analysis, which removes only
first hits in each OM. Subsequent hits are generally kept.

Rejection of hits in overflowed OMs: For the likelihood reconstruction,
it is essential that the used hit times correspond to the arrival time of the
first photon at an OM. Therefore, we reject hits overflowed channels (i.e.,
channels which received more than the maximum 16 edges) if the respective
channel is connected to a CAMAC TDC (see section 4.4.2).37

37For the channels which are connected to a VME TDC, the rejection of hits in over-
flowed channels is unnecessary, since early hits are not discarded in favor of later ones.
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For the calculation of observables which are sensitive to the light yield,
hits in overflowed channels are included, because the overflow indicates the
registration of many photons.

Rejection of hits without leading edges: Unpaired edges sometimes oc-
cur in a recorded edge series due to digitization errors. Both cases, missing
leading and missing trailing edges are observed. In case of a missing leading
edge, the Sieglinde calibration module inserts the trailing edge time of
the preceding hit for the missing leading edge, in case of a missing trailing
edge it inserts a trailing edge at the time of the following leading edge.>8

Hits whose leading edges were “assigned” by the calibration module are
excluded from the likelihood reconstruction. For the calculation of observ-
ables sensitive to the light yield, those hits are included.

7.2.2 Brightness criterion

The observables NCH, NHits, FRAC 1, and FRAC 1,p¢tical are shown
in Figure 7.10 for simulated signal and background and 20% experimental
data. The fifth observable entering the Fisher discriminant, vLF, is shown
in Figure 7.7. All observables show a good agreement between experimental
data and simulated data. Using the observables as a one-dimensional cut
parameters would result in a great loss of signal events.

In order to calculate the Fisher discriminant, covariance matrices of sig-
nal and background samples ¥; and X5 as well as the sample means ]\/.71
and M, are determined numerically, using subsets of 1000 events from the
CORSIKA simulation and 1000 events from the 8 = 0.76 monopole sample.
We use the slowest and least bright monopoles (8 = 0.76) for optimization,
since these are most difficult to separate from background, and at this early
analysis level, we want to preserve as much signal as possible.

38If the edge series starts with a trailing edge (i.e., no preceding trailing edge is
available) Ons is inserted for the missing leading edge, if the series ends with leading
edge, a trailing edge is inserted at the end of the TDC buffer.
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Figure 7.10 — Four of the five ob-
servables that serve as an input
for the level2 discriminant analy-
sis. Green open histograms are the
distributions for simulated monopo-
les, grey histograms for simulated
muon background, and black mark-
ers represent the 20% experimental
data set. The fifth input observable,
the velocity of the linefit (vLF), is
shown in Figure 7.7.
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The vector of coefficients for each of the input variables, ‘7, is calculated
according to equation (38). The resulting Fisher discriminant (c.f. equation
(36)) is

5.697 vLF
4.008 FRAC1

d= | —0.727 FRAC 1,ptical (43)
0.008 NCH
—0.004 NHits

Figure 7.11 shows the distributions of the discriminant for simulated signal
and background, and for 20% experimental data. The Fisher discriminant
yields a much better separation of signal and background than any poten-
tial one-dimensional cut-parameter. The cut is placed at dy = 3.4 such
that essentially all of the simulated signal (> 99%) is kept. About 60% of
the background is rejected.

The reason for placing the cut so loosely is that at this level, up- and
down-going particles are treated equally. After this cut, the events will be
reconstructed with the likelihood reconstruction, which allows to identify
atmospheric muon events more efficiently: The bulk of the atmospheric
muon background events will be reconstructed (correctly) as down-going,
and can be rejected with an angular criterion. Of those background events
that are misreconstructed as up-going, many will have low hit multiplici-
ties. These events can be rejected with a much looser cut on the light yield
than that required for the down-going tracks.

7.2.3 Angular criterion

The events passing cut # 8 are reconstructed with the likelihood recon-
struction, using only one single iteration. The direction obtained from the
weighted linefit serves as initial track hypothesis.

Figure 7.12 shows the cosine of the track zenith angle (cos ©) obtained from
the reconstruction. A zenith angle of 0°(cos©® = 1) corresponds to a verti-
cally down-going direction. Most of the atmospheric muon events (>96%)
are reconstructed as down-going (cos © > 0). The fraction of events that
are misreconstructed as up-going is reproduced by the simulation. A large
fraction of these events will be identified as down-going by an iterative
likelihood reconstruction, that will be applied after further data reduction.

We reject the bulk of low-energy atmospheric muons using a cut on FRAC 1
which depends on the reconstructed zenith angle. Atmospheric muons lose
a large fraction of their energy when traversing the ice overburden above
the detector. The amount of Cherenkov light that atmospheric muons can
deposit in the detector is correlated with the amount of matter traversed
upon reaching the detector, and hence with the zenith angle of the incom-
ing muons (more inclined muons have a longer path through the ice, and
will have lost more of their initial energy when they reach the detector).
Figure 7.13 shows the correlation between FRAC 1 (sensitive to the light
yield) and the cosine of the zenith angle obtained from the single-iteration
reconstruction. Nearly vertical muons are capable of depositing more light
(yielding a lower value of FRAC 1) than muons with directions close to the
horizon. The two-dimensional cut that was placed using both observables
is indicated as a red line in Figure 7.13.
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The cut was found with a discriminant analysis of the two input observables .

= Bl monopoles 7 el
(cos® and FRAC1). Tt is optimized using sub sets of the simulated < | 5 omika =
atmospheric muon background and the simulated magnetic monopoles with - 20% exp. &
0 = 0.76. The learning data samples each comprised 1000 events which e
were reconstructed with zenith angles smaller than ~84° (cos® > 0.1). &
The optimization yields the discriminant function:

1.07 cos © J‘
4= <6.03> ' <FRAC 1) ' (44) N
discriminant

Figure 7.14 shows the distributions of the Fisher discriminant for simu- Figure 7.14 — Fisher discriminant
lated signal and background and experimental events in the angular region (equation (44)) in the down-going

cos® > 0.1. The event samples are normalized such that they contain region cos © > 0.1.
equal numbers of events. The cut is placed at dy = 4.3, where the back-

ground and signal distributions intersect. If the number of expected signal

and background events were in fact equal, this cut position would corre-

spond to the minimum expected number of misclassified events. Since the

number of expected monopole events is certainly smaller than the number

of atmospheric muon events, this choice of the cut position is somewhat

arbitrary. cut # 4

Cut # 4 is applied only in the angular region (cos © > 0.1). In this region, <1'07> . ( cos © ) <43
12.1% of the simulated atmospheric muon events pass. The passing rate in 6.03 FRAC1
experimental data is only slightly higher (12.5%). The fraction of passing

monopole events is between 81% and 91%, depending on the monopole

speed.

The average ratio of the three OM selection periods is 1.34. Although
cut # 4 rejects a slightly higher fraction of experimental events in the angu-
lar region above cos © > 0.1, the total fraction of events passing level 2 cuts
is higher for experimental data than for simulated atmospheric muons.
This is due to the fact that the fraction for which the likelihood recon-
struction yielded a zenith angle below cos©® = 0.1 is slightly higher in
experimental data than in simulated data. The ratio between the number

of experimental events and the number of atmospheric muon events pre- PERIOD I 1.38
dicted by the simulation (when considered the full angular region) is listed PERIODII 1.37
in Table 14. PERIODIIT 1.25

average 1.34

7.2.4 Flare check

. . Table 14 — Ratio between the number
A small fraction of the events recorded by AMANDA is known to be due experimental events and the number

to electronic noise. The so-called flare-indicators are a set of observables of simulated atmospheric muon events
that provide a tool to detect such events [134]. Cuts on the flare indicators after applying level 2 cuts.

are used to clean the data set from obvious electronic artifacts before fur-

ther selection criteria are developed. Because the applicability of the flare

indicators to events with extremely large light yield had not been inves-

tigated before, the flare-check has not been applied at an earlier stage of

the analysis.

In total, there are nine flare indicators and not all them are practical for
this analysis (see appendix B). We use four indicators which proved to
be robust also for events with high light yield. The indicators are based
on certain event features that preferentially occur in events of electronic
origin:

67



An abnormally high fraction of amplitudes recorded by the ADCs,
while no edges recorded by the respective TDCs. The flare indicator
which provides a measure for the probability of this abnormality to
occur is called flare only adec.

An abnormally high fraction of unpaired edges. The corresponding
flare indicator is called flare missing ch.

— An abnormally high fraction of hits with extremely short TOTs in a
certain subset of channels that are read out electrically. The corre-
sponding flare indicator is called flare short H.

An abnormally high number of hits occurring in strings 5-10, com-
pared to the number of hits occurring in strings 11-19. The corre-
sponding flare indicator is called flare induc 1119.

The distributions of the used flare indicators and the imposed cuts (cuts #5

cuts #5 (a-d) (a-d) ) are shown in Figure 7.15

ﬂare_on.ly._adc < 7 After applying level 2 cuts, only one experimental event in the 20% data set
flare_missing ch < 10 is removed by the flare cleaning cuts. The simulated events pass without
ﬂare_.short_H < T exception. That is, the cuts imposed so far have removed most of the
flare induc 1119 < 7

flare events already. Still, cuts5 (a-d) are applied, in order to remove flare

events that are potentially present in the 80% blinded data set.

7.3 Analysis Level 3

At this level, an iterative likelihood reconstruction is applied, based on
which the events are separated into up- or down-going particles. Starting
from the track of the previous single-iteration reconstruction, the mini-
mization process is repeated twelve times. The subsequent starting tracks
are found using a Sobol sequence.

Before searching up- and down-going samples separately for monopole sig-
natures, a final brightness criterion is applied which mainly aims at the
rejection of low-multiplicity misreconstructed events which are not repro-
duced by the simulation (see below). The cut parameter is a Fisher Dis-
criminant from two observables:

events / year
3
8
T

- NCHz;tliggl: The number of hit optically read out OMs which are
located at depth greater than z = 100 m above the detector center

(corresponding to depths greater than 1630 m below the surface).

'm
T
200 300 400

4000 [~

0 100

2000} [ corsika

= 20% exp.

) - NHiltosggtligglz The number of hits in optically read out OM below
z= m.

NCH

Figure 7.16 — Number of hit chan-
nels in 20% experimental data
(black markers) compared to atmo-
spheric muons (grey histograms) af-

7.3.1 OM selection

The observables that provide a measure for the amount of light deposited

ter applying level2 cuts in linear
(large panel) and logarithmic (small
panel) representation. The hit
cleaning and OM selection corre-
sponds to the one applied at level 2,
see Table 13 in section 7.2.1).

in the detector are related to the multiplicity of hits recorded during an
event. At this level of the analysis, observables like NCH or NHits show
a slight disagreement between experimental and simulated data. Figure
7.16, for instance, shows the NCH distribution after applying level 2 cuts.
Similar disagreements are also observed in the NHits distribution.

Good agreement between experimental and simulated data with respect
to key observables like NCH and NHits can be reestablished by using a
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Figure 7.15 — Flare indicators that are used as cut—parameters in this analysis at re-trigger level (left column), level 1 (middle)
and level 2 (right column). Open histograms black represent experimental data (1% for trigger level, 20% at higher levels),
grey histograms are the simulated atmospheric muon background, open green histograms represent simulated monopole
signal for monopole speeds 8 = 1.0 (dashed, light green) and 3 = 0.76 (dark green). Each flare indicator is a measure of
the probability of an events to be due of pure electronic origin. Higher indicator values indicate a high probability of the
event to be a flare (see section B). In this analysis they are applied after level 2 cuts (see text). The cuts are marked by red

lines.
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observable OM selection Hit cleaning

NHitsz;tliggl TOT, RT - cleaning: standard (see level 2)
extended (see appendix C), 2 < 100m  cross-talk, time-window: see level 2
NCHz;tliggl amplitude cut: > 0.6 PE
TOT, RT, Amplitude:
. as above
cross-talk cleaning:
cos© extended (see appendix C) time-window:  [17000:25000] ns
reject hits in overflowed channels
reject hits with missing leading edges
use only first hit in each OM
Table 15 — OM selection and Hit cleaning used for the level 3 cut parameters.
rigorous OM selection, which includes only the best understood OMs, and
which are well described by the detector simulation. The development of
this extended OM selection is described in detail in appendix C. The most
radical cleaning steps of the extended OM selection are
— the rejection of all OM with electrical readout, and
x10’

= experimental |1
[ corsika ‘_

entries
(3]
o
o

100~

200 0 200
z [m]

Figure 7.17 — The depth distri-
bution of hits in optically read-
out OMs for simulated atmospheric
muons (grey histogram) and exper-
imental data (black markers). Ex-
perimental data have substantially
less hits in the upper part of the
detector than predicted by the sim-
ulation. OMs in the depth range
z > 100m are excluded.

— the rejection of all OMs located above a depth of z = 100 m above
the detector center (Figure 7.17).

Further cleaning steps involve:

the rejection of all OMs in string 13,

the rejection of OMs which have recorded only incomplete hit infor-
mation for more than 10% of all recorded hits. A hit is incomplete,
if it either consists of only TDC edges or it consists of only an ADC
value.

A set of 125 OMs pass the OM selection criteria listed above. The behavior
of this subset of OMs is fully reproduced by the detector simulation. Only
these 125 OMs are used for the calculation of cut parameters sensitive to
the light yield of an event.

For the iterative likelihood reconstruction, the first two cleaning steps (re-
jection of electrically read-out OMs and OMs located at depths shallower
than 100 m above the detector center) are unnecessary, since for these OMs
the timing distribution of the first hits recorded in each OM is simulated
accurately (see appendix C.5). The OM selection applied for the cut pa-
rameters used at filter level 8 are summarized in Table 15.

7.3.2 Hit cleaning

The hit cleaning criteria applied for the level 8 cut parameters are iden-
tical to the ones used at level 2 (see Table 13), with one exception: The

3

amplitude cut was raised to a threshold amplitude of 0.6 photoelectrons.
7.3.3 Light yield criterion

The last cut that is applied before the data set is separated into up- and
down-going particles is a Fisher discriminant composed of the number of hit
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optical modules and total hit multiplicity after applying the extended OM
selection and hit cleaning criteria summarized in Table 15. The two input

observables (NCHf);tli?:gl and NHitsf);tli(c’gl) are shown in Figure 7.18.

The extended OM selection strongly affects the multiplicity distributions
for events with low hit multiplicities. The disagreement between experi-
mental and simulated data in the low multiplicity range is an effect related
to the removal of OMs in the upper part of the detector: For simulated
events, OMs in the upper part of the detector had contributed most of
the hits to the overall multiplicity (c.f. Figure 7.17). Le., the exclusion of
the OMs located at the shallowest depths removes a large fraction of hits
in simulated data. Hence the hit multiplicity distributions for simulated
data now peaks at small values. For experimental data in contrast, OMs
at in the upper part of the detector contributed fewer hits to the overall
multiplicity, and hence the removal of these OMs has a smaller effect on
the hit multiplicity distribution.

The disagreement between experimental and simulated data in the low
multiplicity range is ignored. As this analysis aims at detecting events with
extremely high light yield, good agreement in the high multiplicity tails is
of prime importance. As demonstrated in Figure 7.18, good agreement at
high multiplicities is established. We ignore the disagreement in the low
multiplicity region and remove low multiplicity events with a the cut on

; ceritni s .2<100 2<100
the Fisher discriminant composed of NHits? Siican and NCHoptical.

Like the discriminant analyses at previous analysis levels, the Fisher crite-
rion is minimized for learning data comprising 1000 events of the simulated
£ = 0.76 monopoles and simulated atmospheric muons respectively. This
optimization yields the following discriminant function:

0.073 NCHZ; 20
d= : (45)
—0.030 NHits?5 {20
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Figure 7.18 — Input observables

to the Jevel3 Fisher discrimi-
nant NCHZS[29  (left) and and

NHitsZ500) (right) in linear (top
panels) and logarithmic (bottom

panels) representation.
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cut # 6

100

0.073 NCHZ 500
. <-13

—0.030 NHits?<100

optical

0.76

0.8 B

p=0.8 p=0.76

PERIODI 1.09
PERIODII 1.10
PERIODIII 0.97

average 1.08

Table 16 — Ratio between the number of
experimental events and simulated at-
mospheric muon events after applying

level 3 cuts.

Figure 7.20 — Reconstructed zenith
angle for simulated atmospheric
muon events (grey histograms) and
experimental data (black markers)
before applying cut # 6 (left panel)
and after applying cut#,6 (right
panel).

The distributions of the discriminant function for simulated signal and
background samples and for the experimental data is shown in the top panel
of Figure 7.19. A cut is placed on the value of the discriminant function
(d < 1.3) such that events in the region where simulated and experimental
data disagree (corresponding to low multiplicity events) are removed. The
bottom panel of Figure 7.19 shows a representation of the imposed cut as
a separating boundary (red line) in the NHits*<100 NCHZ10 _plane.

optical optical

The cut removes about 74% of the remaining experimental data and about
67% of the remaining simulated atmospheric muon events. The fraction
of removed signal events lies between 23% and 30%, depending on the
monopole velocity.

Apart from removing a sizable fraction of the remaining atmospheric muon
background, cut # 6 has another important effect: It eliminates the excess
of misreconstructed atmospheric muon in experimental data.

Good agreement between experimental and simulated with respect to the
reconstructed zenith angle data is achieved over the full angular region.
Figure 7.20 compares the reconstructed zenith angle for simulated atmo-
spheric muon events and experimental events before and after applying
cut # 6.

Cut # 6 removes a higher fraction of experimental events than of simulated
events and the ratio between the number of experimental to simulated
atmospheric muon events is 1.08, slightly lower than at earlier selection
levels. The event ratios for each of the three OM selection periods are
listed in Table 16.

7.4 Conclusions

With data selection described so far, we achieve a reduction of the exper-
imental data set by a factor O(10~*). The signal passing efficiency lies
between 48% (8 = 0.76 monopoles) and 60% (8 = 1.0 monopoles) com-
pared to trigger level. The difference between the number of experimental
events and the number of simulated atmospheric muon events passing each
cut is at the order of a percent. The largest difference in the passing rate
occurs with cut # 6 (~7%). The difference is less than a percent for all
other applied cuts. This is a substantial improvement over over previous
analyses where the passing rates of experimental and simulated data dif-
fered by up to 50% (see e.g. [168, 169]). The passing efficiencies for each
filter level of this chapter are listed in Table 17.

= 10*
<

] corsika
= 20% exp.

