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The Fermi Bubbles are two giant lobes of γ-ray emission above and below the Galactic Center.
Whereas the origin of the observed γ-ray flux remains obscure, the measurement of a neutrino
flux from the Fermi Bubbles could distinguish between leptonic and hadronic emission scenarios.
Such a search for a neutrino signal from the Fermi Bubbles has been performed with the ANTARES

neutrino telescope in the Mediterranean Sea using four years of data. The search has used charged
current muon neutrino interactions, which produce muons with long tracks in the detector and
therefore have an angular resolution of well below one degree. In the analysis, the background is
determined from off-regions and compared to the number of events observed in the Fermi Bubble
zone. The results of an update using data from 2012 and 2013 are presented. Since no statistically
significant excess was found the new upper limits for six years of ANTARES data are presented.
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1. Introduction

The Fermi-LAT experiment has revealed two giant lobes of γ-ray emission extending 7−8kpc
(≈ 50◦) above and below the Galactic Centre [1]. These are commonly referred to as the Fermi
Bubbles (FB). Structures in spatial correlation with the FB have also been observed in X-rays [2],
in the microwave band [3] and radio-wave band [4]. To date the origin of the FB remains unknown.
Several proposed models explaining the emission include hadronic mechanisms, in which the γ-
rays together with a corresponding neutrino signal are produced by the collisions of cosmic-ray
protons with interstellar matter [5, 6, 7]. In contrast, models based on leptonic mechanisms or
dark matter decay would yield less neutrino emission or none at all [1, 6, 8, 9]. The observation
of a neutrino signal from the FB region would therefore give a unique possibility to discriminate
between the different models.

A search for a signal from the Fermi Bubbles with the ANTARES neutrino detector with four
years of data (2008–2011) has already set an upper limit on the neutrino flux [10]. The analysis
used off-zones with same visibility in the ANTARES detector to determine the background in the
Fermi Bubbles’ region. In the signal region a statistically insignificant excess of 1.2 σ over the
background was observed. In this proceeding, the result of an update on the existing analysis using
two additional years of data taking (2012 & 2013) is presented.

The ANTARES telescope [11, 12] is a deep-sea neutrino detector located 40km off Toulon
(France) taking data in its final configuration since 2008. In the search for a neutrino signal from
the FB muons and neutrinos emerging from cosmic-ray interactions in the atmosphere constitute
the main backgrounds. While the water overburden acts as a partial shield, the rate of atmospheric
muons coming from above the detector still dominates over the neutrino signal. Signal searches
reduce this background by looking only at events coming from below the detector. The cosmic
signal is distinguished from atmospheric neutrinos by its harder energy spectrum. A cut on the
reconstructed energy exploits this feature.

This analysis focusses on charged current interactions of muon neutrinos (νµ + νµ ). In this
interaction channel a relativistic muon is produced and emits Cherenkov light along its path through
the water. The direction is reconstructed by maximising a likelihood which fits the photon arrival
times at the optical modules (hits) to the Cherenkov emission on the hypothesised muon track. This
gives a median angular resolution on the neutrino direction of 0.46◦ [13].

Thanks to the detector position at 43◦ latitude in the northern hemisphere, ANTARES has an
excellent visibility to the region around the Galactic Centre. Their position hence makes the Fermi
Bubbles an ideal target to look for galactic neutrino emission.

2. Spectrum of the expected neutrino flux from the Fermi Bubbles

Fig. 1 shows the shape of the γ-ray lobes observed with Fermi-LAT. They show a relatively
uniform γ-ray emission over the whole region [1]. Ref. [1] measured a hard γ-ray spectrum without
visible cutoff compatible with a power-law E−α with spectral index α = 2, and a corresponding
flux of

E2 dΦγ

dE
≈ 3−6×10−7 GeV cm−2 s−1 sr−1. (2.1)
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Figure 1: The geometric shape used in the analysis
(shown in blue) has a good overlap with the shape of
the FB structure found in Ref. [14] (indicated in red).
Especially the ’cocoon’ structure (dark red), which
shows a higher γ intensity, is well covered (91%).

A more recent study by Fermi-LAT on the spectrum of the γ-rays prefers steeper spectra or low
cutoff energies. Using the γ-flux parametrisation from the SYBILL-code from Ref. [15], it is shown
in Ref. [16] that an E−2.25 proton spectrum can produce a γ-flux that fits the Fermi-LAT data
well. A power-law fit to this parametrisation at energies beyond 10GeV yields a spectral index of
α = 2.18 and a γ-flux (c.f. [16, Fig. 2])

E2.18 dΦγ

dE
≈ 0.5−1.0×10−6 GeV1.18 cm−2 s−1 sr−1. (2.2)

In a purely hadronic emission scenario a γ-ray flux and a corresponding neutrino flux are
generated by the decay of neutral and charged pions, which emerge from the interaction of cosmic-
ray protons with the interstellar gas [15]. At high energies the neutrino and γ-ray flux in this
hadronic case differ only by a scaling factor ξ (αγ) [17],

Φν(E) = ξ (αγ)×Φγ(E). (2.3)

The scaling depends on the spectral index of the γ-rays, αγ , and is ξ (αγ)≈ 0.41 (0.36) for an E−2
γ

(E−2.18
γ ) spectrum [17].

