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The IceCube Neutrino Observatory is akdetector which recently completed con-
struction at the geographic South Pole. Here we presentdearches for flaring point-
sources sources of neutrinos using IceCube data using maxiikelihood techniques. For
the first time, a search is performed over the entire pararapsee of energy, direction and
time with sensitivity to neutrino flares lasting between.20and a year duration from astro-
physical sources. This work is also an important step folde€ube experiment in utilizing
a multi-messenger approach, driving IceCube neutrino arsalyith information from pho-
ton observatories. The use of time information is usefudesintegrated searches over time
are less sensitive to flares as they are affected by a largkghmind of atmospheric neu-
trinos and muons that can be reduced by the use of additiomalgt information. Flaring
sources considered here, such as active galactic nuclgieanocha-ray bursts, are promising
candidate neutrino emitters.

One search is "untriggered” in the sense that it looks for@ossible flare in the entire
sky. The other two searches are triggered by multi-waveteimjormation on flares. One
triggered search uses lightcurves from Fermi-LAT whichvaites continuous monitoring.

A second triggered search uses information where the fligssteave been measured only



4
for short periods of time near the flares. A search for peci@tnission of neutrinos is
also performed on binary systems in the galaxy which areghoio be sources of particle
acceleration. The searches use data taken by 40 stringe©tibe between Apr 5, 2008
and May 20, 2009 and by 59 strings of IceCube between May 2® 208 May 31, 2010.

The results from all searches are compatible with a fluatnaif the background.

Teresa Montaruli (Adviser)
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Chapter 1

Neutrinos and Neutrino Astronomy

High-energy neutrinos can be produced in the direct vigioitcharged cosmic ray sources
by the interaction of the high-energy cosmic rays with nrattephoton fields. In those
processes, charged pions are produced and result in a flugloehergy neutrinos. The
latter are unique messengers with which to observe the rgaiyas they have no charge and
interact weakly, traveling directly from their point of @t#on essentially without absorption,
differentiating them from cosmic rays which will be deflattey magnetic fields and high
energy photons which can be strongly absorbed. Neutrir@&ey in understanding the
mechanisms of cosmic ray acceleration, and their detedtmn an astrophysical point
source would be a clear indication of hadronic acceleratiaghat source.

One of the major challenges in understanding the propestiasutrinos and the de-
velopment of neutrino astronomy is their small interactiomss-sections. In order to build
up sufficient statistics, neutrino telescopes must havenam®ous volume instrumented,
on the order of a cubic kilometer. Natural bodies of waterleacice can be used as a
target medium, light from the neutrino interaction producan also be measured in such a

detector.



1.1 The Neutrino

Neutrinos are subatomic particles which interact only wia tveak nuclear force.
They were first theorized to explain the spectrum of electnoergies created in beta-decay
nuclear processes in 1930 [1]. They were first discovered®86 by observing electron
neutrino capture producing positrons [2].
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Figure 1.1 Feynman diagrams for the neutrino-quark chacgecent (top row) and neutral-

current interactions (bottom row).

Neutrino interactions with atomic nuclei have two primargdes: charged-current
(CC) and neutral-current (NC). In charged-current interastithe incident neutrino is re-
placed by an outgoing charged lepton in a reaction mediayea ¥/ boson. Neutrinos
are typically detected through charged-current inteoasti where a neutrino with flavar
(or anti-neutrinoy;)undergoes a charged-current interaction with a nuclepsoiiuces a

charged lepton with flavar- (or a charged anti-leptait):
v(m) +q—17+d (1.1)

wheregq is a quark in the nucleus anrdis a quark of a different flavor.
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Neutral current interactions feature the neutrino rengibff of the nucleus, mediated
by a Z boson. The Feynman diagrams for CC and NC interactionbeaeen in Figuife 1.1.
There is also the interaction of anti-electron neutrinahwlectrons’, + e~ — W, which
has a resonance at neutrino energies of 6.3 PeV. Analogtradtions with muon and tau
flavors are possible, but are not practical for neutrincoastmy.

For NC interactions, there will be a shower of photons from lladronic cascade,
which can be seen if within the detector volume. In this th€XC interactions are the focus,
specifically those of muon (anti-)neutrinos. Since IceCubesdot have a magnetic field
strong enoug to distinguish leptons from anti-leptons, @ferrto particles e.g. anti-muons
and muons as simply muons throughout. Muons created bydmnghgy neutrino interac-
tions can travel for tens of kilometers before decayingcttms, by comparison, will lose
their energy over several meters, and using the reconstnuteichniques of lceCube are

currently indistinguishable from a NC cascade.

1.2 Lepton Propagation

Leptons lose energy as they travel due to pair productienzadion, stochastic losses
due to bremsstrahlung, and photo-nuclear interactionshwdontribute in different amounts
depending on the lepton energy before, in the case of a mumtaor, it decays and produces

another shower.

1.2.1 Electrons

Above 1 GeV the energy losses from electrons are mainly dugreémnsstrahlung
radiation [3]. The energy is lost within a few meters wateuieglent (mwe), making it

a point-like source of light compared to the scales of neattelescopes. Energy recon-
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struction is possible, but directional information is lasth scattering lengths typical of the

South Pole ice.

1.2.2 Muons

Due to the larger mass of the muon, energy losses per mwe alesthan that of
electrons, so their energy can be lost over much longer tiest&nces. At energies below
the muon critical energy of 1 TeV in water (similar for ice] [4 energies below IceCube
can resolve a muon track, ionization losses dominate, gindwa continuous track of 200
MeV per mwe. Above this energy, stochastic losses become p@valent, which are

proportional to the muon energy. The energy loss per uriadce can be modeled as:

dF
— — =a-+bF, (1.2)
dx

where a is the ionization losses of 0.268 GeV per mwe and beistihchastic loss term
which is roughly3.6 x 10~* per mwe in ice. This yields track lengths for TeV energy
muons which are roughly 2.5 km, above 1 TeV the length in@gé&sggarithmically, and at

1 PeV the typical distance is20 km. This means that IceCube is sensitive to muons due to

interactions far outside of the instrumented volume.

1.2.3 Taus

Tau energy losses per mwe are even less than that of muordydtn the particle’s
2.9 x 10713 s lifetime, typical propagation lengths are much shortesfmilarly energetic
particles. The particle’s decay will reproduce a tau neotalong with a cascade of light
due to the daughter lepton or meson. This gives taus a "ddaghig” topology, where there
will be initial cascades when the tau is created and lateayieovith a connecting track

from Cerenkov radiation, which could be resolved if the tau tmaefew hundred meters
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(the range as a function of energy for taus can be seen inéflg@). Taus with> 30 PeV
will experience extreme enough time dialation for them &wét roughly 1 km, far enough
to travel through IceCube with a signature of a less energation. The branching ratio to

decay to a muon is 17.7%, so it is also possible for the daughten to be detected by a

neutrino telescope.
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Figure 1.2 The mean range of high-energy muons and taus knamt sea water. Figure

from [5].

1.2.4 Cerenkov radiation
When a charged particle moves faster than, wheren is the index of refraction of
the medium, the particle’s radiation forms a coherent f(sae Figuré 113). This wavefront

will propagate at a specific angle determined by the indexefsction and the speetl =

v/c

cosf. = L . (1.3)
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For particles with energies used in this work, particlesshgl: ~ 1, and the index of
refraction of icen;.,. = 1.32, yieldingd. ~ 41°. The wavelength distribution aterenkov

photons is given by the Franck-Tamm formula:

>N 27« 1
e 14
drd\ N2 ( 62712()\)) ’ (14)

whereq is the fine structure constant. The distribution is peakeshatter wavelengths,

giving Cerenkov light a bluish color. Taking the integral[ofl1.4 fr@®5 nm to 600 nm
yields 210 photons per centimeter, where the wavelengtitsliare chosen to reflect the

glass and ice transparency.

v

Figure 1.3 lllustration oCerenkov emission. While a particle travelg in a timet, its
emitted light only travels:t/n, forming a coherent front in a cone around the direction of

motion. Use of this directionality is used in the recondtiarcof the particle’s properties.

1.3 Cosmic Rays

The Earth is constantly bombarded with charged particta® fspace, predominantly

protons, but also heavier nuclei, electrons, positronsgradons. lonizing radiation was
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discovered to be coming from space in 1912 by Victor Hess, gikcovered that an elec-
troscope will discharge faster at high altitudes than atleeasl when he ascended in a hot
air balloon up to altitudes of 5.3 km.

In the one hundred years since Hess'’s discovery, cosmicfraysenergies ofl (°
eV up to10%° eV using a variety of detection mechanisms from balloon atellie-borne
detectors to arrays covering thousands of square kilos&tatetect extensive air showers
from cosmic rays interacting with particles in the atmospheThe spectrum follows a

power-law spectrum for energies above 1 GeV:

N
Z—E x B, (1.5)

where~ is the power-law index of the spectrum. There are severatasting structures in
the cosmic ray spectrum (Figure11.4) in addition to a turn@tdow energies due to the
solar wind: there is a steepening in the spectral index atoxppately 3 PeV in primary
energy, called the "knee” of the spectrum; at several Ee\égisetrum hardens to af—3!
spectrum, called the "ankle”. The cosmic ray spectral ieglicfor different energy ranges

of interest are[[6]:
2.67 log(E/GeV) < 6.4,

7=« 3.10 6.4 < log(FE/GeV) < 9.5, (1.6)
2.75 9.5 < log(E/GeV).

Finally, for energies above 60 EeV the spectrum steepemplgha

The cause for the steepening of the cosmic ray spectrum fticlea above 3 PeV
could be due to particles escaping the confines of the gataogild be to a petering out of
the galactic cosmic ray accelerators an inability to ace¢deabove the knee. It is believed
that at the ankle, there is a transition from galactic olgjéatmore powerful extra-galactic

sources as the primary accelerators. The steepening alfioizeV is evidence of the cutoff
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Figure 1.4 The cosmic ray energy spectrum measured by a mohthéferent experiments.
The cosmic ray flux has been multiplied ## to enhance features such as the knee and

ankle, which are marked. Figure frof [7] and referenceseiher
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predicted by Greisen, Zatsepin and Kuzmin (GZK), whereg@reabove the energy thresh-
old for photo-pion production with the cosmic microwave kground will lose energy due
to that mechanism as they travel (see Equdtioh 1.7).

Protons and other nuclei are the primary component of cosays; electrons and
positrons form a smaller contribution. The relative ratbbprotons to heavier nuclei across
the spectrum is still an active area of research but therbiate that the fraction of heavy
nuclei rises above EeV energiés [8]. Some models for the keeespectral breaks at dif-
ferent energies for each species of nucleus as energiestgoolarge for galactic objects
to accelerate or become unconfined in the galaxy (e.g. thegmioto or "many-kneed”
model).

At TeV energies, deflection in the galactic magnetic field&erthe arrival directions
for cosmic rays nearly isotropic, though a smal(*) anisotropy exists, though it is not
known what is the source][9, 10]. It may be due to a nearby acat@r, or it may be due to
structures in the galactic magnetic field near the solaegysor even the heliotail structure

in the Sun’s magnetic field.

1.3.1 Cosmic Ray Acceleration

Fermi acceleration is thought to be the most promising catdifor the acceleration
mechanism of cosmic rays. The expectation is that charge#idlpa are accelerated through
a series of interactions across a relativistic shock froflhese particles are confined to
the shock due to inhomogeneities in the magnetic field, aadgmen energy with each
pass through the shock front. This idea was first presentdeebyi [11,12], and further
developed by others [18,114,]15]. The resulting particlecspefollow a power-law close

to 2. Detailed calculations show, however, that depending erstfock conditions, the
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spectra can also be somewhat flatter or steeper, seeleldl7l6Here, we use a2
spectrum as a first order estimate.

Neutrinos will be produced in interaction with the acceledaparticles in the dense
region, the initial nuclear reactions produce charged andral pions in the following re-

actions:

py —AT 1.7)
At s p+n°
At s n+rt

ny —AY (1.8)
A s p+7

A’ = n+ 70

pp —=p+p+n° (1.9)
p+n+at

pn—=p+p+m (1.10)
p+n+7°

Once the pions are produced, the charged species will oedmuingly decay to muons

and neutrinos, while neutral pions decay to gamma-raysiwdao be observed in GeV en-
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ergies:

T —=ut 4, (1.11)
= et .+,

T =+, (1.12)
[ T R A

70 =y (1.13)

This results in a flavor ratio of neutrinos produced by pianbév, : v, : v, =1:2:0 at

the source.

1.3.2 Cosmic Ray Air Showers

The main source of muons seen by IceCube is from cosmic rayaimthe up-going
and down-going regions. High energy cosmic rays collidéatioms in the atmosphere,
creating extensive air showers of electrons, muons, pikexsns and neutrinos (see Fig-
ure[1.5). IceCube detects mainly muons produced in air shoiwghe atmosphere above
the South Pole, but it also detects neutrinos produced shaiwvers on the opposite sides of
the Earth. These atmospheric neutrinos are the predomiaakground for astrophysical

neutrinos in regions where atmospheric muons are absosbticarth.

1.3.2.1 Atmospheric Neutrinos

Conventional atmospheric neutrinos are produced by theydd#aauons, pions and
kaons. Since the Earth’s atmosphere is much more denseyp@altastrophysical me-

dia, air shower products are more likely to interact befareaying. This affect is energy-
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dependent, particles below a threshold energy will likedgaly before having a chance to
decay, and the decay products will have roughly the samerspeas the incident cosmic
rays (~ £=27). Above this threshold (115 GeV for*), the particle will most likely in-
teract, losing energy in the process. The spectrum of thagiles is typically~ E—37.
Since the threshold for muon detection in IceCube is roughlg\, this is the spectrum of
atmospheric muon measured. Prompt atmospheric fluxes freatetcay of relatively heavy,
charmed mesons have not been measured, but are expectédaviciie CR spectrum.
These atmospheric neutrinos make up an irreducible backdrfior Northern Hemi-
sphere neutrino point-source searches. The rate is magtiséie Chaptéd 6), with roughly
+5% annual fluctuations due to the change in the density of thengtmosphere as a result

of temperature fluctuations averaged over the Northern bjgmere.

