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Abstract

In 2010 the discovery of the Fermi Bubbles – two large γ-ray lobes above and below
the Galactic Centre – caused a lot of excitement. Since then many models have been
proposed to explain their origin, but to date the mechanism producing the bubbles
remains unclear. The detection of a neutrino signal from the Fermi Bubbles could
help to distinguish hadronic from leptonic acceleration mechanisms, which are the
two main groups of proposed models. This hypothesised neutrino signal is searched
for using data from the Antares Cherenkov telescope, which is currently the largest
deep-sea neutrino detector in operation.

In this thesis, data collected in 2012 and 2013 is analysed using neutrino interac-
tions that leave track-like event signatures in the detector. Taking into account the
latest results on the γ-ray flux measured by Fermi-LAT, this analysis updates an
existing search for a signal from the Fermi Bubbles based on 4 years of Antares

data (2008–2011). For the six years of data in total, a combined excess of 1.9σ is
observed and new upper limits are set.

Kurzfassung

2010 wurden die Fermi Bubbles – zwei große blasenfömige Strukturen von γ-
Strahlung ober- und unterhalb des Galaktischen Zentrums – entdeckt. Mit großer
Aufregung wurde seitdem an Modellen gearbeitet, welche versuchen die Entstehung
der Fermi Bubbles zu erklären. Bis heute ist jedoch nicht zweifelsfrei geklärt, welcher
Mechanismus zu deren Entstehung führt. Der Nachweis eines Neutrino-Signals von
den Fermi Bubbles könnte zur Unterscheidung von hadronischen und leptonischen
Entstehungsszenarien beitragen. In diese beiden Szenarien lassen sich die meisten
der vorgeschlagenen Modelle eingruppieren. Die Daten des größten derzeit be-
triebenen Cherenkov-Detektors in der Tiefsee, Antares, eignen sich am besten für
eine solche Suche nach einem angenommenen Neutrino-Fluss aus den Fermi Bubbles.

Diese Arbeit analysiert die 2012 und 2013 genommenen Daten unter Verwendung
von Neutrino-Wechselwirkungen, die spurartige Signaturen im Detektor hinterlassen.
Die Analyse ist ein Update einer bestehenden 4–Jahres-Analyse (2008–2011) und
berücksichtigt die neuesten Fermi-LAT Ergebnisse zum γ-Fluss aus den Fermi Bubbles.
Für die insgesamt sechs analysierten Jahre wird ein statistisch insignifikanter Ex-
zess von 1.9σ beobachtet. Neue obere Grenzen auf den Neutrino-Fluss werden daher
gesetzt.
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1
∣

∣ Introduction: The Fermi Bubbles

The Fermi LAT experiment has revealed two giant lobes of γ–ray emission extending
7− 8 kpc (≈ 50◦) above and below the Galactic Centre, which are commonly referred to
as the Fermi Bubbles (FB) [1]. Fig. 1 visualises the impressive size of the FB compared
to our galaxy. Structures in spatial correlation to the FB have also been observed in the
radio wave band [2], in the micro-wave band [3] and, predominantly towards the region
close to the Galactic Centre, in X-rays [4]. A rough impression of where these related
structures are located on the galactic sky for the different bands is given in Fig. 2.

To date the mechanism generating the Fermi Bubbles remains unknown. Many models
have been proposed, which on the one side try to explain the properties of the γ-ray flux
and on the other side also try to accomodate the structures observed in other wave-length
bands.
Besides attempts to attribute at least part of the emission to decay of dark matter [7,

8], most of the models employ processes contained in the standard model of particle
physics to explain the observed structures.
The symmetric shape of the lobes suggests that they are created close to the Galactic

Centre, or by the central super-massive black hole, Sgr A*, itself. Whilst it is known
that Sgr A* is quiescent at present, a past period of accretion could have lead to a
jet-like emission known from other galaxies that host an AGN (active galactic nucleus)
[1, 9]. Also, hot plasma outflows from the black hole have been proposed, which could
be driven by periodic disruption of stars accreted onto the black hole [10]. Alternatively,
a period of intense star formation in the central region of our galaxy – a starburst – and
consequently a high rate of supernova explosions might cause a hot superwind driving
relativistic particles out [1, 2, 11]. (c.f. [12, Sec. 4.6.1.])

Figure 1: An artists impression illustrates the monumental size of the Fermi Bubbles within our

galaxy. Figure taken from Ref. [5].
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Figure 2: The Fermi Bubbles and related structures seen in different bands: Top left: γ–rays

(Fermi-LAT), Top right: radio (S-PASS), Bottom left: micro-wave (WMAP), Bottom right: X–

rays (ROSAT). Figures taken from Ref. [5, 2, 6, 4]. See these references for details and

descriptions of intensity units.
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Depending on whether electrons or protons are accelerated at the source, models are
naturally subdivided into leptonic and hadronic emission scenarios:
In leptonic mechanisms [1, 13, 14] the γ-ray signal is produced by inverse compton

scattering, when relativistic electrons hit on low energy photons from the cosmic micro-
wave background or from ambient starlight and boost them to high energies.
In contrast, in hadronic scenarios [13, 11, 15] high energy protons interact with inter-

stellar matter producing mainly charged (π±) and neutral (π0) pions. Their dominant
decay channels are in turn

π0 −→ γγ (1)

causing the γ-signal, and

π− −→ µ− + νµ π+ −→ µ+ + νµ

µ− −→ e− + νe + νµ µ+ −→ e+ + νe + νµ, (2)

which leads also to a corresponding neutrino signal.
Hence, an observation of a neutrino flux from the Fermi Bubbles – present in hadronic,

but absent in leptonic models – gives a unique possibility to distinguish hadronic from
leptonic processes generating the γ–ray signal observed by Fermi-LAT.

Both hadronic and leptonic models have been proposed for all of the three scenarios
of acceleration mentioned above, which can more or less naturally explain all of the
properties of the γ-ray flux and the other correlated multi-wavelength observations. A
short review with references for further reading can be found in Ref. [12, Sec. 4.6.1.].
A major difference between hadronic and leptonic scenarios is the timescale on which

the injection has happened. Whereas high energy protons are not subject to cooling (and
consequently can have been injected some 106−109 years ago), electrons will lose energy
more rapidly, eg. via synchrotron emission in magnetic fields. As a consequence, the
energy spectrum for electrons will soften significantly on a timescale of beyond 105−106

years, which is the typical cooling time for TeV electrons. (c.f. [12, Sec. 4.6.1.]).
Consequently, a precise measurement of the energy spectrum of the FB emission and
subsequent spectral fits from both hadronic and leptonic γ–ray production, can also be
used to differentiate between the two scenarios of emission. The precise measurement is
complicated by the fact that known foreground and background γ–ray sources need to
be subtracted, which introduces systematic errors. Such an analysis of fitting hadronic
and leptonic templates to the full γ-ray sky measured by Fermi has recently been done
and suggests that hot outflows like the Fermi Bubbles might be dominated by leptonic
processes [16]. Since to date the level of contribution from leptonic and hadronic pro-
cesses to the FB signal is not known, the most optimistic case for neutrino astronomy
of purely hadronic emission is assumed.
The neutrino flux that can be expected from hadronic emission in the FB is derived

in Sec. 2. Then, in Sec. 3, the Antares neutrino detector is described together with
the two main signatures: track- and shower-like events. A search based on track-like
neutrino events from the FB has already been performed using 4 years of data recorded
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from 2008 to 2011 with the Antares detector [17].1 Taking this existing 4–year analysis
up, two additional years, 2012 and 2013, are analysed in Sec. 4. From this the combined
result for 6 years of Antares data using tracks is obtained. The analysis focusses
on track-like events, on which Antares has an excellent median angular resolution
of 0.5◦ [19]. Recently developed reconstruction algorithms have also achieved median
angular resolutions of 3◦ − 5◦ for shower-like interactions [20, 21]. The conclusion in
Sec. 5 will therefore also give an outlook on the future plans of a combined FB analysis
using tracks- and showers.

2
∣

∣ Expected neutrino flux from the Fermi Bubbles

The FB are uniformly bright across their extension and have sharp edges. Their most
interesting feature with respect to neutrino astronomy however is a hard γ-ray spec-
trum [1].
Due to its limited size, the Fermi satellite can only measure the photon spectrum to

energies of some 100GeV. The spectrum and cutoff of the FB signal at higher energies
is to date undetermined. However, the northern bubble is visible to the ground based
Hawc Gamma-Ray Observatory, which has started data-taking in its full configuration
in spring 2015. A preliminary analysis based on data recorded with a partial array of
the Hawc Gamma-Ray Observatory (Hawc-111) can already exclude an E−2 power-law
with no cut-off for γ-ray energies between 104 and 105GeV [22]. For a prediction of the
neutrino flux that can be measured with Antares, the energy region above ≈ 10TeV is
most interesting. While Hawc might provide precise flux measurements in the future,
at present the Fermi-LAT data needs to be extrapolated to higher energies. In this
analysis, as in the 4–year analysis, the γ–ray flux is modeled with a simple power-law
spectrum with spectral index α and an exponential cutoff at a cut-off energy Ecutoff ,

Φγ(E) ∝ E−α × exp

(

E

Ecutoff

)

. (3)

The first Fermi-LAT analysis [1] measured a spectrum compatible with a power-law
E−α with a spectral index α = 2 and no cut-off was observed. The corresponding γ-flux
is

E2dΦγ

dE
≈ 3− 6× 10−7GeV cm−2 s−1 sr−1. (4)

The most recent analysis on the spectrum of the Fermi Bubbles by Fermi-LAT [23]
prefers a softer spectrum or very low cut-off energies at the sub-TeV scale. Using a
parametrisation for the γ-flux that is produced in hadronic interactions derived from
the Sybill-code [24], the authors of Ref. [25] show that an E−2.25 proton spectrum can
produce a γ-flux that gives a good fit to the Fermi-LAT data. A power-law fit to
this parametrisation at energies beyond 10GeV (see Fig. 3) yields a spectral index of

1Hereinafter the indication ’4–year analysis’ implies that what is described has been developed in
Ref. [17]. A more detailed description of the analysis method can be found in Ref. [18].
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Figure 3: The γ–flux parametrisation (black

crosses) of the SIBYLL-code [24] for a proton

spectrum with a spectral index of 2.25 is fit

with a power-law at energies above 10 GeV

(red line). From this an index of α = 2.18 for

the power-law spectrum is obtained.

α = 2.18 and a γ-flux (c.f. [25, Fig. 2])

E2.18dΦγ

dE
≈ 0.5− 1.0× 10−6GeV1.18 cm−2 s−1 sr−1. (5)

In addition, a full parameter scan (see Appendix A) for different cut-off energies and
spectral indices confirms that α = 2.18 is a choice that gives an acceptable fit to the
Fermi-LAT data whilst allowing for high cut-off energies. These are necessary for Ant-

ares since at low energies the neutrino flux produced in the atmosphere will dominate
and make the detection of a FB signal with low cut-off impossible.
Note that the ≈ ±30% uncertainty in the γ-fluxes (Eq. 4 and Eq. 5) is mainly due to

systematic uncertainties that come from the subtraction of known sources in the γ–ray
sky maps. The spectra of the γ–ray lobes and the two flux extrapolations are shown in
Fig. 4.
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Figure 4: The γ–ray spectra of the

more recent Fermi Bubble ana-
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for energies above 10 GeV are su-

perposed with the flux extrapola-

tions for spectral indices α = 2.0
(see Eq. 4) in solid and α = 2.18
(see Eq. 5) in dashed.

