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1. Introduction

Neutrinos offer unique insight into the Universe due to the fact that they interact only weakly.
This also implies that their detection is challenging. The field is presently led by the IceCube [1]
and ANTARES [2] experiments. IceCube is the first detector to reach the cubic-kilometer size pre-
dicted to be necessary to detect cosmic neutrino fluxes. Recently, IceCube has reported the crucial
discovery of a flux of neutrinos up to ~ PeV energies which cannot be explained by the background
of atmospheric muons and neutrinos [3, 4]. Meanwhile the ANTARES experiment has proven the
feasibility of the Cherenkov telescope technique in sea water [5, 6]. While its instrumented vol-
ume is significantly smaller than that of IceCube, its geographical location provides a better view
of the Southern sky for neutrino energies below 100 TeV. This provides better sensitivity to the
many predicted Galactic sources of neutrinos in this part of the sky. The complementarity of the
detectors for Southern sky sources allows for a gain in sensitivity by combining the analysis of data
from both experiments in a joint search for point sources. The improvement with this combination
depends on the actual details of the fluxes, in particular the energy spectrum and a possible energy
cut-off of the signal. The energy spectra are not yet known and predictions vary widely depending
on the source model.

2. Neutrino Data Samples

The data sample corresponds to all events from the Southern sky which were included in the
three-year IceCube point-source analysis [7] combined with the events in the latest ANTARES
point-source analysis [8]. The ANTARES sample corresponds to data recorded from 2007 January
2910 2012 December 31. The total number of events in this sample amounts to 5516, of which 4136
are from the Southern Hemisphere. The estimated contamination of mis-reconstructed atmospheric
muons is of 10%. The IceCube data was recorded from 2008 April 5 to 2011 May 13, with a total
number of 146 018 events in the Southern Sky. In contrast to the ANTARES sample, these events
are predominantly atmospheric muons rather than atmospheric neutrinos, because the Earth cannot
be used as a neutrino filter for directions above the detector.

The fraction of expected source events needs to be calculated in order to estimate the relative
contribution of each sample in the likelihood. This quantity is defined as the ratio of the expected
number of signal events from the given sample to the expected number from all samples,

N/(8,d®/dE,)

C/(8,d®/dE,) = T NS, ddE,) (2.1)

where the total number of expected events for the j-th sample, N/, with a given source declination,

0, and a given source spectrum, j%, can be calculated as
; do ; do
N/ (8, :/dt/dEA’E,S—. 2.2
< dEv> vAur(Ev )dEv >2)

The time integration extends over the live time of each sample and Aéff(Ev, 0) indicates the
effective area of the corresponding detector layout j as a function of the neutrino energy, Ey, and
the declination of the source, 8. The declination of a given event is not directly related with the
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zenith direction in the ANTARES telescope, and therefore, the effective area for a given declination
changes at different times of the day. Steady, non time-dependent sources are assumed for this
analysis. Therefore, it is possible to integrate the zenith dependence for the considered period.

Since each detector layout has a different response depending on the neutrino energy and
declination, this relative fraction of source events needs to be calculated for different source spectra
and source declinations. Figure 1 shows the relative fraction of signal events for an unbroken E 2
spectrum, which corresponds to the standard first order Fermi spectrum [9, 10]. In this case, there
is a significant contribution from all samples over most of the Southern Sky, with the ANTARES
contribution being more significant for declinations closer to § =-90°, and IceCube for declinations
closer to 0°.

Other source assumptions are also considered in this analysis. The relative fraction of source
events is also calculated for an unbroken E 2> power-law spectrum, as suggested in recent IceCube

diffuse-flux searches [11], and for an E~2 spectrum with an exponential square-root cut-off (fi—%’ oc

E
Ecut—ofr . . . :
dependence may be expected from Galactic sources [12]. Figure 2 shows the relative fraction

E~2exp [— ) for energy cut-offs of 100 TeV, 300 TeV and 1 PeV, since a square-root

of source events for these cases. Compared with an unbroken E~2 spectrum, the contribution of

high energy neutrinos in all of these cases is lower, and therefore the relative contribution of the
ANTARES sample increases.
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Figure 1: Relative fraction of signal events for each sample as a function of the source declination for the
case of an E~2 energy spectrum. The orange, blue, and yellow shaded areas correspond respectively to the
IceCube 40, 59 and 79-string data samples, and the green shaded area indicates the ANTARES sample. The
relative fraction of signal events is used as part of the likelihood function calculation during the search.

