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Observations of extremely high energy neutrinos (& 1016 eV) are expected to probe the origin
of the highest energy cosmic rays with energies above 1020 eV. Cosmogenic neutrinos are pro-
duced in the interactions of those most energetic cosmic rays with cosmic microwave background
photons (GZK effect) and considered a guaranteed astrophysical neutrino signal. The cosmo-
genic neutrinos have been searched using the partially and fully completed IceCube detector. We
present the updated analysis of the extremely high energy neutrinos above ∼ 106 GeV in the total
of 6 years of IceCube sample with 3 years of partially completed IceCube data taken in 2008-2011
and 3 years of completed IceCube data in 2011-2014. The sensitivity for a diffuse flux of cosmic
neutrinos with an E−2 spectrum in the central 90% energy range 300 TeV to 2 EeV is expected
to be at a level of E2φ ≤ 3×10−9GeVcm−2sec−1sr−1 and the improvement corresponds to more
than a factor of 2.5 from the previous study with two year data from the nearly completed IceCube
detector. The current analysis leads to further constrain or prove the highest energy cosmic-ray
origin with the IceCube neutrino observatory.
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1. Introduction

Astrophysical neutrinos are expected to be produced by interactions of ultra-high-energy cosmic-
rays (UHECRs) with the surrounding photons and/or matter. These neutrinos, which are unde-
flected in the Galactic and extra-galactic magnetic field and unattenuated in the photon filled Uni-
verse, play an important role as information carriers of hard to identify cosmic accelerators. More-
over, cosmogenic neutrinos [1], also known as GZK neutrinos, that are induced by the highest
energy cosmic-ray interactions with background photons in the Universe [2] are expected in the
energy region above ∼10 PeV. These cosmogenic neutrinos are one of the most promising mes-
sengers from the high-energy, distant universe beyond PeV energies. They may provide us with
direct evidence of the highest energy cosmic-ray sources. However, since the expected flux level
of GZK neutrinos is so low, it requires a very large scale neutrino detector. IceCube is a cubic
kilometer scale deep underground Cerenkov neutrino detector at the South Pole. The IceCube de-
tector construction was completed in December 2010. The IceCube array comprises 5160 optical
sensors on 86 cables, called strings, over a 1 km3 instrumented volume of ice at a depth of 1450 m
to 2450 m. Additional optical sensors frozen into tanks located at the surface near the top of each
hole constitute an air shower array called IceTop. In 2008-2009, 2009-2010 and 2010-2011, 40,
59 or 79 out of 86 cables were deployed and taking data with an approximate fiducial volume of
0.5, 0.7 and 0.9 km3, respectively. Then in 2011-2014, IceCube accumulated data with the fully
completed array. The previous search for cosmogenic neutrinos was carried out with 2 years of
data, in which first year data was obtained with 79 strings and second year data was taken with
the full array. While two PeV events were discovered by the search [3], no cosmogenic neutrinos
were observed [4] and stringent limits were placed on cosmogenic neutrino model fluxes. It was
shown that astrophysical objects with populations following a strong cosmological evolution, such
as Fanaroff-Riley type II radio galaxies, are unlikely the highest energy cosmic-ray sources. In
this proceedings, we present the expected sensitivity of the analysis in search for neutrinos above
a PeV with the 6 years of IceCube data taken between April 2008 and May 2014 with an effective
livetime of 2050 days.

