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Neutrinos above 0.1 EeV 

•  If protons and/or heavier nuclei : 

–  are accelerated to energies above EeV in Galactic and/or 

extragalactic sources 

–  interact within sources and/or in propragation through Universe 

    then we expect  ~ EeV neutrinos  

 

 
 Photo-production:  
 Eν ~ 0.05 Eproton 

Nuclear interactions 

Matter at source 

low-E photons at source 
or CMB photons  



come from interaction of UHECR protons above 50 EeV with CMB 
photons via GZK (Greisen-Zatsepin-Kuzmin) mechanism: 
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 modelsνCosmogenic 
p, Fermi-LAT bound (Ahlers)
p, FRII & SFR evol. (B. Sarkar)
Fe, FRII & SFR evol. (B. Sarkar)
p, FRII evol.  (Kotera)
p & mixed (Kotera)

Cosmogenic+neutrinos+
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Detec?on+in+EeV+energy+range+
may+provide+complementary+
informa?on+to+direct+UHECR+
detec?on+on:+++
&
•  UHECR&nature:+
-  +p+or+Fe&dominated+?+
-  +mixed+composi?on+?+

•  origin:++
-  +evolu?on+of+sources+

with+redshi]+
-  +max.+energy+a^ainable+

in+sources+

Produced+in+interac?ons+
of+UHECRs+with+the+CMB+

 Single flavour 

Detection in EeV range may provide complementary information on: 

 
•  UHECR nature : 

–  p or Fe dominated? 

–  mixed composition? 

•  UHECR origin : 

–  evolution of sources with 
redshift 

–  max. energy attainable in 
sources   

 

 

p + γCMB        Δ(1232)       n + π+ 
 
 

   

“guaranteed flux” 

Cosmogenic neutrinos 



4 

Unlike charged UHECR, neutrinos travel undeflected by 

magnetic fields and essentially unattenuated : 

–  reveal the sources of UHECRs at cosmological distances 

–  extension of astronomy to the EeV (1018 eV) range? 

 

Image credit: DESY/Zeuthen 
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Search for neutrinos 
with the Pierre Auger Observatory 

Pierre Auger Collaboration, Phys. Rev. D 9, 092008 (2015) 

Pierre Auger Collaboration, Phys. Rev. D 94, 122007 (2016) 
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The Pierre Auger Observatory  
Malargüe, Mendoza (Argentina) 

SD 1500 = Surface Detector array of 1600 
water Cherenkov stations (3000 km2) 
FD = 4 Fluorescence buildings (24 + 3) 
detectors 

~ 3000 km2 

35.5º S, 69.3º W 
1400 m a.s.l. (880 g cm-2) 

Nuclear Instruments & Methods in  
Physics Research A 798 (2015) 172–213 

+ SD 750 = 61 water Cherenkov stations (25 km2) 
+ Array of 153 antennas (17 km2) 
+ Array of 7 buried muon detectors 



Pampa Amarilla, 
Mendoza, Argentina 

1.5 km 

Fluorescence 
telescopes 

Water Cherenkov 
detectors 
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Detection technique 
Auger combines 2 different 
techniques (hybrid mode):  

 Fluorescence telescopes 

 Water-Cherenkov detectors 

~ 10% of events are observed with both 
techniques: wealth of information about 
shower development. 

E.	Zas	

WCD 
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Search for neutrinos 
with the Pierre Auger Observatory 

•  Pierre Auger is not a dedicated neutrino observatory  

(main aim is characterizing the properties UHECR)  but …   

 

 

 

•  UHE neutrinos induce showers that can be distinguished 
from background charged CR showers: 

Signature: 
deeply penetrating showers that can start 

development very close to ground. 
 

•  With the surface detector (SD) we have a good sensitivity 
to UHE neutrinos at   100 PeV energies. 

(details in next slides) 

Auger+sensi?vity+to+UHE+neutrinos+

•  Auger&is&not&a&dedicated&neutrino&observatory&&
(main+aim+is+characterizing+the+poper?es+of+Ultra&High+

Energy+Cosmic+Rays+–+UHECRs+)+but+…+

+

…with+the+surface&detector&(SD)&we+have+a+good+sensi?vity+
to+UHE+neutrinos+at++�+EeV+(1018+eV)+energies.++

+

•  Challenge:+Iden?fying+neutrino7induced&showers&in+the+
dominant+background+of+showers+induced+by+UHECRs+

(protons+&+nuclei).+

3+



ντ

Inclined showers  
& UHE neutrinos 

•  Protons & nuclei initiate showers 
high in the atmosphere.  
⇒ Shower front at ground: 

–  mainly composed of muons 
–  electromagnetic component 

absorved in atmosphere 
 

•  Neutrinos can initiate “deep” 
showers close to ground. 
⇒ Shower front at ground: 

–  EM + muon component 
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Top of the atmosphere

Earth

Top of the atmosphere

Earth

Searching for neutrinos  ⇒   
inclined showers 

with electromagnetic component 
(“young showers”)      
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Sensitivity to all flavours and channels 

Sensi?vity+to+all+flavours+&+channels+
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Three selection criteria 

Downward-going low angle (2 and 4)      ⇒ DGL (60°-75°) 

Downward-going high angle (2, 4 and 5) ⇒ DGH (75°-90°) 

Earth-skimming (3)                                        ⇒ ES (90°-95°) 

 

all 
flavours 

ντ



12 

Selection of inclined showers collected at SD Selec?on+of+inclined+showers+

11+

(1)+Elongated+footprint+ (2)+Apparent+velocity+V+of+propaga?on+of++
shower+front+at+ground+along+major+axis+L+

Ver?cal+shower++
+
+
V+>>+c+

Horizontal+shower++
+
+
V+�+c+

(3)+Reconstructed+θ#

Selec?on+of+inclined+showers+

11+

(1)+Elongated+footprint+ (2)+Apparent+velocity+V+of+propaga?on+of++
shower+front+at+ground+along+major+axis+L+

Ver?cal+shower++
+
+
V+>>+c+

Horizontal+shower++
+
+
V+�+c+

(3)+Reconstructed+θ#

(1)	

(2)	

(3)	
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Identifying electromagnetic shower fronts 
•  Water Cherenkov detectors:  

ü  Sensitive to inclined showers 

✗  No directly sensitive to electromagnetic and muonic components 

ü  Can measure the time structure of signals induced by muons and EM 

 

 

 

Iden?fying+νs+in+data+collected+at+SD+
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With+the+SD,+we+can+dis?nguish+muonic+from+electromagne?c+shower+fronts+
(using+the+?me+structure+of+the+signals+in+the+water+Cherenkov+sta?ons).+
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•  Induce Time-over-Threshold 
(ToT) triggers in the SD stations 

                      and/or 

•  Have large Area-over-Peak 
value (AoP ～ 1 muonic front) 

Trace	example:	ToT	trigger	&	large	AoP	

Defini?on	of	Area-over-Peak	(AoP)	

From the observational point 
of view, signals extended in 
time: 

Searching for neutrinos ⇒ 
Searching for inclined showers with WCDs  

with ToT triggers and/or large AoP 

Identifying ν in data collected at SD 
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ν candidate if <AoP> > 1.83 

ν search results 

No ν candidate events found in any of the analyses  

<AoP>
1 1.5 2 2.5 3 3.5 4 4.5

Ev
en

ts

-110

1

10

210

310
Training data
Search data

τνMonte Carlo   

<AoP>  >  1.83

 candidate regionτν

Example: Earth-skimming analysis 

SD Data taking: 
Jan. 2004 – June 2013 

<AoP> = mean value of Area-over-Peak in event 

~20% of the data 
used to estimate 
the expected 
background 

~95% of ν events selected 

Identification criteria applied “blindy” to the search data : 
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Neutrino exposure

The evolution of the optical properties of the water-
Cherenkov stations was taken into account in an effective
way in the calculation of the exposure. The main effect of
this evolution is a decrease with time of the decay time of
the light as obtained from the monitoring data that revealed
a continuous decrease of ∼10% from 2004 until the end of
the data period used in this work (20 June 2013). This
induces a reduction of the AoP and, as a consequence, the
trigger efficiency changes with time. These changes were
accounted for in the calculation of the exposure by dividing
the whole data set into three separate periods and assuming
that in each of them the decay time of the light in the tank
remained approximately constant as seen in data. A
conservative approach was adopted by choosing constant
values of the light decay time below the actual curve in the
three periods.

