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ABSTRACT

A highly significant excess of high-energy astrophysical neutrinos has been reported by the IceCube
Collaboration. Some features of the energy and declination distributions of IceCube events hint at a
North/South asymmetry of the neutrino flux. This could be due to the presence of the bulk of our Galaxy
in the Southern hemisphere. The ANTARES neutrino telescope, located in the Mediterranean Sea, has
been taking data since 2007. It offers the best sensitivity to muon neutrinos produced by galactic cosmic
ray interactions in this region of the sky. In this letter a search for an extended neutrino flux from the
Galactic Ridge region is presented. Different models of neutrino production by cosmic ray propagation are
tested. No excess of events is observed and upper limits for different neutrino flux spectral indices I' are
set. For I' = 2.4 the 90% confidence level flux upper limit at 100 TeV for one neutrino flavour corresponds
to <I>(1)f(100 TeV) =2.0- 10717 GeV~'ecm~2s~1sr~!. Under this assumption, at most two events of the
IceCube cosmic candidates can originate from the Galactic Ridge. A simple power-law extrapolation of
the Fermi-LAT flux to account for IceCube High Energy Starting Events is excluded at 90% confidence

level.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Neutrino telescopes search for high-energy (E, > GeV) neutri-
nos produced by astrophysical objects. The ANTARES detector [1] is
the largest underwater neutrino telescope. Its effective area, good
angular resolution and good exposure to the southern sky has al-
lowed the detector to produce the best limits on neutrino emission
up to 100 TeV from point-like objects at negative declinations [2].

The IceCube Collaboration has reported the observation of as-
trophysical neutrinos with the High Energy Starting Events (HESE)
[3,4], and confirmed the discovery in other analyses [5,6]. The se-
lection of HESE and of the lower-energy events reported in [5] is
based on vetoing techniques [7], detecting contained events from
all directions, and the observed signal is dominantly composed
of shower-type events. Individual neutrino sources have not been
identified so far. The flux of these events is compatible with the
hypothesis of isotropy [8] and equipartition in the three neutrino
flavours [9]. The limited statistic and the poor angular resolution
make the HESE sample insensitive to a possible asymmetry from
neutrinos arising from the northern and southern sky regions.

Muon neutrinos coming from the northern hemisphere are de-
tected as upward-going muon tracks. The IceCube Collaboration
has observed astrophysical neutrinos also in this upward-going
sample [6]. By comparing the spectral energy distribution of this
sample to that of other analyses, a difference in the shape between
the neutrino flux observed in the southern sky and the one from
the northern sky is found, with a significance of 20.

For the ANTARES location, in the Mediterranean Sea, the south-
ern sky is accessible via upward-going muon tracks, for which
a median angular resolution of 0.4° for a E M—z neutrino energy
spectrum is achieved [10]. Individual neutrino sources have been
searched for using ANTARES data alone [2] and in combination
with IceCube events [11]. The search method uses an unbinned
maximum likelihood ratio estimation that accounts for the energy
and directional information of individual neutrino candidates. This
significantly reduces the influence of the atmospheric background
in the search for a cosmic signal.

The current ANTARES upper limit on point-like sources in the
central region of the Galaxy corresponds to a spectral energy dis-
tribution E,2dN,/dE, ~ 0.9 - 1078 GeVecm 25~ 1. At 1 TeV, this
limit is about four times higher than the neutrino flux expected
by the only hadronic accelerator discovered so far in our Galaxy
[12]. However, as motivated in §2, the Galactic plane is considered
a guaranteed extended source of neutrinos originating from the
decay of short-lived particles induced by the interaction of cos-
mic rays (CRs) with interstellar matter. Recent computations [13,
14] suggest that the neutrino yield from this process could be at
least one order of magnitude larger than that of still unresolved
point-like sources. These conclusions have been derived by the
measurement of the flux of y-rays by satellite and ground experi-
ments, part of which is due to hadronic mechanisms than produce
neutrinos as well. This neutrino flux is anyway too low to entirely
explain the IceCube signal observed in the Southern sky [15,16].