2. Cosmogenic neutrino events in IceCube

Cosmogenic neutrino fluxes are, to the first order approximation, characterized by broken
power-laws above a few PeV. A hard power-law spectrum with spectral index of ∼ −0.7 is ex-
pected in the energy region below 100 PeV as illustrated in Fig.1. This feature is robust against
different highest energy cosmic-ray source models, as this corresponds to the energy threshold of
photopion production of the highest energy cosmic-ray proton with the well measured cosmic mi-
crowave background photon field. Additionally, the neutrons created in the photopion interactions
decay into electron anti-neutrinos with energies around a few PeV. Some models predict an ad-
ditional contribution in the lower energy region around one PeV [5]. This contribution is highly
dependent on higher energy (infrared, optical, and ultraviolet) background photons, as well as the
transition energy between Galactic and extragalactic cosmic-rays. Above ∼1 EeV (=109 GeV),
the spectrum is expected to soften to ∼ E−2.0 until ∼100 EeV where the spectrum becomes even
steeper depending on the assumed maximal energies of cosmic-ray spectra at the production site.
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Figure 1: Expected cosmogenic neutrino spectrum and astrophysical neutrino spectrum measured by Ice-
Cube

As we see in the next sections, the effective detection area, or the exposure of the current
analysis, scales approximately linearly with energy below EeV. The cosmogenic neutrino events
observable by IceCube are expected to dominate in the energy range below a few EeV, above
which a much more soft spectrum is expected.

When UHECRs interact with the photon field, only νe and νµ are produced. Due to flavor
oscillation, it is expected to become approximately νe : νµ : ντ = 1:1:1 at Earth. IceCube is sensitive
to these three flavors of neutrinos. The largest contribution in the detection of high energy neutrino
induced events above a PeV is from the “through-going muon” channel in which muons are created
by νµ charged current (CC) interactions outside the IceCube fiducial volume and then propagate
through the detector emitting Cherenkov light from stochastic energy losses. Since average muons
propagate more than 10 km above ∼1 PeV, this makes the sensitivity of IceCube extend to neutrino
interactions far outside the IceCube detector volume. Similarly the contribution from “through-
going tau” tracks from ντ CC interactions is important in the energy range where the GZK neutrinos
are expected, since the tau decay length becomes more than a few km for ≥ 108 GeV whereas it is
a few tens of meters for PeV τs. In addition, particle showers produced at the neutrino interaction
vertex position are observed as “cascade” events. Cascade events are induced by neutral current
(NC) interactions by all three flavors of neutrinos as well as νe CC interactions. While the cascade
channel is limited to the interactions occurring inside or near the IceCube detector, their energy
deposits in the detector are typically larger than that of muons or taus with equal energy. There
is also an interesting contribution from the Glashow resonance [6] at 6.3 PeV, which results when
an anti-electron neutrino interacts with an electron in the Earth. This interaction will result in an
electron, tau, or hadron induced particle shower, or a muon track.

At energies above ∼1 PeV, the Earth is not transparent to neutrinos as the neutrino-nucleon
cross section increases with energy. Thus, extremely high energy (EHE) neutrinos above the PeV-
scale, and their charged secondaries, are able to reach IceCube only from above and slightly below
the horizon. Furthermore, the topological features of neutrino induced events change with energy
even in each detection channel. For instance, neutrino induced muons exhibit more and more
stochastic in energy losses at high energies. In addition, neutrino induced tau events drastically
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change from spherical to track-like shapes with increasing energy and above a few PeV electron
induced particle showers become elongated due to the LPM effect [7].

3. Signal selections
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Figure 2: Event number distributions before Level-3 cut (upper panels) and Level-4 cut (lower panels) of
the sample corresponding to 2050 days of livetime. The signal distributions in the left panels are from [13]
adding all three flavors of neutrinos. The solid lines in each panel indicate the selection criteria in which only
the events above the lines are kept. Event distributions from different detector configurations are added. The
selection criteria are constant for the samples taken in different data taking periods. Atmospheric muons in
the total background shown in the right panels are simulated with pure iron primary cosmic rays. In the case
of pure proton primary, the background events are estimated to be a factor of 8 reduced. The upper middle
plot shows the prompt atmospheric neutrino distribution to be removed by the Level-3 cut for reference.