2. Combination of selections

In previous publications [18,19,21] the fraction of
ν-induced Monte Carlo events identified as neutrino can-
didates was obtained by applying each particular set of
selection criteria (ES, DGH, DGL) only to its correspond-
ing set of simulated showers (ES, DGH or DGL). In this
paper the fraction of selected events is further increased by
applying the three sets of criteria to each sample of
simulated showers (ES, DGH, DGL) regardless of channel.
With this procedure the fraction of identified Monte Carlo
events is enhanced as, for instance, an ES simulated shower
induced by a ντ might not fulfill the requirements of the ES
selection, but might still pass the DGH or DGL criteria, and
hence contribute to the fraction of identified events. The
enhancement in the fraction of events when applying this
“combined” analysis depends on the particular set of
Monte Carlo simulations. For instance applying the three
criteria to the DGH Monte Carlo sample identifies a
fraction of neutrino events ∼1.25 larger than when the
DGH criteria are applied alone, the enhancement coming
mainly from events with three stations rejected by the DGH
criteria but accepted by ES. The application of the three
criteria to the ES Monte Carlo sample however results in a
smaller enhancement ∼1.04.

3. Exposure calculation

For downward-going neutrinos, once the efficiencies
ϵDGðEν; θ; D; tÞ are obtained, the calculation of the expo-
sure involves folding them with the SD array aperture and
the ν interaction probability at a depth D for a neutrino
energy Eν. This calculation also includes the possibility that
downward-going ντ interact with the mountains surround-
ing the Observatory. Integrating over the parameter space
except for Eν and in time over the search periods and
summing over all the interaction channels yields the
exposure [19,21].
In the Earth-skimming channel, ϵESðEτ; θ; XdÞ are also

folded with the aperture, with the probability density

function of a tau emerging from the Earth with energy
Eτ (given a neutrino with energy Eν crossing an amount of
Earth determined by the zenith angle θ), as well as with the
probability that the τ decays at an altitude hc [18]. An
integration over the whole parameter space except for Eν
and time gives the exposure [18].
The exposures EES, EDGH and EDGL obtained for the

search periods of each selection are plotted in Fig. 3 along
with their sum Etot. The exposure to Earth-skimming
neutrinos is higher than that to downward-going neutrinos,
partially due to the longer search period in the Earth-
skimming analysis, and partially due to the much larger
neutrino conversion probability in the denser target of the
Earth’s crust compared to the atmosphere. The larger
number of neutrino flavors and interaction channels that
can be identified in the DGH and DGL analysis, as well as
the broader angular range 60° < θ < 90° partly compen-
sates the dominance of the ES channel. The ES exposure
flattens and then falls above ∼1019 eV as there is an
increasing probability that the τ decays high in the
atmosphere producing a shower not triggering the array,
or even that the τ escapes the atmosphere before decaying.
At the highest energies the DGH exposure dominates. The
DGL exposure is the smallest of the three, mainly due to
the more stringent criteria needed to apply to get rid of the
larger background nucleonic showers in the zenith angle
bin 60° < θ < 75°.
The relative contributions of the three channels to

the total expected event rate for a differential flux
behaving with energy as dNνðEνÞ=dEν ∝ E−2

ν are
ES∶DGH∶DGL ∼ 0.84∶0.14∶0.02 respectively, where the
event rate is obtained as

 [eV]νE
1710 1810 1910 2010

 s
 s

r 
]

2
E

xp
os

ur
e 

 [ 
cm

1410

1510

1610

1710

1810

Combined (1 Jan 04 - 20 Jun 13)
Earth-Skimming

 < 90 deg.θDownward-going 75 <
 < 75 deg.θDownward-going 60 <

FIG. 3 (color online). Combined exposure of the SD of the
Pierre Auger Observatory (1 January 2004–20 June 2013) as a
function of neutrino energy after applying the three sets of
selection criteria in Table I to Monte Carlo simulations of UHE
neutrinos (see text for explanation). Also shown are the individual
exposures corresponding to each of the three selections. For the
downward-going channels the exposure represents the sum over
the three neutrino flavors as well as CC and NC interactions. For
the Earth-skimming channel, only ντ CC interactions are relevant.

IMPROVED LIMIT TO THE DIFFUSE FLUX OF … PHYSICAL REVIEW D 91, 092008 (2015)

092008-9

Training data periods excluded  

Channels contribution:  
0.84:0.14:0.02 

Nevt ¼
Z

Eν

dNν

dEν
ðEνÞEtotðEνÞdEν: ð1Þ

C. Systematic uncertainties

Several sources of systematic uncertainty have been
considered. Some of them are directly related to the
Monte Carlo simulation of the showers, i.e., generator of
the neutrino interaction either in the Earth or in the
atmosphere, parton distribution function, air shower devel-
opment, and hadronic model.
Other uncertainties have to do with the limitations on the

theoretical models needed to obtain the interaction cross
section or the τ energy loss at high energies. In the Earth-
skimming analysis the model of energy loss for the τ is the
dominant source of uncertainty, since it determines the
energy of the emerging τs after propagation in the Earth;
the impact of this on the downward-going analysis is much
smaller since τ energy losses are only relevant for ντ
interacting in the mountains, a channel that is estimated to
contribute only ∼15% to the DGH exposure [19].
The uncertainty on the shower simulation, which stems

mainly from the different shower propagation codes and
hadronic interaction models that can be used to model the
high energy collisions in the shower, contributes signifi-
cantly in the ES and DG channels.
The presence of mountains around the Observatory—

which would increase the target for neutrino interactions in
both cases—is explicitly simulated and accounted for when
obtaining the exposure of the SD to downward-going
neutrino-induced showers, and as a consequence does
not contribute directly to the systematic uncertainties.
However, it is not accounted for in the Earth-skimming
channel and instead we take the topography around the
Observatory as a source of systematic uncertainty.
In the three channels the procedure to incorporate the

systematic uncertainties is the same. Different combina-
tions of the various sources of systematic uncertainty
render different values of the exposure and a systematic
uncertainty band of relative deviation from a reference
exposure (see below) can be constructed for each channel
and for each source of systematic uncertainty. For a given
source of uncertainty the edges of the ES, DGH and DGL
bands are weighted by the relative importance of each
channel as given before and added linearly or quadrati-
cally depending on the source of uncertainty. In Table II
we give the dominant sources of systematic uncertainty
and their corresponding combined uncertainty bands
obtained in this way. The combined uncertainty band
is then incorporated in the value of the limit itself through
a semi-Bayesian extension [22] of the Feldman-Cousins
approach [23].
In the calculation of the reference exposure the ν-nucleon

interaction in the atmosphere for DG neutrinos (including
CC and NC channels) is simulated with HERWIG [24].