In a purely hadronic emission scenario the γ-ray flux and the corresponding neutrino
flux originate mainly from the decay of neutral and charged pions, which in turn are
produced in collisions of cosmic-ray protons with the interstellar gas. At high energies
the neutrino and γ-ray flux in this hadronic case differ only by a scaling factor ξ(α) [26],

Φν(E) = ξ(α)× Φγ(E). (6)
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Figure 5: Proportionality factors ξ(α)
of the neutrino (red) and anti-

neutrino (blue) fluxes to the corres-

ponding γ–flux as a function of the

spectral index α (calculated using

[26, Eq. 35]):

νµ νµ

ξ(2.00) 0.211 0.196
ξ(2.18) 0.188 0.175

αspectral index 
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ξ
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0.22

0.24

µν µν

The scaling depends on the spectral index of the γ-rays, α, and drops with steeper
spectra, as shown in Fig. 5. While at the source only electron and muon neutrinos
are produced, they are subject to vacuum oscillations2 on their way to Earth. At the
detector, the flavour ratio will be almost equal, Φνe : Φνµ : Φντ ≈ 1 : 1 : 1. For
the combined neutrino and anti-neutrino flux of one flavour, the proportionalities are
ξ(2.0)νµ+νµ = 0.41 for a spectral index α = 2.0 and ξ(2.18)νµ+νµ = 0.36 for α = 2.18.

It is assumed that protons can only be efficiently accelerated up to energies of 1–
10 PeV within our galaxy [11]. This will induce also a cutoff in the observed γ-ray and
neutrino spectra. As a crude approximation 20% of the proton energy is on average
converted into charged pions. Equipartition of this energy over the four daughters in
pion decay yields

Ecutoff,ν =
1

20
× Ecutoff,p (7)

for the neutrino cutoff, i.e. cutoffs ranging from 50 to 500TeV.
Taking into account the scaling factors for the spectral indices α gives the expected

neutrino fluxes

EαdΦmodel,νµ+νµ

dE
= Aα

model × exp

(

− E

Ecutoff,ν

)

, (8)

with

A2.0
model = 1.2− 2.4× 10−7GeV cm−2 s−1 sr−1 for α = 2.0, (9)

for the assumed flux in Eq. 4 and

A2.18
model = 1.8− 3.6× 10−7GeV1.18 cm−2 s−1 sr−1 for α = 2.18 (10)

for the flux assumption in Eq. 5, respectively.
The track-analysis in Sec. 4 uses the same appoximation for the FB shape as in the

4–year Antares analysis [17]. This geometric shape is defined by
(

l2 + b2
)2 ≤ 50◦ · 50◦ ·

(

b2 − l2
)

, (11)

2See Ref.[27, C. 14] for a review of neutrino properties and oscillation.
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Figure 6: The shape of the FB structure found in Ref.

[23] is indicated in red. Additionally, a ’cocoon’ sub-

structure (dark red) can be identified, which shows a

higher γ-ray intensity. Both the Fermi Bubble shape

and the nested ’cocoon’ are well covered by the ap-

proximation (blue shaded area) used for the track-

analysis (74% overlap for the FB and 91% for the ’co-

coon’). Figure taken from Ref. [28].
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where l and b are the galactic longitude and latitude.
The red area in Fig. 6 shows the shape of the γ-ray lobes as observed by the most

recent Fermi-LAT analysis. In search of a sub-structure within the FB a nested ’cocoon’
could be identified (Fig. 6, dark red area), which shows an increased γ–ray intensity
with respect to the rest of the FB [23]. The geometric approximation still covers the
FB structure well (76% overlap). In particular the ’cocoon’ structure, with an overlap
of 91%, is almost fully contained.

A comparison of the FB shape used by the 4–year analysis and the one presented in
the most recent Fermi-LAT publication is given in Fig. 7.

Figure 7: γ-ray templates for

the Fermi Bubbles from the

earlier [1] and latter [23]

Fermi-LAT analysis.
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Figure 8: Left: Artistic visualisation of the ANTARES detector. The 885 optical modules are

arranged in storeys – groups of three optical modules – with a vertical spacing of 14.5m. The

distance between lines is ≈ 70m. Right: Photograph of one optical module and the contained

10 inch photomultiplier tube laid on a mirror. Figures taken from Ref. [30].

3
∣

∣ Event reconstruction in the Antares detector

3.1
∣

∣ The Antares detector

The Antares neutrino telescope is located 40 km off-shore from Toulon in the Medi-
terranean Sea at a depth of ≈ 2.5 km. Since 2008 the detector is taking data in its
final configuration. It consists of 885 optical modules (OMs), which are distributed over
twelve detection lines in groups of three (so called storeys). The detection lines are
anchored to the sea floor and held upright by a buoy. Each optical module hosts one
10 inch photomultiplier tube (PMT). Data is sent to the shore station over an electro-
optical fibre. The detector setup is illustrated in Fig. 8 and a more detailed description
of the detector can be found in Ref. [29].

3.2
∣

∣ Neutrino interactions: Track and shower signatures

The PMTs detect Cherenkov light [31] emitted from ultra-relativistic charged secondary
particles generated in neutrino interactions. Cherenkov radiation is the coherent emission
of light produced in a polar medium like water, when the speed of charged particles
exceeds the speed of light in water. The light emission peaks at a characteristic angle of
43◦ in sea water.
Two main topologies of neutrino interactions can be reconstructed with the Antares

detector: Muon neutrinos νµ can interact with nucleons N within the sea water via

14



Figure 9: Event display for the sucessor of ANTARES, the future KM3NeT detector. The two

main topologies of events are shown. The size of the spheres visualises the charge that was

registered by an optical module (OM). Colors indicate the arrival time of the photons at the

OM from early (red) to late (pink). Left: Track-like event with hit OMs mainly within a cylinder

around the muon path. Right: Shower-like event with almost point-like emission near the

interaction vertex.

charged current interactions

νµ +N −→ µ− + hadronic shower (12)

and produce a hadronic cascade at the interaction vertex and a relativistic muon µ−,
which may traverse distances of several hundred metres in sea water. The anti-neutrino
νµ can interact similarly producing a µ+ and a hadronic cascade.
The relativistic muon then emits Cherenkov light all along its trajectory, hence these

events are called ’track-like’. In contrast, other charged particles emitting Cherenkov
light will only travel small distances of some metres, such that all light is emitted close
to the interaction vertex.

On the other hand, in neutral current interactions of all neutrino flavours

ν +N −→ ν ′ + hadronic shower (13)

and in charged current interactions of the electron neutrino

νe +N −→ e− + hadronic shower (14)

all Cherenkov light is emitted close to the interaction vertex by the electron or the
cascade, giving them a ’shower-like’ appearance in the detector.
Both event signatures are visualised in Fig. 9 with an event display [32] for the

KM3NeT detector3, a future neutrino telescope in the Mediterranean Sea, that is now in
the construction phase. Since the KM3NeT detector will be much larger than Antares,
the difference between tracks and showers can be seen more easily.

3http://www.km3net.org/
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3.3
∣

∣ Event reconstruction in Antares

When photons hit on an optical module and produce a signal pulse – in Antares these
are called (L0) ’hits’ – the signal is digitised by the local OM electronics and tagged
with a time-stamp. Antares uses an all-data-to-shore principle, which means that all
signal is sent to the shore station, where the information from all OM’s is collected.
To reduce the amount of data that needs to be stored on disk, interesting events are
selected by software-triggers. The standard physics triggers are based on so called L1
coincidences, which are (a) two coincident (within a time-range of ≤ 20 ns) hits on one
storey, or (b) one single hit with very high charge (with a charge equivalent to typically
more than 3 photoelectrons). (cf. [29]) As in the first FB analysis, four triggers are
considered for the analysis, namely T2, T3, 3N and TQ. These triggers work as follows
(cf. [33, 34, 35]):

T2: The T2 trigger requires two L1 hits on neighbouring storeys within a time range of
100 ns.4

T3 (more explicitly: 2T3): A 1T3 cluster is a time coincidence of two L1 hits on adja-
cent or next-to-adjacent storeys. The 2T3 trigger looks for two 1T3 clusters within
a time range of 100 ns or 200 ns, respectively.

3N: This trigger is a three dimensional track trigger which scans various directions in
the sky and, within 2.2µs, looks for more than 5 causally connected L1 hits along
a direction.

TQ: The TQ is a time and charge trigger which also scans various directions in the sky
for causally connected hits. It combines L1 hits with L0 hits, i.e. single hits on a
storey.

Also, several other triggers exist, e.g. for monitoring purposes, for special incidents and
directions (gamma-ray bursts, supernovae, Galactic Centre), or for beyond standard-
model physics (slowly moving monopoles).
Triggered data is saved to disk and can be reconstructed with the various reconstruc-

tion algorithms for track- and shower-like emission.
Typically, algorithms for track reconstruction assume light emission under the Cher-

enkov angle along a straight line; those for shower reconstruction assume that the light is
emitted under the Cherenkov angle from a point source. Both use the timing and charge
information of the hits and project them back onto a hypothesised track or shower pos-
ition and direction. A minimisation process then results in a fit position and direction.
Also, some fit quality parameters are usually obtained.
In this thesis, the track reconstruction algorithm AaFit [19] is used. This fit has two

main quality parameters: The track-fit quality, Λ, and an estimate for the angular error
of the reconstructed direction, β. Thanks to the long lever arm of track-like events, the

4This trigger has not been used in the last years’ data taking any more.
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direction of the neutrino can be precisely determined from the direction of the muon. The
reconstruction accuracy achieved has an excellent angular resolution of only 0.5◦ [19].
For an estimate of the track energy the ANN energy estimator [36] is used. This

determines an energy estimate using Artificial Neutral Networks. These were produced
by training a machine learning algorithm to derive the energy estimate from a set of
variables which correlate with the energy deposited in the detector, such as the number
of hits or the total charge that was deposited on the OMs, or represent the data-taking
conditions. The median angular resolution in the relevant energy range (≈ 10TeV) is
30% on log10 (EANN [GeV]) [36].

Also, in Sec. 4.2.3, the Dusj shower reconstruction algorithm is used. Its most import-
ant quality parameter is the likelihood for the vertex fit, VLLH. However, for this thesis
only the position of the reconstructed shower, and a variable correlating with the energy
of the event, the number of used hits by Dusj, will be of importance. A detailed de-
scription of the algorithm can be found in Ref. [20]. The Dusj reconstruction algorithm,
and also the more recently developed TANTRA reconstruction [21] both achieve angular
resolutions of 3− 5◦, which opens up the possibility to look for point-sources even with
showers [37]. At least for extended sources like the Fermi Bubbles the angular error
from reconstruction is small compared to the size of the source. Besides their worse
angular resolution compared to tracks, showers also need to interact within or close to
the instrumented volume to be accurately reconstructed. This decreases the effective
volume of the detector for showers. On the other hand, all the light deposited by shower
events interacting close to the detector will be in the range of the OMs. This increases
the accuracy of the energy reconstruction. To detect track-like events, only part of the
muon track needs to pass the detector. The start or the end of the muon track or the
vertex shower may be invisible for the detector. Hence, reconstruction of the deposited
energy is more accurate for shower-like events.

Charged current interactions of ντ produce a short-lived τ -lepton. Currently no ded-
icated reconstruction algorithm for ντ events exists in Antares. However, depending
on whether the τ decays into a muon or an electron, the signatures from this channel
appear either more track- or shower-like. For this analysis, they are not not considered
in the optimisation of the event selection.
The reconstructed data in Antares is accessible in SeaTray I3 format, which is based

on the IceTray framework5 by the IceCube Collaboration, and in AntDST6 format, which
is based on ROOT data structures. In this analysis the AntDST files are used.