The primary background in this analysis is downward-going muon bundles made up of large
numbers of muons produced by high energy cosmic-ray interactions in the atmosphere. The sec-
ondary background is atmospheric neutrinos. Atmospheric neutrinos are induced by decays of
charged mesons produced in cosmic ray interactions with the atmosphere. In particular in the en-
ergy region under study, prompt atmospheric neutrinos from decays of short lived heavy mesons are
considered to dominate over conventional atmospheric neutrinos from pion and kaon decay. Unlike
conventional atmospheric neutrinos, which are dominated by νµ , prompt neutrinos are composed of
approximately equal fluxes of νµ and νe. While there must be non-zero prompt atmospheric neutri-
nos, no experimental observation of a prompt neutrino flux has been made, thus still relatively large
theoretical uncertainty remains. In the current study, the model from [8] is considered as the default
model. In this analysis, atmospheric muons were simulated with the CORSIKA air-shower simu-
lation package version 6.720 [9] with the SIBYLL 2.1 [10] hadronic interaction model assuming
pure proton and iron primary compositions in the energy region between 105 and 1011 GeV. EHE
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neutrino signal events with energy between 105 and 1011 GeV were simulated using the JULIeT

package [11].
In the current analysis, signal candidate events are extracted by applying four consecutive

background rejection criteria. A large amount of low energy atmospheric muon induced events,
typically less than a few TeV, are discriminated by requiring the total number of photo-electrons
(NPE) to be greater than 30,000 photo-electrons (p.e.) in the “Level-2” sample. This Level-2
data is subject to the “Level-3” cut which aims to remove atmospheric neutrinos, in particular
the prompt neutrinos with a large theoretical uncertainty and atmospheric muons whose direction
is not reliably reconstructed. The “Level-4” criterion is optimized to remove well reconstructed
atmospheric muons of downward-going directions. Then the final “Level-5” criteria assure that
there are no IceTop hits from cosmic-ray air-showers associated with the near final level events.

Figure 2 shows the event distributions as function of χ2/ndf value and the total number of
photo-electrons (NPE) as well as a function of cos θ and NPE. The Level-3 and Level-4 NPE
threshold as function of reduced χ2 and cosine of zenith angle are shown as solid lines in Fig. 2. In
the Level-4 cut, the NPE threshold for the vertically downward going region is set to a high value
(∼2×106) to reject energetic high multiplicity muon bundle events induced by ultra-high-energy
cosmic rays. The NPE threshold is gradually reduced towards the horizontal direction because the
number and energy of penetrating background atmospheric muons is significantly reduced for the
inclined events. An NPE threshold value of ∼4×104 is assigned for the events near and below
the horizon such that signal EHE cosmogenic neutrino induced events near the horizon can be
selected efficiently while rejecting the high energy muon events dominant in the downward-going
region and atmospheric neutrinos down to the level of 0.069 events per approximately 6 years of
livetime. The Level-4 background events include 0.017 events of atmospheric muons, 0.019 events
of conventional atmospheric neutrinos, and 0.033 events of prompt atmospheric neutrinos. To find
correlated IceTop hits in the final level cut, downward-going reconstructed event tracks in the ice
are extrapolated to the ice surface. Then the time tCA, when the extrapolated tracks are at the closest
approach to IceTop tanks, is calculated. The number of the correlated IceTop hits is defined by the
number of IceTop hits in the time interval of −1µsec ≤ tCA ≤ 1.5µsec. The final level selection
requires the number of the correlated IceTop hits of the event to be less than two. A similar, but
more detailed, analysis using the IceTop hits can be found in these proceedings [12].