In the case of ντ CC interactions, a dedicated, fast and
flexible code is used to simulate the τ lepton propagation in
the Earth and/or in the atmosphere. The τ decay is
performed with the TAUOLA package [25]. In all cases
we adopted the ν-nucleon cross section in [26]. In a second
step, the AIRES code [27] is used to simulate the
propagation in the atmosphere of the particles produced
in the high energy ν interaction or in the τ lepton decay. The
types, energies, momenta and times of the particles reach-
ing the SD level are obtained. The last stage is the
simulation of the SD response (PMT signals and FADC
traces). This involves a modification of the “standard”
sampling procedure in [28] to regenerate particles in the SD
stations from the “thinned” air shower simulation output,
which was tailored to the highly inclined showers involved
in the search for neutrinos. Light production and propa-
gation inside the station is based on GEANT4 [29] with the
modifications to account for the evolution of the light decay
time explained above. These two latter changes roughly
compensate each other, with the net result being a few
percent decrease of the exposure with respect to that
obtained with the standard thinning procedure and a
constant average value of the light decay-time.

IV. RESULTS

Using the combined exposure in Fig. 3 and assuming a
differential neutrino flux dNðEνÞ=dEν ¼ k · E−2

ν as well as
a νe∶νμ∶ντ ¼ 1∶1∶1 flavor ratio, an upper limit on the
value of k can be obtained as

k ¼
NupR

Eν
E−2
ν EtotðEνÞdEν

: ð2Þ

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed events (0 in our

TABLE II. Main sources of systematic uncertainties and their
corresponding combined uncertainty bands (see text for details)
representing the effect on the event rate defined in Eq. (1). The
uncertainty due to “Simulations” includes: interaction generator,
shower simulation, hadronic model, thinning and detector sim-
ulator. The uncertainty due to “τ energy-loss” affects the ES
channel and also the DGH but only to ντ with θ ≳ 88° going
through the mountains surrounding the Pierre Auger Observatory.
However it does not affect the DGL channel. The topography
around the Observatory is not accounted for in the ES channel
and is taken as a systematic uncertainty that would increase the
event rate.

Source of systematic Combined uncertainty band

Simulations ∼þ4%, −3%
ν cross section and τ E-loss ∼þ34%, −28%
Topography ∼þ15%, 0%
Total ∼þ37%, −28%

A. AAB et al. PHYSICAL REVIEW D 91, 092008 (2015)

092008-10

Systematic 
uncertainties 

Nevt ¼
Z

Eν

dNν

dEν
ðEνÞEtotðEνÞdEν: ð1Þ

C. Systematic uncertainties

Several sources of systematic uncertainty have been
considered. Some of them are directly related to the
Monte Carlo simulation of the showers, i.e., generator of
the neutrino interaction either in the Earth or in the
atmosphere, parton distribution function, air shower devel-
opment, and hadronic model.
Other uncertainties have to do with the limitations on the

theoretical models needed to obtain the interaction cross
section or the τ energy loss at high energies. In the Earth-
skimming analysis the model of energy loss for the τ is the
dominant source of uncertainty, since it determines the
energy of the emerging τs after propagation in the Earth;
the impact of this on the downward-going analysis is much
smaller since τ energy losses are only relevant for ντ
interacting in the mountains, a channel that is estimated to
contribute only ∼15% to the DGH exposure [19].
The uncertainty on the shower simulation, which stems

mainly from the different shower propagation codes and
hadronic interaction models that can be used to model the
high energy collisions in the shower, contributes signifi-
cantly in the ES and DG channels.
The presence of mountains around the Observatory—

which would increase the target for neutrino interactions in
both cases—is explicitly simulated and accounted for when
obtaining the exposure of the SD to downward-going
neutrino-induced showers, and as a consequence does
not contribute directly to the systematic uncertainties.
However, it is not accounted for in the Earth-skimming
channel and instead we take the topography around the
Observatory as a source of systematic uncertainty.
In the three channels the procedure to incorporate the

systematic uncertainties is the same. Different combina-
tions of the various sources of systematic uncertainty
render different values of the exposure and a systematic
uncertainty band of relative deviation from a reference
exposure (see below) can be constructed for each channel
and for each source of systematic uncertainty. For a given
source of uncertainty the edges of the ES, DGH and DGL
bands are weighted by the relative importance of each
channel as given before and added linearly or quadrati-
cally depending on the source of uncertainty. In Table II
we give the dominant sources of systematic uncertainty
and their corresponding combined uncertainty bands
obtained in this way. The combined uncertainty band
is then incorporated in the value of the limit itself through
a semi-Bayesian extension [22] of the Feldman-Cousins
approach [23].
In the calculation of the reference exposure the ν-nucleon

interaction in the atmosphere for DG neutrinos (including
CC and NC channels) is simulated with HERWIG [24].

In the case of ντ CC interactions, a dedicated, fast and
flexible code is used to simulate the τ lepton propagation in
the Earth and/or in the atmosphere. The τ decay is
performed with the TAUOLA package [25]. In all cases
we adopted the ν-nucleon cross section in [26]. In a second
step, the AIRES code [27] is used to simulate the
propagation in the atmosphere of the particles produced
in the high energy ν interaction or in the τ lepton decay. The
types, energies, momenta and times of the particles reach-
ing the SD level are obtained. The last stage is the
simulation of the SD response (PMT signals and FADC
traces). This involves a modification of the “standard”
sampling procedure in [28] to regenerate particles in the SD
stations from the “thinned” air shower simulation output,
which was tailored to the highly inclined showers involved
in the search for neutrinos. Light production and propa-
gation inside the station is based on GEANT4 [29] with the
modifications to account for the evolution of the light decay
time explained above. These two latter changes roughly
compensate each other, with the net result being a few
percent decrease of the exposure with respect to that
obtained with the standard thinning procedure and a
constant average value of the light decay-time.

IV. RESULTS

Using the combined exposure in Fig. 3 and assuming a
differential neutrino flux dNðEνÞ=dEν ¼ k · E−2

ν as well as
a νe∶νμ∶ντ ¼ 1∶1∶1 flavor ratio, an upper limit on the
value of k can be obtained as

k ¼
NupR

Eν
E−2
ν EtotðEνÞdEν

: ð2Þ

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed events (0 in our

TABLE II. Main sources of systematic uncertainties and their
corresponding combined uncertainty bands (see text for details)
representing the effect on the event rate defined in Eq. (1). The
uncertainty due to “Simulations” includes: interaction generator,
shower simulation, hadronic model, thinning and detector sim-
ulator. The uncertainty due to “τ energy-loss” affects the ES
channel and also the DGH but only to ντ with θ ≳ 88° going
through the mountains surrounding the Pierre Auger Observatory.
However it does not affect the DGL channel. The topography
around the Observatory is not accounted for in the ES channel
and is taken as a systematic uncertainty that would increase the
event rate.