3.4
∣

∣ Background contributions for neutrino searches

There are various backgrounds which have to be suppressed in order to observe galactic
neutrinos. Background light not caused by Cherenkov emission is produced by 40K decay
on the one hand and by bioluminescent organisms in the deap-sea on the other. Whereas
the background rate due to 40K decay in marine water is constant over time and has

5see http://software.icecube.wisc.edu/offline trunk/metaproject/overview.html
6see http://ific.uv.es/∼jpablo/html/main.html
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only minor effects on the reconstruction of high energy neutrino events, optical rates
can increase dramatically due to bioluminescence and are typically highest in Antares

during spring time. Bioluminescent activity of micro-organisms like algae leads to an
increase of the slowly varying ’baseline rate’ registered by the photomultipliers. Lar-
ger bioluminescent deep-sea animals use their capability of producing light for defence,
hunting, and mating. To these ends they generate light seen as short bioluminescent
bursts. The amount of this kind of light is measured with a parameter named ’burst
fraction’ in Antares. (c.f. Ref. [38])

Also, it has been observed in data that rarely malfunctioning photomultipliers can
produce sparks of light. These events typically illuminate the whole detector and may
be erroneously reconstructed as very bright neutrino events.
A detailed description of the run selection, which suppresses both sparking events and

runs with bad data taking conditions due to high optical background rates is given in
Sec. 4.2.
In addition to these backgrounds not caused by actual physics events, Antares sees

also a high background from muons and neutrinos produced in the Earth’s atmosphere.
Cosmic rays interacting in the atmosphere produce particle cascades which give rise to a
down-going flux of atmospheric muons and a flux of atmospheric neutrinos. As opposed
to muons, neutrinos only interact weakly with matter and can also penetrate the Earth
and reach Antares from all directions. These background contributions need to be
reduced by an effective event selection described in Sec. 4.5.

3.5
∣

∣ Run-by-run Monte Carlo simulation

The data collection is organised in runs, which used to be 2–3 hours of data-taking.
In spring 2013, the run duration was increased to 12 hours per run. Each data-taking
run in Antares is simulated with a dedicated Monte Carlo simulation, the run-by-run
simulation, to account for the variable data-taking conditions, such as the number of
OMs that was active during the run, the baseline rate, and the burst fraction. For
atmospheric muons one third of the run’s lifetime is simulated using MUPAGE [39],
thus in analyses Monte Carlo muons are weighted with a factor 3. Neutrinos are in turn
simulated with much higher statistics than detected in the detector. Their event weights
are therefore small. In this analysis the atmospheric neutrino signal is weighted with
the conventional Bartol flux [40], and the flux derived in Sec. 2 is used for the signal
coming from the Fermi Bubbles. Since neutrino experiments suffer from low statistics,
the analysis method is tested and optimised using data from the run-by-run simulation
only, before unblinding, i.e. looking at, real data from the Fermi Bubbles’ region.
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4
∣

∣ Update to the 4–year Antares analysis: Track-like event
signatures in 2012/13 data

4.1
∣

∣ On- and Off-zones

A signal from the Fermi Bubbles is searched for by comparing the number of events
observed in the Fermi Bubble region to the background expectation. As in the 4–year
analysis, the determination of the expected background is done by using regions which
have an identical shape as the signal region but point to other directions on the sky from
which no signal is expected. Thanks to the rotation of the Earth, events coming from the
same position in Galactic Coordinates are observed from different local directions within
the Antares detector in the course of the day. Shifting the positions on the galactic
sky in time by 1/4, 1/2 and 3/4 of a sidereal day yields three non-overlapping off-zones.
The positions of the on- and the three off-zones are fixed in galactic coordinates and can
be seen in Fig. 10.

Figure 10: On-zone (shaded region)

and the three off-zones in galactic

coordinates. The blue colour in-

dicates the visibility from 0 to 1,

that is the fraction of the day during

which the galactic position is ob-

served with a zenith angle ≥ 90◦

(i.e. up-going) in ANTARES. Figure

taken from Ref. [18].

In local coorinates at the detector site, the positions of the zones shift during a sidereal
day. For an exemplary point of time (04/08/2015, 1600 h) the local positions are shown
in Fig. 11. At that moment off-zones 1 and 2 are fully visible to Antares. For off-zone
3 only part of the southern lobe is below the horizon. Also only the southern lobe of
the on-zone is visible. This illustrates also that during one day the southern bubble has
a higher visibility than the northern bubble in Antares (see also the colour code of
Fig. 10).
Contrary to the IceCube detector, where – thanks to the unique position on the south

pole – on- and off-zones would have equal visibility for each individual point of time (see
Appendix B), the visibilities for each zone in Antares is different at particular times.
However, visibilities for the on-zone and each of the off-zones will equalise for a homogen-
eous data-taking over a sufficiently long range of time. In reality, the Antares-telescope
is a very dynamic detector with varying optical background from bioluminescence. Ad-
ditionally optical modules, entire lines, or even the whole detector happen to be in-active
for certain periods. This can induce differences in the visibility for the different zones.
Below, in Sec. 4.4.1, it is therefore verified that the background expectation is indeed
equal for all zones in the analysed data-set.
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Figure 11: On-zone (red, solid)

and the three off-zones (green,

solid) as seen within the ANT-

ARES detector at a particular

time. The range of nadir angles

is restricted to up-going events.

The dashed lines illustrate the

local positions within the de-

tector three hours later. The

off-zones are shifted in time by

6 (off-zone 1), 12 (off-zone 2)

and 18 hours (off-zone 3) with

respect to the on-zone.

4.2
∣

∣ Data for the analysis update

The existing 4–year FB analysis has analysed data from 2008 to 2011. Since then 2012
and 2013 data have been processed and are now available for analysis. Furthermore,
except for one single run (run 46195), a range of runs taken from end-December 2009
to mid-February 2010 (runs 45495→46576)7 was not analysed in the existing analysis
due to problems with the data production. These runs are now reprocessed and added
to the analysis.

4.2.1
∣

∣ Basic run selection

In Antares each data-run is assigned a quality basic value QB from 0 to 4. A standard
selection recommended by the data-quality working group is to use runs with QB ≥ 1.
This essentially ensures that data has been recorded throughout the duration of the
run and the trigger rates of one standard trigger, the 3N trigger, are in an acceptable
range from 10−2 to 102 Hz. Runs failing to meet this criterium usually have technical
problems. Higher quality basic values require that more than 80% of the optical modules
are actively taking data (QB ≥ 2) and that the optical background from bioluminescence
is low (baseline < 120 kHz and burst fraction < 0.4 for QB ≥ 3, baseline < 120 kHz and
burst fraction < 0.2 for QB ≥ 4) [41, 5.2]. In this analysis the standard selection QB ≥ 1
is used and only regular physics runs are selected. The latter requirement excludes runs

7although some runs of 2009 are part of this group of runs, for simplicity this period will be refered to
as the 2010 data
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that carry one of the following data-base flags:

• SCAN: These runs have been taken for monitoring during the optimisation of para-
meter settings.

• PRELIM: These runs have been taken with preliminary settings after changing some
setup parameters.

• HALF, OVER: The gain of the PMTs has been reduced by 1/2, 1/4 or 1/8 in these
runs. They behave very differently from the runs taken with the nominal gain.

• SPARKING: These runs are confirmed to be sparking (these are given in the 2007–
2011 list in Sec. D.1). See Sec. 4.2.3 for a detailed description and the identification
of additional sparking runs.

According to the data base, the collected lifetime passing this basic requirement 252
days in 2012 and 286 days in 2013, the period of 2010 contributes 39 days.

4.2.2
∣

∣ From the basic run selection to the final sample

Starting off from 4149 runs passing the basic selection, the final sample of runs is obtained
after five subsequent reduction steps. These steps exclude from the analysis:

1. Runs with incomplete data file:
For reconstruction a run is sometimes split into several parts, to keep the time
needed for processing reasonably small. Even if only part of the data for a run is
missing due to processing failures it is precluded from the analysis.

2. Runs with incomplete run-by-run Monte Carlo simulation:
For this analysis the version 3 of the run-by-run simulation is used. At the time
of finalising this analysis, the processing has not been fully completed. Hence,
runs where no full corresponding Monte Carlo simulation is available, need to be
excluded.

3. Runs that are identified or suspicious to be sparking:
A priory, only the sparking runs from 2007 to 2011 that are confirmed to be spark-
ing are already excluded from the analysis. Additional runs that are sparking are
hence excluded from the analysis: While for 2012 preliminary lists exist, analyses
using 2013 data [37, 42, 43] have only been finalised simultaneously with this ana-
lysis. Amongst these, the Antares point-source analysis using tracks and showers
[37] has tried to identify sparking runs and found three runs for 2013 data (70201,
70203, 70633), which are all confirmed to be clearly sparking by the method de-
veloped in this analysis, which is presented in Sec. 4.2.3.

4. Runs with processing problems:
Under items 1.) and 2.) runs, where the data file or part of the corresponding
simulation files was not present, are already subtracted. However, sometimes the
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Table 1: Number of runs passing the selection criteria for the analysis. Runs in each row satisfy

all previous requirements. A list of the final set of 2568 runs used for the analysis is given in

Appendix C.

year 2010 2012 2013 Σ

regular physics runs with QB ≥ 1 337 2636 1176 4149
data file complete 316 2626 1130 4072 - 2%

RBR V3 Monte Carlo complete 248 1909 940 3097 -24%

not identified as sparking 248 1881 938 3067 - 1%

no processing problems 204 1572 889 2665 -13%

good data/MC agreement 198 1511 859 2568 - 4%

attempt to read the AntDST file which was used for the analysis failed. Most
of these errors occured because the AntDST file to be read was corrupt. More
precisely, broken ROOT baskets, which are some partition of the data file in the
AntDST, and buffer or compression errors caused during production of the AntDST
files gave rise to problems.

5. Runs, where the agreement with the run-by-run simulation is bad:
The method used in the 4–year analysis selects only runs for which the data is well
described by the run-by-run simulation. This method is attuned to both the new
dataset and the new version of the Monte Carlo simulation (RBR V3) in Sec. 4.2.4.

Tab. 1 lists the number of runs available for the analysis after each of the above five
selection steps. From spring 2013 onwards the length of data-taking runs is increased
from 2 hours to 12 hours. This is why the number of runs in 2013 data is much smaller
than for 2012. The most dramatic decrease in data is due to the missing files of the RBR
V3 simulation, which could be recovered once all files are processed and made available.
This includes also the re-processing of Monte Carlo runs where all files were present but
partially corrupt. Compared to this, the lifetime that can be gained by recovering runs,
where part of the data files is not available or corrupt, is small. However, the intact
parts of these runs could rather easily be added to the analysis by adjusting the lifetime
in the corresponding Monte Carlo.
The final set of runs comprises a lifetime of

366 days (for a total of 2568 runs),

which can safely be added to the analysis. A full list of runs is given in Appendix C.
In the following, details are given on the identification of runs that are sparking and

runs where the agreement between data and the corresponding simulation is bad.

4.2.3
∣

∣ Identification of sparking runs

It was noticed that in Antares occasionally malfunctioning PMTs can produce sparks
of light that illuminate the whole detector during a limited time range of usually several
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minutes. Such sparking events typically are

• extremely bright, and

• reconstructed close to the problematic OM by shower reconstruction algorithms.

