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Abstract: According to the theory of hadronic acceleration, ultra high energy cosmic rays are expected to be ac-
companied by gamma-rays and neutrinos from pion decays formed in the interactions of protons with photons. While
gamma-rays have been linked to astrophysical sources by many experiments (H.E.S.S, MAGIC, Fermi), no point source
of UHECRs or neutrinos have been found so far. In this contribution, we present the results of multimessenger stacking
sources analysis developed to investigate the correlation of arrival directions of neutrino candidate events and UHE-
CRs. This analysis has been applied on neutrino candidate events detected during 2007-08 by the ANTARES telescope
(ANTARES collaboration 2011), and 69 ultra-high energy cosmic rays observed by the PAO (The Pierre Auger Collabo-
ration 2010).
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1 Introduction

Finding point sources of both UHECRs and neutrinos is
a very challenging task, as both messengers have many
down-sides. UHECRs are rare and do not point back to
their sources, since they are scrambled by galactic and in-
tergalactic magnetic fields [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16]. Also, due to the interaction with the cosmic
microwave background photons, their range may be limited
to the distance of about 100Mpc or less [17, 18, 19, 20, 21].
However, they are detectable with large shower arrays, like
the Pierre Auger Observatory (PAO), which so far reported
the observation of few tens of events above 55EeV [21, 22].
On the other side, cosmic neutrinos, as neutral and weak
interacting particles, should point back to their sources and
their traveling distances should not be limited, but at the
same time they are very difficult to detect. Currently oper-
ating neutrino telescopes ANTARES and IceCube have not
yet observed excess above the atmospheric neutrino flux
coming from air showers [23, 24].
Previously, the Pierre Auger Observatory (PAO) reported
an anisotropy in the arrival directions of UHECRs [21] and
indicated a correlation with Active Galactic Nuclei (AG-
N) from the VCV catalog [25]. The correlation was the
most significant for 27 cosmic rays with energies higher
than 57EeV and AGNs at distances less than 75Mpc. The
suggested correlation with the nearby AGN sources mostly
following the location of the supergalactic plane decreased
in the subsequent analysis [22] with 69 events at energies
above 55EeV, observed until 31st December 2009.

In this paper, we investigate the correlation of arrival direc-
tions of 2190 neutrino candidate events detected by 5-12
line ANTARES neutrino telescope, and 69 UHECRs ob-
served by the PAO. This stacking sources analysis is de-
veloped for a blinded set of neutrino events. Blinding was
performed by scrambling in right ascension. At the end,
the analysis was done with the unblinded neutrino dataset.

2 The ANTARES telescope and data samples

The ANTARES neutrino telescope is located in the
Mediterranean Sea, about 40km off the southern coast of
France (42 48N, 6 10E), at a depth of 2475m. It was
completed in 2008, and its final configuration is a three-
dimensional array of 885 photomultipliers in glass spheres
(optical modules), distributed along twelve lines. These
photomultipliers detect Cherenkov photons, from relativis-
tic muons produced in neutrino interactions nearby the de-
tector. The total instrumented volume of the ANTARES
telescope is about 107m3. The data acquisition system
of the detector is based on ”all-data-to-shore” concept,
in which signals from the photomultipliers above a given
threshold are digitized and sent to shore for processing.
The data used in this analysis were collected during 2007
and 2008, while the detector was operating with 5 to 12
lines. For a part of that period, data acquisition was inter-
rupted for the employment of new lines, and in addition,
some periods were excluded due to high bioluminescence-
induced optical background. The resulting effective live
time is 304 days. The final data sample consists of 2190 up-
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going (zenith angle up to 90◦) neutrino candidate events.
No selection was done based on the energy reconstruction.
The angular resolution was estimated to be 0.5±0.1 de-
grees. Details of data reconstruction, effective area, angular
resolution and the dataset are given in [24].
This sample of neutrino candidate events was correlated
with UHECR events recorded with the PAO surface detec-
tors between January 1st 2004, and 31st December 2009.
Those events have zenith angles below 60 degrees, and re-
constructed energy above 55EeV. 69 events satisfy these
cuts, and they are all in the ANTARES telescope field of
view, as the field of view for the ANTARES telescope and
the PAO greatly overlap.