Source of systematic Combined uncertainty band

Simulations ∼þ4%, −3%
ν cross section and τ E-loss ∼þ34%, −28%
Topography ∼þ15%, 0%
Total ∼þ37%, −28%

A. AAB et al. PHYSICAL REVIEW D 91, 092008 (2015)

092008-10
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Upper limits on the neutrino flux 
 

ü  combined exposure 

ü  differential neutrino flux:  k Eν-2  

ü  flavour ratio  νe:νµ:ντ = 1:1:1  

 

 

Nevt ¼
Z

Eν

dNν

dEν
ðEνÞEtotðEνÞdEν: ð1Þ

C. Systematic uncertainties

Several sources of systematic uncertainty have been
considered. Some of them are directly related to the
Monte Carlo simulation of the showers, i.e., generator of
the neutrino interaction either in the Earth or in the
atmosphere, parton distribution function, air shower devel-
opment, and hadronic model.
Other uncertainties have to do with the limitations on the

theoretical models needed to obtain the interaction cross
section or the τ energy loss at high energies. In the Earth-
skimming analysis the model of energy loss for the τ is the
dominant source of uncertainty, since it determines the
energy of the emerging τs after propagation in the Earth;
the impact of this on the downward-going analysis is much
smaller since τ energy losses are only relevant for ντ
interacting in the mountains, a channel that is estimated to
contribute only ∼15% to the DGH exposure [19].
The uncertainty on the shower simulation, which stems

mainly from the different shower propagation codes and
hadronic interaction models that can be used to model the
high energy collisions in the shower, contributes signifi-
cantly in the ES and DG channels.
The presence of mountains around the Observatory—

which would increase the target for neutrino interactions in
both cases—is explicitly simulated and accounted for when
obtaining the exposure of the SD to downward-going
neutrino-induced showers, and as a consequence does
not contribute directly to the systematic uncertainties.
However, it is not accounted for in the Earth-skimming
channel and instead we take the topography around the
Observatory as a source of systematic uncertainty.
In the three channels the procedure to incorporate the

systematic uncertainties is the same. Different combina-
tions of the various sources of systematic uncertainty
render different values of the exposure and a systematic
uncertainty band of relative deviation from a reference
exposure (see below) can be constructed for each channel
and for each source of systematic uncertainty. For a given
source of uncertainty the edges of the ES, DGH and DGL
bands are weighted by the relative importance of each
channel as given before and added linearly or quadrati-
cally depending on the source of uncertainty. In Table II
we give the dominant sources of systematic uncertainty
and their corresponding combined uncertainty bands
obtained in this way. The combined uncertainty band
is then incorporated in the value of the limit itself through
a semi-Bayesian extension [22] of the Feldman-Cousins
approach [23].
In the calculation of the reference exposure the ν-nucleon

interaction in the atmosphere for DG neutrinos (including
CC and NC channels) is simulated with HERWIG [24].

In the case of ντ CC interactions, a dedicated, fast and
flexible code is used to simulate the τ lepton propagation in
the Earth and/or in the atmosphere. The τ decay is
performed with the TAUOLA package [25]. In all cases
we adopted the ν-nucleon cross section in [26]. In a second
step, the AIRES code [27] is used to simulate the
propagation in the atmosphere of the particles produced
in the high energy ν interaction or in the τ lepton decay. The
types, energies, momenta and times of the particles reach-
ing the SD level are obtained. The last stage is the
simulation of the SD response (PMT signals and FADC
traces). This involves a modification of the “standard”
sampling procedure in [28] to regenerate particles in the SD
stations from the “thinned” air shower simulation output,
which was tailored to the highly inclined showers involved
in the search for neutrinos. Light production and propa-
gation inside the station is based on GEANT4 [29] with the
modifications to account for the evolution of the light decay
time explained above. These two latter changes roughly
compensate each other, with the net result being a few
percent decrease of the exposure with respect to that
obtained with the standard thinning procedure and a
constant average value of the light decay-time.

IV. RESULTS

Using the combined exposure in Fig. 3 and assuming a
differential neutrino flux dNðEνÞ=dEν ¼ k · E−2

ν as well as
a νe∶νμ∶ντ ¼ 1∶1∶1 flavor ratio, an upper limit on the
value of k can be obtained as

k ¼
NupR

Eν
E−2
ν EtotðEνÞdEν

: ð2Þ

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed events (0 in our

TABLE II. Main sources of systematic uncertainties and their
corresponding combined uncertainty bands (see text for details)
representing the effect on the event rate defined in Eq. (1). The
uncertainty due to “Simulations” includes: interaction generator,
shower simulation, hadronic model, thinning and detector sim-
ulator. The uncertainty due to “τ energy-loss” affects the ES
channel and also the DGH but only to ντ with θ ≳ 88° going
through the mountains surrounding the Pierre Auger Observatory.
However it does not affect the DGL channel. The topography
around the Observatory is not accounted for in the ES channel
and is taken as a systematic uncertainty that would increase the
event rate.

Source of systematic Combined uncertainty band

Simulations ∼þ4%, −3%
ν cross section and τ E-loss ∼þ34%, −28%
Topography ∼þ15%, 0%
Total ∼þ37%, −28%

A. AAB et al. PHYSICAL REVIEW D 91, 092008 (2015)
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•  0 events observed 

•  0 expected background events (conservative assumption) 

•  90% C.L. required  

 

 

Nup = 2.39 
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Auger LIMIT: dN/dE = k E-2 ⟶ k ～ 6.4 x 10-9 GeV cm-2 s-1 sr-1  
@ 90% C.L. in 1017 eV < Eν < 2.5 x 1019 eV 

Proton primaries 
assumed in models 

Pierre Auger Collaboration, Phys. Rev. D 91, 092008 (2015) 

SD Data: 
Jan. 2004 –  
June 2013 

Limits to the diffuse flux of UHEν

~ 6.4 yrs of 
full Auger SD 
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Auger limit constrains cosmogenic neutrino models  
with proton primaries & strong evolution of sources with redshift 

SD Data: 
Jan. 2004 –  
June 2013 

Proton primaries 
assumed in models 
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The 2015 LIGO gravitational  waves events 

Gravitational Wave events (GW150914 & GW151226) detected by 

Advanced-LIGO detectors (also LVT151012 candidate): 

-  Inferred source: merger of binary black-hole at D = 410 & 440 Mpc 

-  ~ 3 & 1 solar masses energy released in the form of GW 

-  Position in the sky uncertain: few 100 deg2 

21 

LIGO & Virgo Collab. 
Phys. Rev. Lett.  116, 
061102 & 241103 (2016) 



UHE ν´s from binary-BH mergers? 
 
