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UHE neutrinos at the Pierre Auger Observatory Inés Valifio

1. Introduction

Observation of ultra-high energy (UHE) neutrinos in the 10'® eV (1 EeV) range can provide
insight into the challenge of unveiling the origin and nature of the ultra-high energy cosmic rays
(UHECR) [1, 2]. Despite the high level of precision in cosmic-ray measurements reached at current
experiments such as the Pierre Auger Observatory [3], the results can be interpreted by different
astrophysical scenarios without allowing one to conclude unambiguously about the origin of UHE-
CRs. The key role of UHE neutrinos to solve this puzzle can be understood as follows. Neutrinos
are expected from the interaction of UHECRs with matter and/or radiation at their sources [4] and
with photons of the cosmic microwave background during propagation through the Universe [5].
Unlike cosmic rays, neutrinos point directly to their production sites, without being deflected in the
galactic and extragalactic magnetic fields. Unlike photons, also expected from cosmic-ray interac-
tions, neutrinos travel undisturbed from their sources carrying information about their production
mechanisms. Therefore, the (non)-observation of UHE neutrinos may be the only probe of the
dominant scenario of UHECR production.

Although the Pierre Auger Observatory was primarily conceived to measure UHECRs, it has
shown an excellent sensitivity to EeV neutrino flux due to its vast collecting area and its ability
to efficiently discriminate between neutrinos and hadronic cosmic rays. In this contribution we
present an update to the search for UHE neutrinos with the Surface Detector (SD) of the Pierre
Auger. It also includes the report on the recent targeted search for neutrinos above 100 PeV in
coincidence with the gravitational wave (GW) events detected by the Advanced LIGO detectors,
GW150914 [6, 7], GW151226 [8] and GW170104 [9]. These events were inferred to have been
produced by binary Black Hole (BH) mergers, which might provide a potential environment where
cosmic rays can be accelerated to the highest energies and produce neutrinos if there are magnetic
fields and disk debris remaining from the formation of the two BHs [10, 11].

2. Searching for UHE neutrinos at the Pierre Auger Observatory

The principle for identification of neutrinos is founded on the fact that while cosmic rays (pro-
tons and nuclei), and even photons, interact shortly after entering the atmosphere, neutrinos can
initiate showers quite deep. At large zenith angles, the electromagnetic (EM) component of exten-
sive air showers (EAS) induced by cosmic rays gets absorbed in the large amount of atmosphere
traversed and only the muon component reaches ground level. But if showers are induced deeply,
a considerable amount of EM component reaches ground. Therefore as the zenith angle increases
it becomes easier to discriminate the neutrino-induced EAS. Neutrino identification is then based
on the selection of showers that arrive with large zenith angles with respect to the vertical (the
so-called inclined showers) and rich on EM component.

The Surface Detector (SD) of the Pierre Auger Observatory consists of an array of 1600 water-
Cherenkov detectors (WCD) deployed over an area of ~ 3000 km?, arranged in a triangular grid of
1.5 km spacing, that samples at ground level the secondary particles of air showers initiated by pri-
mary cosmic rays in the atmosphere [3]. It was designed to measure the time structure of the signals
produced by the passage of shower particles with 25 ns resolution and to be sensitive to showers
arriving at extremely large zenith angles. Although the SD is not separately sensitive to the muonic
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and EM components of the shower, nor to the depth at which the shower is initiated, the measure-
ment of the time structure of the signal in the WCD allows one to distinguish narrow traces in time
typical of shower fronts dominated by muons (as is the case in inclined showers initiated high in the
atmosphere), from the broad signals in time a distinctive feature of shower fronts with a significant
EM component as expected in inclined showers initiated close to the ground. These capabilities
make the SD an efficient detector of UHE neutrinos with energies above 100 PeV. In particular,
with the SD we can search for two types of neutrino-induced showers: (1) Earth-skimming (ES)
showers initiated by tau neutrinos (v;) that travel in a slightly upward direction, skim the Earth’s
crust and interact through charged current (CC) relatively close to the surface and induce a tau lep-
ton that can escape the Earth and decay in flight in the atmosphere, close to the SD. Typically, only
v;-induced showers with zenith angles 90° < 8 < 95° may be identified [12]. (2) Showers initiated
by neutrinos of any flavour moving down at zenith angles 6 > 60° that interact through both CC
and neutral current (NC) with nuclei in the atmosphere and induce EAS near the ground [12, 13].
These are referred to as downward-going (DG) neutrinos. For optimization purposes the search in
this channel is performed in two angular subranges: (a) "low" zenith angle (DGL) corresponding to
60° < 8 < 75° and (b) "high" zenith angle (DGH) with 75° < 6 < 90°. Downward-going showers
induced by v; interacting in the mountains surrounding the Auger Observatory are also included in
the DG channel.