4. Expected performance

The quasi-differential, model-independent sensitivity of the IceCube detector at 90% CL per
energy decade on neutrino fluxes above 1015 eV (1 PeV) is shown in Fig. 3 assuming full standard
neutrino flavor mixing. The corresponding sensitivity for a diffuse flux of cosmic neutrinos with
an E−2 spectrum in the central 90% energy range from 300 TeV to 2 EeV is calculated to be
E2φ ≤ 3×10−9 GeVcm−2 sec−1sr−1 with the 6 years of observation. The sensitivity improved by
a factor of 2.5 from the previous analysis with approximately two years of IceCube data [4]. Table 1
gives the event rates for several model fluxes for cosmogenic neutrinos assuming the highest energy
cosmic-rays above 5× 1019 eV are protons only. In the present study, at most ∼5 cosmogenic
neutrino events from the models which have not been excluded are expected. This reflects the fact
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Figure 3: All flavor neutrino flux differential sensitivities of the IceCube detector. Several model predictions
(assuming primary protons) are shown for comparison: Ahlers-max (the maximal fit), Ahlers-best (the best
fit, incorporating the Fermi-LAT bound) [13], and Kotera-SFR [5] Yoshida-(4,4) ((m, Zmax) = (4,4)) [14].
Model fluxes are summed over all neutrino flavors, assuming standard neutrino oscillations. The model
independent differential upper limits by other experiments are also shown for Auger (PAO) [15], RICE [16],
ANITA-II [17] Limits from other experiments are converted to the all flavor limit assuming standard neutrino
oscillation and a 90% quasi-differential limit per one energy decade when necessary. Errors not included.

that the number of expected signal events is increased by a factor of ∼ 2 from the previous study,
while a similar background event rate of 0.069 is expected in the total livetime.

The corresponding neutrino effective area averaged over 4π solid angle is shown in the upper
plots in Fig. 4. The neutrino effective area represents the surface area of an equivalent detector
if it were 100% efficient, and it is proportional to the exposure. The lower panels in Fig. 4 show
the Level-4 signal event distributions of each neutrino flavor as a function of neutrino energy at
the Earth’s surface. It can be seen that the present analysis is sensitive to all three neutrino flavors
while the contribution of νe is larger near the threshold and decreases with energy.

5. Summary

The selection criteria for the 6 years of IceCube with different detector configurations and the
associated analysis sensitivity is presented. The improvement in sensitivity from the previous two-
year analysis is approximately a factor of 2.5. IceCube has proven to be the most powerful detector
for extraterrestrial neutrinos between several TeV and several PeV. The performance of IceCube
in the highest energy region is also expected to be sufficient for the first detection of cosmological
neutrinos if the highest energy cosmic-rays have a proton composition. The anticipation for this
first detection is thus eagerly awaited.
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Figure 4: Upper panels show 4π solid angle averaged neutrino effective area for each neutrino flavor and
IceCube detector configuration. Each line represented by IC40, IC59, IC79 and IC86 corresponds to effective
area for 40, 59, 79 and 86 (full) arrays, respectively. The lower panels present the expected event distribution
as function of neutrino energy which passes the Level-4 criteria assuming Ahlers-Max (blue line) and Ahlers-
Best (red line) model from [13].

model parameters Event rates in 2050 days
Models m Zmax γ Emax IceCube 2008-2014

Ahlers-Max [13] 4.4 2 2.1 1021 eV 7.81±0.03
Ahlers-Best [13] 4.6 2 2.5 1021 eV 3.87±0.02

Yoshida-(4,4) [14] 4 4 2.0 1022 eV 5.08±0.02
Yoshida-(2,4) [14] 2 4 2.0 1022 eV 0.76±0.01

Kotera-GRB [5] GRB GRB 2.0 3×1020 eV 2.02±0.04
Kotera-SFR [5] SFR SFR 2.0 3×1020 eV 2.60±0.07

Table 1: Expected number of events detected by IceCube in 6 years from several cosmogenic neutrino
models assuming the cosmic-ray primaries to be protons. The spectral indices γ , cutoff energies Emax at
sources as well as cosmological evolution indices m and extensions in redshift Zmax for the cosmic-ray
sources are also listed for reference. The corresponding expected number of background events in one year
is 0.069±0.003. Errors are statistical only.
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