•  General consensus: Binary BH merger does not produce electrom./neutrino 

counterpart, however: 
–  Signal reported by Fermi GBM: transient source @ 50 keV, 0.4 s after GW150914 at 

consistent position 

 
 

•  There are indeed models predicting UHE neutrinos: 
–  UHECR accelerated by Fermi mechamism if relic B-fields & debris from BH 

formation of BHs ⇒ emission of UHE ν´s & γ´s            K. Kotera, J. Silk, ApJL 823, L29 (2016) 

–  If accretion disk present, UHECR can be accelerated by electric fields in disk 
dynamo ⇒ UHE ν´s from interaction with photon backgrounds  and gas around BH        

L. Anchordoqui, Phys. Rev. D 94, 023010, 2016 
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LIGO	
GW150914	

Fermi	GBM	

V. Connaughton et al, 
ApJL.  826, L6 (2016) 



Searching for ν in coincidence with the GW events 
 

•  Energy range: E > 100 PeV – complementary to IceCube-Antares 
follow up                         LIGO&VIRGO, Icecube, ANTARES coll. PRD 93, 122010 (2016)  

 

•  We applied Auger Earth-Skimming and Downward-going neutrino 
selection to data in spatial and temporal proximity to GW150914, 
GW151226 (and LVT151012): 
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9

Searching for UHE ν in coincidence with GW events

→Neutrino search method already defined and applied to the data collected up to June 2013
    (upper limits to the diffuse flux and steady point-like sources of UHE neutrinos)
                                                           Pierre Auger Coll., PRD 91, 092008 (2015) & ApJL 755, L4 (2012)

→ Energy range: E > 100 PeV  -  complementary to IceCube-Antares GW follow up
                                                           LIGO&VIRGO, IceCube, ANTARES Coll., PRD 93, 122010 (2016)

→ Earth-Skimming and Downward-Going neutrino selection applied to data 
    in spacial and temporal proximity to GW150914, GW151226 (and LVT151012).  
                                                  

t

GW

1 day window after GW event time – GRB “afterglow” search

±500 s window 
around GW event time
“coincidence” search

for each GW, data unblinded over an observations
window T

search
 of 1d + 500s
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Auger sensitivity to UHE ν´s from the GW events 
 
•  Auger sensitivity limited to large zenith angles : at each instant in time, 

neutrinos can be detected efficiently only from a specific portion of sky 

 

periods of time after either GW event. The average (root-
mean squared) number of active stations during the search
periods of the GW150914 and GW151226 events and of
the LVT151012 candidate amount, respectively, to ∼97.5%
(∼1.5%), ∼95.6% (∼5.5%), and ∼94.0% (6.5%) of the total
number of stations in the SD array.
The arrival directions of cosmic rays are determined in

Auger from the relative arrival times of the shower front in
the triggered stations. The angular accuracy depends on the
number of triggered stations, on the energy and on the
zenith angle of the shower. Studies of cosmic-ray-induced
showers below 80° zenith angle have revealed that the
angular resolution is better than 2.5°, improving signifi-
cantly as the number of triggered stations increases [28,29].
Similar results are expected for neutrino-induced showers.
Unfortunately the field of view of the ES channel did

not overlap within !500 s of the time of coalescence of

event GW150914 with the 90% C.L. contour enclosing its
position; see the top panel of Fig. 2. However there is a
significant overlap in the case of GW151226 as can be
seen in the bottom panel of Fig. 2 and also in the case
of LVT151012. Also GW150914, GW151226, and
LVT151012 are visible in the DGH angular range
75° < θ < 90° within !500 s of occurrence—see Fig. 2.
In all cases a significant portion of the inferred position of
the source is visible for a fraction of the time in 1 day after
the corresponding GW event, as the Earth rotates and the
field of view of the ES and DGH analyses moves through
the sky (see Fig. 1).
The search for UHE neutrinos in Auger data produced

the following results:
(i) No inclined showers passing the ES or DGH

selection were found in the time window !500 s
around GW150914 or GW151226.
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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periods of time after either GW event. The average (root-
mean squared) number of active stations during the search
periods of the GW150914 and GW151226 events and of
the LVT151012 candidate amount, respectively, to ∼97.5%
(∼1.5%), ∼95.6% (∼5.5%), and ∼94.0% (6.5%) of the total
number of stations in the SD array.
The arrival directions of cosmic rays are determined in

Auger from the relative arrival times of the shower front in
the triggered stations. The angular accuracy depends on the
number of triggered stations, on the energy and on the
zenith angle of the shower. Studies of cosmic-ray-induced
showers below 80° zenith angle have revealed that the
angular resolution is better than 2.5°, improving signifi-
cantly as the number of triggered stations increases [28,29].
Similar results are expected for neutrino-induced showers.
Unfortunately the field of view of the ES channel did

not overlap within !500 s of the time of coalescence of

event GW150914 with the 90% C.L. contour enclosing its
position; see the top panel of Fig. 2. However there is a
significant overlap in the case of GW151226 as can be
seen in the bottom panel of Fig. 2 and also in the case
of LVT151012. Also GW150914, GW151226, and
LVT151012 are visible in the DGH angular range
75° < θ < 90° within !500 s of occurrence—see Fig. 2.
In all cases a significant portion of the inferred position of
the source is visible for a fraction of the time in 1 day after
the corresponding GW event, as the Earth rotates and the
field of view of the ES and DGH analyses moves through
the sky (see Fig. 1).
The search for UHE neutrinos in Auger data produced

the following results:
(i) No inclined showers passing the ES or DGH

selection were found in the time window !500 s
around GW150914 or GW151226.
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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No ν candidate events found in the time window ± 500 s around the GW events  

Auger Latitude: λ = -35.2° 

Instantaneous field of view 

Pierre Auger Collaboration, Phys. Rev. D 94, 122007 (2016) 



Constraints  
are declination-dependent 
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Sky map of visibility 
time fraction in 1 
sidereal day  

Earth-skimming channel 

periods of time after either GW event. The average (root-
mean squared) number of active stations during the search
periods of the GW150914 and GW151226 events and of
the LVT151012 candidate amount, respectively, to ∼97.5%
(∼1.5%), ∼95.6% (∼5.5%), and ∼94.0% (6.5%) of the total
number of stations in the SD array.
The arrival directions of cosmic rays are determined in

Auger from the relative arrival times of the shower front in
the triggered stations. The angular accuracy depends on the
number of triggered stations, on the energy and on the
zenith angle of the shower. Studies of cosmic-ray-induced
showers below 80° zenith angle have revealed that the
angular resolution is better than 2.5°, improving signifi-
cantly as the number of triggered stations increases [28,29].
Similar results are expected for neutrino-induced showers.
Unfortunately the field of view of the ES channel did

not overlap within !500 s of the time of coalescence of

event GW150914 with the 90% C.L. contour enclosing its
position; see the top panel of Fig. 2. However there is a
significant overlap in the case of GW151226 as can be
seen in the bottom panel of Fig. 2 and also in the case
of LVT151012. Also GW150914, GW151226, and
LVT151012 are visible in the DGH angular range
75° < θ < 90° within !500 s of occurrence—see Fig. 2.
In all cases a significant portion of the inferred position of
the source is visible for a fraction of the time in 1 day after
the corresponding GW event, as the Earth rotates and the
field of view of the ES and DGH analyses moves through
the sky (see Fig. 1).
The search for UHE neutrinos in Auger data produced

the following results:
(i) No inclined showers passing the ES or DGH

selection were found in the time window !500 s
around GW150914 or GW151226.
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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periods of time after either GW event. The average (root-
mean squared) number of active stations during the search
periods of the GW150914 and GW151226 events and of
the LVT151012 candidate amount, respectively, to ∼97.5%
(∼1.5%), ∼95.6% (∼5.5%), and ∼94.0% (6.5%) of the total
number of stations in the SD array.
The arrival directions of cosmic rays are determined in