" [ corsika L
= experimental

10°

102 -

5 05 0 0.5
cos(®) (iterative)

1 a 05 0 05 i
cos(®) (iterative)

72



= © [ monopoles lg
© - || corsika | le
s = 20% exp. . el

10 | %0

)

B

Figure 7.21 — Based on the recon-
structed zenith angle obtained from
the 12-fold iterative likelihood re-
construction, the data-set is divided

o | | down-
upgoing going into two angular regions: Up-going

particles (cos® < 0) and down-

-1 -0.5 0 0.5 1 . .
going particles (cos © > 0).

cos(®) (iterative)

Of particular importance is the accurate description of misreconstructed
atmospheric muons by the simulation. Based on the results of the 12-fold
iterative likelihood reconstruction, the data-sets are divided into up-going
(0 > 90°) and down-going (# < 90°) particles (see Figure 7.21). The
distribution of the reconstructed zenith angles agrees well over the full
angular region. Accordingly, the ratio between experimental events and
simulated atmospheric muon background is approximately equal in both
up- and down going samples: The ratio for events which are reconstructed
as up-going is 1.12, only marginally higher than 1.08, the ratio for events
which are reconstructed as down-going.

level fraction of passing events normalization
monopoles
=10 =09 =08 [=0.76 CORSIKA experimental
level 2 96% 96% 95% 91% 4% 5% 1.3
level 3 7% % 76% 70% 33% 26% 1.1

Table 17 — Fraction of events passing the level 2 and level 3 filter, and the necessary scaling factor to normalize simulated
and experimental event rates. The percentage of passing events is taken relative to the previous selection level.
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8 Up-going monopoles

The search for monopoles entering from the northern hemisphere is in
principle background-free, since up-going leptons can be induced by atmo-
spheric neutrinos only. Leptons induced by atmospheric neutrinos would
however only result in a Cherenkov light yield comparable to that ex-
pected from magnetic monopoles if the initial neutrino had an energy in
the PeV range. Atmospheric neutrinos with such high energies can in prin-
ciple be produced in prompt decays of charmed mesons in the atmosphere
[170, 171], but the expected event rate in a detector like AMANDA-II would

PERIODI 1.06 be negligible [172, 173]. Besides, at such high energies, the neutrinos would
PERIODII  1.30 largely be absorbed in the Earth and would only contribute to the back-
PERIODIII 0.91 ground for the search for down-going monopoles.

average 1.12 After rejecting events which are reconstructed with a zenith angle smaller

than 90°, the 20% experimental up-going data sample contains 516 events.
Table 18 — Ratio between the number  The background simulation predicts 461.2 misreconstructed atmospheric
of experimental events and the number )0y events. The ratio between experimental and simulated events (Ta-
of §|mulated atmospheric muon events  ple 18) is consistent the ratio observed at earlier analysis levels, and is also
which are reconstructed as up-going. consistent with the ratio observed for the down-going data sample. Hence
we can assume the remaining background indeed consists of misreconstruc-
ted atmospheric muon events.

In order to eliminate the remaining background in the up-going data sets,
we apply two cuts using

|©anoms — Ooptical|, the difference in the zenith angle obtained from
the iterative likelihood reconstruction and the zenith angle obtained
from an additional likelihood reconstruction using only a sub-set of
the detector (the optically read out OMs, see below), and

- ADCf)ggiggl, the sum of the measured pulse amplitudes in optically

read-out OMs located below a depth of z = 100m relative to the
detector center.

The final cut is optimized such that the expected limit on the flux of
magnetic monopoles is most stringent.

8.1 Rejection of misreconstructed atmospheric muon bun-
dles

There is a variety of cut parameters which provide a measure of the recon-
struction accuracy, and which are commonly used in AMANDA analyses to
identify misreconstructed atmospheric muons. Searches for up-going neu-
trinos in the TeV range, for instance, use cuts based on the overall track
likelihood (L(R|H), see equation (39) in section 7.1.2), observables related
to the number of unscattered Cherenkov photons®?, or to the smoothness*°
of the hit pattern. For this analysis, none of these observables yielded suffi-
cient suppression of the misreconstructed muon background at reasonable

39Tf a large fraction of the recorded photon arrival times are consistent with the arrival
times of un-scattered Cherenkov photons (so-called direct hits), the track is probably
reconstructed accurately.

40The smoothness of an event is calculated with a Kolmogorov-Smirnov test, in which
a certain one-dimensional distribution of the observed hit pattern (e.g., hit times of
the projections of the hits on the reconstructed track) is compared to the perfectly
even (“smooth”) distribution resulting from a constant light emission in hypothetical
non-granular detector (see [174] and references therein).
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loss in signal. Hence, we use a different method to further reject misrecon-
structed atmospheric muons.

As pointed out in section 7.1.2, the reconstruction of events with high hit
multiplicities can sometimes fail, because many of the detected photons
are delayed by scattering in the ice. In case of atmospheric muon events,
there is another reason for the reconstruction to be less accurate in for
high hit multiplicities: Those events which yield the most Cherenkov light
either consist of extended bundles of many muons, or, in case the muon
multiplicity in the bundle is small, most of the light deposition results from
a few catastrophic energy losses of individual muons. In both cases, the
light pattern in the event deviates from the single track hypothesis that
enters the likelihood reconstruction. This would imply that the likelihood
landscape does not possess a pronounced maximum at the direction of the
incoming muon bundle.

One possibility to “measure” the goodness of the maximum to which the
reconstruction converged is to compare the likelihood of the reconstructed
track (i.e., the best-fit track) to the likelihood of the second-best track
found during the iteration process. A small difference in the likelihoods
means that the likelihood landscape possesses at least two close-to-degene-
rate maxima. If this is observed, one would have to conclude that the
hit pattern is ambiguous with respect to the single-muon hypothesis (and
hence strictly speaking not reconstructible), or that the number of itera-
tions used in the reconstruction was insufficient to find the global maxi-
mum. In either case the reconstruction result is not reliable. Such ambigu-
ous events should be rejected because of their high probability of being
misreconstructed.

The option to store multiple results obtained during an iterative likeli-
hood reconstruction was made available in the Sieglinde reconstruction
software only during the course of this analysis. For the 12-fold iterative
reconstruction used here, only one (the best-fit track) was stored. Hence,
we use a different method to test the quality of the reconstruction result:
We add another single-iteration reconstruction which uses only reduced hit
information, namely only hits in the optically read-out OMs.*! The result
of the 12-fold reconstruction is used as a seed. If this seed provides a good
track hypothesis for the observed hit pattern, the additional single iteration
should yield a similar result. Otherwise the numerical algorithm seeking
the global extremum in the likelihood space will probably be “driven away”
from the initial track hypothesis.

Figure 8.1 shows the mean difference in the zenith angles of the seed track
(i.e., the 12-fold likelihood reconstruction) and the track obtained with the
additional iteration as a function of the event’s light yield. The light yield
is measured via the number of hit OMs, NCHf)gtli(c)gl. (as for the previous
analysis level, we use optically-read out OM below a depth of z = 100m
for measuring the light deposition.) For the simulated muon background
and for experimental data, the zenith angle difference increases with light
yield, whereas for monopoles the difference decreases. This is probably due
to the fact the single-muon hypothesis does not provide a good description
for large muon bundles or muon events with large secondary cascades. For
magnetic monopole events in contrast, the direct Cherenkov emission from
the single monopole track dominates, yielding a better fit with the single-
muon hypothesis. Although for monopoles with speeds different from 5 =

41Otherwise the OM selection and hit cleaning used for this reconstruction remain
the same as fro the 12-fold iterative reconstruction.
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Figure 8.1 — Mean difference be-
tween the zenith angles obtained
from the 12-fold iterative likelihood
reconstruction and the subsequent
single-iteration reconstruction using
only optically read-out OMs as a
function of the light yield. The
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Figure 8.2 — Cut on the zenith
angle difference (in rad) between
the 12-fold likelihood reconstruc-
tion and the single-iteration likeli-
hood reconstruction using only op-
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Figure 8.3 — Observables sensitive
to the light yield after applying
cut#u.l.  Number of hit OMs
(NCH=S100 top left), number of

optical’

hits (NHitsZ5%0,, top right), am-

plitude sum (ZADCZSEO9 . bot-

optical’

tom left) and mean amplitude
(<ADC>§§;8281, bottom right).

All observables are calculated using
only optically read-out OMs below
a depth of z = 100 m relative to the
detector center.

1.0 the muon hypothesis deviates from the simulated particles in speed and
Cherenkov geometry, the reconstruction appears to converges to a more
stable result for slower monopoles than for muon bundles with the same
light yield: The zenith angle difference at a fixed light yield decreases with
monopole speed. This is due to the fact that the higher Cherenkov light
intensity allows faster monopoles to pass farther outside the instrumented
volume and still deposit the same amount of Cherenkov light as slower
monopoles.

In order to eliminate the high multiplicity misreconstructed muon events,
we reject events for which the zenith angle difference is greater than 25°
(about 4.4 rad). Figure 8.2 shows the distributions of the zenith angle
difference for simulated signal and and background events and for 20% of
the experimental data set. The cut is marked with a red line.

Cut # u.1 removes 40% of the remaining experimental events and 41% of
the simulated atmospheric muon background. Most importantly, it re-
moves preferentially background events with the highest hit multiplicities.
The fraction of passing monopole events lies between 82% (5 = 1.0) and

95% (8 = 0.76).

8.2 Final light yield criterion

Figure 8.3 shows the distributions of four observables that are a measure
of the light yield: the number of hit OMs (top left panel), the number of
hits (top right), the sum of the calibrated pulse amplitudes (ADC values)
in photoelectrons (bottom left), and the average calibrated ADC (bottom
right). All observables were calculated using the same OM and hit selection
as used for the observables used for cut # 6 in section 7.3.3.
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optimization cut background sensitivity (®go) [cm?s™ sr™|

speed b ADCg;tliggl events 3=1.0 B3=0.9 B=0.8 B =0.76
=10 476 PE 0.23 4.16 x 10717 4.80 x 10717 7.54 x 10717 9.75 x 10~1'6
8=0.9 476 PE 0.23 416 x 10717 4.80x 10717 7.54x 1077 9.75 x 10716
8=0.8 424 PE 0.73 424 x 10717 4.82x107'7 6.92x 1077 5.02 x 10716
8 =0.76 300 PE 10.14 713 x 10717 7.88x 1077 1.00x 107'6 2.32x 10716

Table 19 — X ADCZS190

optical
limits at 90% confidence level (in units of cm~2s~'sr™!) resulting from optimizing the experimental sensitivity to each of
the four simulated monopole speeds.

cuts, expected number of background events in 80% experimental data, and flux average upper

Only the amplitude sum EADCf);tliggl (shown in the bottom left panel = 8 monopoles e
of Figure 8.3) is used as final cut parameter, the other observables are H corsika T
displayed in order to demonstrate the general good agreement between v | 20%exp. >y
experimental and simulated data.*? 10F I

The final cut on X ADCﬁ;tliggl is optimized such that we expect to place
the most stringent limit on the flux of magnetic monopoles after unblinding
the data (The optimization process and its underlying statistical arguments
are explained in detail in appendix D). At each potential cut value, we
calculate the expected number of remaining background events from the
simulated atmospheric muon background and the number of remaining
signal events for each of the simulated monopoles speeds. Figure 8.4 shows

the number of remaining events as a function of the ¥ ADCﬁ;tliggl cut.

The number of expected background events corresponds to certain ezper-
imental sensitivity [175], defined as average event upper limit (i.e., the
average number of signal events that can, at a certain confidence level, be
excluded to be present in the data set after application of the cut) obtained
in an ensemble of (hypothetical) repeated identical experiments in absence
of signal (see appendix D.3).#3 The flux upper limit (®gg) that is expected
to be placed is that flux for which the number of expected signal events
meets the event upper limit (see appendix D.4). We place the cut where

®g reaches its minimum. i

a_ 10"k
Figure 8.5 shows the dependency of the average 90% C.L. flux upper limits E
(Pgo) on the X ADCf);tli(c)gl cut for each of the simulated monopole samples. &0

For different monopole speeds, the limit reaches its minimum at different
cut positions. Table 19 summarizes the the optimum cut for each of the four
simulated monopole speeds, the number of expected background events
expected to remain in the 80% data set after application of the optimized
cut, and the resulting sensitivities (average flux upper limits ®gg) for each
monopole speed.

Applying four different cuts, each one optimized for monopoles with one
of simulated speeds, would in principle be possible. This would mean to
perform four separate unblinding procedures, each with a different final cut.

42Bach of the observables as well as linear combinations of them which maximize the
Fisher criterion (equation (37) in section 7.1.1) were tested as potential cut parame-
ters with respect to the expected upper limit: the number of hit OMs (NCHZ<100

optical)’
the number of hits (NHitsZ5129)), and the amplitude sum (£ ADCZSL29)) yielded
approximately equal limit setting potentials when used as one dimensional cut param-
eters, the mean amplitude (<ADC>2§;tOigal) was inferior. Using multiple observables
as a Fisher discriminant did not improve the expected upper limit. For the sake of
simplicity, we chose to apply a one-dimensional cut.

43For our optimization we use the the average upper limits at 90% confidence level.
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Figure 8.4 — Number of remain-
ing events dependent on the cut
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mospheric muons (grey histogram),
20% experimental data (black
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Figure 8.6 — Distribution of the fi-
nal cut-parameter for the 80% un-
blinded data set.

For the sake of simplicity however, we use the optimized cut for § = 1.0
monopoles. This cut yields optimum sensitivity also for 5 = 0.9 monopoles
(see table 19); for = 0.8 monopoles this cut yields a sensitivity only
slightly worse (~10%) than the optimum. Only for § = 0.76 monopoles
the choice of the cut results in a significant loss in sensitivity (roughly a
factor of 4) compared to the optimum.

The optimum sensitivity for § = 1.0 and S = 0.9 monopoles is achieved
with requiring ¥ ADCf);tliggl to be greater than 476 photoelectrons (PE).
The expected remaining background of misreconstructed atmospheric mu-
ons in the 80% blinded experimental data is 0.23 events. No event from
the 20% data set passes this cut. The average event upper limit at this
background expectation is i = 2.63. The flux level of relativistic magnetic
monopoles that would on average result in 2.63 events in after application of
the final cut lies between 4.16-10717 cm=2s71sr=! (3 = 1.0) and 9.75-101¢

em~2s71sr~! (8 = 0.76), depending on the monopole speed (see Table 19).

The background expectation of (ny,) = 0.23 events corresponds to the sum
of weights ( > w; ) from N = 8 simulated atmospheric muon events that
survived all cuts. The statistical error on (ny,) is

() = \/ZT“’ - (&2

The number of signal events passing all cuts is O(10°%) for all generated
monopole velocities. The relative statistical error on the signal expectation
(VN/N = 0(1073)) is hence marginal. The impact of both statistical and
systematic errors on the final analysis is discussed in chapter 10.

2
) =0.027. (46)

8.3 Unblinding result

The so-far blinded 80% of the experimental data set is processed in the
same manner as the 20% test sample and identical cuts are imposed. Figure
8.6. shows the distribution of the final cut parameter (X ADngtli%;’l)

for the 80% unblinded data set (the 20% sample is discarded) before the
application of the final cut (marked by the red line).

No experimental event passes the final cut. The event upper limit (con-
structed according to [175]) for an observation of zero events with an ex-
pectation of 0.23 events is 2.21. This is lower than the the average event
upper limit (& = 2.63), because the number of events observed after un-
blinding is lower than the number of events expected. (The corresponding
90% C.L. flux limits are accordingly lower than the sensitivities quoted
in Table 19.) However, for a legitimate analysis result, we must account
for systematic and statistical errors. The incorporation of errors into the
confidence belt construction results in slightly higher flux limits than the
construction ignoring systematic uncertainties (see chapter 10).
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9 Down-going monopoles

Roughly 99% of the experimental data set after applying level 3 cuts are
reconstructed as particles entering from above the horizon. The 20% ex-
perimental data set for the down-going monopole search comprises roughly
35 x 103 events. The average ratio of the number experimental events to
the number of events predicted by the atmospheric muon simulation is
~1.1 (see Table 20 for the ratio in each of the three OM selection periods)

and is consistent with the assumption that the data set is dominated by PERIOD I 1.09
atmospheric muon events. Most of these events are bundles containing a PERIODII 1.10
large number of muons. PERIODIII 0.97
The much larger background from down-going atmospheric muons requires average 1.08

several additional cuts. Consequently, the sensitivity to down-going mo-

nopoles will be inferior compared to the search for up-going monopoles. Table 20 — Ratio between the number of
Despite being less sensitive, the search for down-going monopoles is moti- exPerimental events in the down-going
vated by the larger monopole mass range for which the result will be valid: data set.

As the ability of magnetic monopoles to penetrate matter increases with

the monopole mass, the search for down going monopoles will have a much

lower mass threshold.

Most of the cut parameters used to distinguish monopoles from muon bun-
dles are measures for the light yield:

— NHits*<L0  the number of hits

optical’

- Y ADCZS190 the amplitude sum

optical’

<ADC>2<100 _the mean amplitude, and

ooptical’

THW, the half width of the time interval around the median of all
hit times which contains half the number of all hits. This observable
provides a measure of the "duration" of the event.

All light yield criteria are calculated using only optically read-out OMs
below a depth of z = 100 m relative to the detector center. The hit cleaning
criteria are those used for the cut at analysis level 3 (see Table 15).

The light yield criteria are combined with the reconstructed track direc-
tion (cosine of the zenith angle from the 12-fold iterative likelihood re-
construction, cos©) using a linear discriminant analysis. Like the angu-
lar criterion applied at analysis level 2 (emphcut # 4, section 7.2.3) the
multi-dimensional cuts require a larger light deposition for more vertically
downward track directions.

9.1 Further background rejection

The first cut parameter to reduce the atmospheric muon background is a

Fisher discriminant composed of NHitszgtligg17 THW, and the cosine of

the reconstructed zenith angle. cuts # d.1 (a-b)
NHits > 210

THW > 300ns

Before determining the discriminant function, we remove the dimmest
events with one-dimensional cuts on each of the input variables. This
ensures that the resulting discriminant function results in an optimum
separation of signal and background events at the highest light yields. We
require a minimum of 210 hits, and a minimum “time-half-width” (THW)
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of 300ns. The distributions of the two input observables and the applied
cuts are shown in Figure 9.1.