1.4 Neutrino Oscillation in the Earth

The neutrino has a peculiar property which allows it to cleaft@vor, which has been
observed in a deficit of anti-electron neutrinos from the fiffj. Neutrino oscillation has
also been observed using atmospheric neutrinds [19, 20TB&}e are three neutrino mass
eigenstates, which do not directly map onto the three flaiggnstates. As a neutrino
propagates, this difference in mass eigenstates leadsitdeaference between the flavor
eigenstates. These oscillations induce changes in flavmnasitrino propogates, with dif-
ferent probabilities of interacting as a given flavor forfelient baselines. The relationship

between the flavor and mass eigenstates is

[va) = 3 Usilw), (1.14)
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where|v,, ) is a specific flavor statey = e (electron),. (muon), orr (tau), and

i) =Y Uialva), (1.15)

where|v;) is a specific mass state= 1, 2, 3. The termd/,; map to elements of the Maki-

Nakagawa-Sakata (MNS) matrix [22]. The MNS matrix given by:

C12C13 51213 s13€% ei1/2 0 0
— 10) i . 2
U= —512C23 — C12523513€" C12C23 — S12523513€" 523C13 0 ele2/2 () )
6 i5
$12523 — C12C23513€" —C12523 — S12C23513€" C23C13 0 0 1
(1.16)

wherec;; = cost,;; ands;; = sind,;, with 0,; referred as the mixing angle between two
mass eigenstates. In the case that neutrinos violate CP dyynmie non-zero. The phases
a1 anday cover a potential difference between neutrinos and antirm®s, both being zero
unless the neutrino is a Majorana particle, such that isiswtn antiparticle.

We can write the probability of a neutrino converting fromawvdr s to a flavora as

|(vs|va)?. This expands to

2
(vs|va)|? = Z U;iUme—z’mgL/gE
. AmZL
— 604,5 - 42 Re(UalUﬁZUO‘]UIB]) San( 4Ej )
i>j
. AmZL
123 Im(UZUsiUaUs) sin( =52,

i>]

2 i ; 2 2
whereAm;; is the difference between the squares of the two mass e&esst —m; and
dq IS the Kronecker delta. The total magnitude of oscillatioas be determined from the
elements of the MNS matrix, the frequency of oscillation barexpressed (putting back in

terms off, andc to go from natural to metric units) as:

~ 1.27Am3j(ev2)%. (1.17)

Am; L
4E
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A review of neutrino oscillation physics can be found(in/[23]

The experimental limits have been produced in the analyssepted here assuming a
flux of only muon neutrinos. The scenario using the standautrmo oscillation parameters
has MNS matrix elementd/.;|*> < 1 and|U,;| ~ |U.| for each mass state Using a
baseline of astronomical distancds {+ oo) ensures that neutrino oscillations occur at all
energies; this scenario results in a source producinginestvia pion decay with a ratio of
ve 1 v, v, = 1:2: 0resulting in a flavor ratio at Earth af: 1 : 1 [24]. It is also possible
that there is a contribution at very high energies to the flasto of tau neutrinos due to
the decay of charmed mesons|[25].

When considering equal fluxes of muon and tau neutrinos at @l Ehe resulting
upper limits on the sum of both fluxes are about a factor of imeg higher than if only
muon neutrinos are considered rather than the expectex fe#dtvo due to oscillation if no
tau neutrinos would be detectakle[26]. Forarn? spectrum of the signal neutrino flux the
contribution due to the detectable tau neutrino flux for sesat the horizon is 10% and up
to 15% for sources in the Northern Hemisphere. This is dubdddu decay channel into
muons with a branching ratio of 17.7% and in part to the tatolep with energy greater
than some PeVs that may travel far enough to be reconstrastgdcks in IceCube before

decaying. In the up-going region we have considered tawnergéon in the Earth.
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Hadronic
shower

Electromagnetic
shower

Figure 1.5 Cosmic rays produce extensive air showers upaisionlwith particles in the
upper atmosphere, shown here. Muons and neutrinos arergi@mgeiparticles which can
reach the IceCube detector through the overburden of iceraugh the bulk of the Earth,

respectively.
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Chapter 2

Candidate Sources of Flaring Neutrino Emission

This chapter describes candidate classes of sources foremigrgy neutrino production.
Neutrinos are interesting as messenger particles as tweicrioss sections allow them to
escape regions where photons and charged particles woalbsoebed or deflected. Neu-
trinos offer a new way of examining the universe which woulgeowise be inaccessible.
Sources described in this chapter are interesting cardidat high energy neutrino
production due to their non-thermal photon spectra. Thesmectra exhibit an exponential
cutoff at high energies: even objects with temperaturesitiforms of Kelvin typically fade
out in the keV, far before the TeV particles of interest tddabe. Non-thermal spectra could
indicate particle acceleration for instance in the shockated in supernovae explosions and
in jets of matter created in dynamic regions in the centeatdxjes. These spectra are hints
that they could be capable of accelerating particles tceexety high energies which are
seen in the cosmic ray spectrum. The most likely mechanisithie particle acceleration
was proposed by Fermi and is covered in Sediion1.3.1. Cilynmemsource of neutrinos of
2 100 GeV energy has been identified with significance above @hreshold[[26], 27, 28].
The Sun[[29] 30] and supernova 1987a have been identifieduasesoof MeV energy

neutrinos, however. SN1987a was detected in three dese¢tamiokande Il (11 neutrinos
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[31]), IMB (8 neutrinos[[32]), and Baksan (5 neutrinas,|[33])

Classes of Galactic and extra-galactic astronomical seugghibit time-dependent
emission that range from short bursts of the order of secandsminutes from GRBs or
SGRs up to longer flares from AGNs which last hours to weeks.rcg@suthought to be
steady are also included here since surprises are expsaduas the Crab Nebula super-
nova remnant, used as a 'standard candle’ for TeV photonsamisexhibited two large

flares observed in GeV photons in 2010-11/ [34].

2.1 Extra-galactic source candidates

The cosmic ray spectrum extends to energies well above thEgrocles which can
be contained in the Milky Way. The two main classes of extaactic objects thought to be
powerful enough to accelerate particles above EeV eneageesactive galactic nuclei and

gamma-ray bursts.

2.1.1 Active Galactic Nuclei

The first known AGN, now classified as 3C 273, was known to n@ sk&ar because it
did not have typycal absorption features and had very straxtig emission. It was theorized
and shown to be a distant galaxy with a bright core redioh. [B&N are powered by super-
massive £ 10° solar mass) black holes. Matter is collected in an accretiskiaround the
black hole, which heats up as gravitational potential isgfarmed into potential energy,
and radiates in the optical. The hot rotating gas resultsnragnetic field perpendicular to
the disk. This field results in two collimated relativistetg of matter which are expelled
from the active center of the galaxXy |36]. Blobs of matter areasionally emitted from the

central region down the jets, which emit brightly (see Fejdrl) and are expected to be
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shock environments for particle acceleration. Now hunsli@&dAGN are known[[3[7], and
their observed emission features are mainly determineldogigle between the relativistic
jet with the Earth (see also Figure R.2). Other classificaf@atures are the strength of
object in radio bands, and the overall luminosity.

Faranoff Riley (FR) galaxies are observed from the side, shahthe jet and inner
torus is visible. These galaxies are split into low and higérall luminosity branches (FR-I
and FR-II, respectively). Seyfert Galaxies are also oblitkeeFR galaxies, but are radio
quiet and exhibit strong absorption lines.

1510-089

06 Jul 08, 15 AU%OB 10 Sep 08 16 Nov 08 21 Dec 08
4653 469, 4720 4787 4822

0.6

0.4

0.2

Milliarcseconds

0.0

-0.2

0.6

01 Apr 09 30May09—,  22Jun09 27 Jul 09 16 Aug 09
4923 498 5005 5040 9@ 5060

0.4

0.2

Milliarcseconds

0.0

-0.2

Figure 2.1 The motion of ejected blobs of material from thazbt PKS 1510-089 seen
with 43 GHz radio images. The images are convolved with auardGaussian beam of the
shaded circle at the lower right. Dates are given by caleaddrwith TID (JD-2450000).

The color shows the intensity of the polarization intendtigure from [38].

For active galaxies with one of the jets pointing directlytreg Earth, their observed
emission features are nearly all due to the beamed emiskiba melativistic particles form-

ing the jet. These are classified as BL Lac type objects (radid,llow luminosity) or Flat
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Spectrum Radio Quasars (FSRQs, which are radio loud with gfath luminosity). These
are the most interesting for neutrino astronomy, sinceeaxallecay products from the jet
will also be beamed in the direction of the Earth. These dbjalso exhibit strong and fast
variability due to the small emission region compared torést of the galaxy. The AGN
tested for flaring behavior in Chapter]10 are exclusively BL4.ac FSRQs, commonly

unified in the AGN class of blazars.

BL Lac/FSR&Y
Seyfert-I|
i / SS5RQ
logi{z/pc)
Narrow emission line region
..'::. .:....
YN
Broad emission “3line region
FR-1/FR-1I
———
Disk Seytert-ll
Torus
logit/pe) L0
awe -5 -4-3-2 -1 0

Figure 2.2 Schematic of a cylindrically-symmetrical cemtean AGN. Axes are logarithmic
in units of parsec. Regions of the AGN are marked. The claasific of an AGN are marked

off by arrows approximating the viewing angle of the obserfagure from[7].

The emission from blazars is known to be variable at all wavglhs. Simultaneous
multi-wavelength (MWL) observations are crucial for undansling the cause of this vari-
ability [39,/40,/41[ 42, 43]. The intensity of these objecs wary by more than an order of

magnitude between different observing epochs. The typica scales of AGN flares vary
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from hours to days, though high-energy variability has bateserved on much shorter time
scales, in some cases even down to just a few minutes [44, 45].

The spectral energy distributions (SEDs) of blazars exteddrs of magnitudes across
the electromagnetic spectrum and are characterized bgt@tes of low and high energy
non-thermal peaks (see Figlrel2.3). The low energy companéine radio to soft x-rays
is due to synchrotron radiation of electrons gyrating in gnedic field.

The high energy component (x-ray-eray) currently has two main models: leptonic
and hadronic.

The most prominent candidate model for the SED structurdaddos explains the
emission using only relativistic electrons (and positjorfSynchrotron radiation accounts
for the lower-energy emission hump. These synchrotrongstsoare up-scattered via the
inverse Compton effect on the same population of electrons)ggthe Synchrotron Self
Compton (SSC) model for blazar emission. The intensity ané péthe second emission
hump are controlled by the energy and density the electrgulption, and fluctuations
in emission from both peaks will be correlated. Hadronic eiscexplain the observed
high energy photon emission component as a result of a pigulaf relativistic protons
accelerated in the emitted blobs, which will undeggoand p interactions, producing
pions. Neutral pions decay to gamma-rays up to TeV enerfpesiing the high energy
peak. Charged pions will also be produced, which will prodle¥ neutrinos upon decay,
so the detection of neutrinos would be unambiguous evidehdedronic acceleration.
Proton synchrotron emission can also contribute to the-Biggrgy component if they are
accelerated to very high energies (reviews on models camuedfin [46,[ 47/ 48] and

references therein).
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Figure 2.3 Leptonic model (top) and Hadronic model (bottdits)to the spectral energy
distribution of the blazar Markarian 421. In the hadronicd®lp the black dotted line is the
contribution of7° cascades, the green dash-dotted line istrforcascadesy synchrotron
and cascade is the blue dash-triple-dotted line, and psytochrotron and cascade emission
is the red dashed line. The sum of all components (includigsynchrotron emission
of electrons forming the low bump) is the solid black line. eTleptonic model uses two
minimum variability timescales to determine the size of ¢éh@ssion region: 1 day for the

red curve, 1 hour for the green. Figures from![49].



22

Perhaps the most compelling evidence of hadronic modelsiaservations of “or-
phan” flares, defined as TeV photon emission without accogipgrx-rays, such as the
1ES 1959+650 flare in 2002 [60]. An a posteriori observatidi \\MANDA-II of two
events([51], one exactly during the flare and another 31 @ags kriggered some theoretical
calculations([52, 53]. A previous stacking search for naot from AGNs used AMANDA
data [54]. Two recent flares included in the MWL triggered skas (see Sectiohs 1D.1 and
[10.2, alsol[5b, 56, 57, 58]) are suspected to be orphan flanéx-ray observations were
not simultaneous with gamma-ray observations and thergassibility of having missed

the x-ray flare.

2.1.2 Gamma-ray Bursts

Gamma-Ray Bursts are believed to be produced by the most pdywadgnomena in
the universe [59, 60]. They are also interesting as timeadéent candidate neutrino sources
[61,62]. IceCube conducts dedicated searches using tatefiormation for these objects
([63], [64], [65]). Untriggered searches are also sensitivthis source class if two or more
neutrinos can be detected from the same GRB. While the dedisaszdhes are in general
much more sensitive due to the timing and directional infmron from GRBs observed in
gammas or x-rays), the untriggered search performed herhbgotential to detect a burst
which was not observed in photons (due to e.g. absorptiomosrdf monitoring).

Presently the best candidate model for high-energy enmigsoon GRBs is the fire-
ball model. The prompt gamma-rays are made in expandingksho@lasma ejected in a
relativistic, highly beamed{ = 100 — 1000) jet. These jets may be produced by the merger
of neutron stars or by the formation of a black hole, and mag atcelerate hadrons to TeV

energies leading the production of neutrinos. GRBs are selesvi®a bimodal distribution
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of the durations of high-energy emission: GRBs less than twors#s are thought to be
due to neutron star mergers, those longer than two secoadgtihto be due to black hole
formation in supernova explosions.

The dedicated searches from IceCube using a combined sarmopid¢He 40 and 59-
string detectors presently sets strict limits on modelseaftino emission from GRBs. A
sample of 300 GRBs from the Northern and Southern Hemispheasstested, and no
events were found. The limit from this result is 5% with resge GRB models using the
hypothesis that all cosmic rays 3 PeV are extra-galactic and created in GRBs [66]. This
suggests that other objects are the sources of cosmic mnatlsgtahe parameters entering

the model need to be rethought.

2.2 Galactic source candidates

Source candidates in the Milky way are thought to dominagectismic ray spectrum
up to the knee at 3 PeV. The estimated number of supernovae Mitky Way is about 3
per century, and the observed flux over the cosmic ray spaaiputo the knee corresponds
to roughly 10% of the energy from the shock front of matereéased in these massive
explosions. Above 3 PeV, objects outside of the galaxy asaght to be the sources, as

cosmic rays with this much energy will not be confined to thiexga

2.2.1 Supernova Remnants

As a star ages, it gradually begins to fuse successively magsive nuclei in its
core, until it reaches iron where fusion becomes an endwibereaction. Hot material
which does not contribute to the energy budget of the stanraatates in the core while

fusion continues in shells outside the core, where eledgonion degeneracy sustains the
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core against the pressure of outer layers. As the mass ofeifpendrate core or a white
dwarf rises the radius decreases, until the mass approt#uheslue of 1.44 solar masses
when the theoretical radius of the object approaches z&i0d®]. Before that happens,
it becomes energetically favorable for the protons in tlae &t capture electrons, forming
neutrons. This releases much of the gravitational energhetiwarf or stellar core in a
shower of electron neutrinos in what is classified as a suparnThe compact remnant
depends on the mass of the original star, and can be eithack bble or a neutron star.
Neutron stars remnants are roughly 10 km in size, exhingtmagnetic fields10'? G)
and a rotational period of as low as milliseconds. Neutramnssalso exhibit is a narrow,
bright beam of electromagnetic radiation which can be seriosses the observer’s line
of sight. Black holes are so compact they are hidden behintbaghvhere that their escape
velocity is equal to the speed of light.