The search methods for UHE neutrinos in the three channels described above (ES, DGH,
DGL) were designed by exploiting the different characteristics of the showers in each angular
window with the aid of Monte Carlo (MC) simulations. Although the particular searches for ES,
DG, and DGH events require independent procedures for event selection, neutrino identification
and exposure calculation, the general strategy is common: pre-selection of rather inclined events
followed by a selection of neutrino candidates based on a single optimized variable. Inclined events
are easily selected from the pattern of the triggered WCD stations at the ground that typically
exhibit elongated patterns along the direction of arrival, well described by an ellipse with a high
eccentricity. Another indication of inclined events is that the apparent speed of the trigger between
station pairs in the event has an average value concentrated around the speed of light (c) and a
small spread. In the DGL and DGH selections, the zenith angle 6. of the event is reconstructed
and a cut on it is placed. To separate neutrinos candidates from the background of cosmic-ray
showers, several observables related to the width of the signal trace are used depending on the
specific selection. A Time-over-Threshold (ToT) trigger is usually present in WCDs with signals
extending in time, while narrow signals induce other local triggers. Also the Area-over-Peak ratio
(AoP), defined as the ratio of the integral of the digitized signal trace to its peak value, serves as a
variable to discriminate broad from narrow shower fronts. For the ES selection the average AoP of
the triggered stations, (AoP), is chosen as a discrimination variable for data after June 2010 while
for earlier data the fraction of stations in the event with a ToT local trigger is used (see [14]). For
the DGH (DGL) selection the individual AoP of the 4 (4 or 5) stations that trigger first (closest to
shower core) in each event are combined in a linear Fisher-discriminant polynomial. In the DGL
selection it is also required that at least 75% of the triggered stations closest to the core have a ToT
local trigger.

The actual values of the neutrino selection cuts (above which events are classified as potential
neutrino candidates) are decided a priori comparing the tails of the distributions of the (AoP) and
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Fisher discriminant for simulated neutrino events to those taken from a small fraction of the data
assumed to be overwhelmingly made up of background cosmic-ray showers. These distributions
have an exponential tail which can be easily extrapolated to find the value of the cut corresponding
to a background rate of less than 1 event per 50 yr on the full SD array. Roughly ~95%, ~ 85%, and
~ 60% of the inclined neutrino events are kept after the ES, DGH, DGL selections, respectively.
See [14] for full details of the selections and specific values of the cuts. Note that the search
approach followed by the Pierre Auger Collaboration is therefore a "blind" analysis strategy where
the remaining fraction of data is not used until the selection procedure is established, and then it is
"unblinded" to search for neutrino candidates.
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Figure 1: (a) Distributions of (AoP) (the variable used to identify neutrinos in the ES selection). The gray-
filled histogram is the distribution for data after 1 June 2010 up to 31 March 2017 (training period excluded)
and the blue-framed histogram are ES v; events. The dashed vertical line represents the cut on (AoP) > 1.83
above which a data event is classified as a neutrino candidate. (b) Total exposure (solid line) of the SD of the
Pierre Auger Observatory (1 January 2004 - 31 March 2017) as a function of neutrino energy. Also shown
are the individual exposures corresponding to ES (dashes), DGH (dots) and DGL (dot dashes) searches. For
the DG channels the exposure represents the sum over the three neutrino flavours as well as CC and NC
interactions. For the ES channels, only v; CC interactions are relevant.