Figure 9.2 shows the dependency of the mean values of NHitsf)gtliggl and

THW with with the reconstructed zenith angle for simulated signal and
background events, and for experimental data. Both light yield criteria
have a positive correlation with the zenith angle. The correlation observed
in the 20% experimental data is well reproduced by the background simu-

5 gl B monopoles ° lation.
® [J corsika ?I/
* 20% exp. = Minimizing the Fisher criterion using 1000 events of both simulated atmo-
400} 5 spheric muon background and simulated B = 0.76 monopoles yields the
= discriminant function
200+
7.351 cos ©
. ‘ : v d=|{-0.013] - | NHits | . (47)
. R —0.020 THW
discriminant
Figure 9.3 — Cut on Fisher discrim- The distributions of the discriminant function for simulated atmospheric
inant composed of NHitsggtliggl, muon background, simulated magnetic monopoles, and 20% of the exper-
THW, and cos © (equation (47)). imental data set are shown in Figure 9.3. As indicated by the red line in
the figure, we reject all event for which the discriminant function takes val-
ues greater than -7 (cut # d.2). This cut removes 85.5% of the remaining
experimental background, while 67% (8 = 0.76) to 86% (8 = 1.0) of the
monopole signal is preserved. The fraction of removed simulated atmo-
spheric muon events amounts to 88% and is slightly higher than observed
cut # d.2 in experimental data.

7.351 cos ©
—0.013 ] - | NHits | < —7
—0.020 THW

For one event in the experimental data set the discriminant function takes
the remarkably low value of -26, indicating a light yield even higher than
that expected from a singly charged relativistic magnetic monopole. Fur-
ther investigations of the signature support the hypothesis of an immense
light deposition in the detector during this particular event (see appendix
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E). Only after completion of this analysis, the event could be identified as
an instrumental background.**

Up to this selection level, the atmospheric muon background is well de-
scribed by the simulated air-showers based on the poly-gonato model (see
section 5.3.2). With further tightening of the cuts however, most of the
atmospheric muon background comes from interactions of cosmic ray pri-
maries with energies above 10 PeV. In this energy range, the lack of trans-
iron primaries in the CORSIKA-simulation becomes apparent. Therefore,
we use the two-component model (see section 5.3.2) for optimizing fur-
ther selection criteria. Figure 9.4 shows a comparison of the two sim-
ulated atmospheric muon samples, poly-gonato-model (grey histogram)
and two-component (light purple histogram). Shown is the high-energy
end of the Fisher discriminant used as cut parameter in the previous cut
(cut # d.2) in semi-logarithmic representation. The difference of the two
input spectra is most obvious in those background events with the highest
light yield (smallest values of the Fisher discriminant), corresponding to
muon bundles induced by the most energetic cosmic ray primaries. The
two-component model yields better agreement between experimental and
simulated data with respect to both the shape of the distribution and the
predicted event rates. After imposing cut # d.2, the 20% experimental data
set comprises 889 events while the poly-gonato model predicts 623.8, cor-
responding to a ratio of 1.4 between observed and simulated events, while
the two-component model predicts 746.9 events, corresponding to a ratio of
1.2. The latter is in better agreement with the ratio observed at previous
analysis levels. Additional comparisons between the poly-gonato and the
two-component model are presented in appendix F.

9.2 Final light yield criterion

Like the search for monopoles entering from below the horizon, the search
above the horizon uses amplitude information (3 ADCf);tliggl) as final se-
lection criterion. Since for down-going atmospheric muon background the
light yield depends on the zenith angle of the incoming bundles, we combine

Y ADCZS100 - with the cosine of the reconstructed zenith angle (cos ©).

optical

As for the previous cut, we remove the events with the least light yield using
one-dimensional cuts. After that, the final cut parameter is determined via
discriminant analysis. We require an amplitude sum (X ADCf)gtliggl) of at
least 400 photoelectrons and an average amplitude (<ADC>§§P}ggal) of
at least 6 photoelectrons. The distributions of the two cut parameters and
the cut positions are displayed in Figure 9.5.

From the distributions in Figure 9.5 it becomes obvious that the search for
down-going monopoles is not sensitive over the full range of simulated mo-
nopole speeds. Monopoles with speeds just above the Cherenkov threshold
(8 = 0.76) do not deposit enough light in the detector to be distinguishable
from the atmospheric muon background.

44The event was identified as an instance of a certain, until then unknown, class of
background. Unlike other detector artifacts (e.g., cross-talk or flares) the hits in this
class of background are presumably due to photons released by a detector component
deployed at depth. The 2000 data set contained only a single instance of this type of
background. Since the hit pattern of the event is consistent with light released at depth,
there was no reason to suspect the event of being of electronic origin. The analysis of
data taken in later years however, revealed ten events with signatures that were virtually
identical to the event recorded during the year 2000. See appendix E for further details.
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Figure 9.5 — Cuts on the amplitude
sum (left) and the mean amplitude
(right) applied before optimization
of the final cut.
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Figure 9.8 — Number of remaining
events depending on the cut on the
Fisher discriminant (equation(48),
left) and the resulting average upper
flux limits for each of the simulated
monopoles speeds (right).
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Figure 9.6 shows the correlation between ¥ ADCf)gtliggl and cos O, the two

input observables to the final cut parameter. The discriminant analysis
is performed with 1000 events of each the simulated atmospheric muon
background and the simulated magnetic monopoles with speed 5 = 1.0.

Minimizing the Fisher criterion yields the discriminant function

7.866 cos©
d= (—0.010) ' (2 ADC) ' (48)

The distributions of the discriminant for simulated signal and background
and for 20% experimental data is shown in Figure 9.7. The experimen-
tal event with the highest light yield (smallest value of the discriminant
function) is the same event as the one observed as the extreme outlier the
distribution of the discriminant used in cut # d.2 (see appendix E).

Following the same optimization procedure as used in the search for up-
going monopoles, (see previous section and appendix D), we place the final
cut such that we expect the most stringent flux limit. The left panel of
Figure 9.8 shows the number of events remaining in the simulated and ex-
perimental data sets for each potential cut on the discriminant function
(equation (48)). The histograms are scaled to the livetime of the 80%
(blinded) data set. Hence the cumulative distribution of the 20% exper-
imental data set seems to contain four events that stand out above the
simulated background, when in fact there is only a single outlier in 20%
experimental data (c.f. Figure 9.7).

The right panel in Figure 9.8 shows the expected 90% C.L. flux limits
expected for magnetic monopoles with each of the simulated speeds as
a function of the cut position. The optimum cuts (i.e., those cuts that
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optimization cut background sensitivity (®go) [cm?s™ sr™|
speed discriminant events B=1.0 3=0.9 3=0.8
6=1.0 -4.7 2.59 238 x 10716 347 x 10716 1.37x 10715
B=0.9 -4.1 6.75 242 x 10716 321 x 10716 9.69 x 10716
B=0.8 -3.4 17.41 2.64 x 10716 3.23x 10716 7.90x 10716

Table 21 — Cut values for the Fisher discriminant (equation (48)) optimized for individual monopole speeds, number of
background events expected to remain in the unblinded 80% data set, and the average upper flux limits at 90% C.L (in
units of cm~2s~'sr™!). The search for monopoles above the horizon has no sensitivity for monopoles with speeds as low as

B =0.76.

minimize the average flux upper limit ®g) for each simulated monopole
speed are listed in Table 21. As mentioned earlier, the analysis is not
sensitive to # = 0.76 monopoles: The graph representing the expected flux
limit, for 8 = 0.76 monopoles in Figure 9.8 does not have a minimum.

As for the up-going monopoles, we choose to place only one cut, the one
which yields optimum sensitivity for 5 = 1.0 monopoles. The expected flux
limit, for 3 = 1.0 monopoles reaches its minimum for a cut at dy = —4.7.

The two-component model predicts (ny) = 2.6 background events to re-
main after the final cut. This prediction is obtained from summing the
weights of NV = 126 simulated atmospheric muon events in the final back-
ground sample. According to equation (46) (section 8.2), the statistical
error of the background prediction is

o({np)) = 0.04. (49)
The number of passing signal events is O(10%) for each of the monopole
samples with 8 > 0.8, leading to a relative statistical error of O(1%) in the
signal prediction.

With a background expectation of (n,) = 2.6, we yield an average event
upper limit (see appendix D) of 1 = 4.2 events. For $ = 1.0 monopoles,
this corresponds to a limit expectation of ®gp = 2.38 x 10716 cm =25~ 1sr—!,
roughly a factor of six higher than the sensitivity for up-going monopoles
of the same speed. The sensitivity to down-going monopoles rapidly di-
minishes towards slower monopole speeds. For monopoles with § = 0.8,

the expected flux limit lies above the Parker Bound (see section 2.4).

9.3 Unblinding results

After applying the processing steps and selection criteria developed with
the 20% sample of experimental data, the 80% data set is unblinded. Figure
9.9 shows the distribution of the final cut parameter (Fisher discriminant
equation (48)) before imposing the final cut.

Three experimental events pass the cut. Table 9.3 lists the run number and
the days of the year on which the events were recorded, the event identifica-
tion numbers, and the values of the two observables that entered the Fisher
discriminant. The position of the three events in the two-dimensional cut
parameter space (cos® X ADCz;tliggl - plane) is shown in Figure 9.10.
All three events lie close to the region of the parameter space where the
remaining atmospheric muon background is expected. A visual inspection
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Figure 9.9 — Distribution of the
final cut parameter (Fisher dis-
criminant equation (48)) for the
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Figure 9.10 — The three remaining
experimental events (green stars)
in the cos ©-L ADCZSL20, - plane
compared to the the distributions
of the simulated atmospheric muon
background (left panel) and to the
80% experimental data before ap-

plying the final cut (red line).

= 5

i=3 =3

=l =]
T

corsika

=
S 8
S 3

80% exp.

z<100)
z<100)

1000 L1000 -

©°

=1

S
T
o
=3
S

T

%
S
S
T
|
=

2 ADC (optical
2 ADC (optical

=

=

=]
T

=N

=3

=]
T

v

=]

=]
T

»
[=3
(=]
~

500

400 -

w
=3
S

| | . I I I )
0.8 1 0 300() 0.2 0.4 0.6 0.8 1

cos(0) (iterative) cos(O) (iterative)

I
0.6

S)
S
(S}
=}
i

of the event signatures does not reveal any unexpected characteristics,
supporting the assumption that the three remaining events are in fact at-
mospheric muon events. Figure 9.3 shows snapshots of the event signatures
in the event display.

A confidence belt construction following Feldman and Cousins [175] yields
an event upper limit 4.83, slightly higher than the limit expectation g =
4.2. Consequently, the flux upper bounds will be slightly higher than the
limit expectations listed in Table 21. In addition, the incorporation of
systematic uncertainties in the predicted events rates will alter the final
flux limit (see section 10).

run # day event #  zenith [°] X ADC(Z)gtliggl [PE]
206 55 484694 61.7 920.7
206 55 624780 46.9 966.3
281 125 2189202 69.8 739.2

Table 22 — Run number, day of the year (counted from January 1% 2000), event
identification number, reconstructed zenith angle (12-fold iterative likelihood recon-
struction), and amplitude sum (in photoelectrons) recorded in optically read-out
channels below a depth of z = 100 m relative to the detector center for the three
events in the 80% experimental data set which passed the final cut.
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10 Limit on the flux of relativistic magnetic
monopoles

A limit on a physical quantity can be derived by comparing the number
of events expected from all sources of background to the number of events
detected in an experiment and determining how much room there is for
a contribution from a new process, i.e., for signal. How well the num-
bers of expected and detected events compare in practice depends on the
uncertainties of the predictions for background and detection efficiency.

For this analysis, statistical and systematic uncertainties are incorporated
into the limit calculation using a method proposed by Conrad et al. [176].
The algorithm is explained in detail in appendix D.5.

10.1 Systematic uncertainties

The predicted number of signal and background events are determined from
Monte Carlo simulations, which contain various kinds of uncertainties. The
most obvious uncertainty is the statistical error associated with the finite
number of simulated events in the Monte Carlo samples. The statistical
error for this analysis is relatively small, due to the use of importance
sampling. While the statistical error is exactly known, the other types
of errors, so-called systematic errors, are more speculative. These errors

uncertainties of the parameters entering the generation of Monte Carlo
events.

The estimation of the total systematic uncertainty proceeds differently for
signal and background prediction. For the atmospheric muon background
we have used experimental data to adjust the event rates observed in simu-
lated data, ¢.e., we could to some extend “calibrate” the simulation, thereby
eliminating some of the uncertainty. For the signal simulation on the other
hand, no such calibration beam is available, and the effect of each param-
eter bearing uncertainty has to be assessed individually.

10.1.1 Systematic uncertainty in the signal detection efficiency

The two parameters that are believed to be most crucial to the detector
efficiency are the sensitivity of the OMs and the optical properties of the
Polar ice. The effect of uncertainties in these parameters can ideally be
determined by generating Monte Carlo samples with various simulation
setups, in which the uncertain parameters are modified. For analyses in-
volving very large signals like those from relativistic magnetic monopoles
or UHE neutrinos, this would require an impractical amount of computing
time.

Hence, we estimate the systematic errors related to the OM sensitivities
and ice properties based on systematic studies available in the low energy
region.

Uncertainties in the optical module sensitivity: Before deployment, the
OM sensitivities were measured in the laboratory. The response of the
deployed OMs can however deviate from that observed under laboratory
conditions. Potential reasons for deviations are a decrease in the trans-
parency of the silicon gel between the PMT and the glass sphere due to
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aging, shadowing of the OM sensitive area by the string cable, or air bub-
bles that accumulate in the vicinity of the OMs during re-freezing of the
water in the bore-hole. The OMs are inaccessible after deployment, and
their sensitivity can only be evaluated indirectly. The most recent study
[165] of OM sensitivities based on atmospheric muon data indicates devia-
tions of the sensitivity up to 15% relative to the values used in the standard
simulation setup. The largest deviations (~-15%) are observed for OMs
located on the four innermost strings (strings 1-4, which were not used for
the final selection criteria of this analysis). For a TeV neutrino point source

efficiency by +2/-10% [93] and the rate of (low energy) background at-
mospheric neutrinos about twice that. These findings are consistent with
an earlier systematic study for the AMANDA-B10 sub-array [177], which
showed that variations of the OM sensitives mostly affect low energy events.
The latter study also found a linear dependency between changes in the
OM sensitives and changes of the atmospheric neutrino event: A relative
shift of the OM sensitivities by a constant percentage resulted in a shift of
the trigger rate by the same percentage.

Given the results presented in [165], we assume the OM sensitivities deviate
from the nominal values by less than 15%. If we assume further that the
weakening of the dependency of the event rates on OM sensitivities with
energy holds up to the highest energies, we would expect the systematic
error on the final event rates to be less then 15%. Recent UHE neutrino
analyses [178, 179] assumed 15% systematic error due to uncertainties in
the OM sensitivity. Because of the absence of a conclusive systematic
study, we adopt this (probably overly conservative) value as systematic
error.

Uncertainties in the description of the Polar ice: The depth dependent
optical parameters of the South Polar ice were determined to an accuracy of
a few percent [114]. While the numerical values of the measured scattering
lengths and absorption coefficients are largely considered trustworthy, there
is presently less confidence in the implementation of photon propagation in
the simulation software. The distrust refers however solely to the correct
treatment of photon propagation through multiple ice layers.

The systematic error related to the photon propagation implementation
was studied within the AMANDA-II neutrino point source analysis. The
difference in the predicted event numbers from simulations with two al-
ternative sets of photon tables, one generated with the photon tracking
package PTD and one generated with Photonics (see section 5.1.1), was as
small as 2% for neutrinos with an E~2 power-law energy spectrum and 5%
for atmospheric neutrinos. Again, the systematic uncertainty in the event
rates seems to decrease with energy. These findings support the idea that
for very bright events, which illuminate a wide range of the detector, the
layering of the ice becomes negligible. Thus, we can expect that the sys-
tematic error introduced by neglecting the layering altogether (as we did for
this analysis), will be small at highest energies. A simulation using average
optical ice parameters (BULK-ice) will however be more sensitive to varia-
tions in the parameters themselves. The effect of varied optical parameters
in simulations utilizing BULK-ice was investigated within the UHE neu-
trino search with AMANDA-B10 [180]. The optical parameters were varied
over a large range, between +12%/-30% (absorption length) and +8/-21%
(effective scattering length) around the standard values. These variations
caused a change in the event rates of 34% around the average. The op-
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Figure 10.1 — Normalization fac-
tor (ratio between number of events
in the 20% experimental data set
and number events in the simu-
lated data set) at each cut level (red
line) compared to the average of
1.24 (dotted line). The normaliza-
tion determined after imposing the
penultimate cut is kept and used for
predicting the number of events re-
maining after application of the fi-
nal cut.

tical parameters of the Polar ice are known to within a few percent, and
we can reasonably assume that the systematic error is in effect smaller.
For this analysis, we conservatively assume 15% systematic error due to
uncertainties in the modeling of the Polar ice.

Theoretical uncertainty: Theoretical uncertainties that affect the detec-
tion efficiency are related to the monopole propagation in the ice. Our
signal simulation neglects Cherenkov light from relativistic secondary par-
ticles that are produced in radiative energy loss processes. This additional
Cherenkov light would result in an improved detection efficiency, and hence
a higher signal expectation. The improvement would however only be sig-
nificant for extremely relativistic monopoles. Hence, we do not incorporate
this theoretical uncertainty in our limit calculation.

The statistical errors in the number of expected signal events (0.1% and
1.5% for up- and down-going signal, respectively) are negligible compared
to the assumed systematic uncertainties due to uncertainties in the detec-
tor simulation. The two systematic errors considered (15% due to OM
sensitivities and 15% due to modeling of the Polar ice) are assumed to be
independent resulting in a total error of 21%.

10.1.2 Systematic error in the background prediction

Most of the uncertainty in the simulation of cosmic ray induced events is
of theoretical nature. The rate of atmospheric muon events in AMANDA-
Il primarily depends on the absolute flux, the energy spectrum, and, to
some extent, on the composition of cosmic rays interacting in the atmo-
sphere above the detector. These quantities have been measured by a
variety of experiments which are subject to systematic uncertainties them-
selves. Estimates of the uncertainty in the absolute normalization of the
flux (which has the largest impact in the AMANDA event rate) for in-
stance, range from 20% [84] to a factor of two [46]. Another major source
of uncertainty is the modeling of hadronic interactions in high energy air
showers. As mentioned in section 5.3.1, the particular interaction model
used for this analysis predicts too low a rate of high energy atmospheric
muons, while the muon energy spectrum is in good agreement with what
is observed experimentally.

The theoretical uncertainty of the absolute flux is compensated through
normalizing the number simulated events to the number of events observed
in the 20% experimental data. The number of background events predicted
by the simulation does however also scale with variations of the parameters
in the detector simulation, and normalizing simulated events to experimen-
tal data compensates for uncertainties in these parameters as well. Thus,
the various error contributions cannot be disentangled.