In this letter, a search for neutrinos (v, + v, ) on an extended
region of solid angle AQ = 0.145 sr centred in the Galactic ori-
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gin is described. Data collected by the ANTARES neutrino tele-
scope (described in §3) from 2007 to 2013 have been used. Atmo-
spheric neutrinos represent a diffuse, irreducible background for
all searches of neutrinos of astrophysical origin. The flux of atmo-
spheric neutrino at 1 TeV is more than three order of magnitude
larger than the signal reported in [5]. Differently from the search of
neutrino point-like sources, the method considered here relies on
the search for an excess of neutrino-induced upward going events
in the high-energy tail of the measured spectrum. The observed
muon provides a proxy of the neutrino energy [17]. The signal is
in fact expected with harder spectral index (o< E ;F, with T" studied
from 2.0 to 2.7) with respect to that of the background (c E;37).
A crucial point to maximise the signal is the definition of the size
of the considered region. The challenges of this work in the re-
duction of the background and the optimisation procedures based
on Monte Carlo simulations are described in §4. The results of the
analysis are presented and discussed in §5 and §6.

2. Neutrinos from our Galaxy and the IceCube signal

The isotropic flux of high-energy cosmic neutrinos measured
by the IceCube Collaboration was modelled with power-laws
dN,/dE, = CDOE;F, yielding relatively soft spectral indices (I" > 2).
The value T = 2 is expected for neutrinos produced from primary
CRs accelerated by the simplest Fermi shock acceleration models
[19,20] and interacting near their sources [21]. The E; %0 spectrum
is excluded [8] in the energy range between 25 TeV and 2.8 PeV
with a significance of more than 3.80, assuming that the astro-
physical neutrino flux is isotropic and consisting of equal flavours
at Earth. Under the same assumptions, the best-fit spectral in-
dex is ' =2.50 £ 0.09 and the normalisation at the energy of
100 TeV (for all three neutrino flavours, 3f) is <I>8f(100 TeV) =
6.771-1-107'8 Gev~'em~2s~'sr~". No significant excess is found
when searching for spatial anisotropies. Muon neutrinos coming
from the northern hemisphere [6] yields a best-fit, single-flavour
flux <I>(1)f(100 TeV) = 9.9735 - 10719 GeV~'em 257 'sr~! and as-
suming I' = 2. It is worth noting that this particular channel can
access neutrinos only at energies above 100 TeV because of the
more abundant atmospheric background from v, -induced events,
while analyses including shower-like neutrino interactions have
lower energy thresholds.

The separate fit of the fluxes from the northern and southern
hemispheres [8] indicates a preference (although with small sta-
tistical significance) for a harder spectrum in the northern hemi-
sphere. Moreover, some authors have observed that events are con-
centrated near the Galactic Centre and Galactic Plane regions in a
way that seems inconsistent with an isotropic neutrino distribution
[22,23]. Such a difference between the northern and southern skies
could potentially stem from the presence of a softer contribution to
the neutrino flux from the Galaxy in the southern hemisphere [24].

The isotropic distribution of extragalactic sources (such as ac-
tive galactic nuclei or y-ray bursts) presumably dominates the sig-
nal from the northern hemisphere. Models generally predict that
neutrinos from these sources will be generated via photo-hadronic
interactions of high-energy protons with low-energy photons of
the background. These models are characterised by relatively high-
energy thresholds (due to charged pion production) and disfavour
a soft neutrino spectrum [25,26]. Other extragalactic sources, such
as starburst galaxies [27], are expected to produce neutrinos pri-
marily by proton-proton (or nuclei) interactions and subsequent
decay of secondary charged mesons (mainly pions). In this case,
the emission has a spectral index I' close to that of the parent
hadrons and a lower energy threshold [28]. Since in p-p interac-
tions the number of charged pions is approximately twice that of

neutral pions (which decay to a pair of y), the neutrino flux can be
constrained from the observed y-ray flux. Due to the high density
of matter in the central part of the Galactic Plane, a neutrino signal
coming from this part of the sky, mostly located in the southern
hemisphere, is expected to follow this emission scenario.

Fermi-LAT data provide the best measurement of the diffuse
y-ray flux in the Galactic Plane up to ~ 100 GeV [29]. Given
certain model assumptions, the fraction of this flux attributed to
hadronic processes can be estimated, allowing the derivation of
the neutrino yield from CR propagation. Models with a constant
diffusion coefficient of CR in our Galaxy predict a much lower and
softer neutrino spectrum (I" >~ 2.7) [30,31] than that measured by
IceCube.