When a star explodes in a supernova, much of its material ctegjeén a spherical
shell with typical radial velocities 0of0° m/s. As the shell expands, it will push out into
the thin material of the interstellar medium forming a shé@nt. This environment will
energize particles via Fermi acceleration (see Se¢fiodljl.3hese objects show a hard
energy spectra with a cutoff for gamma-rays at a few TeV, tusdme the cutoff is slightly
above 10 TeV[[69].

Supernova remnants (SNRs) can be broken up into two broadaras. The first
class, pulsar wind nebulae (PWN) have rapidly rotating meustars at the center which
is the source of a quickly changing magnetic field which ssregés particles. This effect
generates an additional particle wind from the central@bjéhe second class of SNR are

those which are shell-like. PWN include the Crab nebula and iGgamn shell-like SNR
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include Cas A. Recently the Crab pulsar has been seen to emarghot > 100 GeV
energy by VERITASI[70], so the central region of a PWN can be wargrgetic. SNRs
evolve as they spread, at first the shell is dominated by theemaitially ejected from the
star, gradually accumulating matter until the shell is fyaswept-up gas. Models beyond
simple diffusive shock acceleration using non-linearabsities in the shock can also be

used to trap particles and accelerate them to higher esdrgfere they escape [71].

2.2.2 Soft Gamma-ray Repeaters

SGRs are x-ray pulsars that show variability at differentetsicales and a persistent
X-ray emission with luminosity. ~ 10% erg/s with short bursts of x-rays andrays with
L ~ 10* erg/s lasting~ 0.1 — 1 s (for review se€[72]). These x-ray pulsars, together with
anomalous x-ray pulsars, are considered to be the bestdedesifor magnetars, isolated
neutron stars powered by huge magnetic fiel#s+{ 10'° G). At times these sources
emit giant flares with initial spikes of hard non-thermal iedihn up to luminosities of
~ 10%¢ erg/s lasting some seconds. Smaller bursts from thesetslgee thought to be
caused by episodes of magnetic reconnection and ‘glitoubste the neutron star has a
sudden change in the rotational period [72], but it is nogclEthe largest flares are caused
by these mechanisms or something else. These flares maycalderate baryons and pro-
duce neutrinos [73, 74, 75]. Limits for photons in the 10 TED3 PeV energy range using
AMANDA-II data were published from the powerful giant flaréserved in Dec. 2004
from SGR 1806-20[76]. In our catalogue used in one of theyaigd flare searches (Sec-
tion[10.2), a period of intense flares from SGR 0501+4516osised by SWIFT on Aug.

22, 2008, and observed also by RXTE/ASM, Konus-Wind and thenFEBM [77] is in-
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cluded.

2.2.3 Microquasars and Binary Objects

When two stars of unequal masses are in a binary system, thiegvaive through
the main sequence at different rates [78], one expiringredfee other. If the more massive
star is large enough to explode in a supernova, the steltanaat, a neutron star or black
hole, will remain and stay gravitationally bound with itsxgpanion star. x-ray binaries are
systems with a companion star and a stellar-mass compaattobjhere are two classes
of binary systems: high mass x-ray binaries (HMXB), wheredbepanion star is a large
O/B star; and low mass x-ray binaries (LMXB), where the conipais only a few solar
masses. When the companion star overfills the Roche lobe oyshens, the overflow falls
into the gravitational well of the compact object, formingaccretion disk. In the disk, the
material accelerates and heats up due to friction closéettast stable orbit.

Microquasars are special cases of x-ray binaries, whertopremission is visible
from two jets from the compact object, similar to AGN but fhetscale (see Figute 2.4).
X-ray and in some casesray emission are visible from the central part of the sysizmnal
optical to radio emission from farther out along the jet. §dsystems are variable, some,
such as Cygnus X-1 and Cygnus X-3, exhibit occasional bursastofity on timescales of
days, possibly producing neutrinos from 1-100 TéV![79]. €& such as LS | +61 303,
have highly elliptical orbits and are seen to emit TeV phetdaring the part of the orbit
when the binary objects are farthest (apastron) [80].

Inthe case of LS | +61 303, the stellar partner is a massipallsarotating BOVe main
sequence star. The star loses mass through a strong stelththwught to be formed by

a fast, low-density polar wind and a slow, high-density equal decretion disc [82]. The
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Figure 2.4 Figure of Cygnus X-3 during a radio outburst on Saybier 20, 2001 taken in
22-GHz waveband with the Very Long Baseline Array, where feission is clearly visible.
The black lines on the top and bottom images are model fithfontiotion of knots along

the ejected jet of material. Image from [81].

dynamic binary system of LS | +61 303 has been observed to tedpein a broad range
of wavelengths from radid [83], soft and hard x-ray|[B4] 85V [8€] and TeV photons
[87,[88]. It remains open if the TeV photon emission stemsfebmicroquasar scenario
[89] or a pulsar scenarid [90]. At present observations efdistem can not rule out the

presence of hadrons in the pulsar wind, but the detectioedfrieutrinos would be positive
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proof of hadronic acceleration.

2.3 Acceleration potential of sources

Charged patrticles can be accelerated in the shock fronts Bf @NAGN. Rotating
neutron stars can also have tremendous time-dependeneti@afields with the potential
to accelerate particles. However, a given source will has@gaaimum energy to which it
can accelerate particles depending on the strength of tigaeetia field and the size of the
region permeated by the field.

A charged patrticle will no longer be confined to a region wittmagnetic field when
the Larmor radius is greater than the size of the region, hve&ts an upper limit on the
energy of particles which can be produced. The Larmor raafiagarticle with momentum

p'in a magnetic field with perpendicular componéht is expressed as:

pl _ _Eje
=——= . 2.1
I qBJ_ Z€BJ_ ( )

The equation for the maximum particle energy is then:

Emax —2 R B
GeV_3X10 XZXEXE (2.2)

The maximum energy is proportional to the charge of the garff, the size of the region
and the strength of the magnetic field, leading to a plot shgwhe candidate accelerators

for the highest energies of the cosmic ray spectrum (see¢lb).
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Chapter 3

Multi-Wavelength Observations

Observations of sources in photons is essential for thairatherization, since the processes
which accelerate particles to relativistic energies wabaexhibit emission of high-energy
photon with a characteristic spectrum. A number of sour@® lbeen observed to emit
photons of> 1 TeV in energy, which makes them of particular interest tcClglee. This
section covers the nature of the multi-wavelength obsematused to motivate lceCube
searches and touches on the different emission models whadrvations in photon energy
bands can be used to differentiate.

As an example, the blazar Markarian 421 is an object withueed flares in multiple
energy bands, and has been frequently the subject of muttleragth campaigns from radio
to TeV energy photons. The nature outbursts of Markarianig2bt clear, some flares see
the x-ray wavebands tracking the same/asys, others see activity in only one or the other
[92,(42], potentially pointing to different underlying cses of different outbursts.

The correlation of high energy emission from blazars is irtgpat in the effort to
model the emission mechanism of objects such as Markariarad@ other blazars, be-
tween the leptonic models where a single population of et electrons is responsible

for the synchrotron emission and also the high energy radiats being due to the inverse
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Compton effect, and hadronic models where the high energgseoni is due to a separate
population of relativistic protons (see Figufes]2.3 &nd.3Rresently both models have
enough freedom to fit the measured spectral energy distiisit Multi-wavelength obser-
vations are useful for directing neutrino searches, andas s known about blazars and
other objects, neutrino searches will be able to be diretctagecific kinds of flares which

are most likely to be associated with cosmic ray accelaratrmal neutrino production.
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Figure 3.1 Spectral energy measurements for the blazaravlark421, showing the low
hump in10° to 10?° Hz, and the high-energy hump fron?° to 10%® Hz, including data
taken from radio, infrared, optical, ultraviolet, x-raydagamma-ray observatories. Figure

from [49].

One particularly interesting flare signature is calledogphan flarewhere a blazar
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exhibits a heightening in the TeV photon band, but not in o#reergy ranges. This type
of flare was seen twice from 1ES 1959+650, and is not currexjbfainable by leptonic
emission models. There was arposterioricheck using AMANDA neutrino data during
these orphan flares, seeing two on-source events during pleesiliar flares [51].

Other objects such as microquasars are also highly dynamieray and gamma-
ray bands, the lightcurves of which are typically more caogted than for AGNs. The
variability can depend on the orbital parameters of theesgsand the amount of material
surrounding the compact object can vary more than in the ohb&azars, accreting and
occasionally being blown off in a large burst. This inforroathas also been used elsewhere
[93] to guide other searches for neutrino emission from timary system Cygnus X-3

during outbursts.

3.1 Optical Monitoring of Blazars

Part of the work done as part of this IceCube analysis was ttribate to a mul-
tiwavelength campaign monitoring blazars known to exhiagid changes in flux across
many wavebands (see Table]3.1 for a list of sources). Thisdeae to complement the
observations in high-energy photons used in the likelihaodlysis. The results for the
blazar Markarian 421 from this campaign with other multiel@ngth contributions can be
found in [42] and[[92]. The instrument used is the WIYN 0.9 metgtical telescope lo-
cated at the National Optical Astronomy Observatory at Réak, Arizona. Since 2006 we
have used it in a synoptic program for multiwavelength nanmg of a number of blazars
using the Johnson B and V and Cousins R optical filters and desaigp CCD with a 20
arcmin field of view. The images are reduced using the IRAF gdatkage. Bias images

and dome flat-field images taken on each night the sourcesadgo subtract backgrounds
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due to the CCD camera and the telescope optics usingdfyeroc routine. Photometry
is done differentially using thgphot routine using a minimum of three known reference
stars per object [94]. The fluxes are not corrected to acclourthe emission of the host
galaxy, since our IceCube analysis is more interested in un@gsthe relative variation in
flux over time from each source. Examples of the light curveslpced as a result of this
program, including that for Markarian 421 which has beereoled since 2006, can be seen

in Figure[3.2.

Source Dates

Markarian 421 2006-2011
1ES 1959+650 2006-2011
BL Lacertae 2010-2011
1ES 2344+514 2008-2010
3C 66A 2009-2011
H 1426+428 2009-2011
W Comae 2009-2011
3C 273 2010-2011
1ES 1218+304 2007

1ES 0806+525 2008-2011
CGRaBS J0211+10501 2011

Table 3.1 List of the sources covered by the WIYN synoptic progand dates when data

was collected.

3.2 High Energy Photon Observatories

The multiwavelength observations also involve severaéolaories designed to de-
tect much higher energies. For photons of x-rays and GeV ganays, the Earth’s at-
mosphere is opaque and satellite-based telescopes aredegit photon energies above
roughly 1 TeV, showers from the interaction of these phototise upper atmosphere can be

detected from ground-based instruments, typically s#hait high elevation. This section
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Figure 3.2 Three of the optical light curves from the WIYN sptio program.

Markarian 421, middle is 1ES 1959+650, bottom is H1426+428.

34

Top is



35

covers a the observatories which took data used in IceCubehssa

3.2.1 Swift Gamma-Ray Burst Mission

The Swift satellite was launched on November 20, 2004 with multipiruments
to detect and study GRBs, to both detect the initial burst arstudy the afterglow after
slewing to the burst coordinates [95]. The Burst Alert Tebgmc(BAT) is designed to cover
a 3 str piece of the sky, with a randomly distributed codedknudidead tiles. The angular
response of the BAT has a FWHM of 20 arcmin. The BAT energy rasdeé-150 keV,
and lightcurves are provided in the 15-50 keV range. Swsib &las pointed instruments for
ultraviolet and optical measurements (the UVOT) and the X-Raescope (XRT) to take

images and spectra of GRB afterglows.

3.2.2 Fermi Gamma-Ray Space Telescope

The Fermisatellite was launched on June 11, 2008. It has two primatyuments,
the Large Area Telescope, or LAT [96], there is also the GarRag Burst Monitor, or
GBM, designed to detect GRBs over a 9.5 str field of view [97].

The LAT is a pair-production telescope with a 2.4 str field ®w It operates in a
continuous scanning mode, so it is able to scan the entiressy two orbits, or about 3
hours, and for any object it samples the light curve severag per day. The main compo-
nent is a 4x4 array of silicon-strip pair tracker with turegstonversion foils and a Cesium
lodide calorimeter for energy measurement. The trackercatatimeter are covered by a
plastic scintillator anti-coincidence detector to vetacks due to the much larger numbers
of cosmic-rays. The angular resolution is strongly energgesdent, from 68% contain-

ment in3° at 100 MeV t00.04° at 100 GeV. Energy resolution of the LAT is typically better
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than 10% for the nominal energy range of 100 MeV to 300 GeV.

After 11 months of operation, the Fermi-LAT collaboratiaubtished their first AGN
cataloguel[98] containing 709 GeV-sources associatedA@iNs, many of which are in the
previously published Bright Source list cataloguel [99]. Heemi-LAT collaboration has
studied the fluctuations of a sample of blazars using thelfirshonths of data [100], featur-
ing many of the sources tested with IceCube for coincidentngarand neutrino emission,
of the 132 sources which are seen with very high confidenché AT, 57 are FSRQs and
42 are identified at BL Lac objects [101], which can be seenguie{3.3.

The LAT photon-by-photon data, exposure maps, and a setabysis tools are pro-
vided to the public, the light curves in this work are prodiiesing these data and tools.
Cosmic-ray induced events are also included, light curves hse the diffuse class event
selection used for events which have a high probability afidgp@hotons. For each source
the FermiScience Tools vOrl5p2 package is used. Photons are seistigthegtselect
tool from within 2° of each source. Photon events with zenith angles greaterib®
were excluded to avoid contamination due to the Earth’'sdab&hotons during bad runs
and arriving while the sattelite was in the South Atlanticofmoly are excluded using the
gtmktime tool. The total exposure is calculated using ghexposure tool. Time bins of
one day width were then made with tgebin tool to calculate an average daily flux.

These light curves are used to test a correlation betweessemiin GeV photons
and TeV neutrions in the analysis presented in Settiod This.method does not take into
account diffuse background emission, which is high for sesiin the galactic plane. How-
ever, the analysis in Sectign ID.1 assumes a constant legatission due to background

and the quiescent source state.