For this analysis, we have re-adjusted the normalization at each analysis
level, up to the penultimate cut level. In order to estimate the total uncer-
tainty inherent in the simulation, we consider the variations in the normal-
ization (ratio of number of events in the 20% experimental data set and
number 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 fluctuates in both directions
around its mean value, which amounts to 1.24.%> The ratio after applying

45Tt is important to note that there is no systematic increase or decrease of the nor-
malization with increasing cut strength (i.e., with increasing energy threshold). Such
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up-going

down-going

signal background signal background
OM sensitivity 15% 15%
ice properties 15% 15%
cosmic ray flux + detector response 13% 13%
statistical 0.1% 12% ~1% 1.5%
total 21% 18% 21% 13%

Table 23 — Relative systematic and statistical errors used for the limit calculation.

the penultimate cut, is 1.21. This normalization factor is kept and used to
predict the number of of background events that remain after the final cut.
We assume that the uncertainty in this prediction is at the same scale as
the variation in the normalization over the course of the analysis. We take
the maximum deviation from the mean value (~13% at selection level 3)
as estimate for the systematic uncertainty in the background prediction.

This assessment of the uncertainty in the number of expected background
events yields a substantially smaller systematic error than assumed in re-
cent UHE neutrino analyses. These analyses considered potential system-
atic error sources (ice properties, OM sensitivities, cosmic ray flux normal-
ization) independently, resulting in a total systematic error of up to ~100%
[168]. The two approaches may be debatable, but it should be noticed that
for an analysis with low background, the dependency of the final limit on
systematic uncertainties in the background expectation is weak [176]. Us-
ing a systematic uncertainty of 100% in the expected background for this
analysis would alter the flux limits by no more than 2% (up-going mono-
poles) and 13% (down-going monopoles) compared to flux limits obtained
assuming the smaller (13%) systematic error.

The statistical error amounts to 12% for the up-going background sample
and 1.5% for the down-going sample. Systematic and statistical errors are
added in quadrature, resulting in a total error of 18% and 13% for up- and
down-going samples, respectively.

10.2 Flux limits including systematic and statistical er-
rors

The total errors in the numbers of signal and background events are listed
in Table 23. They are incorporated into the calculation of the flux upper
limits following the method described in appendix D.5. The incorporation
of uncertainties generally leads to a widening of the confidence belt, and
consequently, a in a less stringent upper limit. In our case, systematic
uncertainties cause a loosening of the flux limits by roughly 7% for both
up- and down-going monopoles. The final flux limits obtained for up- and
down-going monopoles at the simulated speeds are listed in Table 24.

a trend would suggest a potentially incorrect simulation of the energy response of the
detector.
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B limit [cm =257 1sr !
up-going

0.76 8.75 x 10716

0.8 6.70 x 10717

0.9 4.29 x 10717

1.0 3.75 x 10717

down-going

0.8 1.67 x 1071°

0.9 4.22 x 10716

1.0 2.89 x 1016
Table 24 - Limits (in units of
cm~2s7'sr™1) on the flux of up- and
down-going magnetic monopoles includ-

ing systematic uncertainties.



10.3 Discussion

The limits obtained from the monopole search below the horizon (up-going
monopoles) are the most stringent constraints one the cosmic flux of mag-
netic monopoles today. The limits obtained from the search above the
horizon are less stringent, but are are valid over a larger range of potential
monopole masses.

10.3.1 Monopole mass range

The flux limits for up- and down-going monopoles listed in Table 24 apply
for those monopoles that can pass through the Earth or the ice overbur-
den above the detector and reach the detector with a speed above the
Cherenkov threshold.

The Cherenkov threshold in ice (8 ~ 0.75) corresponds to a Lorentz boost
of I' = 1.51. In order to reach the detector with this at least this boost,
the monopole is required to have mass of at least
AFE
M> — 50
Finitial — 1.51 (50)
where AF is the energy lost during propagation to the detector, and I'ipjtial
is the Lorentz boost before entering the Earth. That is, relativistic mono-
poles require a mass at least of the order of the energy loss in order to be
detectable.

The minimum masses for which the flux limits on up- and down-going mo-
nopoles are valid without further conditions on the initial Lorentz boost
are given by the energy losses suffered by monopoles passing the full diam-
eter of the Earth and passing through ~ 180km ice (the path to reach
the detector from just above the horizon), respectively. The modified
Bethe-Bloch formula (equation (24), section 3.4.2) predicts a total en-
ergy loss of AE = O(10'1) GeV for vertically up-going monopoles, and
AE = O(10%) GeV for down-going monopoles entering the detector from
just above the horizon. That is, monopole searches below and above the
horizon reach full acceptance to moderately relativistic monopoles with
masses above 10! GeV and 108 GeV respectively.

For ultra-relativistic monopoles, full acceptance may be reached for much
lower monopole masses. Monopoles with a mass in the PeV region, for
instance, are predicted to be capable of penetrating the Earth if they have
an initial Lorentz boost around Iipi¢ia1 = 10° or higher (see Figure 3.11 in
section 3.4.2).

10.3.2 Comparison to other experimental limits

Figure 10.2 shows the limits in comparison to the best presently available
experimental bounds. In the velocity range 8 > 0.8, the most stringent
limits are the ones set by the BAIKAL neutrino telescope. These limits
lie between 5 x 107 em~2s71sr™! (3 = 1.0) and 1.9716 cm=2slsr—!
(6 = 0.8), and are valid for monopoles that are capable of penetrating
through the Earth [102].

The MACRO experiment constrains the flux of magnetic monopoles below
a level of 1.4 x 10716 cm=2s~1sr=! [58]. This limit is valid for full accep-
tance over 47 sr, i.e., for the mass range in which monopoles can penetrate
through the Earth and reach the detector from all directions. For 27 sr ac-
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Figure 10.2 — Limits on the flux of relativistic magnetic monopoles. The AMANDA-II limits (this work) are shown in red.
(For the sake of clarity, the limits obtained for the discrete monopole speeds are connected with straight lines.) The limit
on up-going monopoles falls below the presently most stringent limit set by the BAIKAL neutrino telescope (black solid
line). The former limit obtained from the analysis of data taken with the AMANDA-B10 sub-detector [103] is shown for
comparison (gray dashed line).

ceptance, i.e., for the mass range in which monopoles cannot pass through
the Earth but reach the detector from above the horizon, the limit has to
be multiplied by two [58]. For this case, the MACRO limit is at about the
same level as the AMANDA-II limit for down-going monopoles.
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11 Summary and outlook

Relativistic magnetic monopoles which cross a transparent medium at a
speed above the Cherenkov threshold are predicted to emit Cherenkov radi-
ation that is more intense than that emitted by relativistic muons by several
orders of magnitude. Data taken with the AMANDA-II neutrino telescope
during the year 2000 were searched for the Cherenkov signature of rela-

selection criteria were developed based on simulated atmospheric muon
events (the dominant background to this search) and simulated monopole
events, in which the monopoles were assumed to carry one Dirac charge
and to travel at fractions of the speed of light between 5 = v/c = 0.76 and
B =~ 1. In oder to ensure that the detector simulation provides an accu-
rate description of the detector response, 20% of the experimental data was
used for comparisons between experimental and simulated data throughout
the analysis. This subset was then discarded, and only the complementary
80% of the data (totaling approximately 155 days of dead-time corrected
data taking time), which were kept blind during the development of the
analysis, were used to derive upper limits on the monopole flux.

Two separate flux limits were derived for monopoles entering from be-
low and from above the horizon, respectively. The analysis considering
monopoles entering from below the horizon yielded flux limits between
3.8x107 1 Tem 257 1sr! (B ~ 1) and 8.8x107 6 ecm2s71sr! (B = 0.76)
at the 90% confidence level. In the velocity range 3 > 0.8, these limits are
the most stringent experimental limits at the time of this writing.

Because of the much larger background from down-going atmospheric mu-
ons, the analysis considering monopoles entering from above the horizon
yielded limits less stringent by roughly an order of magnitude. These
much looser limits are however valid for monopoles of lighter mass and
lower speeds. Monopoles reaching the Earth at a speed around g = 0.9
for instance, would have to be at least as heavy as 10’ GeV to reach the
detector from below, while a mass of 108 would suffice to reach the the
detector from above the horizon. For monopoles that are incapable of
crossing the Earth but are capable of penetrating the matter overburden
above the detector, the limit derived in this work is approximately at the
same level as the presently most stringent limit placed by the MACRO
experiment. The search for monopoles above the horizon presented in this
work is the first analysis of this kind performed with AMANDA-data. It
proves that neutrino telescopes can search relativistic magnetic monopoles
above the horizon, and that these searches, despite the large atmospheric
muon background, have sensitivities well below the Parker bound.

This work concerns AMANDA-II-data of the year 2000 only. The remaining
data collected AMANDA-II could be be searched for monopole signals as
well, but the analysis of already existing data taken with the much larger
IceCube detector [67], a cubic-kilometer scale neutrino telescope presently
under construction at the South Pole, would yield a much better sensitivity
than that achieved with the analysis multiple years of AMANDA-II data.

The construction of the IceCube detector started in the Polar season 2004/
2005 and is expected to be completed by the beginning of 2011. In its final
state, the lceCube detector will consist of ~5000 optical modules deployed
on 80 vertical strings. The instrumented volume will span a depth range
between 1400 and 2400 meters below the ice surface and will cover a square-
kilometer-sized hexagonal area in the horizontal plane. The large volume

92



rare signals with high Cherenkov light deposition. Figure 11.1 shows the
Cherenkov signature of a simulated 6 PeV muon in the IceCube detector.
Similarly large signals would be expected for relativistic magnetic mono-

location and the cross-sectional area of the AMANDA-II detector within
the lceCube instrumented volume.

relativistic magnetic monopoles have not yet been undertaken, first simu-
lations of the intermediate deployment stages of the detector indicate that
upcoming monopole searches will reach sensitivities roughly an order of
magnitude below the limits presented in this work [181].
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Figure 11.1 — Simulated 6 PeV muon crossing the IceCube detector [182]. The grey shaded area indicates the location and
the cross-sectional area of the AMANDA-II detector.
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A Seasonal variations of the event rate

When cosmic rays interact with air molecules in the atmosphere, mesons
are produced which either re-interact to produce particles of lower energy
or which decay into muons. While the decay length of the mesons depends
solely on energy, the mean interaction length of the mesons depends on
the density of the atmosphere. The largest variations of the atmospheric
density are caused by seasonal variations of the air temperature over the
year. One therefore expects seasonal variations of the atmospheric muon
rate in a detector like AMANDA.

A.1 The AMANDA-II trigger rate and the effective atmo-

spheric temperature

If atmospheric muons arrive at the ice surface with an energy of 500 GeV
or greater, they will be capable of reaching the AMANDA-II detector with
sufficient energy to cause a trigger. In this energy range, the main reason
for variations in the muon flux are temperature variations in the upper
atmosphere: During summer, the increase of temperature results in an
expansion of the atmosphere. In low density air, the mean free path of
the mesons produced in cosmic ray interactions is longer than in dense air,
and a larger fraction of the mesons decay into muons before they interact.
As a consequence the flux of highly energetic atmospheric muons is larger
during the summer than during the winter.

A full quantitative treatment of the development of the particle cascades
would involve full particularities of the density profile and chemical com-
position of the atmosphere. In the altitude range of interest however,
the atmosphere can be treated as ideal gas with constant molar mass
(M = 28.96 g/mol), and the local air density can be obtained from temper-
ature and pressure measurements (which are delivered by weather balloons)
via the ideal gas law:

P="Fp (51)
where p is the air pressure, T is the temperature and R is the universal
gas constant (8.31451 J/(K - mol)). The vertical temperature and pressure
profiles have a rather complicated structure. Examples of the vertical tem-
perature structure of the Polar atmosphere are shown in Figure A.1. To
a good approximation however, variations of the muon rate in an under-
ground (or under water /ice) detector depend only on the so-called effective
temperature [130]. The effective temperature is defined as the temperature
of an hypothetical isothermal atmosphere that would result in the same
meson intensity as that produced in a real atmosphere having a tempera-
ture distribution T'(X), where X is the atmospheric depth. The effective
temperature Tog is a weighted average over the temperature profile from
ground to the top of the atmosphere. It is calculated as [131]

_ [ RT(X) fexp(—X/Ax) — exp(—X/Ax)]

Pd
2 foxp(—X/As) — oxp(—X/An)] 52

where A; = 160 gm/cm? is the atmospheric attenuation length for pions,
and Ax = 120 gm/cm? is the atmospheric attenuation length for nucleons.
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Figure A.1 — Examples for tem-
perature profiles of the atmosphere
above the South Pole. The
temperature profiles were delivered
by weather balloons which were
launched from the South Pole Sta-
tion in 2003 on an Antarctic sum-
mer day (January 37¢ red graph)
and an Antarctic winter day (July
27t blue graph), respectively. The
increase of the temperature in the
stratosphere (above >10000m) is
due to absorption of UV light.
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Figure A.2 — Depth dependence of
ar as measured by several under-
ground muon detectors. The depth
is given in meter water equivalent.
The black curve indicates the the-
oretical expectation [130]. Taken
from [183].

Fluctuations of the effective AT,g, then, relate to fluctuations of the muon
rate in an underground detector AR, as

AR, AT.q

By~ o)’ (53)

where (R,,) and (Teg) are the average muon rate and effective tempera-
ture, respectively. That is, the deviation of the measured muon rate from
its mean will be directly proportional to the deviation of the effective tem-
perature from its mean. The proportionality constant cp depends on the
depth at which the muon intensity is measured. Figure A.2 shows ar
measured by several underground muon detectors. Data taken with the
AMANDA-B10 detector during the year 1997 were used to determine the
value of ar for the AMANDA depth [183]. The measurement is in good
agreement with the theoretical prediction [130].

It would be worthwhile to re-asses ar using several years of data taken with
the full AMANDA-II array. This has however not be done yet. Nevertheless,
the effective temperature of the South Polar atmosphere was determined for
this analysis for the following reason: A blind analysis requires an excellent
understanding of the experimental data, and stable trigger rate is a key-
requirement in data quality assurance. For AMANDA monopole searches,
initially four years of experimental data were filtered from raw data on
(although only one year was finally fully analyzed). The trigger and re-
trigger rates between January 15 2000 and December 315 2003 are shown
in figure A.3. After correction for detector dead time, the average trigger
rate over a year lies between 75 and 90 Hz. The average rate is lowest in
2000 (~75Hz) and increases after the maintenance period 2000/2001. This
increase is due to the recovery of several damaged or un-reliable optical
modules during the Polar season 2000/2001. Throughout each year, the
trigger rate varies smoothly around its mean as the seasons change. Apart
from these seasonal variation, the trigger-rate shows several sudden jumps.
Most of the rate instabilities occur at the beginning and at the end of
each year, indicating that the DAQ was recording data although detector
maintenance had already started. The maintenance periods, as well as the
periods during Austral winter during which the trigger-rate shows sharp
jumps or drops (for instance during days 196 to 198, or 209 to 211 in 2000)
are rejected by the standard file selection (see section 6.1.1).

One discontinuity in the trigger rate however remains even after the ap-
plication of quality criteria: At the end of the year 2002, the trigger rate
shows a sudden jump around day # 1000. All data taken during this time
period pass the file selection. An investigation of the atmospheric temper-
ature reveals, that this sudden increase of the trigger rate coincides with
a sudden increase of the temperature in the upper atmosphere above the
South Pole.

A.2 Sudden stratospheric warming in 2002

At least one weather balloon is launched every day from the South Pole
station, measuring temperature, pressure and altitude during its ascension.
The balloon data are available from the Antarctic Meteorological Research
Center web site [184].

In order to understand the discontinuities in the AMANDA-II trigger rate,
data from daily weather balloon launches during the time period between
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Figure A.3 — Trigger rate from January 15" 2000 to December 31%* 2003 before selection of stable data taking periods. The
brown markers indicate the raw trigger rate of the detector, while the black markers indicate the event rate after a first data
cleaning (the so-called re-triggering, see section 6.2.3 that is supposed to remove most of the electronic noise. The rising
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The upper panel shows the effective temperature from data of all balloon flights between 15* 2000 to December 31°* 2003.
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2002.

January 2000 and December 2003 were analyzed. As the weather balloons
take measurements roughly every 10 to 20 meters altitude during their
ascension, the data from one balloon flight contain the local atmospheric
temperature taken at only discrete atmospheric depths X;. In order to
calculate the effective temperature, the integral in equation (52) has to be
approximated with a sum over discrete data points:

o 220 LX) (AX)i/ Xi [exp(=Xi/Ax) — exp(=Xi/An)]

Teit % 5 (AX): /X, foxp(— X1/ Ar) — exp(— X, /AN)]

(54)

The daily effective temperature between January 1% 2000 and December
315 is shown in the upper panel of Figure A.4. The temperature curve
clearly follows the Antarctic seasons, as expected. However, during the
winter months, the effective temperatures seems to be ambiguous. The
temperature curve is split into two sub-curves. An investigation of the bal-
loon data revealed that the upper branch of temperature curve corresponds
to those flights in which the weather balloon did not reach the top of the
atmosphere. The lower panel of Figure A.4 shows the effective temperature
calculated for only those flights in which the balloon reached an altitude
of at least 20000 meters. This simple selection smoothes the temperature
curve.

Around day # 1000, the effective temperature shows a sudden increase,
similar to that observed in the AMANDA-II trigger rate. Figure A.5 shows
a zoomed view of the effective temperature and the trigger rate for the
time period from September to December 2002.*® The “oscillation-like”
structures in both curves coincide.

With this sudden increase in the muon rate, AMANDA has observed an
unusual sudden warming of the stratosphere above the South Pole [185].
This incident, which occurred around September 25" 2002, is well known
among atmospheric scientists [186], mainly because the sudden strato-
spheric warming caused a split of the Ozone Hole [187].47

Temperature and ozone concentration in the atmosphere are highly corre-
lated for the following reason: Ozone depletion in the upper atmosphere
progresses most efficiently in the presence of (1) Stratospheric Polar Clouds,
and (2) UV radiation. During the Polar winter night, a circumpolar wind
develops in the middle to lower stratosphere, the so-called Polar Vortex.
The cyclone confines a cylindrical volume of extremely cold air above the
Polar region, in which Stratospheric Polar Clouds can form. With the be-
ginning of spring, sun light reaches the Polar region, but low temperatures
and stratospheric clouds persist, as the cold air is trapped within the Vor-
tex. Ozone is efficiently depleted. Around September 25" 2002, however,
the Polar Vortex split into two separate cyclones, and with it, the Ozone
Hole split into two smaller holes. Cold air was no longer trapped above the
South Pole. The temperature in the stratosphere jumped by ~40 K within
days.