Auger from the relative arrival times of the shower front in
the triggered stations. The angular accuracy depends on the
number of triggered stations, on the energy and on the
zenith angle of the shower. Studies of cosmic-ray-induced
showers below 80° zenith angle have revealed that the
angular resolution is better than 2.5°, improving signifi-
cantly as the number of triggered stations increases [28,29].
Similar results are expected for neutrino-induced showers.
Unfortunately the field of view of the ES channel did

not overlap within !500 s of the time of coalescence of

event GW150914 with the 90% C.L. contour enclosing its
position; see the top panel of Fig. 2. However there is a
significant overlap in the case of GW151226 as can be
seen in the bottom panel of Fig. 2 and also in the case
of LVT151012. Also GW150914, GW151226, and
LVT151012 are visible in the DGH angular range
75° < θ < 90° within !500 s of occurrence—see Fig. 2.
In all cases a significant portion of the inferred position of
the source is visible for a fraction of the time in 1 day after
the corresponding GW event, as the Earth rotates and the
field of view of the ES and DGH analyses moves through
the sky (see Fig. 1).
The search for UHE neutrinos in Auger data produced

the following results:
(i) No inclined showers passing the ES or DGH

selection were found in the time window !500 s
around GW150914 or GW151226.
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FIG. 2. Instantaneous field of view of the ES (red band) and
DGH (blue band) channels at the moment of coalescence of
GW150914 (top panel) and of GW151226 (bottom panel). The
black spots represent the 90% C.L. contour enclosing the
positions of the corresponding GW events. Note that by chance
the instantaneous field of view of Auger is approximately the
same at the instants of occurrence of both GW events.

FIG. 1. Sky map in equatorial coordinates where the color scale
indicates the fraction of one sidereal day forwhich a pointlike source
at declination δ is visible to the SD of the Auger Observatory
(latitude λ ¼ −35.2°) at zenith angle90° < θ < 95° (toppanel), and
75° < θ < 90° (bottom panel). The white solid lines indicate the
90% C.L. contour position of GW150914 [1,2] and the dashed
white lines indicate the corresponding 90% C.L. contour position
of GW151226 [3,4]. Thewhite star indicates the best-fit position of
the GW150914 event obtained in combination with data from the
Fermi-GBM instrument (see Fig. 10 in [7]).
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Downward-going channel 

GW150914 

GW151226 

LIGO + Fermi-GBM 

No ν candidate events found 
in 1 day after the GW events  

Pierre Auger Collaboration, Phys. Rev. D 94, 122007 (2016) 

(ii) A total of 24 inclined showers were found with
the ES selection criteria, 12 in each of the 1 day
periods after GW150914 and GW151226 events, but
none of them fulfilled the neutrino identification
criteria. Also 24 and 22 inclined showers were found
with the DGH selection 1 day after GW150914
and GW151226, respectively, with none of them
identified as a neutrino candidate. All selected
inclined events have properties compatible with
background nucleonic cosmic-ray events.

(iii) Also, no neutrino candidates were found within
!500 s around or 1 day after the UTC time of
the GW candidate event LVT151012 [4].

B. Constraints on the sources of GW

The absence of neutrino candidates allows us to place
upper limits to the UHE neutrino flux from GW150914 and
GW151226 (in the following we restrict ourselves to the
two confirmed GW events) as a function of equatorial
declination δ. The expected number of events for a neutrino
flux dNGW=dEνðEνÞ from a pointlike source at declination
δ is given by

NGW
event ¼

Z

Eν

dNGW
ν

dEν
ðEνÞEGWðEν; δÞdEν; ð2Þ

where EGWðEν; δÞ is the effective exposure to a pointlike
flux of UHE neutrinos as a function of neutrino energy Eν
and declination. For each channel ES and DGH we
calculate the exposure to UHE neutrinos EESðEν; δÞ and
EDGHðEν; δÞ, respectively, following the procedure
explained in [21–25]. The exposure is obtained by inte-
grating the SD aperture (area × solid angle) over the search
period Tsearch, multiplied by the neutrino cross section for
each neutrino channel, and weighted by the selection and
detection efficiency obtained from Monte Carlo simula-
tions [21]. When integrating over the search period, we
only consider the fraction of time when the source is visible
from the SD of Auger within the zenith angle range of the
corresponding neutrino selection. In each of the search
periods the performance of the SD array was very stable;
in particular, there were no large periods of inactivity as
confirmed using the continuous monitoring of the Auger
SD array.
Assuming a standard E−2

ν energy dependence for a
constant UHE neutrino flux per flavor from the source of
GW150914 or GW151226, namely, dNGW

ν =dEν¼kGWE−2
ν ,

a 90% C.L. upper limit on kGW can be obtained as

kGWðδÞ ¼ 2.39R
Eν
E−2
ν EGWðEν; δÞdEν

: ð3Þ

We applied Eq. (3) to obtain upper limits to the normali-
zation of the flux kGWES ðδÞ and kGWDGHðδÞ in each channel. The

combined upper limit to the normalization kGWðδÞ of the
flux is obtained as ðkGWÞ−1 ¼ ðkGWES Þ−1 þ ðkGWDGHÞ−1.
Systematic uncertainties are incorporated in the upper

limit in Eq. (3) and were taken into account using a semi-
Bayesian extension [30] of the Feldman and Cousins
approach [31] (see Table II in [21] for a detailed account
of the main sources of systematic uncertainties).
From the limits to the flux normalization we obtained

upper limits to the UHE neutrino spectral fluence radiated
per flavor in a similar fashion to those obtained in [19],

E2
ν
dNν

dEν
× Tsearch ¼ kGWðδÞTsearch; ð4Þ
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FIG. 3. Top panel: Upper limits to the UHE neutrino spectral
fluence per flavor [see Eq. (4)] from the source of GW150914 as
a function of equatorial declination δ. Fluences above the black
solid line are excluded at 90% C.L. from the nonobservation of
UHE neutrino events in Auger. The 90% C.L. declination bands
of the GW150914 are indicated in the plot by the shaded
rectangles. Bottom panel: Same as the top panel for the GW
event GW151226.
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Constraints on energy radiated from 
GW150914 in UHEν (Eν > 1017 eV)  
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Constraints on energy radiated from 
GW151226 in UHEν (Eν > 1017 eV)  
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Conclusions I 
•  Surface Detector of the Auger Observatory sensitivity 

to UHE neutrinos 
–  easy to identify: inclined showers with broad time fronts 
–  search not limited by background but by exposure 
–  sensitivity peaks at ~ EeV (peak of cosmogenic neutrinos)  

•  No ν candidates (1 Jan 2004 – 20 June 2013): 
–  Stringent limit to diffuse flux:  

dN/dE = k E-2 ⟶ k ～ 6.4 x 10-9 GeV cm-2 s-1 sr-1 @ 90% C.L.  

in 1017 eV < En < 2 x 1019 eV 
–  Limit below the WB bound : 

•  First shower array to achieve this benchmark 

–  Top-down (exotic) models strongly constrained (many rule-out) 

–  Cosmogenic model with pure proton composition at the 
source and strong FRII evolution disfavoured 

28 



Conclusions II 
•  Follow-up of 2015 LIGO Gravitational-Wave events: 

–  no neutrinos found  
–  upper limits on UHE neutrinos in temporal & spatial correlation 

with LIGO GW events: first limits above 1017 eV (complementary 
to IceCube limits) 

•  More on neutrino searches with the Auger Observatory: 
–  Search for point-like sources of UHE neutrinos 

Pierre Auger Collaboration,  ApJL 755 (2012) L4 

–  Correlation between IceCube neutrino events and UHECRs 
detected by Pierre Auger Observatory and Telescope Array 
IceCube, Auger, Telescope Array, JCAP 01 (2016) 37 
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Backup 
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•  Energy Spectrum •  Mass composition      

Flux  
[km-2 yr-1 sr-1] 

•  Large Scale anisotropies 

34th ICRC, 30 July-6 August 2015, The Hague, The Netherlands

«Intrinsic» anisotropy tests

➡  Data compatible with isotropic expectations. 