2.1 Data unblinding

The ES, DGH, DGL selection criteria in [14] were applied to data collected from 1 January
2004 to 31 March 2017 in a search for neutrino candidates. For each selection the corresponding
training periods were excluded from the search. No neutrino candidates were found [15]. An
example of the result of the unblinding is shown in Fig. 1 for the (AoP) variable in the ES analysis.
Data events are far and to the left of the cut value at (AoP) > 1.83. The same is true for the
Fisher-discriminant distributions in the DGH and DGL selections.

In the absence of candidates in data collected in the search period, limits to diffuse and point-
source fluxes of UHE neutrinos were placed as shown in the following sections.

2.2 SD exposure to UHE neutrinos

To obtain the neutrino bounds the exposure of the SD of the Pierre Auger Observatory to UHE
neutrinos is needed. For its calculation the same criteria described above and in [14] are applied
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to the neutrino simulated showers. The identification efficiency for each channel is obtained as
the fraction of simulated events passing the cuts. For this purpose, a large set of MC simulations
of neutrino-induced showers was performed, covering the whole relevant parameter space. For
ES tau neutrinos, the efficiency depends on the energy of the emerging 7 leptons, on the arrival
direction and on the decay position of the 7 above ground. For DG neutrinos, the identification
efficiency depends on neutrino flavour, type of interaction (CC or NC), neutrino energy, arrival
direction and distance measured from ground along the shower axis at which the neutrino is forced
to interact in the simulations. For all the cases, the efficiencies also depend on time to account for
the changing configuration of the SD array that was growing constantly during the construction
phase (up to 2008), and continuous changes in the fraction of working stations. Although the
number of working WCDs and their status are monitored every second, the approach adopted
to calculate in an accurate and less time-consuming manner the actual identification efficiency is
to sample them over real array configurations chosen every three days. Once the efficiencies are
obtained, the calculation of the exposure involves folding them with the SD array aperture and with
interaction/decay probabilities depending on the search channel. An integration over the whole
parameter space except for the neutrino energy E\, and in time over the search periods yields the
exposure for each of the selections. The results of the exposure calculation for the ES, DGH and
DGL selection channels are displayed in Fig. 1 along with the combined exposure assuming equal
fluxes for all neutrino flavours at Earth. The ES channel dominates the exposure due to both the
longer search period and the much larger neutrino conversion in the denser target of the Earth’s
crust compared to the atmosphere.

A study of the main sources of systematic uncertainties in the combined exposure has been
performed [14]. The major contributions in terms of deviation from a reference exposure comes
from the knowledge of neutrino-induced shower simulations (~ +4%, —3%), of the neutrino cross-
section and 7T energy loss (~ +34%,—28%) and the topography around the Observatory not ac-
counted for in the exposure calculation in the ES channel (~ +15%,0%).

3. Limits to the diffuse flux of UHE neutrinos

Using the combined exposure &(Ey) and assuming a differential flux ®(E,) = kE, > as well
asaV,:Vy:vy=1:1:1 flavour ratio, an upper limit on the value of the normalization k can be
Nup
Jey BV E(Ev)dEy
to include the systematic uncertainties in the exposure, if no events are observed the 90% C.L.