Figure A.6 shows snapshots of the ozone concentration in the atmosphere
of the southern hemisphere and the temperature measured at two different
pressure levels in the upper atmosphere (100 mbar and 30 mbar) between
September 15" and October 4P,

46 Unfortunately, AMANDA was not taking data from mid-November on, because of
maintenance work. Hence, the trigger rate curve is cut off around day # 1050.

47 A non-technical report on the incident can be found on the NASA web site http:
//wwu.gsfc.nasa.gov/topstory/200209260zonehole.html.
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Figure A.6 — Ozone concentration
(left column) and atmospheric tem-
peratures in the 30mbar (middle
column) and 100 mbar (right col-
umn) layers on the southern hemi-
sphere.  Each row shows snap-
shots of ozone and temperature
for one particular day during the
dramatic stratospheric warming in
2002: September 15" (top row),
September 20*", September 25",
September 30", October 4", and
October 9** (bottom row). Ozone
contours correspond to Dobson
Units (Dobson Units give the thick-
ness (in units of 10 um) of the ozone
layer if all ozone contained in an air
column overhead were compressed
to 1atm 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-interface to the
climate research data base of the
National Oceanic & Atmospheric
Administration (NOAA) [190].
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Figure B.1 — Fingerprints of an at-
mospheric muon event (uppermost
panel) and of three flare events.
In flare events, leading edge time
and the depth in which the hit
supposedly occurred are totally un-
correlated. This suggests that the
pulses are created close to the sur-
face. Taken from [134].

B Tagging events caused by electronic noise

An indication that AMANDA data have admixtures of hits and/or entire
events that are not caused by light in the detector was first observed in
the overall data-rate (bytes per second) which showed occasional jumps,
while the trigger rate remained approximately constant. These states of
high data rates were investigated in great detail [134]. It was found that
data taken during these periods contained many events with high hit mul-
tiplicities. The correlation between hit-times and the depths of the OMs
in which these hits supposedly occurred indicated that these events were
of pure electronic origin. Figure B.1 shows examples of the correlation
of leading edge times and OM number?® (the so-called fingerprints) in a
typical atmospheric muon event (upper panel) and in events caused by
electronic noise, referred to as flare events hereafter.

The so-called flare checker module (developed in [134]) is a tool to identify
and reject potential flare events based on nine variables, the nine flare-
indicators.

B.1 The flare indicators

For developing the flare checker, flare events were selected and inspected.
A set of nine features was identified which commonly occur in flare events
and are untypical for particle induced events:

(1) ahigh fraction of channels for which a peak ADC value was recorded,
but neither leading nor trailing edges,

(2) a high fraction of channels which have unpaired edges, i.e., chan-
nels where the recorded edge series contain at least two consecutive
leading or two consecutive trailing edges,

(3) many hits in otherwise dead channels,

(4) many hits with extremely short TOT in channels with signal trans-
mission via twisted pair cables,

(5) many hits with extremely short TOT in channels with signal trans-
mission either via coaxial cable or via twisted pair cable if the corre-
sponding OM is a so-called hybrid OM,*°

(6) many hits with extremely long TOT, occurring significantly before
the trigger time,

(7) many TDC edge series which start or end with an unpaired edge
which is nevertheless well contained in the TDC buffer (if an edge
series either starts with a trailing edge or ends with a leading edge
and there is large time gap between unpaired edge and the boundary
of the TDC buffer, the first or last pulse would have had an overlong
TOT.)

3

480Ms in each string are numbered such that the OM with the lowest number is closest
to the surface, and the OM number increases with depth. Hence the OM number is a
measure for the depth at which the OM is located.

49Hybrid OMs are OMs which are read out via twisted pair cables but contain an
LED for pulse conversion from electrical to optical. For test purposes, a few such hybrid
OMs were deployed with strings 5-10. The fiber readout is however not used during
normal data taking. Anyway, due to the hardware differences, the TOT characteristics
of hybrid channels differs from the one of conventional twisted pair channels. As pulses
from hybrid channels typically have larger TOTs (similar to coaxial channels), they fall,
in the context of flare indicators, into the same class as coaxial channels.
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(8) an extremely high number hits occurring in strings 5-10 (whose chan-
nels are particularly prone to noise pick-up) compared to the number
of hits occurring in strings 1-4, and

(9) an extremely high number hits occurring in strings 5-10 compared to
the number of hits occurring in strings 11-19.

The probability for particle induced events to expose one of the above flare
features was obtained from atmospheric muon data at trigger level. For
each feature a so-called flare-indicator was defined such that it represented
the negative logarithm of the probability for a muon event to expose as
much of the flare feature as actually observed. In particular, in a sample of
N particle events the expected number of events with an indicator I above
a certain value Iy, N (I > Iout), falls like [134].

N(I > Iys) ~ N - 10 Teur, (55)
That is, one expects less than one event with I, > log;y N in an event
sample with IV events.

Figure B.2 shows an example of the flare indicator based on feature (1)
from the above list. The shape of the distribution is typical: The extent to
which flare features are found in muon data falls exponentially, visible as
the exponential fall-off at low indicator values. Those events with higher
indicator values (> ~7 in this example) are probably due to electronic
noise, or have at least a significant contribution from noise hits.

Flare checking is extremely important to monopole search. In many flare
events, a large number of hits is observed, which is also expected for the
signal of relativistic monopoles. On the other hand, monopole Cheren-
kov signatures may yield so much light that many TDCs overflow (i.e.,
register more than 16 edges) during an event. This could wash out the
space-time pattern of hits that is typical for the Cherenkov emission, and
the event fingerprint might appear less structured than for low energy
atmospheric muon events. Events with extremely high hit multiplicities
might, to some extend, expose flare features. To what extend the flare
indicators are enhanced in signal events can, unfortunately, not be deter-
mined from Monte Carlo simulations, because the origin of electronic noise
causing flare events or are not understood and hence not included in the
detector simulation. Therefore, the suitability of the flare indicators for
potential signal events has to be assessed from experimental data alone.

B.1.1 Flare indicators in this analysis

The first flare indicator (referred to as flare only adc hereafter) is
based on the number of channels which recorded a valid ADC but no
edges (see item (1) in the above list) This mis-behavior cannot be re-
produced in the Monte Carlo. [Le., the indicator is zero for simulated
events. Figure B.3 shows this flare indicator for experimental data at trig-
ger level and level 1 of this analysis, simulated atmospheric muon events,
and simulated magnetic monopoles with 8 = 1.0 and 8 = 0.76 (both
at level 1). The distributions are shown separately for each of three pe-
riods for which different OM selections were defined (see section 6.2.1).
Experimental data are shown at both trigger level (1% of the data set, open
histograms) and at level 1 as defined in section 6.3 (20% of the data set,
black markers). Apparently, level I cuts remove many events which expose
the flare feature flare _only adc. (This is also the case for most of the
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Figure B.3 — Flare indicator flare_only
to ~1% of the experimental data set at
analysis. For simulated events (colored

adc for each of the three OM selection periods. The open histograms correspond
trigger level. The black markers are 20% of the experimental data at level/1 of this
histograms), the flare _only adc indicator is always zero.

other indicators, see below.) We also observe that during PERIOD I the
flare only adc distribution looks different from the subsequent periods,
1nd1(‘a‘r1ng a change in the detector stability. For this particular indicator,
a set of channels which are malfunctioning (e.g., due to increased noise of
the ADCs) over a certain time period might be responsible for high indica-
tor values. Inspections of the time variability of this indicator (see below)
showed that in fact most of the events with indicator values greater than
7 are clustered in a small time interval at the end of PERIOD I (see top
panel of Figure B.6).

Figures B.4 and B.5 show the distributions for the eight remaining flare
indicators (plotted in the same manner as flare only adc in Figure
B.3). For experimental data, the typical shape of an exponential at small
indicator values (due to muon events) and an additional bump at higher
indicator values (due to flare events) is clearly visible. For some indicators,
The distributions differ for the three time periods, suggesting instabilities
in the detector behavior.

B.1.2 Time dependent behavior of the indicators

One reason for specific flare indicators to show transient behavior is that
they can be dominated by certain groups of OMs that are malfunctioning
over certain time periods. Another reason for periods of enhanced flare
rates can be temporarily increased electronic noise in the entire detector,
which might, for instance, be caused by bad weather conditions. Figure B.6
shows the behavior of the nine flare indicators with time. Events with ex-
tremely high flare indicator values cluster in certain time intervals. For the
indicator flare _only adc, the cluster at the end of PERIODI (around
day 117) is clearly visible. Other clusters on day 146 and 157 are visible
in a variety of indicators. These periods were inspected and certain time
periods were excluded from the analysis.
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Figure B.4 — Flare indicators (2) to (5).
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Figure B.6 — Flare indicators ver-
sus day, counted from January 1%
2000. Events in each OM selection
period are plotted in different colors.
Most of the events with extremely
high flare indicators cluster in short
time intervals.



Figure B.7 — Maximum value of
flare indicators versus time for
events in individual runs in which
the flare rate is temporarily en-
hanced. Time is measured in sec-
onds from midnight.

B.2 File selection using flare indicators

Instead of using individual flare indicators, time periods of enhanced flare
rates were identified using the maximum indicator value among all the nine
flare indicators. According to equation (55), the number of events out of
N above a certain I, in any of the nine indicators is [134]

9-N-10 feut & N .10 et (56)

As this analysis concerns O(10%) events, an event was considered a flare
event if any of the nine indicators had a value greater than 10.

All those runs which either contained 10 flare candidates or more after
imposing level 1 cuts or those in which more than 0.1% of all events at
level 1 were flare candidates were inspected for clustering of flare events in
time. Figure B.7 shows those runs in which clustering occurred.
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For this analysis, run271 and run 272 were rejected entirely, as well as
shorter time intervals during run 270 and run305. The time period with
run 270 and run 272 is visible in Figure B.6 (uppermost panel). Run 305
was taken on day ## 146. This cluster is also visible in Figure B.6. The
rejected time intervals are listed in Table 25.

In some runs with a high flare rate, flare events do not cluster in short
time intervals. Figure B.8 shows the time dependence of the maximum
flare indicator for run 322 (taken on day 157). This run has a very high
percentage of events with flare indicators greater than 10 (~1.2%). The
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events are however spread over the entire data taking time, meaning that
an additional flare checking on an event-by-event basis is required. Flare
events usually have abnormally high values in more than one indicator.
Therefore, it is not necessary to impose cuts on all nine flare indicators in
order to remove fare events. Most neutrino searches used a subset of four
flare indicators as cut parameters: (4) (flare short M, based on short
TOT hits in strings 5-10), (8) (flare _induc_B10, based on the ratio of
hits in strings 5-10 to hits in strings 1-4), and (9) (flare induc_ 1119,
based on the ratio of hits in strings 5-10 to hits in strings 11-19) [93]. For
this analysis, these indicators are however not appropriate.

B.3 Indicator stability for high multiplicity events

During their development, flare indicators were normalized and calibrated
using trigger level muon data. I.e., predominantly events of low energy and
with low hit multiplicity were used to assess the probability with which
flare features occur in particle induced events. However, there are some
indications that the amount of noise in the detector rises with amount
of light seen by the detector, as for instance the poor agreement in the
hit multiplicities observed in electrically read-out OMs (see appendix C).
This is probably caused by some sort of cross talk. The cross talk does
not necessarily have to occur during pulse transmission to the surface via
electrical cables. It might also occur within the data acquisition electron-
ics at the surface. If the amount of cross talk (or other electronic noise)
rises with the number of pulses registered at the surface, then high multi-
plicity events would by nature have flare features. Before using the flare
indicators in a monopole search (or any other analysis which selects high
multiplicity events), we have to ensure that the indicators are reliable for
high multiplicity events.

Figure B.9 shows the nine flare indicators observed in experimental data at
trigger level, level 1, and level 2. According to equation (55), we expect the
exponential slope of an indicator to be independent of the number N con-
tained in the event sample. However, for some of then indicators the slope
does change, most obviously for indicator (2) (flare missing ch, which
is based on the number of un-paired edges), indicator (4) (flare short M),
and indicator (8) (flare induc B10).

The change in slope could either mean that the level 1 and level 2 cuts
accumulate flare events, or that the respective indicators are unstable in
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Table 25 — Time periods which were
excluded from further analysis be-
cause of their enhanced flare rates.

Figure B.8 — Run 322 is an example
for a run with a high fraction of flare
candidates. The events with a high
fare indicator do however not cluster
in time.



Figure B.9 - Behavior of the
nine flare indicators of experimen-
tal events with progressively tighter
cuts. Each panel shows one of
the indicators at trigger level (open
histograms), level I(light grey his-
tograms), and level 2 (dark grey his-
tograms) of this analysis.

Figure B.10 — Behavior of the
nine flare indicators of simulated at-
mospheric muon events (CORSIKA)
with progressively tighter cuts.
Each panel shows one of the in-
dicator 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 indicators should not
be used in analyses that aim at detecting high energy events.

Simple and robust measures for the light yield are the number of hit optical
modules (NCH) and the number of recorded hits (NHits). In order to

confirm that the change of the slope is in fact due to high light yield, the NHits: [ <500

indicator distributions were investigated for separate multiplicity bands [ [ 500:1000]
with respect to NCH and NHits. Figure B.11 shows the flare indicators [7] 12000:1500]
flare missing ch, flare short M, and flare induc B10 of exper- ] >1500

imental data for three hit-multiplicity bands: NHits< 500, 500 < NHits<
1000, 1000 < NHits< 1500, and NHits> 1500.5

Indicator (2) flare _missing ch: For this indicator, the change of the experimental
slope is not correlated with the hit multiplicity. In particular, higher mul- H_
tiplicity events tend to have lower indicator values. The same is true for
channel multiplicity bands (NCH, not shown). Hence, flare missing chis ‘
a suitable observable to reject flare candidates. .

: = 5 10
Indicator (4), flare_short M: Higher multiplicity events tend to have flare_missing_ch
higher indicator values. The same behavior is observed when channel mul-
tiplicity bands are considered [191]. The behavior is however not repro- ‘g experimental

duced by the simulation. The flare short M indicator is measure of the
fraction of hits with extremely short TOTs occurring in strings 5-10 (read
out via twisted-pair cables). We must conclude that in extremely high
multiplicity events, hits in OMs of these strings have substantial admiz-
tures of non-photon hits. Consequently, flare short M is not a suitable
observable to reject flares. The unreliability of the OMs in strings 5-10 in
extremely bright events was also noticed at higher analysis levels (see ap-
pendix C). Consequently, hits in strings 5-10 do not enter the final selection
criteria. 10*

flare_short M

e peri mental

Indicator (8), flare _induc_B10: For this indicator, the change of the 10
slope is reproduced in both simulated atmospheric muon events (see Fig-
ure B.10) and simulated signal events [191]. Hence, it cannot originate
from un-simulated electronic effects. The multiplicity-dependent behavior 107}
of flare induc_B10 is not understood [192]. Obviously, this indicator flare induc B10
is not a suitable observable for this analysis. o
Figure B.11 — Flare indicators

The flare indicators that were finally used in this analysis were the indica- (2) flare missing ch (top)

tors (1), (2), (5), and (9). The applied cuts are listed in table 26. (4) flare short M (middle), and
(8) flare:induc__BIO (bottom)
indicator# cut for various hit-multiplicity intervals.

The histograms in each plot are nor-

(1) ﬂare_f)n!y_adc = 7 malized such that they contain the

(2) flare_missing ch < 10 same number of events.

(5) flare _short H < 7

(9) flare induc 1119 < 7

Table 26 — Cuts imposed on the flare indicators.

50The corresponding multiplicity bands in NCH rather than NHits, and the indicator
behavior for simulated signal and background events can found in [191].
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Figure C.1 — NCH distributions af-
ter applying level2 cuts for OMs
which are read out via coaxial cable
(uppermost panel), twisted-pair ca-
ble (middle), and optical fiber (bot-
tom).

C The extended OM selection

After applying level 2 cuts, we observe a disagreement in the hit multiplic-
ity distributions (c.f. Figure 7.16 in section 7.3.1).

An investigation of the multiplicity distributions of OMs with different
readout types reveals that the disagreement of the over-all distribution is
due to the electrically read-out channels. Figure C.1 shows the NCH dis-
tributions for OMs that are read out via coaxial or twisted-pair electrical
cable and via optical fiber. The agreement between experimental and simu-
lated data is reasonable only for the optically read out channels. For electri-
cally read-out channels, the shift in the peak positions of the NCH distri-
butions of experimental data towards higher values indicates an increased
noise contribution in these channels. The premature cut-off of the distribu-
tion at highest multiplicities that is observed for strings 1-4 could be either
due to dead OMs that have not been identified by the OM selection, or due
to removal of a larger fraction of hits in experimental than in simulated
data by the hit cleaning.

In the following sections we investigate

— whether the applied hit cleaning removes certain classes of hits in
experimental data which are not removed in simulated data (section
C.1),

— whether particular parts of the detector show an increased contribu-
tion of electronic noise (e.g., cross-talk hits) during actually particle
induced events (section C.2.1), and

whether both ADC and TDC of each OM behave consistently (section
C.3).

Based on these investigations, we define an extended OM selection, which is
used from analysis level 3 on. In addition to those OMs which are already
excluded by the standard OM selection, we reject OMs whose behavior
during particle induced events is not reproduced by the simulation. Al-
though some sources of the disagreement between experimental data and
simulation could at least be isolated, they could not entirely be eliminated.
This is especially true for the hit multiplicities of the electrically read-out
channels.

In addition to the disagreement in the electrically read out channels, we
observe a disagreement between experimental and simulated data with
respect to the depth distribution of hits: The simulation predicts a higher
hit rate in the upper part of the detector than observed in experimental
data (see section C.4).

In order to maintain reasonable agreement between simulated and experi-
mental data, we will use only OMs which are read out via optical fiber and
which are located below a certain depth to compute observables related to
the amount of light deposited in the detector. For the likelihood recon-
struction in contrast, we will use both electrically and optically read out
OMs over the full depth range of the detector. This is possible since the
reconstruction relies only on the arrival times of the first photons at each
OM, which are reproduced reasonably well by the simulation (see section
C.5).
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Figure C.2 — Time distribution of hits in experimental data (top row) and CORSIKA events (bottom row) for OM read out
via coaxial cable (left column), twisted pair cable (middle column), and optical fiber (right column).

C.1 The impact of the hit cleaning

One possible explanation for the disagreement in the NCH and NHits
distributions is that the hit cleaning procedure removes different, portions
of hits in experimental and simulated data. Figure C.2 shows the effect
of the various hit cleaning steps on experimental and simulated data for
OMs with different readout types. Shown are the calibrated times of the
remaining hits after each cleaning step.

