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•  Ultra-high energy neutrinos hold the key to many exciting 
puzzles in contemporary cosmic-ray physics

•  The Pierre Auger Observatory is the largest cosmic ray detector 
ever built and it happens to also be sensitive to neutrinos

•  Neutrinos are detected as extensive air showers that originate  
very deep in the atmosphere or even in the ground

•  Spoiler alert! Neutrinos observed so far:         none
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Cosmic rays: 10 orders of 
magnitude, 30 orders of flux

- from direct detection on a 
balloon to the 3000 km2 array

What is the 
suppression? 

GZK (protons) 
or photo-
disintegration 
(iron) or an 
intrinsic feature 
of sources?
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Extensive air showers

•  low flux: using atmosphere as the detection volume

•  interactions with air initiate cascades with  
billions of particles

•  fluorescence light (dark nights)

- calorimetric information on 
primary energy

- longitudinal shower 
development (nature of 
primary particle)

•  ground particle detection 
(100 % uptime)

- primary energy from signal strength 
(calibrated by fluorescence) 

- shower age, muon content ... depends on particular detector

•  n. b.: angular resolution good with both methods (geometry, timing)
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It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60�.
Blue circles of radius 3.1� are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The most likely value of the degree of correlation pdata = k/N is plotted with
black dots as a function of the total number of time-ordered events (excluding those
in period I). The 68%, 95% and 99.7% confidence level intervals around the most
likely value are shaded. The horizontal dashed line shows the isotropic value
piso = 0.21. The current estimate of the signal is 0:38þ0:07
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What are they actually?

Longitudinal shower 
development suggests 
transition to higher masses, 
but dependent on models

Where do they come from?

Particles deflected by 
magnetic fields. Correlation 
with AGNs, matter 
distribution, ... but weak.
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How can ultra-high energy neutrinos help answer 
these questions?

•  cosmogenic (diffuse) neutrinos

- GZK effect: pions vs. photo-disintegration: free neutrons

- both sources of neutrinos, but GZK much stronger for ultra-high energy

• neutrino point sources

- unaffected by magnetic fields

- essentially any acceleration mechanisms produces high-energy pions → pro 
neutrinos from cosmic-ray sources

• Even if none is observed, putting limits can strongly constrain many models.

• IceCube: two PeV neutrinos + recently 26 more at ~100 TeV 

- seemingly incompatible with atmospheric background – but any interpretation 
is solely up to the IceCube collaboration!

- nevertheless encouraging: there is something out there ... 
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The Pierre Auger Observatory

•  surface detector

- 1600 water Cherenkov detectors (3.6 m 
diameter) in a triangular grid with 1500 
meter spacing, covering 3000 km2

- sensitive to both electromagnetic and 
muonic component, some identification 
power using time structure of signals

•  fluorescence detector

- 24+3 telescopes 
with photomultiplier 
cameras

- so far not used for 
neutrino search (low 
statistics); Czech group 
involved
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The Pierre Auger Observatory
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Neutrino channels at the Pierre Auger Observatory

•  central idea: separate neutrinos from the overwhelming cosmic-ray background 
using their ability to pass through a lot of matter

• down-going neutrinos

- cosmic rays (protons, nuclei, possibly a small amount of photons) usually 
interact high in the atmosphere, whereas neutrinos interact anywhere

- at zenith angles > 75°  the amount of atmosphere is sufficient for 
discrimination based on “shower age” (still trade-offs to be made)

- all flavours, both CC and NC contributions, incl. ντ interactions in the Andes
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Neutrino channels at the Pierre Auger Observatory

• Earth-skimming neutrinos

- up-going ντ interacts in the crust via CC → produces τ →  decays after ~10 km 
above the array into an electron or a number of pions (~17 % muon channel 
unobservable)

- not relevant for νe (electron does not escape the ground) nor νµ (no shower)

- must be very nearly horizontal (within 5°) for the shower particles to reach the 
detector via lateral spread

- virtually zero background when such showers are properly identified
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How to identify neutrino showers?

1. Select inclined and Earth-skimming events

- geometry: highly eccentric elliptic footprint 

- relative timing: ground velocity v~c (vertical 
showers v >>   c) 

2. Select “young showers” close to the ground

- “old showers”: dominated by muonic 
component, very short pulses

- “young showers”: electromagnetic component, 
broad signalsAdvances in High Energy Physics 7
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Figure 2: FADC traces of stations at 1 km from the shower core for two real showers of 5 EeV. (a) shower arriving in the early stages of
development (“young” shower). (b) “old” extensive air shower (𝜃 ∼ 80∘).

the distinction between traces induced by young and old
shower fronts can be easily accomplished. In Figure 2we show
an example of those two types of traces.