These fake events may be erroneously reconstructed as very high energy neutrino events
and unfortunately even obtain a good reconstruction quality. Hence, if a run is identified
to contain sparking events, it is usually excluded from physics analyses.
Previous attempts to find sparking runs have exploited at least one of their main

properties, brightness and proximity to an OM. For the identification one method uses a
high rate of events for which the respective reconstruction algorithm has used many hits
to fit the track or shower. For the AaFit track reconstruction algorithm runs that have a
high rate of events with more than 200 used hits are clearly sparking. The same applies
for the Dusj shower reconstruction and more than 100 used hits. The comparison of a
standard run and a sparking run that can be identified with this method is shown in
Fig. 12. This method may however miss problematic runs if the sparks are less bright
or directed away from the detector (see Fig. 13).
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Figure 12: The high rate of events with more

than 200 hits used by the AaFit track re-

construction present in the sparking run

(blue) is absent in a standard run (red).
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Figure 13: Run number 68245 (blue) be-

haves very differently from a standard run

(red). Nevertheless it is impossible to

identify this run as sparking by a high rate

of events with more than 200 hits used by

the AaFit track reconstruction.

Also, sparking runs have an increased rate of bright events where the vertex of the
shower fit is close (. 15m) to the nearest optical module [20]. Since just one of the 885
PMTs is expected to be sparking, the additional events at small distances to the optical
module will be generated by this particular PMT only. To see a deviation from a normal
run, again a hard cut on the number of used hits is applied [44]. Alternatively, it can
be checked for all OMs individually, if the light was emitted from the position of this
particular OM [41]. This method may even indicate which of the PMTs is sparking.
In this analysis a complementary approach is used to identify sparking runs: Since in a

sparking run the light flash is expected to be emitted from the same OM, the reconstruc-
ted vertices of the very brightest events should cluster near this particular problematic
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OM. For all available physics runs passing the basic quality selection (Sec. 4.2.1), the
25 events with the most hits used by the Dusj shower reconstruction are picked and the
average pairwise distance of their vertices,

r(n) =

∑n−1
i=1

∑n
j=i+1 rij

n·(n+1)
2

n=25−→ r =

∑24
i=1

∑25
j=i+1 rij

300
, (15)

is calculated, with rij being the Euclidean distance between the vertices of event numbers
i and j. The number 25 was chosen as a trade-off: Single real neutrino events, which
should have an isotropic distribution of interaction vertices, would lead to a large increase
in r for numbers much smaller than 25. For higher numbers the calculated r-value may
not be dominated by clustered bright sparking-events any more, but by lower energy
atmospheric neutrino or muon events. The values for r have been calculated for 13,263
physics runs from 2007–2013 and the distribution of the resulting values for r shown in
Fig. 14 is Gaussian around 192m with a root mean square (RMS) width of 20.3m. Runs
with r < (192m−5×RMS) ≈ 90m are marked as clearly sparking and are not analysed.
The distributions of the Dusj vertex positions and the number of used hits for all runs
identified as sparking are given in Sec. D.4. As a cross-check r was determined also for
2007–2011 runs that are confirmed to be sparking (listed in Sec. D.1). Many data-files of
these heavily sparking runs are not available, because the high number of shower events
could not be processed any more. The r–distribution for the rather weakly sparking ones
is indicated in green in Fig. 14. It can be seen that part of these are clearly sparking,
but also part of them are not sparking frequently of brightly enough to be identified by
a small average pairwise distance.
The center of the cluster, which is obtained by averaging over the 25 event positions,

is always in proximity to a storey and can help localising the problematic OM, as is clear
from the xy–projection in Fig. 15.

In addition to the runs found to be sparking already by other analyses8, 31 runs9

are newly identified as sparking thanks to their low average pairwise distance r. It is
interesting to see that some of these runs identified have subsequent run numbers10.
This indicates that it might rarely occur that a PMT is in a flashing state even for
periods as long as a day, probably multiple times for a short duration within this time
range. While all three runs for 2013 identified in the point-source analysis using tracks
and showers are also clearly identified by this method, it is clear from the runs identified
as sparking in previous years that a single method does not find all problematic runs.
Some problematic runs might still be undetected and above all it is not excluded that
a PMT might spark only once. To prevent such events from entering the data analysis,
an additional selection cut will exclude events which look more shower- than track-like.
This cut is introduced in Sec. 4.3

8A complete list is given in Sec. D.1.
9See Sec. D.2 for a list. Runs with r in the range of 3− 5×RMS below the mean are listed in Sec. D.3.

10The acoustic runs of the AMADEUS project [45] as part of the ANTARES detector also obtain run
numbers. Hence, ANTARES data-taking run numbers may differ by more than one although the
runs are indeed consecutive.
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with most number of hits used by the Dusj shower reconstruction algorithm is very low. Runs

with r < MEAN−5×RMS are clearly sparking. Normal runs are well fit by a Gaussian (black

line) with a mean of 192 m.

4.2.4
∣

∣ Agreement of measured and simulated muon rates

In the 4–year analysis only runs have been selected, where the amount of reconstructed
atmospheric muons is in agreement with the expectation from the run-by-run Monte
Carlo simulation. For the comparison all events with an AaFit track-fit quality of Λ >
−6.5 triggered by the 3N, T3, T2 and TQ triggers were selected. Here only atmospheric
muons are used to calculate the ratio since the contribution from neutrinos is negligible
compared to the muon flux if no additional cuts are applied. A weak cut on Λ is
necessary to exclude random coincidences, which occur during data-taking periods when
the optical background rates are high. This feature is seen in the Λ-distribution in Fig. 16
(right) for a sample of runs recorded in 2013. Also, from comparing the two plots in
Fig. 16, one clearly sees that the agreement between data and Monte Carlo is very good
for runs in 2010. For 2013 however, a deficit of events is seen in the data. A loss in this
ratio of measured to simulated muons has already been observed in the 4–year analysis.
There it was decided to exclude runs where the ratio is more than 3σ from the fitted
exponential loss of 6% per year (see Fig. 17). At present, the reason for the loss is not
fully understood, but it was suspected that the transmission of light through the OMs’
glass might be reduced due to sedimentation of dirt particles or adherence of bacteria
(bio-fouling) [18].
Also in 2012 and 2013 data a continuing loss in data is observed as shown in Fig. 18.

The 4–year analysis used version 2 of the run-by-run simulation (Fig. 18, red), which is
only available for data before December 2012. Since a large part of the new data will
be from 2013, this analysis uses the most recent Monte Carlo, i.e. version 3 (Fig. 18,
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Figure 15: The cluster positions

(black dots) of the sparking runs

from Sec. D.2 are all close to the

position of a detection line (red tri-

angles). Especially ANTARES line

11 in the lower left of the plot con-

tains PMTs which tend to be spark-

ing frequently.

blue). A zoom to the time range around early 2010, which had processing problems in
the 4–year analysis (Fig. 18, green), shows that the reprocessed data has a stable ratio
of data and Monte Carlo. The other eye-catching feature is that the ratio of data to
Monte Carlo for the run-by-run version 3 is constantly below the one for version two.
The large difference at this lowest cut stage comes from major changes in the Monte
Carlo between these versions. The most important modifications are [46]:

• The medium of photon generation and propagation was changed from pure water
to denser sea water.

• Several improvements in accuracy related to interpolation and histogramming were
implemented.

• An updated model for the PMT simulation was used (angular efficiency and glass
properties were changed).

• The scattering behaviour of light now includes wavelength dependence.

• Showers are simulated more accurately with a multi-particle approximation.

A closer comparison of the simulated event numbers for the two Monte Carlo ver-
sions (see Fig. 19) shows that using version 3 (RBR V3) instead of version 2 (RBR
V2) increases the number of reconstructed atmospheric muons by 33% at this low cut
stage. Also, this factor is constant over the whole period where a version 2 simulation
is available.
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Figure 16: Distribution of the track-fit quality Λ for samples of 100 runs in 2010 (left) and 2013

(right) selected to have a normal data to Monte Carlo ratio. Except for periods of low optical

background rates, events may be reconstructed from purely random coincidences with Λ .

−6.5. Comparing the above plots a loss in data is evident in 2013.

Figure 17: Left: Ratio of measured data events to simulated atmospheric muons in the 4–year

analysis. The runs within 3σ from the exponential fit are selected for the analysis (red). Right:

Distribution of the distance to the fit. Runs within 3σ = 0.18 of the Gaussian fit are selected.

Both figures taken from Ref. [18, C. 4.3.2].
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Figure 19: In the newer version of the run-by-run Monte Carlo (RBR V3), the number of simu-

lated events for each run which are reconstructed by AaFit with Λ > −6.5 is increased by 1/3

compared to the previous version (RBR V2).

For the runs from the 2010 period, the old selection criterium for a good data – Monte
Carlo agreement is re-used: The fit ratio R is an exponential function,

R = exp [A+B · (t/1 MJD)] , (16)

and for the runs used in the 4–year analysis the fit values determined for the RBR V2
simulation are

A = (10.3± 0.2), B = (−1.82± 0.03)× 10−4 (2008− 2011,RBR V2), (17)

which is a loss of 1− exp(−1.82 · 10−4 × 365.25) = 6% per year. With the scaling factor
of 0.746 determined in Fig. 19, this can be simply rescaled for the RBR V3 simulation
to:

A = (10.0± 0.2), B = (−1.82± 0.03)× 10−4 (2008− 2011,RBR V3) (18)

Here again, as in the 4–year analysis a run is selected, if

log2 (ratio/R) ≤ 0.18 (for 2008− 2011), (19)

and only six runs fail to meet this selection criterium for the 2010 period.
It turns out that the loss of 6% per year observed in the 4–year analysis has increased

during the last years and the fit cannot be extapolated to 2012 and 2013 data. Re-fitting
an exponential loss to the period from 2011 to 2013, the loss in this period is 14% per
year (see Fig. 20). The precise fit values are

A = (22.3± 0.3), B = (−4.05± 0.05)× 10−4 (2011− 2013,RBR V3). (20)

Plotting the distance of individual runs from the fit (Fig. 21) shows two peaks, centered
at -0.040 and +0.075. This indicates that the data – Monte Carlo ratio for the data-
runs has two levels. This might be due to the amount of bioluminescent background in
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a run or depend on which of the used triggers were active during data-taking, but was
not investigated further. Instead, the selection criterium was changed and the distance
to the closest of the two peak values, -0.040 and +0.075, was used. This is similar to
splitting the runs and fitting two exponential functions with the same loss, except that
it is not determined which run belongs to which level. As can be seen from Fig. 22, this
distribution looks much more Gaussian, although the procedure of taking the distance
to the closest of the two peaks suppresses the amount of outliers, and thus narrows down
the width of the distribution. A reasonable choice is therefore to re-use the value of 0.18
as maximum distance to be accepted, or equivalently

− 0.22 ≤ log2 (ratio/R) ≤ 0.255 (for 2008− 2011). (21)

This requirement excludes 91 runs in the new dataset. A full list of all runs excluded
due to bad agreement of data and Monte Carlo is given in Appendix E.
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Instead a steepening in 2011 is

observed. A new fit (green line)

from 2011 to 2013 yields an ex-

ponential decrease of 14% per

year. Red points are runs that

are accepted for the analysis

thanks to their proximity to the

fit.

4.3
∣

∣ Event pre-selection

For the analysis update the event pre-selection is adopted from the 4–year analysis. As
stated previously, the track analysis uses events reconstructed with the AaFit track-fit
algorithm. As energy estimator the ANN is used.
Events are required to pass all of the following pre-selection cuts in order to enter the

final event selection:

1. arriving from the on- or one of the off-zones:
Only events coming from the approximated shape of the Fermi Bubbles or one of
the regions for background determination are selected.