3 Background simulations

A Monte Carlo set with 106 skies is generated, each with
2190 neutrinos and 69 cosmic rays. In each of the million
skies the position of the UHECRs is fixed according to the
PAO dataset, and the positions of 2190 neutrinos are ob-
tained from the blinded 5-12 line dataset scrambled in right
ascension. The numbers of neutrinos within bins of any
size, centered on 69 UHECR events can be counted, prob-
ability density functions can be calculated and fitted with
Gaussian distributions, giving the mean neutrino count ex-
pected from the randomized background samples, and the
standard deviation of the neutrino count.
Figure 1 shows an example count of neutrinos within bins
of 1-10 degree size. The count of events is done by adding
neutrinos for which the minimum angular distance to UHE-
CRs is smaller than the bin size. In this way, a double
counting of neutrino events is avoided. After optimizing
the bin, the significance of observed number of neutrino
events within 69 bins can be calculated by comparison with
the distributions for the pure background MC samples. Af-
ter optimizing the bin, and unblinding the data, the signifi-
cance of observed number of neutrino events within 69 bins
can be calculated by comparison with the distributions for
the pure background MC samples.

4 Signal simulations

Simulation of sources with E−2 spectrum and equal
flux strength from each 69 UHECR direction was per-
formed. Flux values from 0.5×10−8GeV cm−2 s−1 to
10×10−8GeV cm−2 s−1 are considered. Further, for each
flux, the event rate per source is determined, using the ef-
fective area for 5-12 lines and the live time given in [24].
For every source, the amount of signal neutrinos is deter-
mined according to the Poisson distribution with the event
rate per source R as mean value.

R = t

∫ 107GeV

102GeV
Φ(Eν)Aeff (Eν)dEν

where t is a live time of the ANTARES detector, Φ is the
flux from each individual UHECR direction, and Aeff is
the ANTARES telescope effective area.
Signal neutrinos are randomly generated following a Gaus-
sian distribution centered on the measured UHECR coordi-
nates, and the ANTARES telescope resolution [24].

exp
(
−(x1(α, δ)− μ)2/(2σ2

1)
)
→ x2(α, δ)

exp
(
−(x2(α, δ)− μ)2/(2σ2

2)
)
→ xfin(α, δ)

where xi = xi (α, δ) are neutrino coordinates, xfin(α, δ)
are the final signal neutrino coordinates, σ1 is the tolerance
value for the magnetic deflection, and σ2 is the ANTARES
telescope angular resolution. The width of the tolerance
value accounting for a magnetic deflection Gaussian is cho-
sen to be 3 degrees, based on the PAO results [22,25].
The same amount of background neutrinos is removed
from a declination band of 10 degrees centered on each
UHECR to ensure that every random sky has 2190 events,
and to keep the neutrino declination distribution profile
close to the observed profile. The angular resolution of
PAO air shower reconstruction is about 0.9 degrees, less
than the expected magnetic deflection, so it is not consid-
ered additionally.

5 Sensitivity and bin optimization

Although it is not possible to know the actual upper limit
that will result from an experiment until looking into un-
blinded data, Monte Carlo predictions can be used to calcu-
late the average upper limit, or so called Feldman-Cousins
sensitivity [26, 27], that would be observed after hypothet-
ical repetition of the experiment with expected background
nb, and no true signal ns = 0. Over an ensemble of experi-
ments with no true signal, the background nb will fluctuate
to different nobs values with different Poisson probabilities,
and upper limits μ90.
The ”mean upper limit” is the sum of these expected upper
limits, weighted by their Poisson probability of occurrence:

μ90(nb) =
∞∑

nobs=0

μ90(nobs, nb) (n
nobs

b /nobs) e
−nb

Over an ensemble of identical experiments, the strongest
constraint on the expected signal flux corresponds to a set
of cuts that minimizes the so called ”model rejection fac-
tor” μ90/ns and at the same time minimizes the mean flux
upper limit that would be obtained over the hypothetical
experimental ensemble.
The described Feldman-Cousin’s approach with the Rolke
extension [28] was used to calculate the mean upper limit
on E−2 flux per source, for a 90% confidence level, from
106 background samples, as a function of a search bin, as
shown on a Figure 2.
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The search bin that minimizes the mean upper limit for 3
degrees tolerance value accounting for a magnetic deflec-
tion is found to be 4.9 degrees.

6 Discovery potential

With the bin size optimized and fixed, it is possible to esti-
mate the probability of making a 3σ or a 5σ discovery giv-
en a certain signal flux. This is done by taking the chosen
significance from the background MC samples, and com-
paring this to MC samples with signal of a certain flux.
The number of skies with signal, that have more neutrinos
in the given bin than the chosen significance from back-
ground only, is counted and gives a direct measure of the
discovery potential for that particular flux.
Figure 3 shows the discovery potential for 3σ (dashed line)
and 5σ (solid line) discovery, for an optimized bin of 4.9
degree bins, and a tolerance value accounting for a magnet-
ic deflection of 3 degrees. Around 125 signal events on the
whole sky are needed for a 5σ discovery in 50% of trials,
and around 75 events are needed for a 3σ hint. Those val-
ues correspond to source flux values of about 1.29×10−8

GeV cm−2 s−1 and 2.16×10−8 GeV cm−2 s−1 respective-
ly.