The Fermi satellite due to its limited size 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.
Within our galaxy it is however assumed that protons can only be efficiently accelerated up to
energies of 1–10 PeV [5]. 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.
An equal distribution over the four daughters in pion decay yields

Ecutoff
ν = 0.05×Ecutoff

p (2.4)

for the neutrino cutoff, i.e. cutoffs in the range of 50− 500TeV. Combining Eq. 2.1 with an
exponential cutoff from Eq. 2.4 and taking into account the scaling factor yields the expected
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Figure 2: Hammer equal-area map
projection in galactic coordinates
showing the on-zone and off-zones.
The shaded area is the Fermi Bub-
bles region (on-zone). The three
off-zones are shifted by 6, 12 and
18 hours in time. The colour scale
represents the visibility of the sky at
the ANTARES site ranging from 0h
(white) to 24h (blue) per day. Fig-
ure taken from Ref. [20].

neutrino fluxes,

Eα
dΦνµ+νµ

dE
= Aα

model× exp
(
− E

Ecutoff
ν

)
, (2.5)

A2.0
model = 1.2−2.4×10−7 GeV cm−2 s−1 sr−1 for α = 2.0, (2.6)

and similarly for the flux assumption from Eq. 2.2,

A2.18
model = 1.8−3.6×10−7 GeV1.18 cm−2 s−1 sr−1 for α = 2.18. (2.7)

3. Event selection for the on-/off-zone analysis

For the analysis a preliminary event selection is applied on the data to reject badly recon-
structed events and background: To reject most of the atmospheric muons only events reconstructed
as up-going are selected. Events are kept, if the track fit algorithm used more than 10 hits. A cut on
a parameter describing the angular error of the reconstruction, β < 1◦, deselects events with misre-
constructed directions. Shower-like events are identified by an alternative χ2-based fit algorithm.
This algorithm assumes the hypothesis of a showering event signature (χ2

point) and that of a muon
track (χ2

track). Events which are shower-like (χ2
point < χ2

track) are excluded from the analysis.
The optimisation of the event selection is done on two parameters: The track fit quality Λ,

and the reconstructed energy Ereco. The cut on Λ is mainly used to reject atmospheric muons. The
energy estimate Ereco is determined by Artificial Neutral Networks. To produce these a machine
learning algorithm was trained to derive an energy estimate [18] from a set of variables, such as
the number of detected photons and the total charge deposited on the optical modules. For 10TeV
muons the median resolution is 30% on log10(Ereco[GeV]).

A blind strategy is adopted for the analysis in which the optimisation of the cuts on Λ and Ereco

is performed using simulated signal and background data only.
For the signal search the number of events originating from the combined region of the two

FB lobes above and below the Galactic Centre (on-zone) is compared to the background observed
in regions from which no signal is expected (off-zones). A simplified shape of the FB, which ap-
proximates the template area identified in Ref. [14], is used for the analysis. The exact shape is
illustrated in Fig. 1. The off-zones are chosen as fixed regions in galactic coordinates of identical
shape and size as the on-zone. In the detector these shapes are observed with a time-shift of 1/4,
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1/2 and 3/4 of a siderial day and therefore have the same visibility as the on-zone (see Fig. 2). Gaps
in the data-taking and slight changes in the detector efficiencies can however lead to differences in
the observed numbers of events in the on- and offzones. This effect was checked and found to be
negligible. More specifically the numbers of events recorded in each of the off-zones were com-
pared for various cut levels (Λcut, Ecut

reco) and the differences were found to be within the statistical
uncertainty. The approach of using on- and off-zones has also been used recently in a search for an
enhanced neutrino emission from the southern sky [19]. The distributions of the parameters used
for the cut optimisation, Λ and Ereco, are shown in Fig. 3 for events coming from the off-zones with
the preliminary event selection applied.

At energies of 100 TeV and beyond the prompt neutrino flux from semi-leptonic decay of
charmed particles might be a major contribution to the atmospheric neutrino background. This
component is not present in the simulated data and the uncertainty on its flux is large. Due to the
on- and off-zone approach this effect will however not alter the final result significantly.