2. BBFit χ2
track < χ2

point:

BBFit [47] is an alternative χ2–based fitting algorithm. It fits both a track hypo-
thesis (χ2

track) and a shower hypothesis (χ2
point), i.e. emission of the light from a

30



(ratio/fit)
2

log
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

ru
n

s
 /
 b

in

0

50

100

150

200

250

distance from the fit (2012 & 2013 runs)distance from the fit (2012 & 2013 runs)

Figure 21: Distance from the observed ratio of

data to RBR V3 muons for 2012 and 2013

runs. Two peaks at -0.075 and +0.04 are

observed. The red line shows the fit of a

double-Gaussian.

modified distance from the fit
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

ru
n

s
 /
 b

in

1

10

210

absmin(dist. from fit -0.075, dist. from fit +0.04) (2012 & 2013 runs)
 / ndf 2χ    532 / 98

Constant  8.2± 443.8 

Mean      0.000534± -0.004125 

Sigma     0.0004± 0.0346 

absmin(dist. from fit -0.075, dist. from fit +0.04) (2012 & 2013 runs)
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suppresses outliers, hence instead of 3σ ≈
0.1 from the fit, the value of the 4–year ana-

lysis is used, which excludes runs with a

modified distance of larger than 0.18 to the

closer level.

point source. Selecting only χ2
track < χ2

point suppresses events which appear shower-
like. It was shown [18], that this cut also very efficiently removes sparking events
that might still be present in the data-set after the removal of sparking runs in
Sec. 4.2.3.

3. nUsedHitsAaFit > 10:
This cut admits only events where AaFit has used more than 10 hits to fit the track.
This ensures a stable fit result and also suppresses background.

4. AaFit zenith θ > π/2:
Only events that are recontructed as up-going are selected to reject most of the
atmospheric muons, which despite the overburden of sea water still dominate over
the neutrino signal by six orders of magnitude in Antares.

5. AAFit β < 1◦:
The cut on the angular error estimate β of the AaFit reconstruction deselects events
with misreconstructed direction.

The track-fit quality Λ is very efficient to suppress atmospheric muons, and therefore
one of the parameters the final cut optimisation will be done on. However, for the
comparison of data and Monte Carlo (Sec. 4.4) the following pre-selection cut will be
also applied:

6. AaFit Λ > −6:
The loose cut on the AaFit track-fit quality, Λ, is mainly to exclude pure noise
events that are not simlated but present in the measured data.
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4.4
∣

∣ Data ↔ data and data ↔ Monte Carlo checks

Using the events passing the pre-selection above in Sec. 4.3, it is necessary to make
several quality checks before moving on with the final event selection and the unblinding
of the data-set. These checks validate the analysis method of using on- and off-zones
(Sec. 4.4.1), and ensure that the data agrees well with the expectation from the run-by-
run simulation (Sec. 4.4.2).

4.4.1
∣

∣ Validation of the on-/off-zone choice

In Sec. 4.1 it was argued that the visibility for the different zones equalise over time. If
this really is the case for the used data-set needs to be checked.
To this end, the number of events coming from each of the three off-zones is compared

by calculating the difference (cf. [18])

diffij =
Ni −Nj

〈Noff〉
× 100% (22)

for the pairs of zones (i,j)={(1,2), (2,3), (3,1)}. Here 〈Noff〉 =
∑3

i=1Ni/3 is the average
number of events observed per off-zone. This difference is calculated for all possible
combinations of equally spaced cuts on the range of track fit quality, Λcut = −6 . . . −3,
and the reconstructed energy, log10

(

Ecut
ANN[GeV]

)

= 2 . . . 6 as shown in Fig. 23.
It can be seen that most of the points lie within the grey shaded band, which represents

the 68% statistical error band. The error band is obtained via propagation of a
√
N error

on the number of events for each of the three zones in Eq. 22. More intuitively, 68% of
the measured diffij would lie within this region when drawing i and j randomly from a
Poissonian distribution around a mean 〈Noff〉 (black dashed line). The line-like structures
in Fig. 23 originate from the fact that two very similar pairs of cuts (Λcut,1 ≈ Λcut,2,
Ecut,1

ANN ≈ Ecut,2
ANN) will select almost the same set of events, and therefore will also have a

similar asymmetry. Anyway, since the majority of points lies within the statistical error,
it can be concluded that the visibility for the three off-zones is similar. For a broad
range of cuts (region 〈Noff〉 . 500) slightly more events are seen in off-zone 3 than in
the other two.
A similar difference can be calculated between the on-zone and the average from the

off-zones. However, since this analysis uses a blind-strategy, the quantity is calculated
with the run-by-run simulation for atmospheric neutrinos instead of real data (cf. [18]):

diffon/off =
NMC

on − < NMC
off >

< NMC
off >

× 100%. (23)

The same range of cuts on Λ and EANN as for the comparison amongst the off-zones is
used to plot the asymmetry between on- and off-zones in Fig. 24. Here again, the grey
band represents the statistical error, which is based on the event weights of the run-
by-run MC simulation. This is why the error band is much narrower for the difference
between on- and off-zones (Fig. 24) than for the comparison amongst the off-zones using
real data (Fig. 23). Fig. 24 shows that ≈ 4% more events are seen in the on-zone
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Figure 23: Difference between data events from the different off-zones for cuts on Λ and

log10(EANN). Most of the points lie within the 1σ statistical error band (grey area). Colors

indicate pairs of zones – red: (i,j) = (1,2), green: (i,j) = (2,3), blue: (i,j) = (3,1).

compared to the off-zones for the various cuts. This small excess is however still at
the edge of the statistical error band. In summary, it is expected that the background
contribution is similar for all off-zones and also the on-zone for the analysis update.

In addition, it is favourable to avoid an overlap of the off-zones with possible extended
neutrino sources. A recent Antares search [42] for a neutrino flux from a bar around
the Galactic Centre and a circular region around an overfluctuation seen in the 3–year
IceCube high energy starting events (HESE) analysis [48] has also used on- and off-zones
for the signal search. Here, the FB off-zones do not overlap with the signal regions, and
the overlap of the signal regions in both analyses is small. On top of this, no excess over
the background expectation was found in the Galactic Centre and the IceCube ’warm
spot’ [42]. The ’Model-independent search for neutrino anisotropies with the Antares

neutrino telescope’ looks for an excess in neutrino events in clusters of all sizes and
preliminary results are presented in Ref. [49]. The region containing the most significant
(2.5σ) cluster has a vast extension of ≈ 1.3 sr on the southern sky. It is reassuring that
the off-zones in the FB analysis have only small overlap with the structure – 0.03 sr for
off-zone 1 and 0.09 sr for off-zone 3. The overlap with the on-zone is 0.2 sr, but it must
be stated that the major part of the events used for the multiscale-search was of lower
energies than the ones used in the FB analysis. No problematic overlap with previous
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extended source searches is thus found.

4.4.2
∣

∣ Data/MC checks and reweighting of Monte Carlo

Re-weighting of the atmospheric muon simulation: From the data agreement
with Monte Carlo in the run selection (Sec. 4.2.4), it is apparent, that the number of
reconstructed atmospheric muons will drop for the 2012 and 2013 data. The amount of
this drop has been calculated in a dedicated analysis that derived the loss in quantum
efficiency from the decrease in the 40K background coincidence rate [50]. This resulted
in a formula for down-weighting the MUPAGE weight of 3 per simulated muon by the
multiplicative factor

wQE = 3.622− 3.985 · 10−5 × RUNNUMBER, (24)

for run numbers greater than 68306. In this analysis Eq. 24 was used for reweighting
the muon simulation for run numbers greater than 68306. For lower run numbers a
constant factor of 0.9 was applied to allow for a smooth transition of this re-weighting.
This additional weight factor is also presented in Fig. 26. From the Λ-distribution in
the off-zones after the event pre-selection in Fig. 27, it can be seen, that at low Λ
values the MUPAGE expectation – even with this factor applied – still overestimates
the measured contribution of atmospheric muons. A change from the main component
of the atmospheric background from muons to neutrinos is seen at Λ ≈ −5.2. Since
an incomplete compensation of the difference in simulated and observed muons only
results in a more conservative estimate on this background, and the final selection will
cut almost all muons away, the re-weighting derived from the quantum efficiency studies
is used without further modification.
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Figure 27: Λ distribution (left: normal, right: cumulative) of the whole dataset used for the

analysis update. All events coming from the off-zones with the pre-selection applied are

shown in black. Atmospheric muon (red) weights are quantum-efficiency corrected. Nominal

Monte Carlo weights are used for atmospheric neutrinos (blue). The sum of atmospherics is

shown in light green. The additional green line in the lower part of the cumulative distribution

represents the level of a simulated E−2 FB flux.

Lambda distribution For the whole time period, also less atmospheric neutrinos are
reconstructed than is expected from the run-by-run simulation (compare the central part
of the cumulative plot in Fig. 27). This is most easily seen in the cumulative distribution,
where the content of each bin i is the sum over all bins j with j ≥ i.
It is interesting to see, if this drop is present for all the data used in the analysis. To

this end, the dataset is split into three parts, and the distribution is shown for each year
– 2010, 2012 and 2013 – separately in Fig. 28.
It is apparent that the agreement between data and Monte Carlo, whilst good for

Λ > −5.2 in 2010, gets worse in 2012 and 2013. The overfluctuation for large Λ values in
the cumulative distribution for 2012 is due to the overfluctuation in the uppermost bin.
Besides this, the 2012 and 2013 distribution constantly observe less data than expected.
For this analysis, it has been decided to rescale the 2012 and 2013 Monte Carlo to match
the measured flux for Λ > −5.1 by a constant factor. A more detailed study of the origin
and evolution of this loss would involve reproducing part of the Monte Carlo simulation
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Figure 28: Distribution for Λ with the original Monte Carlo weights for each year separately. Left:

normal, right: cumulative. See caption of Fig. 27 for a detailed description.
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by 0.7. Red: atmospheric muons, blue: atmospheric neutrinos, black line: sum of MC, dia-

monds: data.

with varied parameters for the quantum efficiency. This is desirable for the future, but
beyond the scope of this thesis. Also, since the estimated loss from the quantum efficiency
studies on a neutrino signal is only 3% [50], no re-scaling is used for the simulated FB
flux in this analysis. The rescaling factor for the 2012 and 2013 atmospheric
neutrino simulation is determined to be 0.7. This factor gives a data to Monte Carlo
ratio of 1 in the cumulative distribution at Λ = −5.1. The cumulative distribution after
this rescaling is shown in Fig. 29. The rescaling is still within the uncertainty on the
Bartol flux normalisation, which is of the order of ≈ ±30%. However, also the 4–year
analysis has used a constant factor to tune the Monte Carlo [18, Sec. 5.4]. Although this
used RBR V2 Monte Carlo and a direct comparison of the numbers may not be strictly
correct, the Monte Carlo neutrinos had to be scaled up by 23%. This emphasises even
more that there is a loss seen in the atmospheric neutrinos over the years.

ANN energy distribution In the 4–year analysis (cf. [18, Sec. 5.4]), the comparison
of measured and simulated data has shown, that the distribution for the simulated
neutrino flux is shifted to lower energies. This can be compensated by shifting the
simulated flux by +0.1 in logarithmic scale of the reconstructed ANN energy to obtain
the reconstructed energy

log10 (Ereco [GeV]) = log10 (EANN [GeV]) + 0.1. (25)

Since the 4–year analysis has used RBR V2 Monte Carlo, but RBR V3 is used here, it
needs to be checked if this shift is still applicable. The cumulative distributions of the
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reconstructed energy for the data and the simulated shifted neutrino background in the
three off-zones agree well after the rescaling of the neutrino flux by 0.7 (see Fig. 30).

log( [GeV])

Figure 30: Distribution of the reconstructed energy for Λ > −5.1. Blue: atmospheric neutrinos,

red: atmospheric muons. The lower bound of the expected FB flux for an E−2 spectrum

and no cut-off, scaled by a factor of 3 to allow for easy comparison with the offzones, is also

indicated (green). The Monte Carlo distribution is shifted by +0.1 in log-scale.