New predictions for the neutrino production due to CR propa-
gation have been presented recently. The authors of [13] start with
the observation that conventional models of Galactic CR propa-
gation cannot explain the large y-ray flux measured by Milagro
[32] from the inner Galactic Plane region and by H.E.S.S. [33]
from the Galactic Ridge region. To reconcile Fermi-LAT, Milagro
and H.E.S.S. data, they have developed a phenomenological model
characterised by radially-dependent CR transport properties, which
predicts a neutrino spectral index in the range I' >~ 2.4-2.5. In [14],
a sizeable neutrino flux is expected to be produced by the inter-
action of fresh CRs, which are hadrons supplied by young acceler-
ators and contained by the local magnetic field, with the ambient
matter. The authors of [34] note that IceCube observes 3 events
in the E, > 100 TeV energy range with arrival direction compati-
ble with a Galactic Ridge origin (|£| < 30°, |b| < 4°). Furthermore,
the corresponding neutrino flux matches the high-energy power-
law extrapolation of the spectrum of diffuse y-ray emission from
the Galactic Ridge as observed by Fermi-LAT. This motivates the hy-
pothesis that these IceCube neutrino events and Fermi-LAT y -ray
flux are both produced in interactions of CRs with the interstel-
lar medium in the inner Galactic region. All these models predict
an enhancement of the neutrino flux coming from a limited region
close to the Galactic Centre.

3. The ANTARES detector and dataset

The ANTARES underwater neutrino telescope [1] is located
40 km off the southern coast of France in the Mediterranean Sea
(42° 48 N, 6° 10" E). It consists of a three-dimensional array of
10-inch photomultiplier tubes (PMTs). Neutrino detection is based
on the observation of Cherenkov light induced in the medium by
relativistic charged particles. Some of the emitted photons produce
signals in the PMTs (“hits”). The position, time and collected charge
of the hits are used to infer the direction and energy of the inci-
dent neutrino.

The study presented here focuses on track-like events, asso-
ciated with CC interactions of muon neutrinos. The muon direc-
tion is correlated with that of the incoming neutrino, and a sub-
degree angular resolution on the neutrino arrival direction can be
achieved by means of a maximum likelihood fit [10].

Data collected from May 2007 to December 2013 constitute the
data sample for the present analysis, with an effective total life-
time of 1622 days. High quality data runs, defined according to
environmental and data taking conditions, have been selected for
this work (analogously to [2]). A detailed Monte Carlo simulation
is available for each data acquisition run [35,36].

4. The search method

An enhancement of the neutrino diffuse emission from a re-
gion of the sky covering a small solid angle can be searched for
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by comparing the number of events coming from the region (on-
zone) to that of regions with no expected signal and the same
acceptance to the background (off-zones). To enhance the harder
signal over the background of atmospheric neutrinos, a cut select-
ing mainly high-energy events is defined. This approach has al-
ready been used to search for neutrino candidates from the region
of the Fermi Bubbles [37]. Optimising this method requires: 1) an
efficient suppression of atmospheric events; 2) the optimisation of
the size of the search region and 3) the subsequent definition of
background-only regions, each having the same exposure as that of
the signal region. The analysis uses Monte Carlo simulations only
in the optimisation of the event selection; this avoids biases in the
estimation of the signal and background and reduces systematic
effects. Monte Carlo data sets are produced simulating real data
acquisition conditions, taking into account the actual detection ef-
ficiency of the apparatus.

The signal is assumed to be a power-law diffuse flux with
arbitrary normalisation and spectral indices varying from I' =
2.0 to 2.7. Motivated by the IceCube best fit and models of neu-
trino production from CR propagation, the event selection criteria
have been optimised in order to achieve the best sensitivity for a
signal with spectral index I' = 2.4. They are identical to those ob-
tained for I" = 2.5. The optimal cuts are found using the Model
Rejection Factor (MRF) minimisation technique [38].

The background component due to mis-reconstructed atmo-
spheric muons, which mimick upgoing neutrino events, has been
simulated using the MUPAGE program [39]. This background is
suppressed by cuts on quality parameters of upgoing reconstructed
tracks: A, which is related to the maximum likelihood of the
fit, and B, which estimates the angular error. The distributions
of A and B for atmospheric neutrinos, atmospheric muons and
data are reported in [10]. It is found that the cut A > —5.0 and
B < 0.5° optimises the MRF and suppresses the contamination
from wrongly reconstructed atmospheric muons in the upgoing
sample to the level of 1%.