The only striking discrepancy occurs in the after-pulse region (hit times
later than 25000 ns) for OMs in strings 1-4 (which are read out via coaxial
cable). Experimental events have more hits in this time region, which are,
however, removed by the TOT cleaning. TOT cleaning removes not only
hits with extremely short TOT (as typical for electronic noise) but also
hits with unreasonably long TOT (>2000ns). Many hits in the after-pulse
region occurring in strings 1-4 are, in fact, sorted out by the latter criterion
(unreasonably long TOT).

Figure C.3 shows the TOT for hits in string 1-4 versus time. Most hits
later than 25000 ns have TOT greater than allowed by the TOT cleaning. A
small fraction of hits around the trigger peak (between 20000 and 25000 ns)
appear to have TOTs of 10000 ns or larger. These are hits whose trailing
edge was missing. In case of missing trailing edges, the Sieglinde calibra-
tion module assumes that the trailing edge falls out of the TDC buffer and
assigns the buffer ending time as trailing edge. Hits with missing edges,
however, account for only a small fraction of the hits with extremely large
TOT.
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Late hits with extremely large TOT have also been observed at the final
analysis levels in ultra-high energy neutrino searches [193]. It was observed
that many channels in which these hits occurred have a “normal” pulse with
moderate amplitude (from one to a few photoelectrons) around the trigger
time, which are then preceded by an extremely wide pulse and by additional
extremely small pulses [194]. In many cases, the small ripples following the
large pulse cause the channel to overflow, so that no hits pass the TOT
cleaning for that OM. It is unreasonable to assume that the late hits were
due to after-pulsing, since a large amount of after-pulses would only be
expected for large initial pulses (which were not observed). Therefore,
most of the late hits in strings 1-4 must be of other instrumental nature,
which is, in contrast to after-pulsing, not included in the simulation.

The same instrumental effect is observed in this analysis. Figure C.4 com-
pares the mean TOT of hits in strings 1-4 versus time in experimental and
simulated data after applying level 2 cuts. In experimental data, the av-
erage TOT for late hits between about 24500 and 28000 ns is abnormally
high, while it is abnormally low for even later hits.

In case of overflowed channels, the initial photon pulses are replaced by late
pulses with abnormal TOT (which do not pass the hit cleaning). Figure
C.5 demonstrates that the fraction of overflowed channels in experimental
data is indeed higher than predicted by the simulation. If no hit-cleaning is
applied except the time-window cleaning, the upper end of the NCH dis-
tributions of simulated and experimental data for strings 1-4 agree fairly
well (Figure C.6). The disagreement in the lower end of the distribution
however remains, indicating that there are additional contributions of noise
hits in experimental data.

C.2 Noise contributions

Apart from the disagreement in the hit multiplicities, the experimental data
set at level 2 of this analysis contains more events that are reconstructed
as up-going particles than predicted by the simulation (c.f. Figure C.22
in section 7.3.1). In an early AMANDA-B10 analysis [195], the amount
of misreconstructed experimental events could substantially be reduced by
excluding additional OMs, which were particularly prone to cross talk.
These cross talk hits (which were not removed by the standard cross talk
cleaning) often drew the likelihood reconstruction into an upward direction.
In order to identify parts of the detector that are abnormally noisy and
could potentially be the source of the disagreements in the zenith angle
distribution and/or the hit multiplicities, sub-sets OMs are investigated in
terms of agreement with the simulated data and stability of hit frequency.

C.2.1 String-wise hit frequency

In the aforementioned analysis of AMANDA-B10 data, the OMs that of-
ten caused the likelihood reconstruction to fail were located on string 9
and 10. While the OMs in question showed normal dark noise rates (and
were hence not identified by the standard OM selection), they were partic-
ularly susceptible to noise pick-up during actual particle induced events,
presumably due to cross talk in the twisted-pair cables.

In order to detect increased noise-pickup in particular strings, we inves-
tigate what fraction of the total number of recorded hits occurs in each
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Figure C.7 — Fraction of hits recorded in one particular string (strings 1 to 9), relative to the total number of hits recorded for
experimental data (black markers) and simulated atmospheric muons (open histograms). Only hits that pass the leve/ 2 hit
selection for observables related to the light yield (c.f. Table 13 in section 7.2.1).
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observables sensitive to light yield has been applied (c.f. Table 13).
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particular string. An increased fraction of hits in one string compared to
what is predicted by the simulation would indicate a contribution of un-
simulated noise hits. Figures C.7 and C.8 show the fraction of hits per
event that are recorded in strings 1 to 9 and in strings 10 to 19, respec-
tively (string 17 is not shown since it is excluded from analysis). Only those
hits which pass the level 2 hit cleaning and OM selection (c.f. Table 13 in
section 7.2.1) are taken into account.

We observe the following:

— For strings 1 to 4, the agreement is relatively good. In the lowest
bin of the distribution, experimental data have generally less en-
tries than simulated data, reflecting the shift of the peak position of
NCH distribution towards higher multiplicities in experimental rel-
ative to simulated data. This peak shift is present for all of the four
inner strings, and is apparently not caused by a sub-set of individual
OMs.

— For strings 5 to 10, experimental data are less accurately reproduced
by the simulation. For strings 5 to 8, the distribution of simulated
events has a double peak structure. This structure is also observed
for the overall channel multiplicity in strings 5 to 10 of simulated data
(c.f. Figure C.1). The double peak is due to the fact that strings 5 to
10 are shorter compared to the other strings in the array. Figure C.9
shows the channel multiplicity in strings 5 to 10 versus the average
depth of hit OMs (in the entire detector) for simulated atmospheric
muon events. For those events with in which the channel multiplicity
in strings 5 to 10 is smaller than 20 (the position of the first peak in
the NCH distribution, c.f. Figure C.1), the mean depth of hit OMs is
located below a depth of z~100 m, roughly at the depth where strings
5 to 10 end. That is, the events with a low number of hit OMs in
strings 5 to 10 are those in which most of the light is deposited in the
bottom part of the detector (or even below the instrumented volume).
Only photons relatively far away from the initial particle track can
cause hits in strings 5 to 10. This explains the double peak structure
of the NCH distribution for these strings, which is, however, washed
out for experimental data.

The double peak structure of the NCH distribution is especially
poorly reproduced for strings6 and 7, which suggests that these
strings have a high fraction of cross-talk hits which are not efficiently
removed by the hit cleaning.

For string9 and string 10, neither simulated nor experimental data
have a double peak structure. This is probably because those strings
have fewer neighboring strings which span a larger depth range (There
is a larger gap in the outer ring on which the optically read-out strings
are located, between string 16 and 19, c.f. Figure C.10)

— For the optically read-out strings (11-19) the agreement is very good,
except for string 13, which has virtually no hits in experimental data
(see below).

Generally, we can conclude that the disagreements in the hit multiplicities
observed in the electrically read-out strings is not caused by individual
OMs, since all observed disagreements are equally present in each string.
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C.2.2 String13

In experimental data, string 13 records fewer hits than predicted by the
simulation (c¢.f. Figure C.8). The other optically read-out strings in con-
trast, are well described by the simulation. Figure C.10 shows the location
of string 13 within the AMANDA-II-array.

One potential explanation is that string 13 was entirely dead over a long
time period during the year 2000 (which could for instance be due to a
temporary outage of the high voltage). This is however not the case. Figure
C.11 shows the hit fraction of hits recorded in strings 13 (bottom panel) as
a function of the day of the year. The black markers are the hit fraction
found in experimental data, the horizontal line represent the average hit-
fraction predicted by the background simulation. The hit fractions in the
neighboring strings (strings 11 and 12) are shown for comparison (top and
middle panel). While the hit rates in strings 11 and 12 are stable and in
good agreement with the simulation, the hit rate in string 13 is practically
zero throughout the entire year.

Jo12 string 11
2o f
‘ﬁ 0.08 s SUPRETSSR R SRS NRPU WO, [ =N ISR RS Rre iy
006 e B T Bl S ST
0.04 . .
é 002 mean (corsika) W experiment
0 : -
0 50 100 150 200 250 300 < 350
day from Jan " 2000
No12 string 12
201
% 008 mean (corsika) W experiment
0 006 . Lot
éo.m S i iy —
K o.og .
0 50 100 150 200 250 300 < 350
day from Jan " 2000
G012 string 13
2 01
5008 ;
17}
0.06 mean (corsika)
004 B experiment
o 0.0(2) .
0 50 100 150 200 250 300 350

day from Jan I 2000

A complete outage of the entire string over the full data taking period
is unlikely, as it would presumably have been detected by the monitoring
system. Hence, the hits in string 13 must be lost during the hit cleaning.
Figure C.12 shows the hit times in string 13 after each hit cleaning step
(c.f. Table 13 in section 7.2.1). Essentially all hits are removed by the am-
plitude cut. The amplitude cleaning removes hits in OMs with extremely
small peak amplitudes (<0.1 photoelectrons), or hits in OMs for which the
peak amplitude is undefined. Undefined amplitudes should occur only if all
hits recorded by an OM lie outside the time interval in which the ADC gate
is open, i.e., if the pulses arrive at the surface either more than 2 us before
or more than 10 us after the trigger time. Then, no ADC is recorded for
the OM, and the amplitude remains undefined for all hits.

Figure C.13 shows the uncalibrated leading edge times (i.e., the times at
which pulses arrive at the surface) for those hits in string 13 with undefined
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amplitudes. Only hits which pass the TOT cleaning are considered. The
two vertical lines mark the time interval over which the ADC gate is open.
Most of the hits in string 13 fall into the time interval in which the ADC
is supposedly sensitive. This is very surprising, since the monitoring data
indicated normal ADC rates for most of the channels.

The strange behavior of string 13 was understood only several months after
these investigations were complete [196]. The issue could be traced back
to an error in the detector configuration file that was used during the year
2000. The detector configuration file contains information about which
OM is connected to which ADC and TDC channel at the surface. In the
detector configuration used during 2000, the ADC units are mismapped for
string 13: The ADC values recorded for OMs in the bottom half of string 13
were assigned to the OMs in the top half of the string, and vice versa.
Since the assignment of TDC channels are correct, all hits in string 13 are
composed of TDC edges of one OM and the ADC value of another, which
can only incidentally result in a hit passing the hit-cleaning.

A correction for this error is only possible by processing the data from
scratch using a corrected mapping scheme when translating from raw bi-
nary data into the analysis data format [197]. We therefore exclude hits in
string 13 from analysis level 3 on.

entries

C.3 ADC-TDC inconsistencies in strings other than string 13

The standard OM selection evaluates the reliability of individual OMs
mainly by their dark noise rates. The dark noise however does not give
any information about the propensity of an OM or its surface hardware
(ADC and TDC) to pick up noise during particle induced events.

The AMANDA surface electronics are set up such that pulses caused by a
particle crossing at depth are registered by both TDCs and ADCs. The
surface hardware of an OM is clearly unreliable if the recorded hits fre-
quently contain information from from either of the two units only.

C.3.1 Missing ADC information

Ideally, undefined ADC values occur only if an OM had no hits during
the time interval during which the ADC gate is open. Figure C.14 show
the leading edge times of pulses for which no ADC value is recorded in
simulated data. In the idealized detector simulation, no hits with missing
ADC information are registered in the time interval during which the ADC
gate is open (marked by vertical lines).

In practice however, undefined ADC values occur occasionally even if TDC
edges are recorded during the time interval when the ADC is supposedly
sensitive. Figure C.15 shows the leading edge times of hits which pass
the TOT cleaning and which have undefined ADC values for strings 1-4,
strings 5-10, and strings 11-19 (string 13 is already excluded). The vertical
lines mark the time interval over which the ADC gate is open. Contrary
to expectations, in experimental data, most of the hits with undefined
amplitudes lie within the time interval during which the ADC should be
sensitive. The detector simulation does not reproduce such behavior.
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(middle), strings 11-19 (right). The time interval over which the ADC gate is open is marked by vertical lines.

The hit cleaning removes hits with undefined amplitudes. This is desirable
only if these hits are in fact an artifact of the TDCs (i.e., they are not due
to photons). If, on the other hand, the amplitudes were missing due to a
malfunctioning of the ADCs, the hit cleaning would remove actual photon
hits, which is obviously undesirable as it would introduce discrepancies be-
tween experimental and simulated data. Since we do not know whether
the ADCs or the TDCs are responsible for the observed inconsistency (and
hence we do not know whether or not the hits with missing ADC informa-
tion are due to photons) we exclude those OMs which particularly often
have undefined ADC values although TDC edges were recorded during the
time interval over which the ADC gate is open.

The fraction of hits with missing ADC information is determined for each
individual OM in the detector. Figures C.16 to C.18 show the fraction of
hits in each OM that have an undefined ADC despite the fact that they
were recorded in the time interval during which the ADC gate is open,
relative to the total number of hits occurring during this time window.
Some OMs have particularly high fractions of undefined ADC values.
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Figure C.16 — Fraction of hits with undefined amplitudes despite they were recorded in the time interval during which the
ADC gate is open. Each panel shows the OMs in one particular string from string1 (leftmost) to string6 (rightmost). The
numbers at the y-axis are the OM identification numbers. Numbers printed in black are those OMs that are considered
stable, i.e., those OMs that passed the standard OM selection. Numbers printed in grey are those OMs that are unstable
during the year 2000, i.e., those OMs that are rejected for at least one of the OM selection periods (c.f. section 6.2.1).
The horizontal black and grey bars represent the fraction (ranging from 0 to 1) of hits for which no amplitude was recorded
although the ADC is supposedly sensitive. The thin, grey horizontal lines indicate that the respective OM never registered
a hit during the time window when the ADC is open.
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Figure C.17 — Fraction of hits with undefined amplitudes despite they were recorded in the time interval during which the
ADC gate is open. Each panel shows the OMs in one particular string from string 7 (leftmost) to string 12 (rightmost). The
numbers at the y-axis are the OM identification numbers. Numbers printed in black are those OMs that are considered
stable, i.e., those OMs that passed the standard OM selection. Numbers printed in grey are those OMs that are unstable
during the year 2000, i.e., those OMs that are rejected for at least one of the OM selection periods (c.f. section 6.2.1).
The horizontal black and grey bars represent the fraction (ranging from 0 to 1) of hits for which no amplitude was recorded
although the ADC is supposedly sensitive. The thin, grey horizontal lines indicate that the respective OM never registered
a hit during the time window when the ADC is open.
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Figure C.18 — Fraction of hits with undefined amplitudes despite they were recorded in the time interval during which the
ADC gate is open. Each panel shows the OMs in one particular string from string13 (leftmost) to string 19 (rightmost).
The numbers at the y-axis are the OM identification numbers. Numbers printed in black are those OMs that are considered
stable, i.e., those OMs that passed the standard OM selection. Numbers printed in grey are those OMs that are unstable
during the year 2000, i.e., those OMs that are rejected for at least one of the OM selection periods (c.f. section 6.2.1).
The horizontal black and grey bars represent the fraction (ranging from 0 to 1) of hits for which no amplitude was recorded
although the ADC is supposedly sensitive. The thin, grey horizontal lines indicate that the respective OM never registered
a hit during the time window when the ADC is open.
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For this analysis, we exclude those OMs for which the fraction of undefined
ADC values is larger than 10%. These are the OMs with the identification
numbers 219, 221, 600, 609, 611-614, 617, 618, 634, 635, and 642. For two of
these 13 OMs (OMs 219 and 221), the reason for the high fraction of missing
ADC values is again a mismapping in the detector configuration file: The
TDC channels to which these two OMs are connected were interchanged.

C.3.2 Permanently damaged OMs

Figures C.16 to C.18 show some OMs which never record a hit during the
ADC sensitive time window. The OMs have the identification numbers
241, 276, and 280. These OMs are not excluded by the standard OM selec-
tion. The OMs were however tagged as permanently damaged in an older
OM-database. This valuable information was apparently lost during the
transition to the new analysis software Sieglinde (which uses a different
OM database than the previous software), and rediscovered in the course
of this analysis. For this analysis, these OMs are excluded from analysis
level 3 on.

C.3.3 Missing TDC edges

While some OMs tend to have undefined ADC values although TDC edges
were recorded within the time window when the ADC is sensitive, the
opposite is true for some other OMs: These OMs frequently record a valid
ADC (above the standard hit selection threshold of 0.1 photoelectrons)
while the TDC does not record any edges. Such behavior again indicates
malfunctioning of either ADC or TDC of the respective channels.

Figures C.19 to C.21 show the the fraction of hits in each OM for which
only an ADC value but no TDC edges was recorded, relative to the total
number of hits recorded by the OM.