The scaled and shifted off-zone distributions for Λ and Ereco shown in Fig. 31 have
a good agreement of data and Monte Carlo. As stated above, the Λ distribution has a
dominating contribution of atmospheric neutrinos for Λ . −5.2. Similarly, the recon-
structed energy shows a transition from atmospheric neutrinos to a FB signal in the
region above 10 TeV, depending on the assumed FB spectrum. For this reason, the final
cut optimisation is done on these two parameters in the following section, Sec. 4.5.

4.5
∣

∣ Cut optimisation

In Fig. 31 it was shown that the neutrino signal from the FB tends to have a better
track-fit quality Λ than the misreconstructed atmospheric muons and differs from the
atmospheric neutrino flux by a harder energy spectrum, which results in higher recon-
structed energies Ereco. Hence, the two variables are key variables for the suppression of
atmospheric backgrounds.
The cut values on these two variables, the track fit quality parameter Λcut and the

reconstructed energy Ecut
reco, are optimised to yield the best average upper limit on the

signal flux. A popular method in neutrino astronomy to do this optimisation is the
model rejection factor (MRF) technique [51].
However, this analysis of the 2012/13 data will later be combined with the result of the
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4–year analysis. The procedure described in Ref. [51] is therefore extended to account
for the result of this initial analysis as follows. The first measurement has observed
Non,1 = 16 events in the on-zone and an average background of Noff,1 = 11 events in the
three off-zones. The optimal cut values for the new data are obtained by minimising the
average upper limit on the signal flux:

Φ90% = Φmodel
s90%(b2|Non,1, Noff,1)

s1 + s2
= Φmodel ×MRF, (26)

where s1 + s2 is the number of simulated signal events that originates and is recon-
structed within the on-zone in the whole data taking period used for the initial analysis
(s1) and the update (s2). The signal flux was simulated with the assumed neutrino
fluxes Φmodel from Eq. 8. For a known mean number of simulated background neutri-
nos from the off-zones in the new dataset, b2, an average over the 90% confidence level
Feldman&Cousins [52] upper limits, µ90%, can be calculated as

s90%(b2|Non,1, Noff,1) =

∞
∑

k=0

µ90%(k +Non,1, b2 +Noff,1)× Poisson(k|b2). (27)

This is an average over all possible numbers of events k observed in the on-zone weighted
by the according Poisson probability of observing k events given the background b2.
The value µ90%(Nobserved, Nbackground) represents an upper limit on the number of signal
events at 90% confidence level, when Nobserved events are observed and the background
contained in this observation is Nbackground. Upper limits using Eq. 27 with Non,1 = 16
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Figure 31: Off-zone distribution of Λ and Ereco for measured (black points) and simulated

events. On the left a transition of the main contribution from muons (red) to neutrinos (blue)

is seen in the track fit quality parameter at Λ ≈ −5.2. On the right the distribution of the

reconstructed energy for Λ > −5.1 is shown. The signal flux (scaled up by a factor of 3 for

easy comparison with the off-zones) for an E−2 spectrum (green) and an E−2.18 spectrum

(brown) is also indicated for a 50 TeV cut-off and no cut-off . The pre-selection mentioned in

the text has been used. A scaling factor of 0.7 has been applied to the atmospheric neutrino

flux to allow for better agreement between measured data and simulation. Figures taken from

Ref. [28].
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and Noff,1 = 11 have been calculated using the Feldman&Cousins method of the ROOT

software framework11 and are given in Fig. 32. Setting Non,1 and Noff,1 to zero reduces
the MRF calculation in Eq. 26 to the standard case of a single measurement developed
in Ref. [51].
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Figure 32: Average 90% signal upper

limits calculated for different num-

bers of the mean background b. The

red line is obtained for a second

analysis under the condition that

the initial analysis has observed

Non,1 = 16 events in the signal re-

gion and an average of Noff,1 =
11 events in the off-zones (Eq. 27).

The blue line denotes the average

upper limit for a single analysis (i.e.

Non,1 = 0, Noff,1 = 0).

MRF values (Eq. 26) are calculated for a two-dimensional range of possible cut values
on Λcut and log10(E

cut
reco[GeV]) and the set of cuts minimising the MRF represents the

sensitivity of the Antares detector to the neutrino flux from the Fermi Bubbles.
For an exemplary spectral index of α = 2.0 and a cutoff of Ecutoff = 500TeV, Fig. 33

shows the event distributions12 of the atmospheric backgrounds (blue) and the expected
signal flux (red) that survive the pre-selection (Sec. 4.3). The resulting MRF landscape
for this signal spectrum is depicted in Fig. 34 and the best pair of cut values is indicated
by a marker. The steplike behaviour of the MRF in the lower left part of Fig. 34 is

11available from https://root.cern.ch
12The number of bins per axis that is used for the MRF optimisation is a factor 5 higher than in Fig. 33.
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due to the sparse simulation of atmospheric muons in this region (as can be seen from
Fig. 33). If a cut value is decreased and an additional simulated muon is accepted, the
high individual event weight compared to the neutrino fluxes leads to a step-like increase
of the MRF.
To obtain a conservative sensitivity, the lower bounds of the neutrino flux normalisa-

tions (Eq. 9, Eq. 10) have been used for the simulated signal. The sets of cuts (Λcut,
Ecut

reco) optimising the average upper limit on the neutrino flux given in Eq. 26 and the
respective flux coefficients are reported in Tab. 2 for an E−2 and an E−2.18 neutrino
spectrum with cut-off energies of 50 TeV, 100 TeV, 500 TeV and with no cut-off. Here,
the background simulation has been reweighted as reported in Sec. 4.4.2. It has been
checked (see Appendix G), that this reweighting of the background simulation does not
notably change the optimal cut values. Since the MRF minimum is very shallow, the
obtained MRF does not increase significantly when using only one set of cuts, the cuts
for 100TeV (second last row in Tab. 2), also for the other cut-off energies. This shows
that only one unblinding for a single pair of cut values per spectral index yields an op-
timal result for all cut-off energies. Furthermore, it has been verified that the cut values
used in the 4–year analysis yield MRF values which are close to optimal (last row in
Tab. 2). Hence, the cuts of the 4–year analysis,

Λcut > −5.14 and log10
(

Ecut
reco[GeV]

)

= 4.03, (28)

are also used for this analysis, which is very convenient for the comparison of the two
analyses. Tab. 3 presents the number of signal events remaining for each of the spectra
after applying this final set of selection cuts.
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Figure 34: MRF values for

different cuts on the re-

constructed energy, Ecut
reco,

and track fit quality, Λcut

assuming a Fermi Bubble

flux with spectral index
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500 TeV. For the optimal

cut values Λcut = −5.16,

log10 (E
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reco[GeV]) = 3.73

a MRF value of 4.7 is ob-

tained.
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Table 2: Results for the cut optimisation for an E−2 (E−2.18) neutrino spectrum on the left (right)

with different cutoff energies.The coefficient for the flux sensitivity A
α

90% is given in units of

1× 10−7 GeVα − 1 cm−2 s−1 sr−1. This flux sensitivity is the obtained MRF times the model

flux of Eq. 9, Eq. 10. Grey shaded numbers indicate the cut values used to calculate the

100 TeV cuts sensitivity.

E−2 neutrino spectrum: E−2.18 neutrino spectrum:

Ecutoff,ν [TeV] ∞ 500 100 50 ∞ 500 100 50

Λcut -5.34 -5.16 -5.16 -5.34 -5.16 -5.16 -5.16 -5.32

log10
(

Ecut
reco[GeV]

)

4.04 3.78 3.64 3.52 3.68 3.64 3.44 3.36

background MC 5.61 8.32 12.1 24.6 10.9 12.1 20.1 34.3
signal MC 1.6 1.2 0.81 0.74 0.36 0.29 0.24 0.23

A
α
90% 3.73 5.60 9.41 13.9 29.3 38.3 59.0 78.3

Applying the cut values obtained for 100TeV to all other cutoff energies:

A
α
90% ( 100 TeV cuts ) 3.83 5.65 9.41 14.1 30.5 39.3 59.7 79.2

Applying the cut values obtained in 4–year analysis to all cutoff energies:

A
α
90% (cuts from Ref. [17])a 3.78 5.74 10.0 15.5 30.0 40.2 65.3 91.3

aΛcut
> −5.14, log10

(

E
cut
reco[GeV]

)

> 4.03̄

Table 3: Number of signal (Nsig,MC) and background (Nbgr,MC) events in the run-by-run simula-

tion passing the final selection using the analysis cuts of the 4–year analysis (Λcut > −5.14,

log10 (E
cut
reco[GeV]) > 4.03̄).

Nsig,MC, E
−2 spectrum Nsig,MC, E

−2.18 spectrum Nbgr,MC

Ecutoff,ν [TeV] ∞ 500 100 50 ∞ 500 100 50

2008–2011 RBR V2a 2.9 1.9 1.1 0.7 – – – – –
2008–2011 RBR V3 2.93 1.93 1.08 0.72 0.55 0.41 0.25 0.18 (not calc.)
2012–2013 RBR V3 1.42 0.94 0.53 0.35 0.27 0.20 0.13 0.09 4.10

aNumbers taken from [18, Tab. 5.2].

43



Table 4: Parameters of the 22 neutrino candidates found in the on-zone for 6–years of ANTARES

data.

# run date Λ logEa (l,b)

1 35246 2008-09-10 -3.95 4.14 ( 12, 30)
2 35583 2008-09-22 -4.81 4.98 (-12, -18)
3 36471 2008-10-17 -4.86 4.41 ( 9, 38)
4 36908 2008-11-07 -5.02 4.19 ( 1, 41)
5 38756 2009-01-28 -4.13 4.23 ( 15, 19)
6 38791 2009-01-31 -4.72 4.31 ( 15, 23)
7 40917 2009-05-20 -4.89 4.37 ( -4, 25)
8 43555 2009-10-01 -4.46 4.09 ( 6, -35)
9 44124 2009-10-28 -4.93 4.92 ( 0, 43)

10 46640 2010-02-17 -4.77 4.10 ( 11, 30)

alog10 (Ereco [GeV])

11 47870 2010-04-07 -4.57 4.19 ( -9, -26)
12 53563 2010-12-02 -5.03 4.26 ( 3, 43)
13 53804 2010-12-13 -4.83 4.3 ( 5, -28)
14 54210 2010-12-29 -4.07 4.75 ( 10, -29)
15 54898 2011-01-29 -4.09 4.19 ( 2, -41)
16 60845 2011-11-08 -4.47 4.39 ( 5, 32)

17 62033 2012-01-07 -4.68 4.29 ( -2, -8)
18 62477 2012-01-30 -5.14 4.32 ( -2, -47)
19 66859 2012-09-23 -4.73 4.37 ( -9, -23)
20 68961 2013-01-17 -4.96 4.08 ( 8, -38)
21 72065 2013-08-03 -4.79 4.13 (-13, -23)
22 72985 2013-10-05 -5.11 4.27 ( 13, -31)

4.6
∣

∣ Analysis result

To validate the analysis chain developed for the new data-set, the 806 days of data used
in the 4–year analysis are re-analysed, and the same events 16 on-zone and 33 (9+12+12)
off-zone events as in the 4–year analysis are obtained.
Then, the new dataset comprising a life-time of 366 days is analysed using the cut

values Λcut > −5.14 and log10
(

Ecut
reco[GeV]

)

= 4.03 determined in Sec. 4.5 with all pre-
selection cuts (Sec. 4.3) applied.
In the three off-zones 1, 2 and 3 events are observed. Whereas an averaged background

of 2 events is thus expected, 6 signal candidates are measured in the on-zone. The
distribution of the on-zone events observed in this analysis is shown together with the
16 on-zone events of the 4–year analysis in Fig. 35.