7 Results from the unblinded data

To analyze the level of correlation between the distribution
69 UHECRs reported by the Pierre Auger Observatory, and
ANTARES neutrino candidates, we unblinded 2190 neutri-
no events. The significance of observed correlation is de-
termined with the help of randomized background samples,
using the bin size of 4.9 degrees.
The most probable count for the optimized bin size of 4.9
degrees, or the mean background expectation from the ran-
domized samples is 310.49 events (in all 69 bins, i.e. on the
whole sky), with the standard deviation of 15.22 events.
After unblinding 2190 ANTARES neutrino candidate
events, a count of 290 events within 69 bins is obtained. On
Figure 4, neutrino candidates are represented with crosses
and neutrino candidates correlating with observed UHE-
CRs are highlighted as large triangles. The observed num-
ber of correlated neutrino events is beneath expected (nega-
tive correlation), with the significance of about 1.35σ. This
result is compatible with a background fluctuation. The
corresponding upper flux limit, assuming the equal flux
from all UHECR sources, is 4.96×10−8 GeV cm−2 s−1.
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Figure 1: The probability density functions (PDFs) of the
number of neutrino events in 1-10◦ bins centered on 69
UHECRs observed by the Pierre Auger Observatory. The
counts were obtained from the background only Monte
Carlo simulations, each with 2190 neutrino events blind-
ed by scrambling the observed events in right ascension.
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Figure 2: The mean upper flux limits as a function of the
search bin size. The minimum flux value for magnetic field
deflection tolerance value of 3 degrees is obtained for 4.9◦

search bin.
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Figure 3: The discovery potential of 3σ (dashed line) and
5σ (solid line) as a function of number of signal neutrino
events on the whole sky derived from the signal source flux.
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Figure 4: Crosses represent ANTARES neutrino events outside of 4.9 degree bins centered on UHECRs observed by the
PAO, and triangles represent ANTARES neutrino events correlating with observed UHECRs.

[4] Kalashev, O. E., Kuzmin, V. A., & Semikoz, D. V.
2001, Modern Physics Letters A, 16: 2505

[5] Alvarez-Muniz, J., Engel, R., & Stanev, T. 2002, As-
trophysical Journal, 572: 185

[6] Tinyakov, P. G. & Tkachev, I. I. 2002, Astroparticle
Physics, 18: 165

[7] Prouza, M. & Smida, R. 2003, Astronomy & Astro-
physics, 410: 1

[8] Yoshiguchi, H., Nagataki, S., & Sato, K. 2004,Astro-
physical Journal, 607: 840

[9] Tinyakov, P. G. & Tkachev, I. I. 2005, Astroparticle
Physics, 24: 32

[10] Kachelrie M., Serpico, P. D., & Teshima, M. 2007,
Astroparticle Physics, 26: 378

[11] Takami, H. & Sato, K. 2008, Astrophysical Journal,
681: 1279

[12] Dolag, K., Grasso, D., Springel, V., & Tkachev, I.
2005, Journal of Cosmology and Astro-Particle Physics,
1: 9

[13] Sigl, G., Miniati, F., & Enin, T. A. 2004, Physical
Review D, 70: 043007

[14] Kotera, K. & Lemoine, M. 2008, Physical Review D,
77: 123003

[15] Das, S., Kang, H., Ryu, D., & Cho, J. 2008, Journal
of Physics Conference Series, 120: 062025

[16] Takami, H. & Sato, K. 2010, Astrophysical Journal,
724:1456

[17] Greisen, K. 1966, Physical Review Letters, 16: 748
[18] Zatsepin, Z. & Kuzmin, V. 1966, Zh. Eksp. Teor. Fiz.

Pisma Red., 4: 144
[19] Abbasi, R. U., Abu-Zayyad, T., Amann, J. F., et al.

2004, Physical Review Letters, 92: 151101
[20] Takeda, M., Hayashida, N., Honda, K., et al. 1998,

Physical Review Letters, 81: 1163
[21] The Pierre Auger Collaboration. 2008, Astroparticle

Physics, 29: 188
[22] The Pierre Auger Collaboration. 2010, Astroparticle

Physics, 34: 314
[23] The IceCube collaboration. 2009, Astrophysical Jour-

nal, 701: 47
[24] The ANTARES collaboration. 2011, astro-

ph/11080292
[25] Veron-Cetty,M.-P. & Veron, P. 2006, Astronomy &

Astrophysics, 455: 773
[26] Feldman, G. J. & Cousins, R. D. 1998, Physical Re-

view D, 57: 3873
[27] Hill, G. C. & Rawlins, K. 2003, Astroparticle Physics,

19: 393
[28] Rolke, W. A., Lopez, A. M., & Conrad, J. 2005, Nu-

clear Instruments and Methods in Physics Research A,
551: 493

Vol. 4, 148