4. Cut optimisation

To determine the optimal cut values for the dataset used in the update, the result of the 4–
year FB analysis needs to be taken into account. This first measurement has observed an average
background of noff,1 = 11 in the off-zones and non,1 = 16 events in the on-zone. The optimal cut
values for the new data are obtained by minimising the average upper limit on the flux:

Φ90% = Φνµ+νµ

s90%(b2|non,1,noff,1)

s1 + s2
, (4.1)

where s1+s2 is the number of signal events simulated with the assumed neutrino flux Φνµ+νµ
from

Eq. 2.5 in the whole data taking period used for the initial analysis (s1) and the update (s2). For a
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Figure 3: Off-zone distribution for measured (black points) and simulated events of the two reconstruction
parameters used for optimisation of the signal sensitivity: 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 compared to the distribution of simulated data. 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 preliminary
event selection mentioned in the text has been used. A scaling factor within the systematic uncertainties of
the Bartol model has been applied to the atmospheric neutrino flux to allow for better agreement between
measured data and simulation.
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Table 1: Resulting cut values (Λcut, log10 (E
cut
reco[GeV])) from the cut optimisation for an E−2 (E−2.18)

neutrino spectrum on the left (right) with different cutoff energies. The average upper limits on the flux
coefficient Aα

90% are given in units of 1×10−7 GeV(α−1) cm−2 s−1 sr−1. In the last row, the cut values
Λcut = −5.14 and log10 (E

cut
reco[GeV]) = 4.03 from the previous 4–year analysis have been applied for all

cut-off energies.

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 (E

cut
reco[GeV]) 4.04 3.78 3.64 3.52 3.68 3.64 3.44 3.36

Aα

90% 3.73 5.60 9.41 13.9 29.3 38.3 59.0 78.3
Aα

90% (cuts from [10]) 3.78 5.74 10.0 15.5 30.0 40.2 65.3 91.3

known number of simulated background events in the new dataset, b2, signal upper limits with a
90% confidence level, µ90%, are calculated following the approach in Ref. [21] to obtain the upper
limit

s90%(b2|non,1,noff,1) =
∞

∑
k=0

µ90%(k+non,1,b2 +noff,1)×Poisson(k|b2), (4.2)

which is an average over all possible numbers of events k observed in the on-zone weighted by
their Poisson probability. In the case of no discovery this best average upper limit represents the
sensitivity of the ANTARES detector to the neutrino flux from the Fermi Bubbles [22].

The sets of cuts (Λcut, Ecut
reco) optimising the average upper limit on the neutrino flux given in

Eq. 4.1 and the respective flux normalisations are reported in Tab. 1 for an E−2 neutrino spectrum.
For an E−2.18 spectrum the corresponding values are also given.

5. Results

The analysis used data taken in 2012 and 2013. In addition, two months of 2010 data which
were not part of the 4–year analysis were added to the new analysis. Using only runs with low
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Figure 4: Distribution of the reconstructed en-
ergies for the six years of ANTARES data anal-
ysed with the preliminary event selection and
the final cut on the reconstruction quality pa-
rameter, Λcut > −5.14, applied. From com-
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zone can be seen at energies beyond the cut at
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Figure 5: Upper limits on the neutrino flux from the Fermi Bubbles for different cutoffs (black: no cut-off,
red: 500 TeV, green: 100 TeV, blue: 50 TeV) assuming a purely hadronic emission scenario. The shaded
areas are the corresponding flux predictions. The limits are drawn for the energy range where 90% of the
signal is expected.

optical background from bioluminescence and runs with good data taking conditions the total life-
time of the additional dataset sums to 366 days (c.f. 806 days in the 4–year analysis). Since the
sensitivity does not change significantly when using the cuts of the 4–year analysis, i.e. Λ >−5.14
and log10(Ereco[GeV])> 4.03, these cuts are also applied to the unblinded new dataset. In the three
off-zones 1, 2 and 3 events are observed and add to the 33 background events in the 4–year analy-
sis. In the region of the Fermi Bubbles 6 events are detected in addition to the 16 events in the first
analysis. In Fig. 4 the energy distribution of the signal events in the on-zone is compared to the
off-zones. Using the calculation from Ref. [23], the observed excess in the signal region is 1.9σ .
The 90% upper limits on the neutrino flux for the ANTARES data from 2008–2013 were calculated
using the approach of Feldman&Cousins [21] and are presented in Fig. 5. At the moment of writing
this proceeding, a dedicated study of the systematic error is still ongoing.

6. Conclusions and outlook

In six years of ANTARES data the number of events observed in the Fermi Bubbles region
shows yet no statistically significant excess over the background expectation. In the first 806 days,
16 events were found in the on-region with respect to 33 in the three off-regions, corresponding to
an excess of 1.2σ . Adding the new data set of 366 days, the number of events in the signal region
increases to 22, and the background to 39/3, with an excess of ≈ 1.9σ .

This analysis used track-like event signatures coming from charged current muon neutrino
interactions. In contrast, charged current interactions with an electron in the final state and neu-
tral current interactions produce showers of light with a much shorter extension in the forward
direction. Recently developed methods provide an angular resolution of 5◦ and below [24] with
ANTARES . This makes extended sources like the Fermi Bubbles an ideal target for a combined
analysis using track- and shower-like interaction channels. Also, in future, the KM3NeT detector
as successor of ANTARES will improve the sensitivity to the neutrino flux from the FB by at least
one order of magnitude [25].
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