The remaining background consists of atmospheric neutrinos
[17]. The conventional component, coming from the decay of pi-
ons and kaons, has been modelled according to [40] while the flux
from [41] has been used for the prompt component, expected from
charmed hadron decays. This component is reduced by imposing
a cut on the estimated energy of the events, limiting the event
sample to the energy where the harder cosmic flux is expected
to emerge above the atmospheric background. For this analysis,
the energy estimator Eann [18], derived from an artificial neural
network algorithm, is used. The standard deviation of the variable
log9(EANN/Etrue), where Erye is the Monte Carlo true energy of
the muon, is almost constant at ~ 0.4 over the considered energy
range. The MRF optimisation results in Ef\‘;\fN =10 TeV as the best
cut value. Above E;‘I{}N. only 6% of the selected atmospheric neutri-
nos survive while 40% of the signal (for I' = 2.4) passes the cut.

Assuming a direct connection between the emission of y-rays
and neutrinos from pion decay in hadronic mechanisms [42], the
y-ray flux measured by Fermi-LAT [29] is used to estimate the
flux of Galactic neutrinos. Though this diffuse emission is extended
over the whole Galactic Plane, it is much brighter in the very
central region; including non-central regions of the plane in this
search would mostly increase the atmospheric background. The
MRF method is used to determine the optimal search region for
each spectral index. For a signal spectrum with I' = 2.4, the signal
region is represented by the rectangle (enclosing the Galactic Cen-
tre) in galactic coordinates with longitude |¢| < 40° and latitude
|b| < 3°. This corresponds to a solid angle of A2 =0.145 sr. Mod-
ifications to the longitudinal size of the signal region do not sig-
nificantly reduce the resulting sensitivity, while the latitude bound

Fig. 1. Aitoff projection in galactic coordinates of the signal (black) and background
(red) regions, representing the considered Galactic Plane region and off-zones of
the analysis. Also shown are the Fermi Bubbles (grey) as in [43]. The signal region,
delimited by |€| < 40°, |b| < 3° covers a solid angle of 0.145 sr. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

has a larger effect - about 10% worsening per degree of increased
size.

Off-zones are defined as fixed regions in equatorial coordinates,
which have identical size and shape as the signal region and are
not overlapping with it or each other. In local coordinates, off-
zones span the same fraction of the sky as the on-zone, but with
some fixed delay in time, i.e. they differ only in right ascension.
They are shifted in the sky to avoid any overlap with the Fermi
Bubble regions [43], so that none of the possible signal events from
these areas enters into the background estimation. The maximum
number of independent off-zone regions is 9. The signal and back-
ground regions in galactic coordinates are shown in Fig. 1. Data
from the signal region were blinded until the event selection pro-
cedure was completely defined. Off-zones can also be used to test
the agreement between data and Monte Carlo.

After the optimisation procedure, considering a signal flux with
an energy spectrum with I' = 2.4 (2.5) the expected limit at 90%
confidence level (c.l.) for the considered data sample corresponds
to ng)f(1 GeV) =2.0 (6.0)-1075 GevV~!cm~25~!sr!. For the nor-
malisation at a different energy E, the fluxes must be multiplied by

E
the factor (m>
multiplied by a factor three under the assumption of a cosmic flux

in flavour equipartition (ve : v, : vz =1:1:1). The energy range
between 3 and 300 TeV contains the central 90% of the expected
detected signal.

-r
. For all flavours, the normalisation must be

5. Results

After the unblinding of the entire data sample, 3.7 events sur-
viving cuts are observed on average in the off-zone regions, while
two are detected from the Galactic Plane region. In the evaluation
of the upper limit, our method is sensitive only to signals in ex-
cess of the off-zones, i.e. any isotropic flux is treated as background
for this purpose. The isotropic neutrino flux of astrophysical origin
as measured by IceCube would produce 0.2 events equivalently in
each off-zone and in the on-zone region. The distributions of the
number of selected events in the on-zone and off-zone regions as
a function of the reconstructed energy are reported in Fig. 2.