For this analysis, we reject those OMs for which more than 10% of the
recorded hits consist only of of an ADC value. This is the case for OMs
94, 488, 491, 493, 499, 501, 502, 506, 521, 600, 634, 635, and 642.
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string 1 string 2 string 3 string 4 string 5 string 6

87
88 123!
89 124
125
91 126
1! 21 92 127
93 128
2! 22 94 = 129
6L ———— 95! 130!
3 23 % 131’
4" 62 g7 " 132
4 24 98! 133
42" 63 99! 134
5 25 100' 135
43 64 101! 136
6 26 102! 137
a4 65 103 138
7 27 104 139
45 66 105 140
8 28 106 141
46 67 107’ 142
9 29 108’ 143
47 68 109 144
10 30 110 145
48 69 111 146
1 31 112! 147
49 70 113 148
12 32 114! 149
50H—— —— 71 115 150
51 72 117" 152
14 34 118' 153!
52 73 17Q — 154
15 35 120 m— 155 m—
53 74 127 — 156 —
1 36 12— 17—
54 75 158 M—
17 37 -
55 76
18 38
56 7
19 39
78
20 0 57
58 79
59 80
60
= stable OM
=== unstable OM sa
—— OM w/o hits 68
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1
0 02040608 1 0 02040608 1 0 02040608 1 0 02040608 1 0 02040608 1 0 02040608 1
missing edge fraction missing edge fraction missing edge fraction missing edge fraction missing edge fraction missing edge fraction

Figure C.19 — Fraction of hits only registered by the ADC in strings 1 to 6. The black horizontal bars represent this fraction
for stable OMs, and the grey bars represent OMs that were rejected by the standard OM selection for at least one of the
OM selection periods. The thin grey horizontal lines indicate that an OM was never hit.
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string 7 string 8 string 9 string 10 string 11 string 12

345"
346"
303
304
347
348
159 195 B— 305
160 196 22— 267 306
161 99— 233 268 349
162 198 234 269 350"
163’ 199 235 %70 B A —
164 200 236 271 308
165 201 237 272! 351
166" 202 238 273 352
167 203 239 574 '
bt 2 240 e 309
18 205 2/ — 578 310
170 2 242 277 =
7 207 243 578 e
172 2 244 579 311! 355
173 2 245 580 312!
174 210 246 581 313! 357"
175 211 247 282 314!
176 212 248 1 1
178 214 250 285
179 215 e— 251 317 361
180 216 252 286, 318’ 362'
181 217 253 1 319, 363
182 218 254 289 320' 364
183" 21— 255 290 321 365
184" 220 256 501 322! 366
187" 223 259 5 325 369
188' 224 260 326 !
189" 225 261 2% 810
1% 226 262 29 327 371
— 55 S63m 297 328 372
— D0g m— 264 298 — 329! 373™
193 mm— 22— 265 %gg_ 330 374
104 — 23— 266 j— 331 375
301 ——
307 — 332 376
333 377
335!
336!
379
380 ==
337
338!
3Gy m—
382 —
330 —
3 () —
383
384!
3| —
342 N
385
R 386
| | | | | | | | | | | | | | | | | | | | | | | | 343 | | | | | | | | | | | |
T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1 T T T T T 1
0 02 04 0608 1 0 02 04 0608 1 0 02 04 0608 1 0 02 04 0608 1 0 02 04 0608 1 0 02 04 0608 1
missing edge fraction missing edge fraction missing edge fraction missing edge fraction missing edge fraction missing edge fraction

Figure C.20 — Fraction of hits only registered by the ADC in strings 7 to 12. The black horizontal bars represent this fraction
for stable OMs, and the grey bars represent OMs that were rejected by the standard OM selection for at least one of the
OM selection periods. The thin grey horizontal lines indicate that an OM was never hit.
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string 13 string 14 string 15 string 16 string 18 string 19
387 429 471 639
388 430 472" 640
350 =—
0 P gﬁ 513 597 g:g.
432
433 475" 508 643 T—
30 —— 434 476™ 514 64, —
392 435 477" - 599’ 645 —
436 478 515 681 64—
479 — 647
o — ped 0’ 516" o1 65 e
3% 439 481" 517 602" 640 —
440 482 518 603 650
305 m— a1 483 519 o o
396 42! 484! S0 605 652 m—
397 443 485/ 52 606 e
30Q — 444 486 522 == 607 65, m—
399 45 487" 523 608 655
o a46 prtm o2 009 o
'
200! 447 489 s 610 657
403" 448 490 611 658
204 = 449 491 m— 527 612 659
405' 450 492 S8 613" 660"
406 451" 493™= 529 614' 661
407 452 40/ E— 530 615 662'
403" 453" 495™ 53] m— 616 663
400" 454 496 5327 617 664/
o 455 497" ggﬁ " 618 665!
-
sio= 456" 498 = o35! 619 666
413 457! 499 620 667
— | 500" 536 | 668"
414 458 | 621
4] — 450™= 501™ 537 ey oo
PiT 460 502 ™ 538! 623" 670
(7 ——— 461 503 —— 539 624' 671 ™=
ﬂg —_— 462 504 gfl’ 625 672
463 505" 626 673
420" 464 506 55:% 627 674™=
465" 507 o 628" 675
4] — 466 508 545 629 676
(20— 467 509 s 630 677
468 510 631/ 678
511 547 632
403 — 512 548 633"
42/ — 469 549 63/ — 679'
470 gg? ‘ 635" 680
425 — 636
426" 2o 637!
638
554
427

428 } | | | | |

T 1
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Figure C.21 — Fraction of hits only registered by the ADC in strings 13 to 19. The black horizontal bars represent this
fraction for stable OMs, and the grey bars represent OMs that were rejected by the standard OM selection for at least one
of the OM selection periods. The thin grey horizontal lines indicate that an OM was never hit.
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OMid string reason to reject comment

94 5 12% lost TDC edges

219 8 21% lost ADC, 22% lost edges mismapped TDC in detector config

221 8 23% lost ADC, 16% lost edges mismapped TDC in detector config

241 9 67% lost TDC edges, no good hits flagged in OMDB

276 10 mno good hits flagged in OMDB

280 10 no good hits flagged in OMDB

459 14 11% lost TDC edges

488 15  19% lost TDC edges

491 15 20% lost TDC edges

493 15 24% lost TDC edges

499 15  14% lost TDC edges

501 15  15% lost TDC edges

502 15  17% lost TDC edges

505 15  16% lost TDC edges

506 15  20% lost TDC edges

521 16  27% lost TDC edges

600 18 57% lost TDC edges

609 18 13% lost ADC

611 18  24% lost ADC

612 18  23% lost ADC

613 18 17% lost ADC

614 18  16% lost ADC

617 18 15% lost ADC

618 18 11% lost ADC

634 18  53% lost TDC edges

635 18 11% lost TDC edges

642 19  10% lost TDC edges

Table 27 — List of those OMs which are excluded from this analysis from analysis level3 on, due to either inconsistent
behavior of their ADC or TDC, or because of permanent damage. Those OMs which are located in string 13 or which are
already excluded by the standard OM selection are not listed.

C.3.4 List of excluded OMs

All OMs which are excluded either due to inconsistencies in their ADC and
TDC behaviors or due to permanent damage, and which are not already
excluded by the standard OM selection (or located on string 13) are listed
in Table 27.

The investigation of ADC-TDC inconsistencies was intended to resolve dis-
agreements in the hit multiplicity distribution of the electrically read-out
channels. Alas, most of the OMs whose ADC and TDC values are fre-
quently inconsistent are located on strings which are read out via optical
fiber, so the removal of OMs listed in Table 27 will not substantially im-
prove the agreement between experimental and simulated data with respect
to the hit multiplicities.

C.4 Depth distribution of hits

Apart from the disagreeing multiplicities, first tests of the performance
of the iterative likelihood reconstruction on subsets of the data indicated
that the fraction of misreconstructed atmospheric muons is greater in ex-
perimental data than in simulated data. This phenomenon was observed
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previously in AMANDA analyses and as of this writing remains poorly un-
derstood.®! Figure C.22 shows the cosine of the reconstructed zenith angle
in CORSIKA events and experimental data.

Contrary to the disagreement in the hit multiplicities, the increased frac-
tion of misreconstructed events is not caused by additional noise hits.
Rather, it is related to a lack of hits in the upper part of the detector. Fig-
ure C.23 shows the number of hit OMs with optical readout (NCHgptical)
for events that are reconstructed as up-going (cos® < 0). Only optically
read-out OMs are considered here, because the electrically read-out ones
are less understood. For experimental data, the NCHgpgical distribution
falls off more steeply. An investigation of the depth distribution of the hits
revealed that experimental data have fewer hits in the upper part of the
detector than predicted by the simulation. Low multiplicity events without
any hits in the upper part of the detector tend to be misreconstructed as
up-going particles. Such events occur more frequently in experimental than
in simulated data, hence the increased rate of misreconstructed events.

The lack of hits is present for events that are reconstructed as both up-
and down-going particles. Figure C.24 compares the depth distribution
for simulated and experimental events independent of the reconstructed
track direction. Again, only optically read-out channels are considered.
For simulated data, OMs in the top half of the detector (z > 0) are hit
more frequently than those in bottom half. Such behavior would be ex-
pected for atmospheric muon events, since the muons enter the detector
from above and a large portion range out within the detection volume. In
experimental data, however, OMs in top and bottom half are hit about
equally frequently.

The reason for the lack of hits in the upper part of the detector is not fully
understood. It is however certain that it is not a result of the data selection:
The disagreement between experimental and simulated data with respect
to the depth distribution of hits is qualitatively the same at each data
selection level from trigger level on. The disagreement is also present for
the inner strings of the detector which are read out via electrical cables.

Disagreements in the depth distribution of hits have been observed pre-
viously and were considered a result of the simplified photon propagation
through the Polar ice in the simulation [139]. Remarkably however, some
disagreement is still present in the latest simulation set-ups, in which pho-
tons are tracked through multiple ice layers [198]. In a recent simulation
effort (performed for a search for ultra high energy neutrinos in the 2003
data set [178]), agreement between experimental and simulated data could
only be established by down-scaling the sensitivities of most of OMs in the
upper part of the detector in the simulation (see [199] and [200] for details).
For this analysis, we discard OMs located more than 100 m above the de-
tector center, above which the observed hit probabilities deviate most from
the predicted ones (c.f. Figure C.24).

mated only via optically read-out OMs located at a depth below z = 100 m
relative to the detector center. The removal of (according to this brightness
assessment) "dim” events eliminates the excess of misreconstructed events

51To most analyses, the unsimulated background is relatively unproblematic. Searches
for neutrino point sources do not rely on simulation, as the background is estimated
(“off-source”) from experimental data. In searches TeV neutrino fluxes in general, a
large fraction of the unsimulated misreconstructed background muons is rejected with
quality cuts, which however only efficient in exactly this energy range.
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Figure C.22 — Cosine of the recon-
structed zenith angle obtained from
an iterative likelihood reconstruc-
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Figure C.25 — Channel and hit
multiplicities (NCHZS20,, left and
NHitsZ5/29), right) for OM with
optical read-out, located below a
depth of z = 100 m relative to the
detector center in linear (upper pan-
els) and logarithmic (lower panels)
representation.
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Figure C.26 — Reconstructed zenith
angle for simulated atmospheric
muons (grey histogram) and exper-
imental data (black markers) after
removing low multiplicity events us-
ing a cut on the Fisher discrimi-
nant composed of NCHZS1%% and
NHitsZ529  (cut#6 in section
7.3.3).
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in experimental data. A Fisher discriminant composed of NC

NHitsf)gt:_liggl (channels and hit multiplicity taken from optically read-out
channels below a depth of z = 100 m) serves as cut parameter to remove
these events (c.f. cut # 6, section 7.3.3). The distributions of the two in-
put observables for simulated atmospheric muons and experimental data
are shown in Figure C.25, both in linear and logarithmic representation.
The removal of OMs in the upper part of the detector dramatically affects
the agreement between experimental and simulated data for low multiplic-
ity events: For simulated data, the multiplicity distributions peak at the
lowest multiplicities. This is expected, since most of the hits occurred in
the upper part of the detector, which is now excluded. For experimental
data, there is no peak at the low-multiplicity end. This is also reasonable,
since experimental data have fewer hits in the upper part of the detector,
and hence the exclusion of the upper OMs does not reduce the overall hit
multiplicity as much as in simulated data.

The disagreement for low multiplicities in the distributions poses however
a less severe problem for this analysis, since low multiplicity events are
not considered. Good agreement for extremely bright, high multiplicity
events on the other hand is essential. The logarithmic representation of
the multiplicities shown in the bottom panels of Figure C.25 demonstrate
that good agreement is achieved for high multiplicities.??

Removing low multiplicity events with a cut based on hit multiplicities
only in the optically read-out OMs below z = 100m (cut # 6) eliminates
the excess of misreconstructed atmospheric muons in experimental data.
Figure C.26 shows the cosine of the reconstructed zenith angle obtained
from the iterative likelihood reconstruction after applying cut # 6.

C.5 OM selection for the likelihood reconstruction

As stated above, good agreement between experimental and simulated data
can be preserved at higher analysis levels, only if we use only optically read-

52The slight excess of experimental events at the highest multiplicities is (at least to
some extend) attributed to the composition of primary cosmic rays that entered the
simulation of the atmospheric muon sample (see appendix F).
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Figure C.27 — Time distributions of first hits in each OM which passes the standard OM selection and the OM selection
described in section C.3 for strings 1-4 (left), strings 5-10 (middle), and strings 10-19 (right). Hit cleaning as described
in section 7.3.2 (hit cleaning for the iterative likelihood reconstruction) is applied. except for the time window cleaning

(17000-25000 ns).

out OMs below a certain depth to assess the light deposition in the detector
via the hit multiplicity or related observables.

In contrast to observables that are sensitive to the light deposition, and
hence the amount of hits registered during an event, the likelihood recon-
struction relies primarily on the timing of the first hit in each OM. That
is, the OM selection applied for track reconstructions must establish good
agreement in the timing distribution of the first hits, rather than in the hit
multiplicity. In general, the OM selection should be as tight as necessary
(in order to ensure an accurate description of experimental data by the
simulation) and as loose as possible (in order to maximize the information
provided to the reconstruction algorithm). In particular, the spatial vol-
ume covered by the OMs that are actually being used should be as large as
possible, in order to pinpoint the track location at distinct points in space
which are maximally spatially separated.

Since the hit times of first hits in all OMs agree well for both optically and
electrically read-out OMs and for OMs at shallow depths, we include all
OMs which pass the standard OM selection and the OM selection described
in sections C.2.2 and C.3. Figure C.27 shows the timing distribution of the
first hit in each OM which passes the level 2 hit cleaning as defined in Table
7.2.1, except for the time window cleaning. OMs listed in Table 27 as well
as OMs located on string 13 are excluded. Hits within the time window
between 17000 and 25000 ns are used for the likelihood reconstruction. In
this time window, hit times of simulated and experimental data agree well.

The inclusion of electrically read-out OMs and OMs at depths above z =
100 m yields slightly better agreement between experimental and simulated
data with respect to the reconstructed zenith angles. Figure C.28 com-
pares the reconstructed zenith angles obtained from an iterative likelihood
reconstruction using electrically and optically read-out channels over the
full depth range to the zenith angles obtained from a likelihood reconstruc-
tion that uses only hits from optically read-out channels below z = 100 m.
Simulated and experimental data agree well for both reconstructions, but
the agreement is slightly better for the reconstruction obtained with the
larger OM set. Using the larger OM set also reduces the amount of hits re-
constructed atmospheric muons in both experimental and simulated data.
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D Cut optimization using the Model Rejection
Factor and limit calculation

The main objective of the AMANDA and IceCube experiments is to con-
firm or falsify yet undiscovered phenomena like cosmic neutrinos or, in this
case, magnetic monopoles. Because the expected event rates from these
phenomena are small, most AMANDA-II analyses are optimized with re-
spect to the so-called Model Rejection Factor [201]: Final cuts are placed
such that the most stringent constraint on a certain theoretical model is
expected.

For this analysis, we optimize the final cuts such that we expect the mini-
mum possible upper bound on an isotropic flux of monopoles at the location
of the detector at 90% confidence level.

D.1 Hypotheses Testing

After performing the Monte Carlo simulation and developing selection cri-
teria, the mean number of signal events, (ns), expected from the new phe-
nomenon and the mean number of background events, (ny), are known.
We consider the case that they are Poisson distributed.

If = denotes the total number of events in a data sample (where it is not
known, whether the sample consists of pure background events or of a
combination of signal and background events), two alternative hypotheses
can be formulated in terms of its probability distribution:

- Hy : z is Poisson distributed with parameter p = (ng)-+(ny), following
the probability distribution

s + b * —((n. n
folz) = Pz | p) = we ({ns)+(n)) (57)
corresponding to presence, of signal events and

- H; : x is Poisson distributed with parameter u = (ny), as
{np)” —(np)
filz) = Pz | p) = —F—e7", (58)

corresponding to absence of signal events.

A critical number of events, ng, can be defined, dividing all possible values
of z in a rejection and a acceptance region of Hy. The value ng is usually
chosen with respect to the error probability:

a=Y" folx), (59)

giving the probability of incorrect rejection of Hy, or, in other words, the
probability of taking a new phenomenon to be absent, while it exists. The
quantity 1 — « is called significance level of the test. The other type of
error that can occur is given by
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B= > fila). (60)

x=no+1

It describes the probability of taking the phenomenon to be present, while
it is absent.

D.2 Constructing Confidence Belts

Measuring the observable x means to measure a quantity that is supposed
to be Poisson distributed with unknown “true” parameter p;. For any
hypothetical value p we can find the critical value ng below which the
corresponding null hypothesis Hy would be rejected at significance level
1 — « from

Pz >no(p) | p) =1 - a. (61)

However, there is some ambiguity in choosing the acceptance region as a
left bounded interval. One could also choose an interval [z1,x2] such that

Play(p) <z <mo(p) [ p) =1-a (62)

The boundaries x; and z2 can be chosen arbitrarily, as long as the interval
fulfills the significance condition (62). Additional criteria are thus needed
to give a straight definition. One possible criterion is to choose central
intervals such that the excluded tail on either side is a/2. However, this
choice can prove problematic in cases of small signals, because the rejec-
tion region may extent to negative, i.e., unphysical values. Feldman and
Cousins [175] therefore developed a more general ordering scheme, giving
a unique rule, which values to include in the acceptance interval. This
ordering is based on the ratio of likelihoods

R= P | p)/P(@ | pest), (63)

where P(z | u) is the likelihood for obtaining x given the actual mean p and
P(z | pest) is the likelihood for obtaining = given the best-fit physically
allowed mean. Values of x are added in the acceptance interval for a given
w in decreasing order of R, until the sum of all P(z | u) meets or exceeds
the desired significance. The set of the acceptance intervals for all possible
w’s is called a confidence belt. A schematic sketch of such a confidence belt
construction is shown in figure D.1.

If we now assume a measurement of x had yielded a particular value x,
we can determine a set of possible p with the property

Plpn <p<pz)=1-a, (64)

where the boundaries ;1 and pg are a function of the measured zy. From
figure D.1 we can see that the condition

pa(wo) < po < p2(zo) (65)
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Figure D.2 — Upper end po of a
90% confidence level intervals ac-
cording to Feldman and Cousins for
an unknown Poissonian signal mean
i and mean expected background
(np). Each curve corresponds to
a hypothetical experimental obser-
vation xo. Dotted lines at the up-
per left ends indicate regions where
1 is non-zero, dashed lines indi-
cate regions where the number of
obtaining zo (or fewer) has fallen
below 1%. From [175].

is valid for an arbitrary pg ezactly when [202]

X1 (,U()) <xo < 33‘2(,&0). (66)
The above relation is true for any choice of pg, and thus also for the true
value p;. We can therefore give the probability of obtaining an interval
[11, po] that includes pg, namely:

P(,ul(mo) < < ,UQ(x())) = P(xl <o < 1‘2) =1-a. (67)

1 — « is called confidence level of the given interval.

D.3 The Average Upper Limit

Feldman and Cousins [175] proposed to quantify the sensitivity of an ex-
periment independently of experimental data by calculating the average
upper limit at a certain confidence level, i, that would be obtained in
absence of signal.