37

0 P

Figure 3.3 Map of the locations of the LAT Bright AGN Sourceggamlactic coordinates.
FSRQs are marked as closed circles, BL Lacs as open circlegrtdimctype as closed

triangles, and Radio Galaxies as open stars. Figure fronj.[101

3.2.3 Ground based observatories

At photon energies above 1 TeV, satellite based obsereatoo longer have the area
necessary to get sufficient statistics for the purposesiat4source astronomy. TeV energy
photons interacting in the atmosphere create electroniagrescades through bremsstrahlung
and electron-positron pair production. These cascadgsageate down through the atmo-
sphere in a thin pancake of light which can be detected byrgttwased observatories.

Hadronically-induced showers are also detected and cast Ineutaken to separate
hadronic from photon showers. Hadronic showers will pr@dowons, which give the
shower a profile which is clumped at certain locations withrenenergy near the muons.
Muon production is strongly disfavored from photon showeiging them a much more

uniform signature.
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Figure 3.4 The light curves of the blazar 3C 273 from the Sanfi Fermi telescopes, using
1-day binned data. The time scale covers the whole of the dG8&sstring data taking. The

source saw several large flares in photons of GeV energiasgd2009 and 2010.

3.2.3.1 Imaging AtmosphericCerenkov Telescopes

IACTSs use a telescope to focus the light from these cascadestbout at° diameter
view of the sky onto photomultiplier tubes, forming an imagfethe shower track. The
photons created by the shower are detected directly. Duadaeétection technique, data

can only be taken on clear, moonless nights, resulting inadicle of roughly 10%. The
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energy sensitivity ranges from 100 GeV to 10 TeV. Showemnhfhadrons typically appear
blurrier compared to enlongated and sharp showers fronopkofThe first of this type of

this detector is the single Whipple 10 m telescope, whichdestcted TeV photon emission
from the Crab nebula [102].

However, detecting the same shower in multiple locatiottsval for a better angular
resolution, on the order @f05° to 0.1°. The VERITAS array of four telescopes is located
at the base camp of the Fred Lawrence Whipple Observatoryiham Arizona. MAGIC
is a set of two 17 m diameter telescopes on the Canary Island &alma. The four 13 m

telescopes of H.E.S.S. are located in the Khomas Highlahhaofibia.

3.2.3.2 WaterCerenkov Detectors

A second method of detection of air showers from TeV photsrte have a ground
array of detectors. The Milagro experiment [103] was a lamgéer pool with outriggers
located at Los Alamos, New Mexico, performing a scan of NemthHemisphere sources.
Milagro used two layers of phototubes 5m apart, the top ldgézcting the electromagnetic
component of showers while the lower layer is designed tebdetect the muonic compo-
nent. Another experiment, the High Altitude Waterenkov (HAWC) detector, consists of
many independent tanks of water and is under constructidfeixico beneath the peak of
the Sierra Negra mountain [104].

These detectors have a large field of view, but with typicaibyse angular resolution
than IACTs ¢ 1° for Milagro). A shield is used to block out light, soerenkov light from
the leptonic component of the shower is detected and use@donstruction, leading to a

high duty cycle which is not dependent on the weather or ghyli
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Chapter 4

The IceCube Detector

The IceCube Neutrino Observatory is a kilometer-scale meutelescope situated at the ge-
ographic South Polé [, 105]. It consists of three sub-deteevorking in concert: IceCube,
IceTop, and DeepCore, which are described here (see Fidl)reebch of the sub-detectors
make use of one principal detector component, an opticalkctiat with digital readout, or
Digital Optical Module (DOM). The In-Ice portion of the deter is composed of a deep
array of 86 strings each holding 60 DOMs, which are deployetdvben 1450 and 2450 m
below the glacial surface. IceCube strings are horizontd|yarated by about 125 m with
DOMs positioned vertically 17 m apart along each string. Bl of ice above the detector
shields muons from cosmic rays of less than 200 GeV from iegthe detector.
Eight of the IceCube strings in the middle of the detector Ha@&1s with high quan-

tum efficiency photomultiplier tubes and a smaller spachantthe rest of the detector: 6
strings with 70m spacing and two more with spacing of 42m. 8Adif these strings have
7m vertical spacing between DOMs, which are placed in théobohalf of the detector,
where the ice is the clearest. These 8 strings, along witkdfien neighboring strings rep-
resent the DeepCore sub-detector, the purpose of which msgmove the neutrino energy

detection for energies below 1 TeV. Since it is situated m ¢knter of the detector, the
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outer strings can be used to veto down-going cosmic ray mandselect neutrinos which
interact inside of the DeepCore fiducial volume. A surfaceyriceTop, consists of 162
tanks of highly pure ice, each with two DOMs frozen to the tophe ice. Each of the 81
stations has two tanks, placed near the top of the main gratrioigs. IceTop is designed
to detect the electromagnetic component of cosmic ray awslks. This information can
be used to reject events seen in the ice as being from air shdardracks less thag 30°
from vertically down-going.

The construction of IceCube started with the first stringahetl in the 2005-6 season
[106] and has recently been completed in the austral sumfrig@1®-11. The configura-
tions of IceCube that have been used for the analyses perddmikis paper are shown in
Figure[4.2. The prototype for IceCube, the Antartic Muon AreliMino Detection Array
(AMANDA), consisted of 677 eight-inch optical modules argad on 19 vertical strings
mostly between 1500 and 2000 m below the surface. Ten of #tesgs were deployed
before 1997, the final nine added by the 1999-2000 austraimarmAMANDA operated
independently from 2000-2006, when it was integrated ineClube. AMANDA was de-

comissioned in 2009, and not used in this work.

4.1 Digital Optical Module

IceCube is composed of thousands of independent data aauidDAQ) devices.
The electronics of each DOM (see Figlire]4.3) are housed in@c®bdiameter, 13mm
thick sphere of borosilicate glass. This bathysphere igyded to resist a pressure of up
to 400 atm, which can withstand the pressure of deploymenhtias refreezing of the ice
afterwards.

The most prominent feature of each DOM is a R7081-02 Hamanphistomultiplier



42

IceCube Lab

X—.—“’_—__— = IceTop

PPl it T B gl ﬂ':":__—‘/m Stations, each with

50m[— L e S e = o 2 IceTop Cherenkov detector tanks
?????? 2 optical sensors per tank
: ii I 324 optical sensors
111

| IceCube Array

‘ ‘ 86 strings including 8 DeepCore strings
‘ 60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

1450m|

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
2 |324m

2450 m

2820 m

Figure 4.1 Schematic view of the IceCube Neutrino Obseryaind its sub-detectors at the

geographic South Pole.

(PMT) with 25 cm diameter [107]. The quantum efficiency of BT peaks at 25% for
light with a wavelength of 390 nm, and the spectral respoasieom 300-650 nm (see
Figure[4.4). The PMT is optically coupled to the glass witkagelr of silicone gel. A mu-
metal grid of a nickel-iron alloy shields the photomultglirom the Earth’s magnetic field,
which would otherwise degrade the timing of the PMT. Each D&#b contains a modular
2kV high voltage supply for the PMT.

A main electronics board in each DOM [108] reads, digitizad #mestamps the
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Figure 4.2 The growing IceCube detector seen from the todeddircles inside empty
circles indicate deployed strings for each configuratiohere all strings used in the 40-
string configuration were also used in the 59-string conéiion, and likewise all strings in

the 22-string configuration were used in larger configuretio

analog PMT voltage. This is done with two types of waveforgitdiers. First, an Analog
Transient Waveform Digitizer (ATWD) chip collect 128 samgpfer the first 420 ns. Three
digitizers act in parallel on the signal fed through ampigfigvith gains ofx16, x2 and
x0.25. The data uses the highest unsaturated gain channel. Tys ate included since
after triggering, the ATWDs have a 28 readout time, and are used alternately to minimize
deadtime. The PMT signal to the ATWDs is read through a linéherdelay board, allowing

digitization of roughly 70 ns of waveform before the trigg€he second waveform digitizer
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is a fast Analog to Digital Converter (fADC) which takes 256 gdas of the PMT voltage
over 6.4us. This gives a coarser sampling than with the ATWD, but the @Aias a much
longer readout time and a dead time of only two clock cyclési(8) between separate
readouts. The transmission of the data after digitizawothé surface are handled by field-
programmable gate arrays (FPGASs), also on the main board.

Finally, a flasher board with twelve light emitting diode€(Ds), which are used for
in situ calibration of the ice properties. Half of the LEDs pointiedly outwards from the
top half of each DOM, the rest are angled upward at an angle8of #he flashers are
typically peaked at a wavelength of 405 nm, during the 200L@&ployment season, DOMs
with LEDs peaked at 340, 370, 450, and 505nm were also degploystudy the wavelength
dependence of the scattering and absorption in the ice.

All DOMs are connected to the surface via four sets of twigiant cable which enter
the DOM on the penetrator assembly. On the surface near &@oh s a junction box
where the IceTop DOMs are connected, and a cable to the IceCalb€ICL) connects

each string to a single DOM Hub for readout.

4.2 Trigger and Data Acquisition

Hits on DOMs can come in two modes: hits which arrive withiri s from another
hit on the neighbor or next-to-nearest neighboring DOM @nghme string register as Hard
Local Coincidence (HLC) hits. All other hits are referred toS&st Local Coincidence
(SLC) hits. The HLC correlation condition greatly reduces tlata rate due to PMT noise
or photons from radioactive decay in the glass housing. StsGarere kept starting with the
59-string data taking period for improved reconstructiblow-energy events and enhanced

capability to identify neutrinos which interact inside b&tdetector.
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Figure 4.3 Outline of the IceCube Digital Optical Module, Wwtomponent pieces labeled.

IceCube uses a simple multiplicity trigger, which requireattat least eight DOMs
are triggered within Sus. For a DOM to trigger, it is both required that the DOM PMT
voltage crosses the discriminator threshold (0.25 of acgiphotoelectron), and this “hit”
to be in coincidence with at least one other hit in the neamesext-to-nearest neighboring
DOMs on a string withint-1us (i.e. that the hits meet the HLC condition). Once the simple
multiplicity condition is satisfied, information from altiggered DOMs within at-10 us
window is read out and merged to create an event. This mean&Qhs is the effective limit
on how close two events can be in time for the 59-string ortd@gsdata. Improvements in
physics event definition remove this constraint for datamakith the completed detector.

Once read out to the surface, the digitized waveforms ackaeer using a Bayesian

unfolding algorithm, extracting the total number of phdéatrons and their arrival times



46

i 16 F T T T T T
012 14 L
0.1F 12F
) r
© 0.08[ o 10¢
8 S
a s 8
9 0.06 |- 2
Q 2 6L
IS
0.04 - r
[ 4
0.02 |- oF
0;\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ 0;””HH\HHM‘H\HH\HH\HH\HHMH
250 300 350 400 450 500 550 600 650 250 300 350 400 450 500 550 600 650
wavelength [ nm ] wavelength [ nm ]

Figure 4.4 The plot on the left shows the acceptance of the D®Mhotons traveling
vertically upwards into the PMT versus wavelength. To tlghtrishows the number of
Cerenkov photons as a function of wavelength emitted perrhgta muon, convolved with
the acceptance of the DOM. The integral of this curve is 24%8igns, the total number of

photons emitted per meter.

(hits) using a template single photoelectron responsesd hés are used in various event
reconstructions to determine if events pass one of thedfilegrtransmitting the event infor-
mation over the satellite.

Standard IceCube data-taking runs are eight hours long, neitghly two minutes
between the end of one run and the beginning of the next. Dmentan be due to runs
with active flashers, calibration runs, or temporary isstmCube has approximately a 99%
uptime for data taking, but not all is useful for analysis. iQation runs (prevalent during
commissioning new strings after deployment) and runs wativa flashers are excluded.
Also, some runs will have one or multiple strings missing levlproblems with particular
DOMs are fixed. These runs remain capable of detecting axiirery astrophysical events,
such as a galactic supernova or a particularly bright GRB.

Runs which fail within 20 minutes are typically unstable anelexcluded in analysis.
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Run monitoring in the North is performed for all runs to cheok fate irregularities for
individual filters and individual DOMs and to check DOMs fdher issues, such as a higher
current draw, a change in the PMT response shape or temperate further monitor the
rate of each run and check for any deviation from an averageatttounts for a seasonally
adjusted average rate [109]. To ensure stable detectoitimng] the event rates of runs
were required to be withiho from a rolling average ovet-2 days. This loose constraint

allows for short-term weather variability.

4.3 Optical properties of the South Pole Ice

The glacial ice beneath the South Pole is the clearest rabkeawn for wavelengths
between 200 and 400 nrn_[110], but it has deposits of dust ipingriamounts in layers
depending on the global climate at the time the ice was for(apdo ~ 200,000 years
ago, see [111]). Characterizing the optical properties amdthey change in the glacier is
important for properly simulating light in the detector. éflmajor variation in the optical
properties of the ice of the instrumented volume betweer® B4l 2450 m is the presence
of vertical variations in the dust concentrations in thedae to changes in the climate and
volcanic activity, affecting the scattering and absomptanefficients in those layers (see
Figure[4.5). Less than 1400 m below the surface of the glagiebubbles are the primary
cause of scattering of light in the glacier. Below this, thegsure from the ice above over
time has caused the air and ice to form clathrates, and drigtlpa are the primary cause of
scattering. For IceCube, the light seen by PMTs has typitefn scattered several times.

The scattering follows the Mie treatment bf [110], which ighly peaked in the for-

ward direction, with{cos §) = 0.94. The effective scattering length,, is defined in terms
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of the scattering length; and the mean scattering angle:

As

Ae = 1 — {(cos0)

(4.1)

which functions as the distance required to randomize trextion of an average photon.
IceCube has an average effective scattering length of altbat for light at 400 nm, the
peak of theCerenkov spectrum, much shorter than the typical absorfgiogth of 110 m.
This compares to neutrino telescopes in water, such as ANBAREhe Mediterranean Sea,
where the effective scattering length is significantly lengt 100 m, but a shorter absorption
length of 57 m[[11P].

One additional characteristic of the ice is from the residuabubbles left in the
column melted during deployment of the DOMs. Since the 201 @&ustral summer, a
video camera deployed at the bottom of one of the IceCubegsttias made observations
of the refreezing. The camera has observed that the holeesdeom the outside in, forcing
the air bubbles toward the center of the region. This leamgsanarrow column of ice with
higher scattering than the surrounding glacial ice. Fonetly this line of ice with more

scattering intersecting with the DOMs smooths out the respdunction of the PMTs.

4.4 Data Filtering

Due to constraints on the amount of data which can be tratesiriv the Northern
Hemisphere via satellite from the South Pole, IceCube us@susfilters to select events
for transmission. All events, however, are saved on tapepagdically transported to the
North every year. All events have initial reconstructioesfprmed using track and cascade-
based hypotheses, some of which are selected for tranemger satellite to the Northern

Hemisphere for additional processing and analysis. Tharfilier focuses on the selection
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Figure 4.5 The fit parameters of the scattering length andrpben versus depth of the
South Pole ice. Shown are two models of the ice propertiesAHA model which was first

developed using flasher data from the AMANDA detector andagdlated to the deep ice
using dust logger data, and the SPICE MIE model which is maenteand uses an iterative
fit with IceCube flasher data to model the dependence of theescatand absorption versus

depth.

of upward-going track-like events.