3. Search method

An unbinned maximum likelihood ratio estimation has been performed to search for excesses
of events that could indicate cosmic neutrinos coming from a source. In order to estimate the
significance of a cluster of events, this likelihood takes into account the energy and directional
information of each event. The data sample to which an event belongs is also taken into account,
due to the differences in detector response. The likelihood, as a function of the total number of
fitted signal events, ny, can be expressed as

; 3.1
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Figure 2: Relative fraction of signal events of each sample as a function of the source declination for
different energy spectra: E ~2 with energy cutoff Eqyofr of 1 PeV (top-left), 300 TeV (top-right), 100 TeV
(bottom-left); and E~2 spectrum (bottom-right). The orange, blue and yellow shaded areas correspond
to the IceCube 40, 59 and 79-string data samples, respectively, and the green shaded area indicates the
ANTARES sample. The relative fraction is used as part of the likelihood function calculation during the
search.

where j indicates one of the four data samples (ANTARES, IC40, IC59 or IC79), i indicates an
event belonging to the j-th sample, Slj is the value of the signal probability distribution function
(PDF) for the i-th event in the j-th sample, Blj indicates the value of the background PDF, N/ is
the total number of events in the j-th sample, and n is the number of signal events fitted for in the
j—th sample. Since a given evaluation of the likelihood refers to a single source hypothesis at a
fixed sky location, the number of signal events n that is fitted for in each sample is related to the
total number of signal events ng by the relative contribution of each sample, nl = ng-C/(8, fi%)'
The signal and background PDFs for the IceCube and ANTARES samples have slightly dif-

ferent definitions. The signal PDF for ANTARES is defined as

22
SANT — ﬁexp (_A\IZISCZS)) P;ANT (JVhits,G), (3.2)
where X = (0, J) indicates the source direction in equatorial coordinates, A¥(X,) is the angular
distance of a given event to the source, o is the angular error estimate, and PANT (474 &) is the
probability for a signal event to be reconstructed with an angular error estimate of ¢ and a number
of hits taken in the event reconstruction .4, The number of hits is a proxy for the energy of the
event [13].
The definition of the signal PDFs for the IceCube samples is similar,

22
s L exp <_A‘gf;>> PIC(&,015), (33)
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where the main difference lies in the use of the reconstructed energy, &, and the declination depen-
dence of the probability for a signal event to be reconstructed with a given ¢ and &. Details about
the reconstructed energy proxy can be found in [7] and [14]. The declination dependence is needed
mainly because of the event selection cut on reconstructed energy, which is designed to reduce the
atmospheric muon background.

Background events are expected to be distributed uniformly in right ascension. The back-
ground PDFs are in fact obtained from the experimental data itself. The definitions of the PDFs
are:

BANT (§ . BC(8
BANT _ 271:()P?NT(JVhltS, G), BIC _ ;r)PéC(g,Gw), (3‘4)

where B(0) is the per-solid-angle rate of observed events as a function of the declination in the cor-
responding sample. PANT (47415 &) and PI€(&,6|8) characterize the distributions for background
event properties, in analogy with the definitions of PAM” and P/C for signal events given above.

The test statistic, TS, is determined from the likelihood (Eq. 3.1) as TS =log L(i;) —log L(ns; =
0), where iy is the value that maximizes the likelihood. The larger the TS, the lower the probability
(p-value) of the observation to be produced by the expected background. Simulations are performed
to obtain the distributions of the TS. The significance (specifically, the p-value) of an observation
is determined by the fraction of TS values which are larger or equal to the observed TS.

The TS is calculated as a preliminary step to obtain the post-trial p-values of a search. TS
distributions for the fixed-source, background-only hypotheses have been calculated in steps of 1°
in declination from pseudo-data sets of randomized data. Because these distributions vary with
declination, the preliminary TS is turned into a "pre-trial p-value" by comparing the TS obtained
at the source location being examined to the background TS distribution for the corresponding
declination. Post-trial significance is then estimated with pseudo-data sets and according to the
type of search, as explained together with the results in Section 4.

Two different searches for point-like neutrino sources have been performed. In the candidate
list search, a possible excess of neutrino events is looked for at the location of 40 pre-selected
neutrino source candidates. Since the location of these sources is fixed (at known locations with
an uncertainty below the angular resolution of all samples) only the number of signal events n; is
a free parameter in the likelihood maximisation. These candidates correspond to all sources in the
Southern sky considered in the previous candidate-source list searches performed in the ANTARES
and IceCube point-source analyses [8] [7].

The second search is a “full sky” search, looking for a significant point-like excess anywhere
in the Southern sky. For this purpose, the likelihood is evaluated in steps of 1°x 1° over the whole
scanned region. Since the angular resolution of both telescopes is smaller than the cell size, the
source position is taken as an additional free parameter of the likelihood to fit the best position
within the boundaries.

Both the full Southern sky and candidate-list searches have been performed using an E~2
source spectrum in the signal PDFs. The main virtue of the energy term in the PDFs is to add
power to distinguish signal neutrinos from the softer spectra of atmospheric neutrinos (~ E~>"7) and
atmospheric muons (~ E —3). Limits for the sources in the candidate list have also been calculated
for the source spectra mentioned in section 2.
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4. Results

No significant event clusters are found over the expected background. The most significant
cluster in the full-Southern sky search is located at equatorial coordinates o = 332.8°, 6=—-46.1°,
with best-fit i, = 7.9 and pre-trial p-value of 6.0 x 1077, It’s found that 24% of pseudo-data sets
have a smaller p-value somewhere in the sky than is found in the real data; the post-trial significance
is thus 24% (0.70 in the one-sided sigma convention). The direction of this cluster is consistent
with the second most significant cluster in the previous ANTARES point-source analysis (but also
less significant).