6

‣ Scan on parameters:  compute the obs./exp number of events in each circular window for:

‣ Auto-correlation  analysis does not find any significant excess either.

‣ Most significant excess:

( fraction of isotropic simulations that have a 
more significant excess under the same scan. )

nobs = 14   /   nexp = 3.23

- Significance of 4.3σ for Eth=54 EeV and Ψ = 12o 

level of correlation was �
�(38 )6

7 % in Abreu et al. (2010) and
(33± 5)% in Kampert et al. (2012).

Here we update this analysis, for historical reasons, by using
the vertical data set described in Section 2 and the VCV catalog
used in Abraham et al. (2007). Excluding Period I, there are
146 events above 53 EeV: 41 events correlate with VCV
AGNs, with the angular and distance parameters fixed by the
exploratory scan. The updated fraction of correlations is then
(28.1�

� )3.6
3.8 %, which is two standard deviations above the

isotropic expectation of 21%. On the other hand, note that since
the VCV correlations involve many different regions of the sky
(besides the fact that CRs with different energies have
significant time delays), so an explanation of the reduced
correlation found after 2007 in terms of a transient nature of the
signal would not be natural. Hence, the high level of correlation
found initially was probably affected by a statistical fluctuation.
We conclude that this particular test does not yield a significant
indication of anisotropy with the present data set.

4. GENERAL ANISOTROPY TESTS

4.1. Search for a Localized Excess Flux over the Exposed Sky

A direct analysis of cosmic ray arrival directions is the blind
search for excesses of events over the visible sky. To this aim,
we sample the exposed sky using circular windows with radii
varying from 1° up to 30°, in 1° steps. The centers of the
windows are taken on a 1° × 1° grid. The energy threshold of
the events used to build the maps is varied from 40 EeV up to
80 EeV in steps of 1 EeV. To detect an excess, for every
window and energy threshold we compare the number of
observed events, nobs, with that expected from an isotropic flux
of cosmic rays, nexp. For each sky direction, the expected
number of events for an isotropic distribution is obtained by
numerically integrating the geometric exposures in the
corresponding windows. We use the total number of vertical
and inclined events to normalize the relative exposures of the
two samples. Note that since the triggering is different in the
two cases, this fraction is non-trivial.

For each window, we calculate the binomial probability, p,
of observing by chance in an isotropic flux an equal, or larger,
number of events than that found in the data. We find the
minimum probability, � q �p 5.9 10 6, at an energy threshold
of 54 EeV and in a 12°-radius window centered at right
ascension and declination B E � n � n( , ) (198 , 25 ), i.e., for
Galactic longitude and latitude � � ◦ ◦ℓ b( , ) ( 51 .1, 37 .6), for
which �n n 14 3.23obs exp . The map of the Li–Ma (Li &
Ma 1983) significances of the excesses of events with ⩾E 54

EeV in windows of 12° radius is shown in Figure 1. The
highest significance region just discussed, having a Li–Ma
significance of 4.3σ, is indicated with a black circle. It is close
to the Super-Galactic Plane, indicated with a dashed line, and
centered at about 18° from the direction of Cen A, indicated
with a white star. One should note that although the effect of a
turbulent magnetic field would just be to spread a signal around
the direction toward the source, a regular field that is coherent
over large scales would give rise to a shift in the excess in a
direction orthogonal to that of the magnetic field, with the size
of both effects being energy dependent.
To assess the significance of this excess, we simulated

10,000 sets of isotropic arrival directions containing the same
number of events as the data set. In doing so, we keep the
original energies of the events and assign to them random
arrival directions according to the geometric exposure,
choosing randomly between vertical and inclined events
according to their relative exposures. We apply to the simulated
sets the same scans in angle and energy as those applied to the
data. We find that values smaller than � q �p 5.9 10 6 are
obtained in 69% of isotropic simulations, and hence the excess
found in the data turns out to be compatible with the maximum
excesses expected in isotropic simulations. We note that in the
region of the hot spot reported by the Telescope Array
Collaboration (Abbasi et al. 2014a), a 20° radius circular
window centered at B E � ◦ ◦( , ) (146 .7, 43 .2) which is partially
outside our field of view, we would expect to see 0.97 events
with �E 53 EeV if the distribution were isotropic; one event is
observed.

4.2. The Autocorrelation of Events

Another simple way to test the clustering of arrival directions
is through an autocorrelation analysis, which is particularly
useful when several sources lead to excesses around them on a
similar angular scale. With this method, one looks for excesses
in the number of pairs of events, i.e., excesses of “self-
clustering,” namely, we count the number of pairs of events,

ZN E( , )p th , above a given energy threshold, Eth, that are within
a certain angular distance, ψ. We do this at different energy
thresholds, from 40 up to 80 EeV (in steps of 1 EeV) and we
look at angular scales from 1° up to 30° (in steps of 0◦. 25 up to
5°, and of 1° for larger angles). To identify an excess, we
compare the observed number of pairs with that expected from
an isotropic distribution having the same number of arrival
directions above the corresponding energy threshold. For each
energy threshold and angle we then calculate the fraction of
isotropic simulations having an equal number of, or more pairs
than the data, Zf E( , )th .
The result is shown in Figure 2 as a function of the angular

distance and the energy threshold. The color code indicates the
values obtained for f. The white cross corresponds to the
parameter values leading to the minimum value of this fraction,

�f 0.027min , which happens for Z � ◦1 .5 and �E 42th EeV.
For these parameters, 30 pairs are expected, on average, for
isotropic simulations, while 41 are observed in the data. We
calculate the post-trial probability for this excess, P, as the
fraction of isotropic simulations that under a similar scan over
Eth and ψ lead to a value of fmin smaller than the one obtained
with the data. The resulting value, �P 70%, indicates that the
autocorrelation is compatible with the expectations from an
isotropic distribution of arrival directions.

Figure 1. Map in Galactic coordinates of the Li–Ma significances of
overdensities in 12°-radius windows for the events with ⩾E 54 EeV. Also
indicated are the Super-Galactic Plane (dashed line) and Centaurus A
(white star).

6

The Astrophysical Journal, 804:15 (18pp), 2015 May 1 Aab et al.

 Li-Ma significance map (galactic coordinates)

for Ψ = 12o and E>54 EeV 

‣ Post-trial probability:     =69% P

- Eth ∈ [ 40; 80 ] EeV in 1EeV steps 
(Cen A. indicated as a white star)

- Ψ ∈ [ 1o; 30o ] ) in 1º steps

•  Correlation with nearby extra-galactic 
objects  

Events above 40 EeV in windows from 1° to 30° 
No significant excess found 

E > 8 EeV: Dipole of amplitude 7.3% ± 1.5% 
Pointing to (α, δ) = (95o ± 13o, -39o ± 13o)  

Eankle = (4.82 ± 0.07 ± 0.8) EeV 

Es = (42.1 ± 1.7 ± 7.6) EeV 

E1/2 = (2.47 ± 0.01+0.82
-0.34) x 1019 eV 
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methodology is not applied to the data prior to 31 May
2010 since that data period was already unblinded to search
for UHE neutrinos under the older cuts [18].
Roughly ∼95% of the simulated inclined ντ events

producing τ leptons above the energy threshold of the
SD are kept after the cut on hAoPi. The search for neutrinos
is clearly not limited by background in this channel.