Before quality cuts or prescale factors are applied, IceCuate dre dominated by
physics events caused by down-going atmospheric muons.idttie case in the up-going
signal region as well, since a small fraction of atmosphenimns are misreconstructed as
up-going and must be rejected in the process of applying/aisatuts. This is mainly due
to light which does not fit a single track hypothesis, such@senor light due to multiple
particles passing through the detector in a short time. Tim@sgpheric muon rate exhibits
a seasonal variation of roughly10% due to changes in density of the atmosphere at the
South Pole[[109]. This variation can be seen in the rate afaipg muon-filtered events for
three detector configurations can be seen in Figute 4.8. WWieeatinosphere is warmer and

less dense during the austral summer, the fraction of piodkaons in air showers which
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40-strings  59-strings
Triggered events 3.3 x 1019 4.2 x 10

L1 muon filtered events 8.0 x 10® 1.0 x 10°
Events in final sample | 36,900 107,569

Table 4.1 Summary of the total number of events which triggeCube, pass filter selection,

and are used in the final point-source selections from th@®®@-40-string configurations.

decay before interacting is increased compared to thadraict winter. The muon rate also
varies several percent on timescales of several days asila oésveather phenomena in
Antarctica. For up-going atmospheric neutrinos the segls@miations are smaller, approx-
imately 5%, since neutrinos are created over a wide rangauhE latitudes compared to
the atmospheric muons created near the South Pole.

Filters include the muon filter for track-like events, thecade filter for spherically-
shaped events, the extremely high energy filter for everts avlarge amount of detected
light, and the minimum bias filter, which selects a sample|b&eents with a specified
prescale factor. The number of all triggered events, muterdd events, and for the final
analysis sample can be seen in Tablé 4.1.

Here we also show two sample events, first (Fiquré 4.6) is ample of a cascade-
like event from the 40-string detector. Second is a highrggndown-going muon from the

59-string detector (Figufe 4.7).
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Figure 4.6 Example of an event from the 40-string data takihigh was reconstructed as a
cascade and passed the cascade-like filter. The color oftghis B measure of timing, here

we see a ball of light.
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Figure 4.7 Example of an event from the 59-string data talwhgh was reconstructed as
a high-energy down-going track and passed through the rkeridter. The color of the
hits is a measure of timing with red earlier and purple latdre red line is the MPE track

reconstruction of the event
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Chapter 5

lceCube Event Reconstruction

This chapter focuses on the treatment of the data after iti@ iiiitering at the South Pole
and transmission to the North and before the final event Setefor analysis. This treat-
ment involves performing a number of muon reconstructiamshe data, with the goal of
finding a track which represents the data well. This chaptecidbes the first-guess recon-
struction, also likelihood-based reconstructions whisé information about scattering and
absorption of light in the ice. Different methods of hit adag are also covered.

Several different assumptions which are made in differecdmstructions. Some as-
sumptions are designed to find mis-reconstructed backdrana use the down-going atmo-
spheric muon distribution as a starting point, others asstinat the event is best described

as two separate muon tracks.

5.1 Hit Cleaning

The first step in cleaning hits is to remove those from DOMslaire known to have
issues: some do not communicate, some have high currenigtmpat or high noise rates
compared to other DOMs, or have a broken local coincidenc@aaction to neighboring

DOMs. For the 40- and 59-string configurations, bad DOMs aig about 2% of the total
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deployed.

The event builder at Pole uses all hits framo0 ps from the trigger, which is much
wider than the transit time of a particle from one side of th&dtor to the other (3.,3s per
km). This means that the readout window can contain a sigmifiamount of noise or even
multiple particles from separate air showers can be incudkhis additional light in the
detector which is not described by a single-track hypothesn confuse the reconstructions,
causing good neutrino events to be cut out or, more likelgaigse atmospheric muons to
appear to make up-going tracks. A first hit cleaning desigoechinimize the effect of
noise is used to select hits in each event with a sliding tinmelow of 6 1S. It scans over
the entire readout window and selects the time window whersam of the charge of hits in
the window is at a maximum, thus retaining the most infororatvith which to reconstruct
the track. The hits outside that window are removed and areised for reconstruction.
Other implementations of hit-cleaning algorithms are usegnigher levels of processing in
order to better distinguish coincident events and noise(bée Section 5.3).

Additional work has been done such that offline reconstonstican be done using
a dynamic, topologically motivated hit cleaning. This waed in the analysis of the 59-
string data as a part of the cut logic, but will be used stgniwith the 79-string data to split
separated hits from one trigger of the detector into topokity separate events for physics

analysis.

5.2 Track Reconstructions

This work only considers track-like events depositingtigithe detector. Other anal-
yses, however, can look for cascade-like spheres of ligidlénthe detector due to electron

neutrinos or neutral current interactions. For all recartdtons we find the parameters of
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some track:

a= (T_67t0707¢7 EO) ) (51)

where a particle with energl, passes through some positignat timet,, moving in the

direction given by the zenith and azimuthal andlésy, respectively).

5.2.1 Line Fit First-Guess Reconstruction

The initial reconstruction done on all events uses all HL{S tu reconstruct an event
as a plane wave passing through the detector. This is usedcidate the average velocity
v in each directionz, y, andz to form a track passing through the center of gravity for the
event, calculated using the charge to weight each DOM. T&ignaystion is that the hits can
be described as the plane wave passes through the detedtu,[gsition of each hit can
be described as:

7= 1+ Ut (5.2)

wherery is the initial location and, is the time of theth hit since some,. The x? distri-

bution of the hits is then:

X2 = (7 — v — i) (5.3)

7

This can be minimized analytically by differentiating wittspect to; andv, yielding

the direction and vertex of the track:
o = (7i) — U{t;) (5.4)

and

(5.5)
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In the data processing this track and starting vertex aré aséhe first guess for an initial

track reconstruction using a maximum likelihood method.

5.2.2 Maximum Likelihood Track Reconstruction

More sophisticated reconstructions use the informatimutithe angle oferenkov
radiation with respect to the particle track and the expextaf scattering and absorption in
the ice to define the likelihood of observing a photon at aipaer time and distance from
a particular muon track. The goal is to reconstruct a set kiiawn muon track parameters
a given a series of photon arrival times and locatighs

The likelihoodL of a tracka given the data’; is the product of the probabilities of
each hit:

=] p@la), (5.6)
wherep(z;|d) is the probability density function (PDF) of observing edihz; given the
muon track parameterd The best-fit track is not calculable analytically, s& is mini-
mized using a numerical minimize«INUIT [113]. TheMINUIT SIMPLEX routine is used,
and iterated with different starting conditions to incredise chances of finding the global
minimum for the event, the most likely track.

The expectation of the photon arrival times at each hit DOMedtionr; would be:

(7 — 7y + dtan 6,
toup = to + (r Toj an 6) (5.7)

with d as the closest approach of the muon track and the DOM atine: Cerenkov angle in
the medium. The time residual of the hit is calculated as iffierdnce between the expected
and actuali(,;;) hit times:

tresidual = thit - texp- (58)
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The likelihood reconstruction models the track as a sefieg®at a certain distanaéfrom

the track with a certain timing offset from a direct photort Q.-

5.2.2.1 Pandel Function

In order to use scattering and absorption of light and thedoeanalytic expression
is used to characterize photon propagation. The Panddlidmnd14] is this analytic ex-
pression, designed to express the likelihood &ferenkov photon from a particular track

arriving at each hit DOM at the reconstructed time residual:

—d ~—
1 TTtA_} _ . 1 c d
tresidual) = residual (treSIdual(r*nxaﬂﬁ) 5.9
where
N(d) = e (1+ nCAT )3 (5.10)

Here n is the index of refraction of the ick, is the absorption length with an average value
of 98 m,d is the distance of the detected photon from its point of eimisd’(d/)) is the
Gamma function andV(d) is the normalization factor of the PDF. Parameteendr are

free parameters determined by Monte Carlo simulation.

5.2.2.2 Single Photo-Electron

This first method uses the time of only the first hit in each DQNthe photon arrival
expectation distribution for an arbitrary photon from theck (hence single photo-electron,
or SPE). This method uses the Line Fit first guess as a seeds ama with one iteration
for the online filtering of events. The process of testingtipld initial conditions designed
to evenly fill the zenith and azimuth space was run 32 timeseéndffline processing of

40-string data, while 8 iterations were found to be sufficfenthe 59-string data.
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Figure 5.1 Diagrams of the time residual distribution usihg Pandel function (dashed

curves) to the detailed simulation (in black) at two disesitom the simulated muon track.

5.2.2.3 Multiple Photo-Electron

This formation of the likelihood uses the timing of the firgtwith the photon arrival
expectation for the correct number of hits (hence multigietp-electron, or MPE). Each
DOM which has more than one photon is also given an additimegiht in the likelihood.
The multiple photo-electron PDF for the first &f photons can be constructed as

N—-1

p]l\f (tresidual) = Npl (tresidual) ( / y4 (t)dt) . (5 11)

tresidual

This is also useful for the fact that the first photoelectrafi typically experience less
scattering than an average photon. This reconstructiocaipuses the result of the Single
Photo-Electron reconstruction as a first guess. That récmti®n is better at sampling the
likelihood space over the sky to find the global minimum, sitiee additional information
from the number of hits per DOM causes the likelihood spactheftrack on the sky to
have more features and local minima, and as such it requststang point near the global

minimum.
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5.2.2.4 Paraboloid Fit

This reconstruction samples the likelihood space near themam found in the MPE
track fit, testing the likelihood values of tracks with a kmoangular offset from the best
track, and fits a two-dimensional parabola to the result. @diat where the likelihood is
half of the value of the maximum is defined as the average ésgecror of the event [115].
Three concentric circles with a maximum radius26fwith eight sampling points on each
are used, so this reconstruction typically takes 24 timegdothan the basic likelihood fits.
In practice a correction factor is applied as a function afrgg using simulation due to
additional stochastic losses not modeled by the Pandelium(see Figure 512).

The fits to the functions use the reconstructed energy of th& Macko,pg, and are
different in the 40-string and 59-string data. The resgafimction used for the 40-string

data is:
ompe = onpe X (5.916 — 2.340 X log,o(Erur) + 3.219 X logyo(Eyvue)®),  (5.12)
and for the 59-string data it is:

OMPE = OMPE X (3191 — 24.56 x 10g10<EMuE') + 7.197 x loglo(EMuE)2 (513)

— 0.9082 x logy(Enrur)® + 0.04311 x logyo(Erug)!).  (5.14)

5.2.2.5 Bayesian Track reconstruction

This method uses the known zenith distribution of muons fcosmic ray showers as
an additional weight in the Pandel likelihood method. Thewn zenith distribution is fit
with a polynomial and used as a prior using Bayes’ theorem:

P@|7) = % (5.15)
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Figure 5.2 A plot of the uncorrected pull distribution of th’E paraboloid reconstruction
versus energy for the 40-string configuration. The pull & téconstructed angular error
divided by the true reconstruction error, so values largantone indicate a reconstructed
error which is too small. In practice, at higher energieclsastic energy losses along
the track confuse the reconstruction, causing a narroweinmim than should be found.
Finding a narrower minimum is much more detrimental to psimirce analyses, as this
will cause events which come from a common source to appear feparate sources,
increasing the signal needed to make a discovery. Therefergpply a correction, which

is done as a fit to the median of the pull distribution showreher

where P(d|%) is the probability of there being a muon track with paranmetegiven the
set of hitsz, the probability using the Pandel formula of a muon to predacset of hits

is P(¥|d), and P(a) is the prior probability from the known distribution of cosnray
muons. This weight requires the track to have a zenith arigdeeathe horizon. Since the
background due to air showers is«@Q0’ larger than the neutrino background, the ratio of

the likelihoods from the Bayesian and standard reconstm€is a powerful rejection factor
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for events in the up-going region.

5.3 Coincident Muons

Roughly 10% of events at trigger level have more than one giheyg muon in
the detector in a single readout window. The atmosphericrmap@ctrum is quite steep,
so often only one particle is easily identifiable. Typicallgise in the detector is handled
appropriately by the reconstruction algorithm, even wlhnene are two separate air shower
muons in the detector at the same time. However occasionaibe hits or multiple tracks
will be offset with the proper time to mimic a through-goirrgak. If the timing of two of
these tracks is right, it can mimic the signature of an uprgadiack, and also receive a very
good track likelihood value. This background can be regectere efficiently with track
reconstructions done with specially cleaned portions etiits. Two algorithms are used to

split each event into separate sub-events.

5.3.1 Split Track Reconstructions

A simple way of splitting events in to different sets of hggerformed, taking half of
the events split both by the geometry and in half in the artiwae of the hits. Each of the
four sub-events has the standard likelihood track recocistns applied. Events which are
made of coincident muons will expect to have one of the su#sweconstructed as a down-
going track. Upward going neutrinos will expect to have b&ub-events be reconstructed

as up-going tracks with a small space angle separatingdireation.
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5.3.2 Topological Trigger Hit Cleaning

A more sophisticated method of splitting events uses in&ion about the average
expected travel distance of a photon in the ice, the timindythe distance of hits for an
event to iterate over all hits and separate it into causailyrected sub-events. The settings
used for the 59-string processing counted hits as beingattpe®nnected which were less
than 300m apart horizontally (about two string spacingsyeir than 30 DOM spacings
vertically (or 510 m), and were within 450 ns (roughly the esied lifetime of photons in
the detector) from being consistent with coming from the s#@rack-like event.

We introduced this hit cleaning in the 59-string muon evaotpssing as a cut pa-
rameter. A cut was applied to events where the event was sgcoted as up-going, but
the largest topologically split sub-event was reconsedi@s down-going. This method is
especially useful in rejecting coincident events. If aatiént series of hits was found by the
topological splitting, up to three sub-events were keptlzamtithe first-guess reconstruction,
8-fold iterative SPE and a final MPE fit perfomed on the sepadrhit clusters. In setting up
the muon processing other settings for determining the ectied-ness of hits were tested,
and we found that the settings used were in a somewhat brgachom where 40 to 50% of
mis-reconstructed down-going events were split up andectyr found to be down-going,
while only 1% of up-going neutrino-induced muons were nkistay split and found to be
down-going. An example of a coincident muon event split uph@ytopological trigger can

be seen in Figure 5.3.
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Figure 5.3 Example of an event from the 59-string data takvhgch was split up by the
Topological Trigger algorithm. The color of the hits is a rme of timing, here we see
an up-going event in blue and a down-going event in orange.réd lines are track recon-

structions performed on the separated hit series.