With this simple idea, we can search for two types of
neutrino-induced showers at the surface detector array of the
Pierre Auger Observatory, as follows.

(1) Earth-skimming showers induced by tau neutrinos
(𝜈𝜏) that travel in the upward direction with respect
to the vertical to ground. 𝜈𝜏 can skim the Earth’s
crust and interact relatively close to the surface
inducing a tau lepton which escapes the Earth and
decays in flight in the atmosphere, close to the SD.
Typically, only Earth-skimming 𝜈𝜏-induced showers
with zenith angles 90∘ < 𝜃 < 95∘ may be identified.

(2) Showers initiated by any neutrino flavour moving
down at large angles with respect to the vertical
at ground that interact in the atmosphere close to
the surface detector array. We include here showers
induced by 𝜈𝜏 interacting in the mountains sur-
rounding the Pierre Auger Observatory. Although
this latter process is exactly equivalent to the “Earth-
skimming” mechanism, it is included in this class
because such showers are also going downwards.
In the following we will refer to all these types of
showers as “downward-going” 𝜈-induced showers. In
this paper we restrict ourselves to downward-going 𝜈-
induced showers with zenith angles 75∘ ≤ 𝜃 ≤ 90∘.

In Figure 3 we show a pictorial representation of the
different types of inclined showers that can be detected.

4. Simulation of Neutrino Showers

Monte Carlo simulations of neutrino-induced showers are
crucial to establishing identification criteria and computing
the acceptance of the SD to UHE𝜈s. The whole simulation
chain is divided into three stages.

(1) High energy processes:

(a) the 𝜈-nucleon interaction in the atmosphere for
downward-going neutrinos is simulated with

Figure 3: Pictorial representation of the different types of inclined
showers that can be detected at the surface detector array of the
Pierre Auger Observatory. (1) An inclined shower induced by a
proton interacting high in the atmosphere whose electromagnetic
component is absorbed and only the muons reach the detector.
Inclined showers presenting significant electromagnetic component
at the detector level: (2) a deep downward-going 𝜈-induced shower;
(3) an Earth-skimming 𝜈𝜏 interacting in the Earth crust and
producing an upward-going 𝜏 lepton that decays in flight and
induces a shower in the atmosphere; and (4) a 𝜈𝜏 interacting in the
mountains, producing a downward-going 𝜏 lepton that decays close
to the detector and initiates a shower.

HERWIG [34].Theoutput ofHERWIG includes
the types, energies, and momenta of the sec-
ondary particles produced for both charged
(CC) and neutral current (NC) neutrino inter-
actions (see Figure 4 for a pictorial summary of
all the channels considered in this work);

(b) in the case of 𝜈𝜏 CC interactions, the 𝜏 lepton
propagation in the Earth and/or in the atmo-
sphere is simulated with a dedicated, fast, and
flexible code which allows us to easily study
the influence on the outgoing 𝜏 lepton flux of
different 𝜈𝜏 interaction cross sections, 𝜏 energy
loss models, and so forth. The simulation of the
decay of the 𝜏 (when necessary) is performed
with the TAUOLA package [35].

(2) Shower development in the atmosphere: The AIRES
Monte Carlo code [36] is used to propagate the
particles produced in a high energy 𝜈 interaction,
or in the decay of a 𝜏 lepton. The types, energies,
momenta, and times of the particles reaching the SD
level are obtained.
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How to identify neutrino showers?

3. Fix specific values for the cuts using neutrino and background showers

- neutrino showers simulated in broad parameter space to avoid boundary 
effects

- simulations of cosmic-ray showers uncertain (i.e. primary composition still 
unknown) → use a chosen “training” period of data as background 

- background more important for down-going → longer training period (less 
data)

- for Earth-skimming neutrinos: require 0 background events during training 
period
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How to identify neutrino showers?

- for down-going:  “Fischer discriminant” - allows to select background rejection 
vs. efficiency: require 1 background event in 20 years → 90 % neutrinos 
accepted (10 % falsely rejected)

4. After fixing the method, “unblind” rest of the data and look for neutrinos

• Published data up to May 31, 2010. Data up to end of 2012 to be unveiled at 
ICRC 2013.