Assuming that the background is exactly known, the number of measured
events x will behave according to equation (58), i.e., in an ensemble of
identical experiments, a particular result £y would occur in a relative frac-
tion P(zg | (np)). Since every xq corresponds to exactly one upper limit,
we can calculate an average upper limit by summing over all possible out-
comes, weighted by their Poisson probability of occurrence (for the case
that the ordering scheme results in a two-sided confidence interval, one
uses the upper end o of the interval):

_ = )"
= Y o e, (68)
I():O ’

The average upper limit gives a quantification of the experimental sensitiv-
ity®?, in that it gives the most probable limit the experiment would obtain
in the case of no true signal. One could therefore also speak of a limit ez-
pectation. The average upper limit is given in absolute numbers of events
and is, at that stage, model independent.

D.4 The Model Rejection Factor

The average upper limit i tells us that the experiment is capable to con-
strain any hypothetical signal that corresponds to a signal expectation of
(ns) = i at the required confidence level.

We can further quantify the sensitivity with respect to a particular hy-
pothetical signal (or “model”) using the ratio of predicted signal events to
average upper limit (the so-called Model Rejection Factor)

MERF - )
il

(69)

A large M RF implies a large signal to background ratio, and hence a good
sensitivity.

53Feldman and Cousins explicitly called this quantity the sensitivity of the experiment
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Following [201], we use the M RF for cut optimization. The optimization
procedure works as follows. For the final cut parameter, we calculate i from
the number of remaining simulated background events (ny,) and the number
of remaining signal events (ns) predicted by the signal hypothesis. In our
case, the underlying signal hypothesis is an isotropic flux of relativistic
magnetic monopoles at the detector. The cut is placed where the M RF
reaches its maximum.

The M RF corresponds to a certain flux strength, the (average) upper flux
limit (®¢.1.), which is calculated by scaling the simulated flux (Pgimulated)
with M RF~!. Expressed in terms of the flux upper limit, the optimum
cut position is found by minimizing

(I)simulated !

[0} = —— = in.
C.L. VRE min (70)

D.5 Confidence belt construction in presence of system-
atic uncertainties

After placing the final cut and unblinding the data, we observe a certain
number of events xy remaining in the final data set, and we place a limit
on the flux of magnetic monopoles by comparing zy to the number of ex-
pected background events. If the background and the monopole detection
efficiency were exactly known, the limit calculation would reduce to the
construction of a confidence belt as described above. In reality however,
there the number of expected signal and background events ({ns) and (ny))
are determined with Monte Carlo simulations, and are therefore subject to
statistical and systematic uncertainties.

The uncertainties in the expected event rates translate into an uncertainty
in the probability distributions that enter the calculation of the acceptance
region for a given u. In order to take these uncertainties into account, the
Poisson probability P(z | u = (ns) + (np)) is replaced with an integral over
possible true but unknown event rates ny, and ng [176]:

Plalp) = /Ooo/ooop(x|ns+nb) wy(ny) we(ng) dny dne.  (71)

The probability density functions wy and ws parameterize the uncertain-
ties in background and signal expectation respectively. The shape of the
functions can only be hypothesized. For this analysis, we assume Gaussian
errors, so that the functions take the form

1 (np — ())?
wy (1) o P (_T) (72)

we(ns) = \/%US exp (-%) (73)

The widths of the distributions, o}, and oy, would ideally be assessed by
varying parameters in the simulation chain, and comparing the resulting
event rates with the ones obtained with the standard simulation set up.
For this analysis, this approach is impracticable, due to the CPU require-
ment of the simulations. So, these parameters can at best be estimated.
Following the various AMANDA-II analyses that aim at constraining the
flux of neutrinos of ultra high energies [178, 168, 179|, we establish an es-
timate based on systematic studies undertaken for analyses that focus on
neutrino detection in the TeV energy range (see chapter 10).
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With the adopted values for o}, and og, the integral of equation 71 is
fully defined, and the confidence belt can be constructed using the like-
lihood ratio ordering scheme described in section D.2. For the necessary
computations, we use the program POLE (PQissonian Limit Estimator)
[203, 204] which provides a ready-to-use implementation of the algorithm
described above.

134



E Event#4731980

One event in the 20% data set stands out due to an extremely high light
yield, while the reconstructed zenith angle is close to the horizon. The event
was recorded in run #490 on day 260. Its event identification number is
4731980.

Event #4731980 was first noticed as an extreme outlier in the distribu-
tion of a light yield criterion used for the search for down-going monopoles
(cutd.2, see section 9.1). The respective cut parameter (shown in Figure
E.1 in semi-logarithmic representation) is a linear combination of the num-
ber of hits, the duration of the event, and the reconstructed zenith angle.

During the event, total of 2722 hits was recorded; 750 of these hits occurred
in those OMs which are used to measure the light deposition (optically read
out OMs below a depth of z = 100 m). This is the highest hit multiplicity
observed in the entire data set. The brightest event observed in the 80%
data set after unblinding (event #484694) yielded a total of 2208 hits, 691
of which were recorded in the OMs used in this analysis.

Event #4731980 is reconstructed with a zenith angle of 83.1°, much closer
to the horizon than the brightest event from the 80% data set (event #484694,
which was reconstructed with a zenith angle of 61.7°). Atmospheric muon
bundles entering the detector at such flat zenith angles are not expected
to deposit as much light as observed. Figure E.2 (page 136) shows the
zenith angle dependency 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 atmospheric muon background before
application of the final cut.

Visual inspection of the event signature and the event’s fingerprint (see
appendix B and section 4.8.2) revealed no pathological features. The fin-
gerprint of event #4731980 is shown in Figure E.3. Leading edge times
recorded in individual strings show a rather hyperbolic structure, as ex-
pected for nearly horizontal events with many delayed photons. For the
electrically read-out strings, (channel numbers smaller than 302), this
structures appears to be washed out. This is a result of the the over-
flow of most channels (for the electrically read-out channels, earlier edges
are discarded in favor of later ones if the TDC buffer is filled with 16
edges, see section 4.4.2). The leading edge time distribution in string 17
(this string located above the main detection volume and is normally not
used for analysis purposes, see section 4.2) appears featureless. One may
take this as in indication for the hits being of electronic origin. On the
other hand, the hits on string 17 occur substantially later than the hits

hits several hundred meters away from the light source), and the photon
arrival times meight have been randomized by multiple scattering.

The values of the nine flare indicators (see appendix B) for event #4731980
are listed in Table 28. Two indicators (flare induc_ B10
and flare induc 1119) have undefined values, because the “normal-
ization constants” which are required for their calculation are valid only
over a limited channel multiplicity range (see [134]). Three indicators
take values greater than one: flare only adc, flare nch dead,
and flare short M. Two of these indicators (flare nch dead and
ﬂare_shc;'t_M)_Were identified as unsuitable for high energy analy-
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Figure E.1 — Fisher discriminant

used in cutd.2.

Event #4731980

shows up as an extreme outlier.

(1) flare _only adc

(2) flare missing ch
(3) ﬂare:nch_de;d

(4) flare_short M

(5) flare _short H

(6) flare long mnoise
(7) flare long missing
(8) flare induc B10
(9) ﬂare:induc:1119

2.18
0.0003
5.71
2.71
0.18
0.3

0
undef.
undef.

Table 28 — Values of the nine flare in-
dicators for event #4731980 (see ap-
pendix B for an explanation of the in-

dicators).
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dependent on the observable, the background expectation has fallen below 107! to < 1072 events.
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ses, because they were found to be correlated to light deposition [205].>4
If these two indicators are not considered, the largest value observed is
flare only adc—2.18, which lies within the range of indicator values
expected for particle induced events.?®

Figure E.4 shows a snapshot of event #4731980 in the event display. The
signature exposes no obvious characteristics of an instrumental effect. The
hit pattern suggest a spherical light emission as expected from Cheren-
kov emissions induced by electromagnetic or hadronic cascades of extremely
high energy. Although the hit pattern does not resemble the track-like sig-
nature expected for monopole signals, it was decided to leave the event
in the data set. An alternative approach would have been to try to de-
velop criteria to eliminate high energy cascade-like events. At this point
of the analysis however, the event was considered a potential candidate
for a ultra-high energy (UHE) neutrino interaction. If the unblinding had
revealed indications for a UHE neutrino flux at a measurable level, mono-
pole search above the horizon would have been proven impossible (due to

54The behavior of flare indicators in events with high light yield was studied using
events triggered by the light pulses from a nitrogen laser of varying intensity [205]. The
indicators flare nch dead and flare short M were correlated to the amount
of light released in the detector, taking values as high as 10 (flare_nch _dead) and
9 (flare short M) for laser pulses st highest intensities. The enhanced values are
probably due to a large amount of cross talk. The probability for a pulse to in-
duce cross talk in an adjacent cable rises with the pulse amplitude. The indicators
flare nch dead and flare short M are sensitive to cross-talk, as they are related
to the amount of hits observed in otherwise “dead” channels and the amount of hits with
unusually short TOT in OMs read out via twisted-pair cable respectively.

55The considered data set comprises 889 events. According to equation (55) in ap-
pendix B, the indicator value above which we expect less than one particle induced
event is flare _only adc=log;,(889) = 2.9.
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Figure E.3 — The fingerprint (OM
number versus uncalibrated leading
edge times) for event #4731980.



the irreducible background of extraterrestrial neutrinos), and this analysis
would have turned into a UHE neutrino detection, although not initially
intended.

Only after completion of this analysis (unblinding yielded no additional
UHE neutrino candidates), event #4731980 was finally identified as a de-
tector artifact. Motivated by the observation of event #4731980 in this
analysis, the highest multiplicity events in data sets taken after 2000 were
selected and visually inspected [206]. Ten of the inspected events were
nearly identical copies of event #4731980. Figure E.5 shows snapshots of
three of the ten instances that were found.

The origin this class of events is still unknown. Vertex reconstructions [160]
applied to the hit patterns of the ten events suggest a light deposition in
the detector close to OM #531, located on string 16. It seems very likely
that an electronics component in OM #531 or in a neighboring OM is dam-
aged.”® In contrast to its neighbors, OM #531 contains an artificial light
source, an UV LED flasher board. The LED flasher boards, prototypes of
the flasher boards that were later deployed with the IceCube Digital Optical
Modules (DOMs), are the brightest light sources that were deployed within
the AMANDA detector. Unfortunately, no instance of an event triggered by
firing the LEDs in OM #531 could be found in archived calibration data.
The flasher boards on string 16 were never used for calibration (they were
mainly deployed for test purposes regarding the DOM development) and
existing data from these flasher runs were not archived with the standard
calibration data [207].

According to the developers of the LED flasher boards, an unintentionally
release of light is impossible, even if parts of hardware were damaged [208].
As of this writing, the eleven background events still lack an explanation.
So far, no additional instances of the signature have been observed.

560OM #531 did not pass the standard OM selection criteria for the year 2000, but it
was considered functional during the following years. Neighboring OMs were considered
functional over all years, including 2000.
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(left), event #960804, and event #3725389 were recorded during the year 2003.
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F Primary cosmic ray composition and energy
spectra used for the background simulation

The primary cosmic ray spectrum and composition used for the simula-
tions of the atmospheric background muons in most AMANDA and Ice-
Cube analyses is the poly-gonato model (see section 5.3.2). Within the
poly-gonato model, trans-iron elements (nuclear charge Z > 26) play an
important role at high energies. Figure F.1 shows the contribution of differ-
ent mass groups to the all-particle spectrum. At energies above 107-° GeV
~ 3.3 x 107 GeV, elements with Z > 27 contribute more than 10% to the
all-particle flux. As mentioned in section 5.3, the simulation of these heavy
elements is not supported by the simulation package CORSIKA, and hence
their contribution is missing in the background simulation.

Above a certain energy threshold, the lack of heavy elements in the at-
mospheric muon simulation must become apparent. Figure F.2 shows the
energy spectrum of simulated cosmic ray primaries for background events
which remain after the application of cut # d.2 (see section 9.1). The en-
ergy distribution peaks around 3 x 107 GeV.

At this selection level, a deficit of simulated background events with high
light deposition is indeed observed. Figure F.3 shows the distribution of
the Fisher discriminant that was used in cut # d.2. The left panel of the
figure shows a comparison of the distributions (after applying cut 2.d)
observed in 20% experimental data (black markers) and the atmospheric
muon background simulated using the poly-gonato model (open histogram).
The deficit of simulated events becomes apparent for values of the discrim-
inant smaller than ~10 (a small value of the discriminant corresponds to
events with a high light yield, and hence to a large primary energy). The
right panel of Figure F.3 shows the correlation of the discriminant with
energy of the cosmic ray primary. As expected, the region in which we ob-
serve an excess of experimental events corresponds to to primary energies
greater than ~107-° GeV.

A similar excess of experimental events is also observed in other observ-
ables sensitive to light deposition. Figure F.4 shows the distributions of
the amplitude sum (X ADCZ%S190) the hit multiplicity (NHits*S100),

optical optical

and the number of hit channels (NCHf);tliggl) for 20% of the experimen-

tal data and simulated atmospheric muon background (top row), and the

correlation of these three observables to the primary energy (bottom row).

T [ corsika o 05
< = 20% exp. °
© |
10- o 85 .
o~ .I-
<
s 8
15 4
Ay
m 75 10"
vﬁ
: o0 7
10" = o)
2
6.5
1025 H H p 102
- 3 7 5.5
-16 -14 12 10 8 6 16 14 12 10 8 6
discriminant discriminant

141

0.6

0.5

0.4

Fraction of nuclei

0.3

0.2

‘\HH‘\\\E\‘\/AH‘HH‘HH

0.1

10% 10° 10
Energy E, [GeV]

Figure F.1 — Energy dependence of
the relative contribution from dif-
ferent mass groups of galactic cos-
mic rays to the all-particle flux ac-
cording to the poly-gonato model.
The poly-gonato model does not
account for extragalactic cosmic
rays, which are believed to domi-
nate the flux at highest energies.

r [] corsika

a u.

95 10

1 GeV)

75 8 85 9

IOglO(EPRIMARY

8s ém 65 7

Figure F.2 — The primary en-
ergy spectrum after application of
cut#d.2.

Figure F.3 — Distribution of the
Fisher discriminant used as cut pa-
rameter in cut # d.2 for 20% exper-
imental data compared to the back-
ground simulation (left) and the
correlation of the discriminant with

primary energy (right).

10



a u.

= [] corsika
@ 1w - 20% exp.
10+
L
10"
107 . . . . |
200 400 600 800 1000 1200
s ADC [PE] (optical, z<100)
; 95
& o

o
o

©

| E

Oglo( PRIMARY
~
P

~

600
= ADC [PE] (optical, z<100)

800 1000 1200

Figure F.4 — Observables sensitive to the light yield: ¥ ADC=S100

10"

5 [] corsika S el [] corsika
10° - b
d . 20% exp. d .. 20%exp.
10+ 10+
"LLL LL .
i I \‘ Il
L
o'l
10 -
10°F
100 200 300 400 500 600 700 800 900 1000 0 6 80 100 120
NHits (optical, z<100) NCH (optical, z<100)
,; 95 ,; 95
(] () 1
o ° 1 o °

ol
o

©

| E

0910( PRIMARY
-
&

| E

0910( PRIMARY
-
&

~
~

65

5200 200 300 400 500 600 700 800 900 1000 55

NHits (optical, z<100)

120

NCH (optical, z<100)

40 60 80 100

(left), NHits=<100

optical

(middle), and NCH=SL100

optical (”ght)

optical

The panels in the top row show the one-dimensional distributions of these three observables for 20% experimental data
(black markers) and background simulation using the poly-gonato model (open histograms) after application of cut #d.2
(see section 9.1). The panels in the bottom row show the the correlation of these three observables with the energy of the

initial cosmic ray primary.

[] poly-gonato
10- [T 2-component
AL
10" -
107
10°-
55 € 65 7 75 8 85 9 95 10
109, (B ermary | CEV)
Figure F.5 — Primary energy
spectra for background sam-
ples simulated with the poly-
gonato model (grey) and the

two-component model (light pur-
ple) after applying cut#d.2 (see
section 9.1).

The distributions of experimental and simulated data disagree in the region
where the energies of the simulated cosmic ray primaries exceed ~107> GeV.

The poly-gonato-model obviously does not provide a sufficient description
of the atmospheric muon background at highest energies if trans-iron ele-
ments are discarded in the CORSIKA simulation. The two-component model
in contrast, can provide a more accurate description because it models the
all-particle flux over the full energy range with only two elements, proton
and iron primaries. Figure F.5 compares the primary energy spectra for
events remaining after cut # d.2, simulated with poly-gonato model and the
two-component model respectively. For the event sample simulated with
the poly-gonato model the event rate drops off more rapidly with primary
energy.

The presence of additional high energy primary particles in the two-com-
ponent sample affects the distributions of key observables used in this anal-
ysis. Figure F.6 shows a comparison between the poly-gonato and the two-

component model for the three observables ¥ ADC?<100  Nhits*<100

optical’ optical’
and NCHf)gtli(c’gl. For all three observables, the two-component model is

in better agreement with experimental data.

Generally, we must conclude that for monopole searches above the hori-
zon, or other searches for signals whose prime distinctive feature is a high
light yield (and which consequently have an extremely high energy thresh-
old), the standard approach for background simulation (using the poly-
gonato model discarding trans-iron elements) is unfeasible. Apart from the
poly-gonato model, the two-component model is, to the knowledge of the

author, presently the only available model that provides a straight parame-
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terization of the energy spectra of individual elements in cosmic radiation.
Although the two-component model drastically simplifies known facts (us-
ing only two elements to describe the all-particle spectrum®”), it is capable
to describe the cosmic-ray induced muon background in AMANDA-II up to
the final level of this analysis reasonably well.

At the final analysis level, the improvements achieved by using the two-
component model instead of the standard approach becomes obvious. Fig-
ure F.7 shows the number of background events predicted by both mod-
els as a function of the final cut value (one of the key quantities used
for cut optimization). The predictions from the two-component and the
poly-gonato model for the number of background events to remain after
unblinding differ by almost an order of magnitude: The two-component
model predicts 2.6 events, while the poly-gonato model predicts 0.3 events
after imposing the final cut.

It should be emphasized that the problems of standard background sim-
ulation to reproduce experimental data at highest energies is not due to
the poly-gonato model itself, but due to the limitations in the simulation
package CORSIKA. Since the complete model cannot be simulated, it re-
mains unknown whether or not the poly-gonato model is in agreement
with AMANDA data.

57 A more recent analysis of data taken by the KASCADE experiment [151] aims at
measuring the energy spectra of five primary mass groups [82]. The analysis technique
is similar to the one used for the two-component model, but the model uses five primary
elements (protons, helium, carbon, silicon, and iron) to approximate the all particle flux,
instead of only protons and iron. Reference [82] does not yet give straight parameteri-
zations of the energy spectra because, according to the authors, the analysis is limited
by uncertainties in the presently available cosmic ray interactions models.
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