5.4 Energy Reconstruction

The energy of the patrticle is determined by ftie. £ energy reconstruction algorithm.
It uses the average density of the photons along the muok ¢t@opared to the density
expected given a certain energy. The reconstruction regjaitrack as the seed, and it uses

this seed track to calculate the photon density using the XDYular acceptance, distance
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to the track, and the scattering and absorption in the iceovAtenergies of roughly 1
TeV, the energy loss per meter water equivalent scales Wwitehergy of the muon (see
Sectio 1.2R). The energy resolution is roughly 0.®ir, of the muon energy at closest
approach to the center of the detector for particles withrggas between- 10 TeV and
~ 100 PeV. Figurd 5.4 shows the distribution of this energy of thgiple in the detector

versus the true neutrino energy for a simulated spectfifil o« £2.

/x; 7\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

s 9 10*

a

>\ L

© 8

o

c

w s

s 7F 10

S -

=

o2 6l

O —

- B 102
57 ................
4
N 10
3: ......................
2\\\\\\\\\\f\\\\\\\\\\\\\\\\\\\\ 1

2 3 4 5 6 7 8 9
Iogm( EV / GeV)

Figure 5.4 Plot of the reconstructed muon energy in the tiaters the primary neutrino
energy for events from 59-string data-taking used in amafgs a fluxd®/dE « E~2. The

z-axis is in arbitrary units.
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Chapter 6

The 40 and 59-string Datasets

This work utilizes data taken with both forty and fifty-nirteiisgs of IceCube. The detector
took data with the 40-string configuration from April 5, 2008}l May 20, 2009, with the
59-string configuration taking data from May 20, 2009 untayB1, 2010.

IceCube data at trigger level is overwhelmingly due to muam&lpced in cosmic
ray air showers, of which a small fraction are mis-recorttéd as up-going tracks. Even
then, this fraction is many times more prevalent than thedfiatmospheric neutrinos. This
requires us to develop a system of cuts to achieve a sampbhwbnsists predominantly of
up-going neutrinos. The datasets also include a samplegbfdmergy down-going muons
from cosmic ray air showers. The expected spectra of neusonrces is harder than that of
the atmospheric muon flux, and the goal is to leverage thigrdifice to search for sources
of PeV to EeV energy neutrinos on top of the background of apheric muons.

There were several changes in the method of data processingvant selection be-

tween the 40 and 59-string configurations, which will be ceddelow.
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6.1 Event Selection Techniques

One method of events selection is for the analyzer to manohtbose a set of cuts,
testing the fraction of signal vs fraction of backgroundtkigp a range of values for each
parameter. This process is iterated over for several diftevariables, finding the most
efficient parameter to cut on at each stage, until a data saofigufficient purity of atmo-
spheric neutrinos is obtained. The purity is typicalyd5% for a time-integrated analysis,
but it could be lower for analyses with stroagprioricuts in time, such as a GRB analysis.
This method was used in the selection of the 40-string saf@fle and was tested against
a Boosted Decision Tree event selection for the 59-stringpgam

A Boosted Decision Tree (BDT) is a machine learning algorithesigined to sepa-
rate two different populations. The decision tree is sintitathe manual selection of cuts
described above, in that an automated program makes a sédiesices on predefined cut
parameters, choosing at each step which is the most efficiseguence at separating sig-
nal and background for a given sample. Implementing thisiasigomatic algorithm allows
for a more intense iterative process, where for each stdgeidecision tree both the signal-
like and background-like samples are tested for the nextdutparameter and value. The
boosting concept takes the signal events which were labafidbackground in the result of
decision trees are given additional weight in the cut selaaif the next formulation of the
decision tree.

The choices for the input parameters to the decision trdedecthe event quality
parameters to be used to cut on, the number of branchingsléseleach decision tree,
a minimum number of events in a branch for it to be consideoelet split again, and a

maximum number of iterations of the decision tree and boggtrocess before coming to
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a final result.

After the algorithm finds a final result, it gives each eventars from [-1,1], where
higher numbers indicate more signal-like events. We usedbess from several different
trees to characterize each event: two spectral signal wseagh used, one for the expected
E~2 spectrum for Fermi acceleration and one for a saftet-” spectrum observed in Galac-
tic cosmic rays below 3 PeV. Two BDTs are trained for each spkekighting using sepa-
rate sets of event quality parameters. This is found to bermomputationally manageable
than only using one tree with all parameters, and yieldsamesults. The background data
sample used is the data: this provides a more robust methagjeatting the background,

which may include classes of events which are not produc#teisimulation chain.

6.2 Data Selection

Data selection is done using parameters related to thetyj@eld accuracy of the

event reconstruction, including:

e Reduced Log Likelihood The likelihood track reconstructions maximize the like-
lihood of the resulting track given the data. In practicés thkelihood scales as the
number of hit DOMs Npows), SO a reduced log likelihood is used. The reduced
log likelihood is the log likelihood divided by the numbertat channels minus five
(log Lype/(Npowms — 5)), or the number of degrees of freedom in the track fit. It is
observed that this quantity has a slight dependence on #rg\eaf the event, toward
selecting higher energy events. This is modified by anotrethad of creating a re-
duced log likelihood which is th€yipr/(Npoms — 2.5), which is found to be a track

guality parameter which does not depend on energy.
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¢ Line Fit Speed|v|;;: The magnitude of the velocity vector as calculated by tit&in
Line Fit reconstruction is used to identify tracks which eapto be travelling at the

speed of light. This can be a useful parameter to distingtogicident muon events.

e Angular Uncertainty Estimator oypg: To estimate the angular uncertainty on the
track reconstruction direction, the likelihood is caldathfor directions near the final
reconstruction and a two-dimensional parabola is fit. Therezllipse is defined as
where the log likelihood of the track reconstruction is ddadl/2 of the maximum
value [115]. The angular uncertainty is used in the signafjaterm of the analysis,
it is also a powerful parameter to reject mis-reconstrueeehts. In practice the
angular uncertainty requires a rescaling based on sirmualaéis the method returns
a value which is too small and becomes worse at high energfiés presently not
understood, but is thought to be due to stochastic lossea amdmatch between the

true photon timing distribution and that described by thed@hfunction.

e Muon Energy Reconstruction F,;,z: The photon density along the track is com-
pared with the expected density corrected for the effecnaa of the PMTs near
the track. For muon energies above 1 TeV, stochastic lossesndte, and the
estimator models the track as a sumGerenkov light and stochastic light due to
bremsstrahlung, pair production, and photo-nuclear m®&® along the track. For

muon energies above 10 TeV the energy resolution is 0&jig(F).

e Number and Length of Direct Hits N DirC and LDirC" Given the best-fit recon-
structed track, the arrival time residuals of each photercatculated. We use a time
residual window of -15 ns to +75 ns to tag photons which aréoebéved to be scat-

tered. Since scattering delays the photons and reducegitrestional information.
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Tracks with many direct hits and a longer maximum distanogepted along the track

between direct hits typically are more well reconstructed.

e Zenith-weighted log-likelihood ratio log(Lspr/ Liayes): The relative log-likelihoods
of a track being from a cosmic ray air shower to the best-fibomstruction is used to
reject mis-reconstructed down-going tracks, which gyeatithumber up-going neu-
trino events. This requires the up-going track to be sigaifity more likely than the

best-fit down-going track in order for the event to be incllidethe neutrino sample.

e Minimum Zenith angle of Split reconstructions &, min: The four tracks from the
time and geometry split hit series are examined and the most down-going track
zenith angle is used, (i.e. the track which most looks like@armgoing muon). For
events which have good track reconstructions, the splisdries will give roughly
the same direction of the track. In practice it is found thatzenith angle is a better
cut parameter than the space angle between the split regoiiss since nearly all

mis-reconstructed events originate from air showers.

6.2.1 40-string Event Selection

The 40-string event selection was chosen with the aim ofiibigthe best sensitivity

for an £~2 spectrum neutrino flux. A full description is available[idfl, the cut parameters
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are listed here:

[O—MPE < 3° AND
log Laes/ (Nooys — 5) < 8.3 AND
(log Lnpe/(Npoms — 5) < 8.0 OR log Lapr/(Npowms — 2.5) < 7.1) AND
Ot > 80° AND
(10g(Lsp/ Liayes) > 30 OR Oypi < 90°) AND
NDir > 5AND
LDir > 200 m] OR
[aMPE < 1.5° AND
log Lype/(Npowms — 5) < 7.5 AND

log Erxiue > frue,a0(0vpr) |

Here fi.5 40 1S @an energy threshold designed to keep a constant numbeeitseper unit
solid angle in the down-going region. It is calculated usingolynomial fit to events in

cos f, and can be seen in Figurel6.1. The rate during the year asfingble can be seen in

Figure[6.2.

6.2.2 59-string Event Selection

The 59-string event selection utilizes a BDT to select evantie up-going region,
and manual quality cuts combined with a veto of the IceTogatet and a final zenith-
dependent energy cut to maintain a constant density of werthe down-going region.
The final event rate for the 59-string detector can be seerguré6.3. The up-going and

down-going regions are described here separately.
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Figure 6.1 Plots illustrating the energy cuts in the dowmgaegion for the 40-string sam-

ple (left) and for the 59-string sample which uses the Ice/p (right).

6.2.2.1 Up-going region of 59 strings

We use the scores from several different BDTs to charactegzh event: two signal
spectral weights are used, one for the expedied spectrum for Fermi acceleration and
one for a softer” 27 spectrum observed in Galactic cosmic rays. Two BDTs areetchin

for each spectral weighting using separate sets of evelitygparameters.
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Figure 6.2 A graph of the rate of the final sample of 40 stringnés, in bins of 10 days.
Errors are statistical. Also plotted are the individuakesabf up-going and down-going
events. The total fluctuation in the final data rate i8% for down-going events antl ~ 4%

for up-going events.

The first BDT (dt1) uses the following quality parameters:

log Lype/(Npoms — 2.5)

Ebayes - ‘CSPE

6)time—split,min

egeo—split,min

Ebayes,geo—splitl - Ebayes,geo—split2 - Ebayes,SPE
E]\/IuE

6)MPE

OMPE
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Figure 6.3 A graph of the rate of the final sample of 59 stringnés, in bins of 10 days.
Errors are statistical. Also plotted are the individuakesabf up-going and down-going
events. The total fluctuation in the final data rate-i$)% for down-going events and is not

noticible here for up-going events.

Where Lyayes geo—splitt @NA Lpayes seo—split1 are the likelihood values of track fits performed
in the Bayesian manner with split pulse series. And the se(ei®) uses these parameters

to separate data and signal:
N Dir
log »CMPE/(NDOMS - 5)
LDir

|Vl
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The BDT scores are combined to form two parameters, one fdBhewhich uses
data andE—? spectrum signali{lt,;,,) and the one which uses data afd*” spectrum

signal bdt v ):

bty = (bt 1oy + 1) % (bdt20y + 1)

bdthigh = (bdtlhigh + 1) * (bdt2high + 1)
The best cut found for the two BDT scores was:
bdtiy > 1.45 OR bdtyigy > 1.4

The distribution of the BDT scores can be seen in Figure 6.4.

6.2.2.2 Down-going region of 59 strings

The down-going region uses the same technique as was udesl 49 string sample
to select a constant number of events per solid angle forneetinstructed events. An
additional tool was used in the vertically down-going regithe use of IceTop as a veto for
cosmic ray air showers. Hits in IceTop tanks were used tatrejeents where the detector
saw two or more hits in IceTop which were compatible with lgefrom an air shower
with the same directionality and timing as the reconstaicheion track inside the glacier.
Additional cuts oflog Lyipe/(Npoms — 5) < 7.4 andoypr < 1.5° were used to select only
very high-quality tracks.

We find that this veto rejects 99% of air showers which areicaty down-going
(see Figuré 615, and Figure 6.6 for an example vetoed ewbny,reducing the energy cut
which is required to obtain a constant event rate per solgleanThis reduction is found
to significantly improve the sensitivity t&—2 spectrum sources in for angles close to the

vertical. The energy cut is shown in Figlrel6.1.
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Figure 6.4 A graph of the BDT scores of events, where on thesttipel score trained using
an £~27 spectrum, and on the bottom is the score of the tree trainethd 2 spectrum.
Data is plotted as black dots, while signal and backgroumalisitions are drawn as lines

for comparison.
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59 Strings 40 Strings

Total Events| 107,569 36,900
Up-going 43,339 14,121
Down-going| 64,230 22,779
Livetime (d) | 348.138  375.539

Table 6.1 Summary of the final event selections with the 594énsktring configurations.
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Figure 6.5 A plot of the efficiency of data and signal of theTime veto as a function of

zenith angledos(1) is directly down-going).
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Figure 6.6 An example of an event vetoed by the IceTop arrdyerd is an obvious air
shower signature in the surface array, a sign of an elecgoatec shower due to a cosmic
ray interaction. Muon neutrinos in the down-going regionl wroduce a single muon,

which will not have an extensive air shower signature.
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Chapter 7

Analysis Method

In this chapter we describe the method of analyzing and gigistatistical significance to
searches. The unbinned maximum likelihood method is desdralong with the various
probability density functions (PDFs) used to model the data mixture of signal and back-
ground. The method allows for the use of several differestridbutions, here information
about the spatial distribution of events, the spectratifistion, and also the distribution of
the events in time are all used to enhance searches formeptint sources. The methods

of calculating upper limits and discovery potentials asoalescribed.

7.1 Maximum Likelihood Method

The unbinned maximum likelihood searches performed heréased on the method
described in[[117] and extended to searches for time-degerehavior in[[118]. In this
likelihood ratio method, a combination of signal and backgrd populations is used to
model the data. For a data set withtotal events, where, is the number of events in the

signal population, the probability density of tié event is given by:

Si+(1— 2B, (7.1)
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whereB; is the background PDF ar&] is the signal PDF. The likelihood of the data given

the value ofn, is the product of the individual event probabilities:

N

L(ny) = 11 [%5 +(1- %)Bi . (7.2)
This likelihood is maximized with respect tg and any other nuisance parameters which
are a part of the signal hypothesis. The maximization pewithe best-fit values of these
parameters.

The background PDHg;, is given by:
B, = B;"*(0;, ¢:) B{""® (Ei, 0:;) B{™ (1, 6;), (7.3)

and is computed using the distribution of data itself. ThatigptermB:**“(0;, ¢,) is the
event density per unit solid angle as a function of the looardinates, shown in Figure T.1
(left). The energy probabilityB;"“"*'(E;, 6;), is determined from the energy proxy dis-
tribution of data as a function of the cosine of the zenithlargs 6; (see Figuré_7]1 on

the right). The energy cut for the southern sky sample deersetor larger zenith angles,
creating a strong zenith dependence of the energy in theewousky as can be seen in Fig-
ure[7.1 (right). Note that for the northern sky the energyethelence on zenith is small. The
time probability B{™e(¢;, 6;) of the background is taken to be flat, since the expected sea-
sonal modulations are less thari0% and depend on the zenith angle, which is negligible
compared to possible signal fluctuations.