Name 5 o) s p ¢z(lch ¢2(()Z’f1§ev ¢g?£lj00TeV ¢382L10075v "’,?—%Ls
HESSJ1741-302 -30.2 -94.8 1.6 0.003 2.5E-08 7.5E-06 5.5E-08 7.2E-08 1.0E-07
3C279 -5.8 -166.0 1.1 0.05 3.1E-09 1.0E-06 6.5E-09 9.2E-09 6.7E-08
PKS0548-322 -32.3 87.7 0.9 0.07 1.6E-08 5.0E-06 3.8E-08 4.9E-08 1.4E-08
ESO139-G12 -59.9 -95.6 0.8 0.07 1.8E-08 3.9E-06 2.9E-08 3.7E-08 5.1E-08
HESSJ1023-575 -57.8 155.8 0.8 0.08 1.7E-08 3.5E-06 2.8E-08 3.5E-08 4.7E-08
RCW86 -62.5 -139.3 0.2 0.11 1.4E-08 4.4E-06 3.6E-09 4.0E-08 5.7E-08

Table 1: Pre-trial p-values, p, fitted number of source events, ny, and 90% C.L. flux limits, ®°L for the
different source spectra for the 6 candidate sources with the lowest p-values. Units for the flux limits for the
E~23 spectra, ¢29§_1_;, are given in GeV'3¢m 257!, whereas the rest are in GeVem™2s~!. The sources are
sorted by their declination.

The results of the candidate source list search are presented in Table 1. No statistically sig-
nificant excess is found. The most significant excess for any object in the list corresponds to
HESS J1741-302 with a pre-trial p-value of 0.003. To account for trial factors, the search is per-
formed on the same list of sources using pseudo data-sets. 11% of randomized data sets have a
smaller p-value for some source than that found for the real data; the post-trial significance of the
source list search is thus 11% (1.20 in the one-sided sigma convention).

Table 1 provides the pre-trial p-values, best-fit signal events n, and flux upper limits (under
different assumptions of the energy spectrum) for the six sources with the lowest p-value. Figure 3
shows the sensitivities and limits for this search (assuming an E~2 spectrum) in comparison with
the previously published ANTARES and IceCube analyses of the same data. The point source sen-
sitivity in a substantial region of the sky, centered approximately at the declination of the Galactic
Center (60 = —30°), can be seen to have improved by up to a factor of two. Similar gains in other
regions of the sky can be seen for different energy spectra in Figure 4.

5. Conclusion

We have presented the first combined point-source analysis of data from the ANTARES and
IceCube detectors. The combination of their different characteristics, in particular IceCube’s larger
size and ANTARES’ location in the Northern hemisphere, complement each other for Southern
sky searches. We have calculated the sensitivity to point sources and, with respect to an analysis of
either data set alone, found that up to a factor of two improvement is achieved in different regions
of the Southern sky, depending on the energy spectrum of the source. Two joint analyses of the data
sets have been performed: a search over the whole Southern sky for a point-like excess of neutrino
events, and a targeted analysis of 40 pre-selected candidate source objects. The largest excess in
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Figure 3: 90% CL sensitivities and limits (Neyman method) for the neutrino emission from point sources as
a function of source declination in the sky, for an assumed E 2 energy spectrum of the source. Green points
indicate the actual limits on the candidate sources. The green line indicates the sensitivity of the combined
search. Blue and red curves/points indicate the published sensitivities/limits for the IceCube and ANTARES

analyses, respectively.
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Figure 4: Point source sensitivities and limits for the following energy spectra: E~2 with a square-root
exponential cut-off at E = 1PeV (top left), E = 300TeV (top right), E = 100TeV (bottom left) and E —25
unbroken power-law (bottom right). Green points indicate the actual limits on the candidate sources. The
green line indicates the sensitivity for the combined search. Blue and red curves/points indicate the sensitiv-

ities for the individual IceCube and ANTARES analyses, respectively.



ANTARES-IceCube combined point-source search J. Barrios-Marti

the Southern sky search has a post trial p-value of 0.24 (significance of 0.7c). In the source list
search the candidate with the highest significance corresponds to HESS J1741-302, with a post-trial
p-value of 0.11 (significance of 1.25). Both of the results are compatible with the background-only
hypothesis and no significant excess is found. Flux upper limits for each of the source candidates
have been calculated for E~2 and E~2* power-law energy spectra, as well as for E~2 spectra with
cut-offs at energies of 1 PeV, 300 TeV, and 100 TeV. Because of their complementary nature, with
IceCube providing more sensitivity at higher energies and ANTARES at lower energies, a joint
analysis of future data sets will continue to provide the best point-source sensitivity in critical
overlap regions in the Southern sky, where neutrino emission from Galactic sources in particular
may be found.
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