obtained as k = In a semi-Bayesian extension of the Feldman-Cousins approach

limit is set for a flux predicting Ny, = 2.39 events. The single-flavour 90% C.L. limit is kgp <
5x1072GeV ecm 2 s~ ! sr! [15] and applies in the energy interval from 0.1 to 25 EeV where ~ 90%
of the total rate is expected. The relative contributions of the ES:DGH:DGL channels to the total
expected event rate are ~ 0.79 : 0.18 : 0.03 respectively, and those of the electron:muon:tau neutrino
flavours are ~ 0.10 : 0.04 : 0.86 respectively. The search period corresponds to an equivalent of
nearly 10 years of a complete Auger SD array working continuously, which represents an increase
of roughly 4 years of data with respect to previous results [14]. The limit is shown in Fig. 2,
along with its representation in differential format calculated integrating the neutrino flux over
consecutive energy bins of width 0.5 in log,qEy. The differential limit allows to show at which
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energies the sensitivity of the SD of the Auger Observatory peaks. Limits from other neutrino
experiments are also shown in Fig. 2 as well as several models of neutrino flux production.
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Figure 2: (a) Integral (straight red line) and differential upper limits to the normalization of the diffuse
flux of UHE neutrinos (at 90% C.L.) from the Pierre Auger Observatory (curved red line). Also shown
are the corresponding limits for ANITA-II [16] and IceCube [17] collaborations and the expected fluxes
for several cosmogenic neutrino models [18, 19, 20] as well as astrophysical v bound predictions [21, 22].
(b) Constrains on parameter space for cosmological neutrinos in proton models (assuming a power law
dN/dE ~ E —23 at the sources) as a function of m (source evolution) and Zmax (maximum redshift of the
sources) following [23]. Coloured areas represent different C.L. of exclusion. The region above the white
(black) line is excluded at 90% C.L. by Auger (IceCube [17]) data.

By inspecting Fig. 2 it is clear that the SD of Auger Observatory is well suited for detect-
ing cosmogenic neutrinos. Different models for cosmogenic v’s that attempt to explain the origin
of the cosmic rays are excluded at the 90% C.L., particularly those that assume a pure primary
proton composition injected at the sources and strong (FRII-type) evolution of the sources with
redshift [18]. Some models bounded by GeV 7y-ray flux observations by Fermi-LAT [19] are also
excluded. A model that assumes protons with moderate evolution close to that of SFR [20] is
disfavoured. Using a conservative analytical approximation of the cosmogenic neutrino flux, ex-
clusion plots can be made as functions of the most relevant parameters for cosmogenic v models,
namely: the source evolution (m), the maximum redshift to which the cosmic ray is integrated
(zmax), the spectral index (), and the maximum energy of the cosmic ray flux (Epnax) [23]. The
corresponding plot for o« = 2.5 and for Ep,x = 300 EeV is shown in Fig. 2. Also some models of
neutrino production in astrophysical sources such as radio-loud Active Galactic Nuclei (AGN) [21]
are excluded at more than 90% C.L.

4. Limits to point-like sources of UHE neutrinos

The neutrino search at the Pierre Auger Observatory is limited to highly inclined showers and
thus, at each instant, neutrinos can be detected only from a specific portion of the sky corresponding
to the zenith angle ranges of the selections. The sky coverage provided by the ES channel reaches
declinations  between —54.5° and 59.5°. Concerning the DG channels, they enhance the visible &
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band towards the south all the way to —84.5° covering a large fraction of the sky. The point-source
exposure &' (Ey, 0) is obtained in a similar way as the diffuse exposure but avoiding the integration
in solid angle and taking into account that the identification efficiency depends on the zenith angle
0, while the 0 of the source depends on sidereal time.
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Figure 3: Upper limit (at 90% C.L.) to the normalization of a E, ? differential neutrino flux from a point
source as a function of the declination of the source, as obtained from the Pierre Auger Observatory (solid
line). Individual limits for ES, DGH and DGL searches are also displayed as labeled. Also shown are the
sensitivities for ANTARES [25], IceCube [26] and a combination of both [27].

The non-observation of neutrino candidates is cast into a bound on point-like sources which is
calculated as a function of §, assuming a point source flux which decreases in energy as k™S E, 2
and a flavour ratio of 1:1:1. The combined and individual limits are shown in Fig. 3, for data that
represents an increase of about 7 years of full exposure with respect to previous results [24], along
with sensitivities for other neutrino experiments that cover different energy ranges.