The signal PDFS; is given by:
Si = S B = T 1,00) S (Biy 03,75) S0 (7.4)

7

whereS;*““ depends on the angular uncertainty of the everand the angular difference
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Figure 7.1 Above Left: The normalized event distributiortad 36,900 events in local coor-
dinates for the 40 strings data (the space term in Equai)n There are two predominant
effects: for up-going events (northern sky, bottom halgres traveling down the longer
end of the detector are more likely to trigger and pass catgjdwn-going events (southern
sky, top half), there are six peaks in the event rate. Thisigstd the initial filter conditions
at the South Pole that select tracks more efficiently whey plass close to aligned strings.
Above Right: Normalized distribution of cosine of zenith asiaction of the energy proxy
Eyrur (the energy term in Equatidn 7.3). The lower row shows theesdistribution for
the 107,569 events selected for the 59 string sample. Thepéaks for up-going events

travelling down the long end of the 40-string detector isgon

between the event coordinate and the source coordinate. It is modeled as a two-



82

dimensional Gaussian function:

1 _lE=as?

e . (7.5)

S T = T | i) =

2mo?
S is a function of the reconstructed energy pra¥y and the fit spectral index; is
calculated from an energy distribution of simulated signal zenith band that contains the
event.S!™e, the signal time probability, depends on the particulanaignypothesis, which
is be different in each search we have performed. For eachhsesignal is injected with
the same functional form (Gaussian, box or lightcurve)nmetias is being tested.

The test statisticl(.S) is calculated from the likelihood ratio of the backgrounrly

(null) hypothesis over the signal-plus-background hypsist

TS = —2log (M) (7.6)
Ly, 35, T3)

The test statistic is expressed as in Equalfion 7.6 in ordarittwill distribute as a chi-
square function with number of degrees of freedom equal@émtimber of fit parameters.
By maximizing7'S the best fit parametefs, 4, and any fit time parametef are obtained.
Larger values ofl'S are less compatible with the null hypothesis, and indictste i
rejection at a confidence level equal to the fraction of tharsbled trials above thé's
value found in the data. Data scrambling is done by assigairagndom time to each event
from a period of active data taking and performing the pramardinate transformation to
get a new right ascension and declination. The fractionalktabove thd'S value obtained

from data is referred to as the-Vvalue”.

7.2 Event Weight

The method returns a value for the signal fraction for a sbest-fit signal parameters,

but in an unbinned method there is not a clear-cut way of defipiarticular events as
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signal-like or background-like, as would be done by sefgct signal region in a binned
analysis. A useful parameter to describe individual evisrtise ratio ofS; /B; given the set
of parameters of the tested location and spectral index. speetral index is used in two
ways: as the best-fit spectral index for all events and beéhmdest spectral index is found,
each event has a spectrum which will maximize the signal meibhis is used to determine
the most signal-like events for purposes of calculating &t-Guess set of parameters in
searches.

In Figure[7.2, the dependence of the energy weight in theaktgnm can be seen for
events with declinations betweéhand20°. The value of the spectral index giving the best
energy weight is highlighted by a dashed black line. In Feglu3, we see the dependence
on the spatial event weight as a function of the space anglbeoévent from the tested
location (here at locations of RA, dec®£3.5°, +16.2° and74.3°, —23.4°), calculated from
an average of 10,000 scrambled maps. What we see from thigdisin is that no event
less thant® from the tested northern sky location hasdsB; of less than~ 1000, and
the same for the southern sky events less thanhfrom the tested location. The shape of
the distribution is parabolic, as to be expected as the ERD& of events are modeled as
two-dimensional Gaussian functions, and since the anguiegrtainty is calculated on an
event-by-event basis, we see a superposition of many Gaugslsere.

A ratio of S;/B; of one is used as a nominal cutoff where events go from being no
inally signal-like to nominally background-like. It is irtesting to note that events which
are nominally signal-like can come from up1®° distance from the tested location.

From the energy distribution, we see that there is a broaafrevents with less than

roughly 13 TeV in energy, and fit spectral indices softer thar, where the energy ratio is
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roughly one, and the addition of the energy term does nadtaaslistinguishing signal from

atmospheric background compared to an analysis which diesa any energy weighting.
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Figure 7.2 The energy weigtt™ " (E;, 0;,~vs)/ B;""® (E;, 0;) for events neaf; = 106°
(+16° in declination), for the 40 and 59-string datasets (top aottbin, respectively). The
dashed line indicates the spectral index which maximizesatio for a given reconstructed

energy.
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Figure 7.3 The event weightg,,(S;/B;) for events with respect to the locations with right
ascension and declination ®3.5°, +16.2° (top row) and74.2°, —23.4° (bottom row), for
the 40 and 59-string datasets (left and right columns, rtsedy). The energy weight used
is the maximum for each event, following the line in Figur@ For both samples, the sample
in the southern sky has a tighter cut on the angular erroheaoveight falls off faster than

in the Northern sky.

7.2.1 Local Coordinate Dependence

Due to the requirements for triggering and filtering, thes@gpplied, Earth absorption
properties and detector geometry, the final sample of evemtst uniform in the detector

local coordinates zenitl#), and azimuth¢). For time-integrated point-source searches, the
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azimuth dependence is usually neglected because it is Bewbat right ascension by the
rotation of the Earth over long integration times. Howewera time-dependent analysis
the azimuth dependence becomes important for time scategeslthan 1 day. The local
coordinate (zenith and azimuth) distribution of 40- andsi®3g data is shown in Figuke 7.1
(top left). In the northern sky there is the effect that esdraveling along the longer axis of
the 40-string (see Chapfdr 4) detector have a longer leveraardnare more likely to trigger

the detector and be well-reconstructed. In the southerntbkye is a selection criterion
on the integrated charge seen in all DOMs as part of the omtinen filter. This gives

a preference to events which pass near a line of stringsjiggel six-fold peak in rates
corresponding to the main axes of the detector symmetry.effieet of the growth of the

detector from 40 to 59 strings can be seen in the top right gfile{7Z.1: the horizontal

preference for well-reconstructed events is gone, wittstkdold symmetry remaining due
to the charge cut, and can also be seen much less strongly iptgoing region due events
along these axes being slightly more well reconstructecesiney typically have more hits

compared to other events of similar energy due to passingang@ater number of DOMSs.

7.3 Combining Datasets

Unbinned likelihood methods are ideal for combining dats.s&ach event carries
its own PDF and background can be estimated for each sampke overall likelihood is
maximized for the combined data sets, assuming a uniformakigypothesis. The event-
wise PDF now depends on the particular data set of whiclitkthevent is a part:

i J .
P=-—250 (1 - ”T) B, (7.7)

Mot Mot



87

where the indey refers to the specific dataset from which the event came. flicase, it
can take on valueg = {IC40, IC59}. That is,n?,, is the total number of events in theh
data setB{ is the background PDF of the for théh data set, etc.

The likelihood is again the product @} over all events in each data set. The likeli-
hood is maximized globally, assuming the same signal hygsih(neutrino flux) in all data
sets. Thereforey = ~/940 = ~1¢%9 |n general, the number of signal events is not the same
in all data sets, but depends on the live time, detector &aoe@, and cut efficiency of each
data set. Simulation is used to determine the fraction ofdte# number of signal events in

each data set/ = f7 (), so thatn, = f/n/. The total number of signal events is given by:

ne = an (7.8)

In this way, our likelihood remains a function of the same benof parameters. The
maximization of the likelihood is again done by finding thetestimate of., and~ along
with any time-dependent features, now the total numbergrfadievents in all data sets and

the uniform spectral index and time hypothesis, respdgtive

7.4 Sensitivity and Discovery Potential

Aside from thep-values from searches, in the absence of a signal uppes loait be
provided. The discovery potential is defined as the averageer of signal events required
to achieve g-value less than 2.8710~7 (one-sided &) in 50% of trials. Similarly, the
sensitivity is defined as the average signal required toimbta-value less than that of the
median of the test statistic distribution of scrambled Kgaound-only) samples in 90% of
trials. The upper limit is the average signal required torfjedted to obtain a-value less

than that seen in the data. Sample test statistics for bagkgrand injected signal can be
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seen in Figuré714. The time-integrated limits from the #g, 59-string, and combined

samples can be seen in Figlrel 7.5.
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Figure 7.4 Integral distribution of the null test statistitstribution atdo = +16.1° with

30 and @ thresholds indicated (top) following the untriggered sbanethod described in

Chaptef®. Below are the distributions of the test statisticbfickground and 1, 2 and 3

added signal events with a flare width of 15 minutes (bottoit) &d 1, 2 and 3 added

signal events with a flare width of 10 seconds (bottom right).
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Upper limits on the average muon neutrino flux normalizaticmnatural expressions
for time-independent searches, since no time dependerassisned. For time-variable
sources we can place limits on the muon neutrino fluence r@aian from a source,
defined as the integral in time of the flux upper limit:

tmax
f= / Dy x dt = Atdg , (7.9)
tmin
whered, is the time-independent upper limit on the normalizatiomoy—2 spectrum and
tmax @Ndt,,i, are the nominal limits on neutrino emission, here the emmiss modeled as
a simple on-off function. There is a correspondence betvileerfluence and the average
number of events detected, shown as a function of the déidima Figure[ 7.6. The limits
are calculated according to the classical (frequentiststaction of upper limits outlined
by Neyman in[[119] and the systematic error of 16% is negteatell upper limits since
the limits are dominated by statistical fluctuations fordkar The analysis in Chapter]11
uses the ordering method of Feldman and Cousins to calcyatr limits, and the system-
atic errors. It is found that using the Feldman-Cousins imgletation to calculate upper
limits yields results 15% higher than using the Neyman netAde 16% systematic errors
add roughly 3% to the limits calculated, since the numbervehts is typically near the

statistical minimum.

7.5 Systematic Errors

Point-source analyses in IceCube use scrambled data to thedehckground. This
means analyses yield reliable results in terms of the aeanagber of events from a given
spectrum which are required for upper limits. Tharesystematic uncertainties in translat-

ing from a number of events to a flux or a fluence, though. Thestematic uncertainties on
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Figure 7.5 The time-integrated sensitivities tofar? spectrum muon neutrino signal plotted
against declination for the 40- and 59-string configuragionhe sensitivity and discovery

potential are also plotted for the combined dataset.
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Figure 7.6 The normalization per event on the fluence fromfdahspectrum muon neutrino
signal in a declination band divided by the number of evemthié band in the 22, 40 and

59-string configurations, plotted against declination.

the conversion from neutrino event to neutrino flux come tyaiom the absolute DOM

efficiency, propagation of photons in ice, and effects frénv@ meutrino cross-section and
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Error source \ Source erroﬂ Resulting error in signal efficiency
Ice properties +10% 11%
DOM sensitivity +8% 9%
Cross sectiongy-loss +8% 8%
Sum in quadrature 16%

Table 7.1 Summary of systematic errors for? neutrino sources.

muon energy loss in the ice (see Tdbld 7.1).

The overall systematic error is estimated by simulatingaligvith different proper-
ties; more or less scattering and absorption in the ice dadrad the PMT efficiency up and
down. These datasets are used to estimate the change ima&eamsing the same cuts used
for the analysis.

The systematic error is applied using the method outlingtidi], with a modification
from [121]. The limit is calculated using a frequentist aggozh, obtaining the limit in terms
of the mean number of expected events. The error is treatachasance parameter with
a Gaussian mean and width and integrated over as a nuisaracegiar. The upper limits
for IceCube point-source searches are generally only 3—dtguhe statistical uncertainty
is typically much larger than the 16% errors derived fromapstematic errors. The typical

increase in the limits is only approximately 3% on averagerancluding systematic errors.



92

Chapter 8

Simulation and Detector Performance

This chapter describes the simulation of neutrinos and mosy air showers used to model
the signal and background for the IceCube detector and téhesiffectiveness of cut and
analysis strategies. The charged leptons are propogataagtinthe ice, along with emitted
light and secondary particles. The light is tracked to theM3Qvhere the PMT and elec-
tronics are simulated. At that point the simulation is in laene form of the IceCube DAQ
and it is processed identically as the data. At that poinsthmulation is in the same form
of the IceCube DAQ and it is processed identically as the data.

To within the uncertainty on our simulation models, digitibns of parameters used
in event selection agree in data and simulation. Simulaiso allows us to test the res-
olution of our detector and efficiency of the cuts used in peource searches. It is also
used to characterize the effectiveness of the reconsingcin terms of the angular error in
a track reconstruction or in the energy reconstructionlvssm.

The probabilities of point-source searches are computied) asly data, but a phys-
ical interpretation of the results require the use of MontddcCsimulation. This includes

understanding the efficiency of the trigger, filters and myaluts to obtain the final data
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sample, also calculating upper limits and discovery paaénof the search methods.

8.1 Simulation Chain

8.1.1 Neutrino Simulation

Neutrinos are simulated on the ANIS (All Neutrino InteraatiSimulation) program
[122], the cross-sections for deep inelastic neutrindearcinteractions use the parton dis-
triution functions from CTEQ5[123]. Simulation begins aetburface of the Earth, with
the neutrino propogated through the planet toward the Seokh. This takes into account
energy loss due to NC interactions, and absorption and eeggon due to CC interactions.
Once in the vicinity of the IceCube detector, all unabsorbaanmnos are forced to interact
— muon neutrinos can interact at a location such that therdaugiuon is within range of
detector. All events are given a weight to represent theaghibibty of the simulated interac-
tion.

Standard neutrino simulation generates events from 100 {Gel) EeV with to an
E~! spectrum, which is then reweighted according to the desiigilal spectrum. This
is done to ensure that there is sufficient statistics for l@gargy events. Other neutrino
simulation uses ai’—2? spectrum, which has better statistics in the energy rande Idf

TeV, the energy range of the bulk of atmospheric neutrines &y IceCube.

8.1.2 Cosmic Ray Simulation

Atmospheric muons from cosmic ray air showers are simulasétg the CORSIKA
(COsmic Ray Slmulations for KAscade) progrdm [124] using tH&YEL hadronic inter-

action model([125]. Since the rates can vary over the yeatalcleanges in the temperature
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in the stratosphere, where initial cosmic ray interactitypgcally occur, four months from
different seasons are simulated to account for these textypewvariations. The atmospheric
muon background is generated to test the efficiency of cudd@estimate the contamina-

tion for the final muon sample.