Figure 35: Galactic coordinates of the

neutrino events observed in the on-zone.

Grey crosses are the 16 events found in

the 4–year analysis, green stars indic-

ate the positions of the signal candidates

found in the analysis update.

All six neutrino candidates found in the new analysis originate from the southern lobe,

44



Figure 36: Comparison of the re-

constructed energy for the on-

zone and the average over the

off-zones. Figure taken from

Ref. [28].
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which is not startling since the visibility in Antares is higher than for the northern
lobe. In contrast, also a band of neutrinos reconstructed within the northern bubble was
observed in the 4–year analysis. The observed events do not show a strong clustering
in time, as can be seen from Tab. 4. Also, the additional on-zone events in the new
analysis are all in the lower part of the reconstructed energy range above the cut, as
shown in Fig. 36. Comparing the reconstruction result of the AaFit track reconstruction
and the Dusj shower reconstruction on the Antares event display (see Appendix F),
all six neutrino candidates found look clearly track-like.
Combining the two analyses, a total of 22 (16+6) on-zone events is found in six years

(2008–2013) of Antares data. The background in the three off-zones in the same
dataset sums to an average of 13 (11+2) events.
Since an excess is seen in the on-zone, it is a key question how significant this excess

is. In frequentist statistics, a discovery can be claimed, if the probability is very small to
make an observation from overfluctuating background only. This probability is usually
defined as the area in a Gaussian tail in terms of σ. 3σ would be an ’evidence’ for a
signal, a discovery can be claimed if the probability exceeds 5σ.
It was first shown by Li and Ma in Ref. [53], that the statistical significance S of an

excess in an on- and off-zone analysis can be estimated with the following calculation:

S =
√
2

{

Non ln

[

1 + α

α

(

Non

Non +Noff

)]

+Noff ln

[

(1 + α)

(

Noff

Non +Noff

)]}1/2

, (29)

where 1/α = 3 is the number of off-zones. Non is the total number of events observed
in the on-zone, Noff the total number of all three off-zones together. It was shown, that
S corresponds to a single tail of a Gaussian distribution, and can therefore be used to
express the significance in units of standard deviations for this type of measurement
using on- and off-zones with low statistics [53].
The excess in the 16 on-zone events over the expected background of 33/3 = 11 off-

zone events Eq. 29 yields a significance of 1.2σ in the 4–year analysis alone [17]. For the
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6 on-zone events and a total of 6 background events in the analysis update, the obtained
significance is 1.86σ. For the whole analysed period from 2008 to 2013 with 22 on-zone
events and 39 off-zone events, the excess is 1.92σ.

Figure 37: Signal significances

calculated using Eq. 29 for an

excess in the events measured

in the onzone Non over the av-

erage background 〈Noff〉. The

solid (dashed) lines represent

two to five standard deviations

when the background is meas-

ured in three (four) off-zones.
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Fig. 37 shows that the significance of a measured excess does only increase marginally
if the background was determined from four instead of three off-zones.
Under the assumption that the excess of nine events over the background expectation

of 13 in the on-zone is due to a real signal, 2–3 times the current statistics is needed
for an evidence of a FB flux at the 3σ-level with the current analysis. While there
is no sufficient amount of data to achieve this with the current event selection in the
track-channel alone, a combined analysis using tracks and showers and an optimised
run-selection may achieve this. The expectation of the actual signal flux for the most
optimistic, and considering the mentioned preliminary Hawc result too optimistic, case
of an E−2 spectrum without cut-off is 4.3–8.7 events (cf. Tab. 3 and taking into account
that the lower bound of the allowed flux from Eq. 9 was taken for the MRF optimisation).
However, the measured excess is still compatible with background only. The observed
background of 33 in the previous analysis would yield 15 events of background when
scaling the lifetime. Only 6 are observed, which can be attributed to the increasing
amount of broken OMs and, in particular, to the loss in data due to (presumably) aging
or biofouling observed in the last years.

4.7
∣

∣ Systematic uncertainties and flux upper limit

Since the excess seen in the on-zone is not statistically significant, upper limits are set
on the signal flux. The 90% upper limits are again calculated using the approach by
Feldman&Cousins [52]:

Φ90% = Φmodel ×
µ90% (Non = 22, 〈Noff〉 = 13)

s1 + s2
, (30)

where s1, s2 are the number of signal events for the 4–year analysis and the new analysis
from Tab. 3, and µ90% is the 90% Feldman&Cousins upper limit for the observed number
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Figure 38: Upper limits on the neutrino flux from the Fermi Bubbles for different cutoff energies

(black: no cut-off, red: 500 TeV, green: 100 TeV, blue: 50 TeV). The shaded areas are the

corresponding flux predictions for hadronic models. The limits are drawn for the energy range

where 90% of the signal is expected. Figures taken from Ref. [28].

of signal and background events. The obtained upper limits are given in Fig. 38. The
model fluxes are indicated as shaded bands. The upper limits presented do not yet
include systematic errors. A dedicated simulation with the absorption and scattering
lengths varied by ±10% is still to be done at the moment of writing this thesis, and
the upper limits will shift up slightly when including these. Also the potential loss
of signal events due to the reduced quantum efficiency should be evaluated. Already
without systematics it can be seen, that the upper limits are above the flux sensitivities
determined in Tab. 2, which is due to the strong excess observed in the on-zone.
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5
∣

∣ Conclusion & Outlook

The latest analysis by Fermi-LAT [23] disfavours a hard E−2 neutrino spectrum from
the Fermi Bubbles. Therefore a steeper spectrum has been derived from the Fermi data
for the analysis of 2012 and 2013 data. In the run selection a new method to identify
sparking runs in Antares was presented. It has been shown, that the analysis-cuts
of the 4–year analysis can be re-used as the result of a dedicated cut optimisation.
The analysis resulted in an excess of 6 events observed in the on-zone with an expected
background of 2 events. The combined significance of the excess in six years of Antares

data sums to 1.9σ, which is not statistically significant, but drives the upper limits above
the flux sensitivity. Here, a detailed study of the systematics still needs to be included
to the upper limits calculation.

In the future, the KM3NeT detector will improve the sensitivity by at least one order
of magnitude [54]. Until then, also a more detailed study of the γ-ray spectrum by the
Hawc observatory will set better constraints of the neutrino flux that can be expected
from the Fermi Bubbles.
Since shower reconstructions with a small angular resolution compared to the size of

the Fermi Bubbles are at hand in Antares, the next step will be a combined analysis
using tracks and showers. Results from this study of combining tracks and showers are
still due and therefore not part of this thesis, but the use of multivariate methods to
select the track and shower signal is envisaged. The result from this will either further
increase the intriguing excess seen in the on-zone or be able to set more stringent limits
on the signal flux.
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Appendix

A
∣

∣ Additional cross-checks regarding cut-offs and spectral
indices of the gamma-ray spectrum

In the analysis, a spectral index of the proton flux of αp = 2.25 corresponding to a γ-flux
spectral index of α = 2.18 was assumed. This spectral index was reported in Ref. [25]
as the best-fit value to the measured FB spectrum when the proton flux is parametrised
as a power-law spectrum with exponential cut-off,

dΦp

dE
= N ·

(

Ep

1GeV

)−α

· exp
[

− Ep

Ecutoff,p

]

, (31)

with a flux normalisationN . There, the γ− and neutrino-spectra used are a parametrisa-
tion derived from the Sibyll code [24]. In the following, the best-fit choice of αp = 2.25
(based on a coarse scanning with step-width 0.25) is verified with a full parameter scan
on the spectral index αp and the proton cutoff Ecutoff,p using the cparamlib package [55]
which is an implementation of the γ– and neutrino-flux parametrisations by Kamae et al.
[56] & Karlsson and Kamae [57]. Also the approximation of Ecutoff,ν ≈ 1/20×Ecutoff,p is
compared to the Sibyll parametrisation, and comments on the shift from 2.25 to 2.18
between the proton and neutrino spectrum are given.

Parameter scan for best fit proton spectral indices and cutoffs

For the proton parametrisation in Eq. 31, with a known spectral index αp and cutoff-
energy Ecutoff,p, the γ-ray spectrum can be obtained using the flux parametrisation in
the cparamlib package [55]. The obtained spectrum has the parametrisation N as a
free parameter. Fitting this spectrum to the Fermi Bubble spectrum observed by Fermi-
LAT, will yield a p-value, which is 0, if the fit is very bad. The data points for the
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Figure 39: Fit of two γ-ray spectra (red line) obtained with the cparamlib package to the energy

spectrum of the Fermi Bubbles [23, Tab. 2].
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Fermi Bubble flux are taken from [23, Tab. 2]. Fig. 39 shows a fit of the γ-ray spectrum
resulting from the proton flux for two exemplary cut-off energies and spectral indices.
A parameter scan is done in several steps in a range of 2.0 < αp < 2.3 and 10TeV <

Ecutoff,p < 10PeV. The resulting p-value of the fits is presented in Fig. 40. It can be seen
that for the desired PeV cut-off energies a spectral index in the range of 2.15–2.20 yields
the best fit, which is not far from the value of 2.25 used in the analysis. Also, Ref. [25]
uses a relatively coarse scanning (∆αp = 0.25) of αp and uses the spectra separated into
northern and southern bubble for the fit. Given this, both results are in good agreement.
For steeper spectra (αp ≈ 2.0), cut-off energies of below 100 TeV are needed to fit the
Fermi-LAT data.

Some more details on the Sibyll parametrisation of the neutrino flux

In Fig. 41 (left), the neutrino flux parametrisation of Ref. [24], is fit with an E−2.20 and
an E−2.18 power-law. This illustrates, why the index of 2.18 is used for the analysis
instead of the more natural choice of using less decimal digits, i.e. 2.2. Also, looking
at Fig. 41 (right), it can be seen that an E−2 neutrino flux would be generated by a
slightly softer proton spectrum with an index close to αp = 2.05.

Comparing the cutoff Ecutoff,ν ≈ 1/20×Ecutoff,p assumed in Eq. 7 for Ecutoff,p = 30PeV
with the parametrisation of the neutrino flux in Fig. 42, it can be seen that the cutoff
in the parametrisation is at slightly higher energies. Hence, the factor 1/20 yields a
conservative estimate for the neutrino cutoff.
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Figure 41: Left: Comparison of an E−2.18 (red) and E−2.20 (blue) fit to the neutrino flux para-

metrisation. Right: Parametrised γ-fluxes for different proton spectral indices.
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B
∣

∣ On- and off-zones at the IceCube detector

The IceCube detector is located directly at the south pole (i.e. at 90◦ S). Hence, in con-
trast to Antares (cf. Fig. 11), neutrinos coming from the Fermi Bubbles are observed
as down-going events or close to the horizon. Also, the rotation of the lobes in detector
coordinates during the day is in the opposite direction compared to Antares. As illus-
trated in Fig. 43 for down-going events, a total of three off-zones can be accomodated
also at the IceCube detector.
Due to the special position at 90◦ S, a point within the Fermi Bubbles will always

be observed at the same zenith angle in local coordinates. Hence, for every point in
time the visibility of each zone will be the same (given azimuthal dependences can be
neglected). This is an advantage with respect to Antares, where the visibilities are
only equal when averaged over a sidereal day. On the other hand, a search for a signal
from the Fermi Bubbles would need to concentrate on down-going and horizontal events,
where the rejection of atmospheric muons takes more effort.
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Figure 43: On-zone (red, solid)

and the three off-zones (green,

solid) as seen within the

IceCube detector at a par-

ticular time. The range of

zenith angles is restricted

to down-going events. The

dashed lines illustrate the local

positions within the detector

three hours later. The off-

zones are shifted in time by 6

(off-zone 1), 12 (off-zone 2)

and 18 hours (off-zone 3) with

respect to the on-zone.
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C
∣

∣ List of runs used for the track analysis
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D
∣

∣ Details on the identified sparking runs

Runs listed in Sec. D.1 have been identified by collaborators. The method described in
Sec. 4.2.3 is able to identify runs listed in Sec. D.2. Sec. D.3 contains runs where the
brightest events are loosely clustered, some of them may also contain sparking events.