A smaller number of events is observed in the signal region
than the expected background, and the Feldman and Cousins 90%
c.l. upper bound [44] is computed. For I' = 2.4 the correspond-
ing flux <I>(1)f(l GeV) = 1.5-107° GeV~lcm~2s~1sr~!. However,
adopting the same conservative approach as for the limits from
selected point-like sources [2] in the case of an underfluctuation,
the 90% c.l. upper limit on the signal flux is set to the value of the
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Fig. 2. Distribution of the reconstructed energy Eann of upgoing muons in the
Galactic Plane (black crosses) and average of the off-zone regions (red histogram).
The grey line shows the energy selection cut applied in the procedure.
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Fig. 3. ANTARES upper limits (black) derived for the Galactic Plane region for dif-
ferent signal spectral indices I', compared to the flux required to produce from
2 to 6 IceCube HESE in the signal region (red dashed lines). Selection cuts have
been optimised for I' = 2.4 and 2.5. The limits for softer and harder spectral in-
dices are thus derived with non-optimal criteria. The values of the normalisation
factor d>2)f(100 TeV) are reported on the right y-axis.

ANTARES sensitivity. One limit for each considered spectral index
is obtained.

The 90% c.l. upper limits on <I>(1)f(1 GeV) are reported in Fig. 3
for particular values of I'. For each value of I", the one-flavour neu-
trino flux from the considered region necessary to produce from
2 to 6 HESE is also reported. The curves are computed on the
basis of the effective areas reported in [3]| according to the pre-
scription of [24]. All fluxes above the horizontal black lines are
excluded at 90% c.l. by ANTARES observation. For instance, a flux
with spectral index I' = 2.5 that produces 3 or more HESE in the
signal region of AQ = 0.145 sr is excluded. For the conventional
CR propagation scenario, the 90% c.l. upper limit for ' = 2.7 is

@i/ (1 Gev) =7.5-1074 GeVem 251 sr 1,

Fig. 4 shows the computed ANTARES 90/ cl upper limit for the
neutrino emission in the region |¢| < 40° and |b| < 3° assuming a
I' = 2.4 neutrino flux. The limit on (I>(3,f assuming flavour equipar-
tition is reported, along with expectations from models. The simple
extrapolation [34] to IceCube energies of the diffuse y-ray flux
measured by Fermi-LAT [29] is excluded at 90% confidence level,
assuming flavour equipartition. Models (KRA,,, Fig. 4) that consider
a harder CR spectrum in the inner Galaxy, and the hardening of the
CR spectrum measured by PAMELA and AMS-02 [13], yield a neu-
trino flux (at 100 TeV) of a factor of two to three lower. Models
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Fig. 4. ANTARES upper limit (magenta line) on the neutrino flux integrated over
the solid angle AQ =0.145 sr corresponding to the Galactic Plane region |¢| < 40°,
|b| < 3°. Our limit is compared to expectations as computed in [13], assuming a
CR cut-off at 5 x 107 GeV, both with (KRA, ) and without (KRA) spectral hardening.
The neutrino flux (dot-dashed line) extrapolated from the Fermi-LAT diffuse y flux
(purple circles) adapted from [34] up to IceCube energies is shown. The implied
flux from the three events from the IceCube 3 years sample [4] is shown as black
triangles. The solid black line shows the all-sky average neutrino intensity from the
IceCube global fit analysis in the energy range 25 TeV-2.8 PeV [8] integrated over
AQ.

not including the CR hardening (KRA, Fig. 4) yield neutrino fluxes
one order of magnitude smaller than that of the extrapolation from
Fermi-LAT.

6. Conclusions and outlook

An enhanced neutrino production from the central part of the
Galactic Plane has been searched for using track-like events ob-
served by the ANTARES telescope from 2007 to 2013. No excess
of events has been observed, and limits on the contribution from
this possible source to the astrophysical neutrino signal observed
by IceCube have been set as a function of spectral index. For a
neutrino flux oc E=2° we exclude at 90% c.l. that 3 or more events
from the 3 year IceCube HESE sample are originating from this
region. The extrapolation of the Fermi-LAT y-ray measurement to
the IceCube neutrino flux in the Galactic Plane area has also been
constrained.

Data taking of the ANTARES neutrino telescope will continue
at least up to the end of 2016, increasing the v, statistics avail-
able for this analysis. In addition, a new reconstruction procedure
for showering events has been developed, with an angular resolu-
tion of 3-4 degrees in the TeV-PeV range [45], which can be used
to enhance the sensitivity for point-like sources and diffuse emis-
sion from small regions of the sky. Preliminary results indicate that
using reconstructed cascades, the sensitivity to point sources with
I' =2 spectrum improves by about 30%. This suggests that at the
end of data taking the sensitivity of ANTARES will reach a level
close to the prediction of the model that includes a CR spectral
hardening (KRA, ) [13].
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