8.1.3 Propogation

Charged leptons are propogated through ice and rock by thenNmnte Carlo
(MMC) program [126]. This simulates the energy losses du@mization, pair produc-
tion, and stochastic losses from bremmsstrahlung. The auofiCerenkov photons from
the muon and any secondary showers along the track are dtsdatad.

Photons in the ice are handled with #t&tonics software [127], which is designed
to use the measured ice properties to guide propogatiog tisenscattering and absorption
at different points in the ice. Tables with the photon anoplés and timing distributions
are pre-calculated for grid points in the simulated volunvejch makes the simulation

memory-consuming but greatly speeds up the calculatioheofletector response.

8.1.4 Detector Simulation

Once photons intercept a DOM in tReotonics package, they are then given to an-
other package to simulate the transmission through the glad the PMT response, based
on waveform calibration done on DOMs before deployment. fiite are read out by a
program simulating the PMT discriminator, digitizationtbé waveform, and the local co-
incidence condition from neighboring simulated DOMs. Thgger conditions applied to
simulation are the same as those run online.

The livetime of the background simulation is typically lékan the livetime of the
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data due to computational constraints. For the 40 and &8ystonfigurations, the data
livetime is roughly one year, while the simulation of cosméty events is roughly two
weeks. Simulation datasets with harder spectrum than tleassured of cosmic rays re-
cieves a different weighting, and has livetimes at high giesrsignificantly longer than one
year. Comparisons of data to Monte Carlo are important to oterthe modeling of ice
and determining of analysis cuts. Comparisons between dat®ante Carlo of the up-
going 59-string analysis sample in a number of importantityuyparameters are shown in

figure[8.1.

8.2 Detector Performance

The knowledge of the true direction and energy of the padichjected with sim-
ulation allows us to test the performance of the detectoptont-source analyses. This
requires us to have a good idea of the accuracy of the recmtisins along with the ability

of the filter and event selection chain to detect neutrinadiftdrent energies.

8.2.1 Neutrino Point Spread Function

We use the point spread function (PSF) to characterize thdipg ability of the
detector, which is essential for point-source searchegsds the angleX¥) between the
reconstructed muon track and the direction of the neutriimogry to determine the spatial
spread of events from a true neutrino point source. The w#eal of a data sample is
typically defined as the angle which 50% of neutrinos are msttacted within the true
direction. The PSF for the up-going regions of both the 4@ %®+string detectors can be
found in Figuré 8.P.
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Figure 8.1 Data-to-Monte-Carlo comparisons usign the upggpoint-source sample from
the 59 string configuration. Data is in black, the atmosheeutrino distributions using
the Bartol flux is in green, while the contribution from atmbegc muons is in blue. The
sum of all atmospheric simulation is gray, and the expecistliloution for neutrinos with
an E—2 spectrum is in purple, with the normalization set to matcit flor atmospheric

neutrinos.
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Figure 8.2 The cumulative point spread functions (angle/eeh neutrino and reconstructed
muon track) for simulated neutrino signal events followmgpectrumi®/dE o« E—2
at analysis level in the up-going region for the 40-strirgftfland 59-string (right) event

selections.
8.2.2 Neutrino Effective Area

The neutrino effective area is useful parameter to compiffiereht event selections
across different energy ranges. It represents the size etextdr equivalent to IceCube
which would be 100% efficient at detecting neutrinos passingugh. We can also use the
neutrino effective area at a particular declinatioto estimate the neutrino event rate for

differential fluxd®/dE:

av,(E,,9)

i) (8.1)

Nevents(5> :/dEAle,ff<El/76)

The effective areas for the 40 and 59-string event sampkestaown in Figuré 813 for a
variety of declination bands. The highest energy neutraresmore often absorbed as they
travel through the bulk of the Earth, which can be seen hehe. €ffect of the energy cuts

can be seen in the down-going region.
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Chapter 9

All-Sky Time-scan

In this chapter we present the most general of the searchashws designed to search
over the entire sky and livetime for a clustering of eventsnre and space. The improve-
ment in discovery potential and the method of reliably figdthe most significant flare
are described, and results are presented. The output ohéhgses is the most significant
clustering in time and space for the time covered by the amglyhich searches for point
sources of flaring emission from time scales from.2Qthe minimum time between events
in the 40 and 59-string samples) to an entire year (or thetiduraf data used for analysis).
The search is applied separately to the 40 and 59-stringleamihe sensitivity of a flaring
analysis is also time-dependent, so the sensitivity foregifip time covered by one sample
is not improved by adding data from another period.

While a time-independent search has the best sensitivitietlg sources, a source
which has emitted neutrinos for only a limited period of timeght not be detected. The
time-dependent analysis here scans for a significant exgdssespect to background over
all time scales (from sub-seconds to the full year) at eacdction of the sky. For flares
shorter than~100 days, the discovery potential of the time-dependenthldgpically be-

comes better than the time-integrated one, and in prinai@ieort burst can be discovered
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with only two events if they occur close enough togethernmeti The advantage of such
untriggered searches is their ability to cover all emissicgnarios, including neutrino emis-

sion without any observed counterpart in the electromagspectrum.

9.1 Method and Expected Performance

The method in[[118] is adapted for this search to a real datedith non-uniform
acceptance and deadtime. The non-uniform acceptance caeharl 711, deadtime com-
pensation is shown below [N 9.2. The time-dependent préityadensity function from

Equatior_Z.4 for this search is a Gaussian function:

. 1 (ti—TO)Q)
e o T 9.1
Z — exp( - (©.1)

wheret; is the arrival time of the event, and fit parameteraido are the mean and sigma
of the Gaussian describing flaring behavior in time. The m&ation of the test statistic
returns the best-fit values of the Gaussian mean (the timbiahwhe flare peaks) and sigma
(corresponding to the duration of the flare). Both the baakgdoand expected number of
events are small, distinguishing a box-type function fro@assian would require many
more events than required for & Bliscovery, and we find that using either of these flare
hypotheses performs similarly. It was found that the fittmgthod used in this section
worked better with a continuous function, so a Gaussiantioimal form was chosen.

There are many more uncorrelated time windows for short tianes than large ones,
giving a preference to find shorter flares. The test stafistinula of Equation 716 is mod-
ified to include a weighting term to correct for this effeetitrial factor and avoid undue

preference for short flares using a Bayesian appraach [118}.weighted likelihood will
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be:

L(zyns,v) = [ [ L@ ns,7, Ty, 00)P(T,)P(logor)dT,d(log or), (9.2)

T, logor

where P(T,) = 1/T;, during detector uptime. Since the search is for a localir®e-t
dependent behaviol;, has significant freedom over the livetinig over many orders of
magnitude for short bursts. Integrating odgrwe can approximate the integral assuming

an always-on detector:

1 v 2 .
[ L& 13,7, Ty, 1) dT, = 0T (i1, 4, T, ). (9.3)
To L L

The test statistic formula that is maximized is then:

TS = —2log (b £l =0)
V2ror " L(h, 4,67, To)

) (9.4)

where the first factor in the logarithm is the weighting tema #he second is the likelihood
ratio. T is the total livetime of data taking,, 4, 61, T are the best-fit values for the number
of signal events, spectral index, width and mean of the Gaélsre, respectively. In order
to prevent the weighting term from becoming less than 1, geupmit is placed on the
flare widtho,. This is done to prevent flares with zero amplitude=0) from having a
positive test statistic, which would happen if the flare Wid{- were allowed to be greater
than T/v/27.

The numerical maximizer needs an initial candidate flarefi(at“guess”). Due to
the complicated behavior of the time-dependent likelihepédce, a numerical minimizer
requires a starting value which is close to the true minimwimich requires manual sam-
pling. To calculate this first guess in this analysis we ugectiiteria to select events with

S;/B; > 1, whereS; and B; are defined in Sectidn 7, omitting the time term. A plot of
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the values for this ratio as a function of the distance fromt#sted point-source location
is showrZ.B. A scan is performed over setsiofemporally consecutive events, where 2
< m < 5. For a stream consisting of time-ordered events numbe&8,4,5,6,7..., the ini-
tial scan tests events (1,2), (2,3), (3,4) etc., (1,2,38,42, (3,4,5) etc., (1,2,3,4), (2,3,4,5),
(3,4,5,6) etc., and (1,2,3,4,5), (2,3,4,5,6) etc. Eachssitsted using the described likeli-
hood formula for compatibility with a flare with ah =2 spectrum. The candidate with the
best test statistic (from Equatién P.4) is used as the irgti@ss for the parameters in the
maximization. The 40-string analysis also performs addél scans over m = (10, 15) con-
secutive events, and in the 59-string analysis, where thdbeuof events is roughly a factor
of 3 higher than the 40-string sample, the number of setsmd@autive scanned events has
been increased to add m = (10, 15, 25, 40, 65) improving thsitsety to flares longer
than roughly 10 days. This brings the performance of theyaisatlose to that of the cor-
responding time-integrated analysis at large time sc&esn that more than 5 events are
required for discovery forr > 2 days (see Fig9l1), if the maximum were not increased,
the method will occasionally only find a subset of the injdagents, hence increasing the
total signal required to cross the threshold for discovery.

Figure[9.1 (left) shows the mean number of injected evems fa Gaussian time
function needed for &o discovery for 50% cases (black solid line) as a function ef th
duration of the flarer; for a fixed source location at declination-e16° with the 40-string
data. Sources at other declinations yield similar resililtss is compared to the number of
events needed in a time-integrated search (black dashed ive number of events needed
to discover a flare of 1s duration is about a factor of 4 lowanttor a time-integrated search.

Atlong timescales the flare search performs only 10% woietthe time-integrated search,
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Figure 9.1 The 50% & discovery potential and 90% median sensitivity in termshaf t
mean number of events for a fixed sourcerat°® declination applying the analysis to the
40-string data. The number of events for the median seitgiind discovery potential for
time-integrated searches are also shown. Flares withad less than 100 days, or a FWHM
of less than roughly half the total livetime, have a bettscdvery potential than the steady

search.

even with 2 additional free parameters in the fit. In the saloethe median upper limits
at 90% CL are shown for the time-dependent search and forrieititegrated one. On
the right the corresponding fluence is given, where a caoorec introduced for the median
dead time during a given flare as a function of the flare widtle Siguré 912).

The fact that the 50%dbdiscovery potential curve descends below the 90% median
upper limit curve is due to the effect of Poisson statistidse untriggered search must ob-
serve at least two events in order to identify a flare. For aikited flaring source which

injects a mean number of eventsy must equal at least 1.68 for 50% of simulated trials cor-
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Figure 9.2 The fractional duration of randomly-simulateattds which occur during the
uptime for the 40-string configuration for a range of differftare durations. The black line
marks the median fraction of fluence occurring during theder livetime for a given flare

duration, which is used as a correction factor for the fluericdserved flares. For instance,
for flares shorter than one minute, there is approximateB8paichance of the flare occurring
completely during detector downtime. Flares longer thae day will always have some
emission during uptime; on average 92% of the total emissitircoincide with usable run

time.

responding to 2 or more signal events. Therefore, at thaestdimescales, the mean signal
needed for a discovery in 50% of trials asymptotically ajpptes 1.68 events. We find the
sensitivity at 90% CL saturates at 2.9 events, which is ajresdr the time-independent
sensitivity of 3.15 events and the statistical limit. Thsstihe reason why the discovery
potential curve is lower than the sensitivity in Figlrel9.1.

The method is applied as an all-sky scan over a @rigf (x 0.5°) in right ascension
and declination. Locations which are found to have a flareeseanned using@1° x 0.1°

grid. The final result of the analysis is the set of best fit peaters from the location with
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the highest test statistic value. A finalvalue for this analysis is obtained by performing the
same scan on scrambled data sets, and counting the fratBorambled sets which have a

maximum test statistic greater than or equal to the maximaund in the data.

9.2 Results

Using the 40-string data, the location which deviates mashfthe background ex-
pectation is found at (RA,Dec) = (254.75-36.25). Two events are found, with a best-fit
spectrumy of 2.15, mean of the flaré, of MJD 54874.703125 (February 12, 2009) and
width o7 of 15 seconds. The two events are°2apart in space and 22 seconds apart in
time. The— log,,(pretrial p-value) corresponding to this observation is 4.67. A cluste
of higher significance is seen in 56% of scrambled skymapssdtrconsistent with the null
hypothesis of background-only data.

Figured9.B t6 9]5 show maps of the pre-trialalues and best-fit parametéfsand
or. Figureg 9. and 9.5 require that the best-fit number of sgremnts be greater than zero,
white area corresponds to being consistent with no flareglsgtected.

The most significant flare in the 59-string data is found at (&%) = (21.35, -0.25).
The peak of the flare occurs on MJD 55259 (March 4, 2010), as@ kadtho; of 5.5 days
and a soft spectral index 6f= 3.9. The— log,,(pretrialp-value) of the flare is 6.69, a value
of which is found in 14 of 1000 of scrambled maps. Even thoingghp-value is somewhat
rare, it is not rare enough to make a claim of a deviation frawkground. Figurels 9.6 to
show maps of the pre-trigivalues and best-fit parametéfsands. Figure[9.9 shows
the event weights from the position of maximum significankted throughout the year,
a clustering near the time of the best-fit parameters is lgle&ible. The reconstructed

directions of the 17 most signal-like events with their ttimdependent event weights can
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be seen in Figure 9.10. When we take a birzbin space and 13 days in time centered on
the peak (the FWHM of the flare), we find 13 events compared txpeaated background

of 1.7.

Figure 9.3 The equatorial coordinate map showspthralue of the most significant flare in
time and space during the 40-string data taking period &t &aation of the grid where
the likelihood is calculated. Thevalue is indicated on the z-scale on the right, with the

maximum at 16h 59m, +36.25The black curve is the Galactic plane.



107

950

900

650

600

Figure 9.4 The equatorial coordinate map shows the besttfieahean time of the flarg,
(MJD-54,000) for the most significant flare during the 40rgfidata taking period found at

each location of the grid where the likelihood is calculat€de black curve is the Galactic

plane.
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Figure 9.5 The map in equatorial coordinates of the best fitwi, in days, of most
significant flare at a given location found using the 40-gtriata at each location of the

grid where the likelihood is calculated in the search. Tlaeblcurve is the Galactic plane.
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Figure 9.6 The map in equatorial coordinates of the pretrialue for the 59 string dataset
all-sky flare search. The most significant flare can be seeneircénter-right at 1h 25m,

-0.25. The black curve is the Galactic plane.

Figure 9.7 The equatorial coordinate map shows the besttfieahean time of the flarg,
(MJD-54,900) for the most significant flare during the 59rstidata taking period found at
each location of the grid where the likelihood is calculat€de black curve is the Galactic

plane.
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Figure 9.8 The map in equatorial coordinates of the best fitwi, in days, of most
significant flare during the 59-string data taking period giiveen loc