5. Targeted search for neutrinos in coincidence with the Gravitational Wave events

The observation of GW events with the Advanced LIGO detectors compatible with having
arisen from the merger of BHs in binary system has motivated a targeted search for neutrinos in
temporal and spatial coincidence with them. The same identification criteria explained in Sec. 2
were applied to data collected with the Auger Observatory close in time and position with events
GW150914, GW151226, GW170104 and the candidate event LVT151012. In each case the search
was performed within two time windows: (1) £500 s around the UTC time of occurrence of the
GW event, motivated by an upper limit to the duration of the prompt phase of Gamma Ray Bursts
(GRBs) [28], when typically PeV neutrinos are thought to be produced in interactions of acceler-
ated CRs and gamma rays within the GBR itself; (2) 1-day window after the GW event, driven by a
conservative upper limit to the duration of the GRB afterglows, where UHE neutrinos are expected
from the interactions of UHECRs with the lower-energy photons of the GRB afterglow (see [29]
for a review). The spatial coincidence requirement is for neutrinos to come from a direction en-
closed in the large at 90% C.L. contour (a broad region of few hundreds of square degrees) set by
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the LIGO collaboration for the positions of the events. Because of the zenith angle restrictions of
the search channels the visible part of the sky is limited at any instant.

90% CL declination GW151226
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Figure 4: Constraints on the energy radiated in UHE neutrinos (per flavour) from the source of GW 151226
as a function of the equatorial declination 6. Energies above the solid line, assuming the luminosity distance
to the source Ds = 440 Mpc, are excluded at the 90% C.L. from the non-observation of UHE neutrinos
in Auger. The dashed lines correspond to the 90% C.L. interval of possible distances to the source. For
reference the dot-dashed horizontal line represents Egw ~ 5.4x10°* erg, the inferred energy radiated in
gravitational waves from GW 151226 [8]. The shaded region indicates the 90% C.L. declination band of this
GW event.

In the short time-window there is a marginal overlap between the 90% C.L position of GW 150914
and the corresponding field of view of the SD for the DGH channel, while there is a substantial over-
lap between the sky coverage with ES and DG channels and the reported positions for GW151226,
GW170104 and LVT151012. No neutrino candidates were found in coincidence with any of the
GW events (and the candidate one), in fact, no inclined background showers from cosmic rays were
observed neither [30, 15].

In the 1-day period after the GW the instantaneous exposure is averaged over a sidereal day.
The overlap with the field of view of the SD is large for GW 150914, GW170104 and LVT151012
and practically all the 90% C.L. declination band for GW151226. Although inclined showers
were observed within the 1-day periods after the GW events none of them fulfilled the neutrino
identification criteria [30, 15].

The absence of neutrino candidates allows one to place upper limits to the flux of UHE neu-
trinos from the GW events as a function of equatorial declination §, assuming a standard E, 2
spectrum. In addition, a bound on the total energy radiated from the GW source in UHE neutri-
nos can be obtained using the luminosity distances quoted for the events. Results depend on the
direction and distance of the source. As an example the limit for the event GW151226 is shown in
Fig. 4 . The constraints on total energy can be expressed as fractions f, of energy in UHE neutrinos
relative to the energy radiated in gravitational waves. For example for the event shown in Fig. 4
the best upper limit on this fraction is f, (6 = 55°) < 44.1%. See [30] for further details on the
analysis.
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6. Conclusion

The Pierre Auger Observatory has been demonstrated to be an effective detector for neutrinos
of all flavours with energies around 100 PeV and above, covering sky directions with equatorial
declinations from ~ —80° to +60°. Given the non-observation of neutrino candidates in data
collected with the SD from 1 January 2004 to 31 March 2017 improved strong limits to diffuse
fluxes of UHE neutrinos have been obtained, allowing one to constrain the parameter space of
cosmogenic neutrinos and to prove some models of neutrino production in astrophysical sources.
The Pierre Auger Observatory is indeed the first air shower array to set a limit below the Waxman-
Bahcall flux. Also new limits on steady point sources have also been obtained.

Finally a targeted search for UHE neutrinos in time and spatial coincidence with the LIGO
GW events from BH mergers has yielded limits on a possible UHE neutrino emission from the
GW sources and on its energy budget. In this new era for multi-messenger astronomy, more GW
events are expected in the near future and the neutrino follow-up search with the SD of the Auger
Observatory will provide an additional tool to identify the GW sources and contribute to constrain
the properties of such astrophysical phenomena, complementary to the TeV-PeV region covered by
IceCube and ANTARES.
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