C. Downward-going (DG) neutrinos

In the high zenith angle range of the downward-going
analysis (DGH) the values of the cuts to select inclined
events are obtained in Monte Carlo simulations of events
with θ > 75°. Due to the larger angular range compared to
Earth-skimming ντ, less stringent criteria are applied, namely
L=W > 3, hVi < 0.313 mns−1, rmsðVÞ=hVi < 0.08 plus a
further requirement that the reconstructed zenith angle
θrec > 75° (see [19] and Table I for full details).
In the low zenith angle range (DGL) corresponding to

60° < θ < 75°, L=W, hVi and rmsðVÞ=hVi are less effi-
cient in selecting inclined events than the reconstructed
zenith angle θrec, and for this reason only a cut on θrec is
applied, namely 58.5° < θrec < 76.5°, which includes some
allowance to account for the resolution in the angular
reconstruction of the simulated neutrino events.
After the inclined shower selection is performed, the

discrimination power is optimized with the aid of the
multivariate Fisher discriminant method [20]. A linear
combination of observables is constructed which optimizes
the separation between background hadronic inclined
showers occurring during the downward-going training
period, and Monte Carlo simulated ν-induced showers. The
method requires as input a set of observables. For that
purpose we use variables depending on the dimensionless
Area-over-Peak (AoP) observable—as defined above—of
the FADC traces.

In the DGH channel, due to the inclination of the shower
the electromagnetic component is less attenuated at the
locations of the stations that are first hit by a deep inclined
shower (early stations) than in the stations that are hit last
(late stations). From Monte Carlo simulations of ν-induced
showers with θ > 75° we have established that in the first
few early stations the typical AoP values range between 3
and 5, while AoP tends to be closer to 1 in the late stations.
Based on this simple observation and as already reported
in [19], we have found a good discrimination when the
following ten variables are used to construct the linear
Fisher discriminant variable F : the AoP and ðAoPÞ2 of the
four stations that trigger first in each event, the product of
the four AoPs, and a global parameter that measures the
asymmetry between the average AoP of the early stations
and those triggering last in the event (see [19] for further
details and Table I).
The selection of neutrino candidates in the zenith angle

range 60° < θ < 75° (DGL) is more challenging since the
electromagnetic component of background hadronic show-
ers at ground increases as the zenith angle decreases
because the shower crosses less atmosphere before reach-
ing the detector level. Out of all triggered stations of an
event in this angular range, the ones closest to the shower
core exhibit the highest discrimination power in terms of
AoP. In fact it has been observed in Monte Carlo simu-
lations that the first triggered stations can still contain some
electromagnetic component for background events and, for
this reason, it is not desirable to use them for discrimination
purposes. The last ones, even if they are triggered only by
muons from a background hadronic shower, can exhibit
large values of AoP because they are far from the core
where muons are known to arrive with a larger spread in
time. Based on the information from Monte Carlo simu-
lations, the variables used in the Fisher discriminant

TABLE I. Observables and numerical values of cuts applied to select inclined and young showers for Earth-skimming and downward-
going neutrinos. See text for explanation.

Selection Earth-skimming (ES)
Downward-going
high angle (DGH)

Downward-going
low angle (DGL)

Flavours and interactions ντ CC νe; νμ; ντ CC & NC νe; νμ; ντ CC & NC
Angular range θ > 90° θ ∈ ð75°; 90°Þ θ ∈ ð60°; 75°Þ
N° of stations (Nst) Nst ≥ 3 Nst ≥ 4 Nst ≥ 4

Inclined showers

θrec > 75° θrec ∈ ð58.5°; 76.5°Þ
L=W > 5 L=W > 3

hVi ∈ ð0.29; 0.31Þ mns−1 hVi < 0.313 mns−1
rmsðVÞ < 0.08 mns−1 rmsðVÞ=hVi < 0.08

Young showers

Data: 1 January 2004–31 May 2010
≥ 60% of stations with

ToT trigger and AoP > 1.4 Fisher discriminant based
on AoP of early stations

≥ 75% of stations close to
shower core with ToT trigger

and
Fisher discriminant based
on AoP of early stations
close to shower core

Data: 1 June 2010–20 June 2013
hAoPi > 1.83

AoPmin > 1.4 if Nst ¼ 3

IMPROVED LIMIT TO THE DIFFUSE FLUX OF … PHYSICAL REVIEW D 91, 092008 (2015)

092008-7

Sets of selection criteria Auger Collaboration Phys. Rev. D 91, 092008 (2015) 

ν flavours 
and 

channels 
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Systematic uncertainties: ν limits 
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Uncertainties incorporated in the limit following the well-known 
Conrad approach. 

Auger Collaboration 
Phys. Rev. D 91, 092008 (2015) 
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Expected number of events 

Auger Collaboration 
Phys. Rev. D 91, 092008 (2015) 



Differential limits to diffuse flux of UHEν
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Status of neutrino searches 
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Limits to exotic models of ν production
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Auger limit rules out many exotic models of UHEν production 
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UHE Neutrino Sensitivity with radio 
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What if a ν candidate appears? 

•  Energy estimate of a ν candidate : 
–  Only the energy of the ν-induced shower (Eshower) can be reconstructed 
–  ν flavour cannot be determined & Eshower depends on flavour 
–  At best a lower bound to Eν because  Eν > Eshower 
–  ν can interact anywhere in atmosphere:  Eshower estimation should include 

shower age – No algorithm including age exists so far. 

 

 

•  Angular reconstruction of quasi-horizontal events : 
–  Not optimized for deeply penetrating & very inclined showers ( > 80°) 

Angular resolution ~ 1- 2 ° 
–  Identification of upgoing shower would indicate ντ primary 

 

 
•  Auger SD = discovery experiment (a “counter” of UHE neutrinos) 
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Auger constraints on models 
•  Kotera & Silk (ApJLett 823, L29, 2016): events such as GW1501914 

can account for UHECR above 1019 eV 
–  sufficient power to accelerate CR up to 1020 eV (if Bfield > 1011 G) 
–  with < 3% of energy released in GW: UHECR energy budget achieved 

•  UHEν if BHs surrounded by debris where pγ interactions occur. 

•  Implications: 
–  optical depth to pγ SMALLER than 1 
–  ONLY a fraction of energy in protons goes into charged pions -> neutrinos 
–  ONLY a fraction of luminosity extracted from BH goes into UHECR acceleration 
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Upper limit to diffuse UHE neutrino flux from BH mergers:  
 

E2dN/dE ~ 1.5 – 6.9 x 10-8 GeV cm-2 s-1 sr-1 (theory) 
 above Auger limit 

E2dN/dE ~ 6.4 x 10-9 GeV cm-2 s-1 sr-1 (Auger) 
	

Pierre Auger Coll., Phys. 

Rev. D 94, 122007 (2016) 



Correlation between Auger + Telescope 
Array UHECRs & IceCube ν

44 
No indications of correlations above 3.3 σ

Three analyses to investigate correlations 
between 318 UHECRs in Auger + Telescope Array 
with samples of IceCube neutrino events.  
	

★    Auger UHECRs 
★    TA UHECRs 
u IceCube HESE tracks  
u IceCube tracks 
� IceCube cascades 
---- Galactic plane 
___ Supergalactic Plane 	

IceCube, Auger, Telescope Array 
JCAP 01 (2016) 37 