D.1
∣

∣ Sparking runs identified by others

2007–2011:
30658 31309 33608 33610 34663 34665 35467 36600 36666 36670 36689 38347 38348 38349
38351 38352 38353 38355 38357 38482 39192 41668 41671 42507 42509 42511 42513 42746
42915 42919 43196 43202 43206 43210 43215 43684 43996 44030 44035 44070 45242 46980
51036 53508 53851 54512
2012–2013:
52675 54512 55259 56457 63718 64452 64457 65532 66037 66039 66042 66046 66049
66053 68950 70201 70203 70633

Bold face run numbers are suspect to be sparking but have not yet been confirmed.

D.2
∣

∣ Sparking runs found in this analysis (i.e. r < MEAN− 5× RMS)

33608 33610 36666 36670 36689 42513 42746 42771 43996 44030 52675 52676 54512
64028 64619 65512 65518 65568 66020 66022 66035 66037 66039 66041 66042
66044 66046 66048 66049 66051 66053 66055 66235 66239 66241 66242 66248
66250 66255 66280 66282 66289 66291 66293 66295 66297 66300 68245 70201
70203 70633

Bold face run numbers have not been identified as sparking before (i.e. are not listed in
Sec. D.1).

D.3
∣

∣ Low average pairwise distance runs found in this analysis
(i.e. MEAN− 5× RMS < r < MEAN− 3× RMS):

60847 64678 65506 65508 65572 66027 66033 66058 66060 66077 66237 66257 66287

D.4
∣

∣ Event distributions for clustered sparking runs

For each of the runs identified as sparking by the low average distance of Dusj vertices
(Sec. D.2), the distributions of the number of hits used by the Dusj and AAFit recon-
struction algorithms are shown (plot 1, plot 2). Also the Dusj vertex distribution for all
events with more than 100 (plot 3) and more than 50 (plot 4) used hits is shown. If the
run has low statistics, the distribution for more than 15 used hits is shown instead of
the one for more than 100.
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Sparking run 33608: r =2.0m, AAFit rate (≥ 200 used hits): 34.56mHz
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Sparking run 33610: r =5.0m, AAFit rate (≥ 200 used hits): 5.17mHz
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Sparking run 36666: r =3.6m, AAFit rate (≥ 200 used hits): 46.91mHz
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Sparking run 36670: r =13.1m, AAFit rate (≥ 200 used hits): 41.77mHz
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Sparking run 36689: r =1.8m, AAFit rate (≥ 200 used hits): 58.06mHz
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Sparking run 42513: r =66.2m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 42746: r =56.2m, AAFit rate (≥ 200 used hits): 0.17mHz
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Sparking run 42771: r =87.3m, AAFit rate (≥ 200 used hits): 0.4mHz
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Sparking run 43996: r =83.0m, AAFit rate (≥ 200 used hits): 0.67mHz
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Sparking run 44030: r =79.2m, AAFit rate (≥ 200 used hits): 0.07mHz
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Sparking run 52675: r =12.6m, AAFit rate (≥ 200 used hits): 1.27mHz
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Sparking run 52676: r =56.4m, AAFit rate (≥ 200 used hits): 0.15mHz
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Sparking run 54512: r =84.2m, AAFit rate (≥ 200 used hits): 22.3mHz
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Sparking run 64028: r =19.9m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 64619: r =73.9m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 65512: r =32.4m, AAFit rate (≥ 200 used hits): 0.0mHz

nHits
0 100 200 300 400 500 600

ra
te

 [
1

/s
]

-410

-310

-210

-110

1

10

Hits used in Dusj shower fitHits used in Dusj shower fit

nHits
0 100 200 300 400 500 600

ra
te

 [
1

/s
]

-410

-310

-210

-110

1

Hits used in AAFitHits used in AAFit

x

814081608180820082208240826082808300

y

2250
2300

2350
2400

2450
2500

z

-2200

-2180

-2160

-2140

-2120

-2100

-2080

-2060

-2040

-2020

Dusj position for nUsedHits>100

N_tot: 42

av. pos (top25): 8143, 2333, -2060

Dusj position for nUsedHits>100

x

8000
8100

8200
8300

8400
8500

y

2200
2250

2300
2350

2400
2450

2500
2550

2600

z

-2300

-2250

-2200
-2150

-2100

-2050

-2000

-1950
-1900

Dusj position for nUsedHits>50

N_tot: 288

Dusj position for nUsedHits>50

XVII



Sparking run 65518: r =63.5m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 65568: r =73.7m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 66020: r =73.6m, AAFit rate (≥ 200 used hits): 0.1mHz
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Sparking run 66022: r =70.1m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 66035: r =8.6m, AAFit rate (≥ 200 used hits): 2.76mHz
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Sparking run 66037: r =5.4m, AAFit rate (≥ 200 used hits): 10.12mHz
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Sparking run 66039: r =7.7m, AAFit rate (≥ 200 used hits): 2.81mHz
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Sparking run 66041: r =45.7m, AAFit rate (≥ 200 used hits): 1.15mHz
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Sparking run 66042: r =5.3m, AAFit rate (≥ 200 used hits): 16.68mHz
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Sparking run 66044: r =8.4m, AAFit rate (≥ 200 used hits): 0.69mHz
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Sparking run 66046: r =8.7m, AAFit rate (≥ 200 used hits): 0.83mHz
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Sparking run 66048: r =44.2m, AAFit rate (≥ 200 used hits): 0.25mHz
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Sparking run 66049: r =41.2m, AAFit rate (≥ 200 used hits): 1.12mHz
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Sparking run 66051: r =32.4m, AAFit rate (≥ 200 used hits): 0.1mHz

nHits
0 100 200 300 400 500 600

ra
te

 [
1

/s
]

-410

-310

-210

-110

1

10
Hits used in Dusj shower fitHits used in Dusj shower fit

nHits
0 100 200 300 400 500 600

ra
te

 [
1

/s
]

-410

-310

-210

-110

Hits used in AAFitHits used in AAFit

x

8050
8100

8150
8200

8250
8300

8350

y

2300
2350

2400
2450

2500

z

-2250

-2200

-2150

-2100

-2050

Dusj position for nUsedHits>100

N_tot: 92

av. pos (top25): 8142, 2330, -2057

Dusj position for nUsedHits>100

x

8000
8100

8200
8300

8400
8500

y

2200
2250

2300
2350

2400
2450

2500
2550

2600

z

-2300

-2250

-2200

-2150

-2100

-2050

-2000

-1950

Dusj position for nUsedHits>50

N_tot: 580

Dusj position for nUsedHits>50

XXIV



Sparking run 66053: r =7.3m, AAFit rate (≥ 200 used hits): 4.56mHz
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Sparking run 66055: r =55.5m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 66235: r =36.0m, AAFit rate (≥ 200 used hits): 0.1mHz
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Sparking run 66239: r =12.8m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 66241: r =13.8m, AAFit rate (≥ 200 used hits): 0.14mHz
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Sparking run 66242: r =44.5m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50
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Sparking run 66248: r =55.8m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50

Sparking run 66250: r =68.1m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50
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Sparking run 66255: r =83.5m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50

Sparking run 66280: r =14.6m, AAFit rate (≥ 200 used hits): 0.11mHz
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Dusj position for nUsedHits>50
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Sparking run 66282: r =31.9m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50

Sparking run 66289: r =36.9m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50
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Sparking run 66291: r =61.5m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50

Sparking run 66293: r =31.0m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50
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Sparking run 66295: r =41.9m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50

Sparking run 66297: r =64.3m, AAFit rate (≥ 200 used hits): 0.1mHz
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N_tot: 431

Dusj position for nUsedHits>50
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Sparking run 66300: r =45.6m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 68245: r =46.5m, AAFit rate (≥ 200 used hits): 0.0mHz
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Sparking run 70201: r =1.3m, AAFit rate (≥ 200 used hits): 40.83mHz
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Sparking run 70203: r =1.2m, AAFit rate (≥ 200 used hits): 7.71mHz
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Sparking run 70633: r =2.4m, AAFit rate (≥ 200 used hits): 0.0mHz
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Dusj position for nUsedHits>50
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E
∣

∣ List of runs excluded due to bad agreement of measured
and simulated data

2010:
45701 45703 45750 46367 46409 46411
2012 & 2013:
62517 63051 63064 63066 63082 63120 63423 63425 63427 63436 63555 63718 63747 63773
64028 64200 64202 64264 64277 64278 64295 64305 64367 64400 64434 64558 64574 64576
64577 64623 64632 64642 64674 64678 64682 64683 64718 64736 64810 64877 64882 64887
64893 64894 64895 64897 64935 64937 64938 64940 64944 64946 64951 64952 64954 64956
65047 65048 65054 65072 65077 65091 65100 65109 65118 65139 65532 66310 67396 67637
68738 68973 69476 69525 70206 70331 70358 70685 70690 70718 70797 70803 70809 70811
70835 70846 70866 70916 70929 70954 70967 70971 70974 70976 71108 71141 71315 71348
71390 71490 71523 71525 72976
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∣ Event displays for the 6 on-zone events

The event display for all six neutrino candidates found in this analysis looks better for
the track reconstruction (AAFit) than for the shower reconstruction (Dusj). The size
of the coloured spheres indicates the deposited charge, the coloring indicates times from
early (red) to late (blue).
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∣ MRFs without re-weighting of the background
simulation

In the analysis, the atmospheric neutrino flux for 2012 and 2013 is scaled by a factor of
0.7 in order to provide good agreement between data and the Monte Carlo simulation.
As a cross check, the MRF optimisation is done without this re-scaling, and the result is
given in Tab. 5. The obtained MRF values do not differ significantly. The optimal cut
for the reconstructed energy tends to shift to higher energies, because of the increased
background.

Table 5: Results for the cut optimisation for an E−2 (E−2.18) neutrino spectrum on the left

(right) with different cutoff energies. In contrast to Tab. 2, the atmospheric neutrino flux is not

rescaled in the Monte Carlo to match the data. The coefficient for the flux sensitivity A
α

90%

is given in units of 1× 10−7 GeVα − 1 cm−2 s−1 sr−1. Gray shaded numbers indicate the cut

values used to calculate the 100 TeV cuts sensitivity.

E−2 neutrino spectrum: E−2.18 neutrino spectrum:

Ecutoff,ν [TeV] ∞ 500 100 50 ∞ 500 100 50

Λcut -5.34 -5.27 -5.16 -5.16 -5.26 -5.16 -5.16 -5.16

log10
(

Ecut
reco[GeV]

)

4.04 3.87 3.67 3.58 3.86 3.70 3.58 3.50

background MC 7.52 11.3 15.6 19.8 11.5 14.4 19.8 24.2
signal MC 1.6 1.2 0.79 0.62 0.33 0.28 0.21 0.18

A
α
90% 3.82 5.78 9.83 14.7 30.3 40.0 62.3 83.6

Applying the cut values obtained for 100TeV to all other cutoff energies:

A
α
90% ( 100 TeV cuts ) 3.99 5.89 9.83 14.8 31.2 40.6 62.6 84.2

Applying the cut values obtained in 4–year analysis to all cutoff energies:

A
α
90% (cuts from Ref. [17])a 3.87 5.87 10.2 15.9 30.7 41.0 66.8 93.4

aΛcut
> −5.14, log10

(

E
cut
reco[GeV]

)

> 4.03̄
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