S. Pastor for the Pierre Auger Collaboration / Nuclear Physics B Proceedings Supplement 00 (2012) 1–6 4

�
�

�����
�

�����
�

�����
�

����
��

���

� ��� � ��� � ��� �

�
�
�
�
��

����

��
��

����

����

�

���������������

�������������

Figure 3: Distribution of the product of the AoP of the first four trig-
gering stations in background (real events in the training sample) and
simulated νe charged-current events.

event. To optimize their discrimination power we ap-
ply the Fisher method [17] to the training data, dom-
inated by nucleonic showers, and to the MC simula-
tions of neutrino-induced showers. Given two popu-
lations of events characterized by a set of observables,
the Fisher method produces a linear combination of the
various observables (the Fisher discriminant f ) so that
the separation between the means of f in the two sam-
ples is maximized, whereas the quadratic sum of the
r.m.s. of f in each of them is minimized. Because SD
events with a large multiplicity N (number of tanks)
are different from events with small N, the sample of
training data is divided into 3 sub-samples (events with
4 ≤ N ≤ 6, 7 ≤ N ≤ 11 and N ≥ 12). We use 10
discriminant variables of the Fisher estimator: the AoP
and its square of the first 4 tanks in each event, their
product, and a global early-late asymmetry. In Fig. 3
one can see a clear separation between the distributions
of one of these variables for neutrino simulated showers
and real inclined events.

In Fig. 4 we present the distribution of the Fisher dis-
criminant for the training data and DG neutrino simula-
tions with multiplicity 7 ≤ N ≤ 11. Again both samples
are well separated. The expected number of background
events can be computed by extrapolating the exponen-
tial tail of the data distribution. This allows us to find a
cut-off value fcut for each of the sub-samples, so that we
expect less than one background event every 20 years
above its value. Events with f > fcut are considered to
be neutrino candidates. These cuts reject all real events
in the training data samples while keeping a significant
fraction of the MC neutrino simulations [16].
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Figure 4: Distribution of the Fisher discriminant for events with sta-
tion multiplicity 7 ≤ N ≤ 11, for real Auger data in the training period
(1 Jan 2004 - 31 Oct 2007) and MC simulated DG neutrinos. The ver-
tical lines indicate the cut in the Fisher value that needs to be placed
to have less than 1 event in each period of time (1, 20 or 100 years).

4. Exposure and limits on UHE neutrinos

Auger data have been analyzed to look for candi-
date events that fulfilled the selection criteria for Earth-
skimming UHE tau neutrinos, as described in [14, 15].
This analysis has been updated with data equivalent to
∼3.5 years of the full Auger SD in [18]. In [16] we de-
scribe the selection procedure and values of fcut for the
identification of DG neutrino events to real data from 1
Nov 2007 to 31 May 2010 (∼2.0 years of the full SD
array), i.e. after the training period mentioned above.
Over the period analyzed, no candidate events were
found for either UG or DG neutrinos. Based on this,
the Pierre Auger Observatory data can be used to place
the corresponding limits on the diffuse flux of UHE neu-
trinos. For this purpose the total exposure of the Auger
SD must be evaluated, which involves folding the SD
array aperture with the interaction probability and the
identification efficiency, and integrating in time taking
into account changes in the array configuration due to
the installation of new stations and instabilities in data
taking.

For both UG and DG neutrinos, the identification ef-
ficiency depends on the position of the shower in the
surface covered by the array and the time through the
instantaneous configuration of the array. The efficiency
for UG neutrinos is also a function of the τ energy
and the altitude above ground of the central part of the
shower hc (defined at 10 km after the decay point [19]).
Instead, for DG neutrinos the efficiency depends on the
primary energy and the depth along the atmosphere at
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Converting observed rates to flux

•  Calculate exposure using 
simulations of neutrino 
showers

- find for which geometries, 
energies and array 
positions of the neutrino 
interaction is the shower 
observed

•  Identify systematic 
uncertainties of exposure

- shower simulation, 
neutrino-nucleus cross-
section at ultra-high energy, 
τ energy losses, topography (not accounted for in Earth-skimming analysis)

- approximately +35 %, –15 % for Earth-skimming, +13 %, – 34 % for down-
going
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Results

•  No neutrino candidates observed → upper limit of 2.44 events at 90 % CL

•  Assuming flux dN/dE = k·E–2 we obtain both differential and integral limits
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